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ARTICLE INFO ABSTRACT

Editor: B. Van der Bruggen Reverse osmosis (RO) desalination is the leading technology for industrial and municipal water production in

water-stressed regions. While developing chemical-free scaling control strategies helps mitigate the environ-

Keywords: mental impact of brine discharge, it also increases the risk of membrane scaling due to high salt concentrations.
Gypslum scaling Establishing methods for early detection and localization of scaling is essential, as well as understanding the
Desalination

impact on key operational parameters. This study evaluated optical coherence tomography (OCT) for real-time
monitoring of growth- and deposition-driven gypsum fouling in RO systems. Membrane fouling simulators were
operated under constant flux conditions using unsaturated and supersaturated synthetic water solutions. Real-
time monitoring of operational parameters revealed that growth and deposition fouling had a greater impact
on transmembrane pressure than pressure drop increase. OCT imaging visualized scaling progression, with op-
tical and SEM imaging confirming distinct morphologies: sharp, translucent crystals in growth-driven scaling and
a white, amorphous fouling layer in deposition. Data processing further provided quantitative assessment of area
coverage and fouling volume, with membrane autopsy indicating higher porosity in the deposition case. Crystal
detection from OCT imaging evidenced sensitivity for early-stage scaling detection. In the growth case, a strong
correlation was observed between initial crystal formation and regions of maximum saturation index, as revealed
by CFD with multicomponent solute transport simulations. The variation in induction time across detection
methods highlights the importance of sensitivity of monitoring techniques, positioning OCT as a valuable tool for
early scaling detection, before conventional indicators point out to significant scaling.

Reverse osmosis
Crystal induction time
Membrane

continuously increasing.
The most common method for brine management in SWRO plants is

1. Introduction

Membrane-based seawater desalination has become the preferred
technology for potable water production in water-stressed regions.
Reverse osmosis (RO) spiral wound membrane is the leading desalina-
tion technology in industrial and municipal applications [1,2]. The
current industrial seawater reverse osmosis (SWRO) process typically
operates at a water recovery rate of 35 % to 45 %, producing a
concentrated brine approximately 1.6-2 times more saline than the feed
seawater [3]. An estimated 90.5 million m® of concentrated seawater is
generated daily [4], and the global RO desalination capacity is

surface water discharge because of economic considerations and the
large brine volume. Brine usually contains other additives used to con-
trol biofouling (biocides) and scaling (antiscalants) [5]. Direct brine
disposal into the sea has been associated with several environmental
impacts at the discharge point, where variations in salinity, tempera-
ture, chemical composition, and the presence of ecologically harmful
additives can disrupt local marine ecosystems [6].

Several approaches have been considered to mitigate the effects of
brine discharge into the sea, including brine volume minimization (e.g.,
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zero liquid discharge ZLD, minimum liquid discharge MLD) and reuse
(metals recovery). While promising results have been achieved on a
small scale, further research is needed to evaluate the feasibility of brine
treatment in commercial seawater desalination plants [3,7,8]. Further-
more, reducing the brine volume by abstracting water will not reduce
the environmental impact. Alternative strategies like blending brine
with intake water, reduce the local effect of salinity, and avoiding the
dosage of chemicals minimize the negative impacts of chemical addi-
tives [6,9]. Application of these strategies induce a high risk of mem-
brane scaling due to — on one hand — the high concentration of salts
(ZLD/MLD) and — on the other hand — the potential elimination of
chemical additions like antiscalants. Nevertheless, scale formation has
always been a limitation in operating RO systems, leading to flux
decline, membrane degradation, decreased production, and increased
operational costs [10].

Scaling refers to the precipitation of retained salts that reach su-
persaturation near the outlet of the membrane system [11-13]. In in-
dustrial practice, scaling is managed primarily through pH correction (e.
g., acidity), softening (e.g., ion removal), and dosing antiscalants (e.g.,
crystallization inhibitors) [14]. Various alternative strategies, like
optimizing module design [15,16], membrane surface and material
modification [17,18], promoting controlled crystallization [16,19,20],
have been considered, but have not been widely implemented or tech-
nologically developed.

Membrane scaling occurs through two pathways: bulk crystallization
and surface crystallization. In bulk crystallization, mineral crystals form
in solution via homogeneous nucleation or heterogeneous nucleation
from impurities (e.g., particulates) and subsequently deposit onto the
membrane, leading to cake formation. In contrast, surface crystalliza-
tion occurs directly on the membrane through heterogeneous nucle-
ation, resulting in surface blockage [21-25]. In large-scale RO
membrane systems, these mechanisms often occur simultaneously,
making it difficult to determine whether a crystal formed in the bulk
solution or directly on the membrane surface [26]. While it is possible to
distinguish where a crystal grows, nucleation origin remains uncertain.
Despite advancements in scaling monitoring, further development is
required to establish methods for early quantification and localization of
scaling on RO feed channel, as well as to better understand the impact on
key operational parameters.

Significant efforts have been dedicated to developing monitoring and
controlling scaling strategies in the last three decades. External moni-
toring tools parallel to the RO plant have been proposed as early-
warning systems [13,27]. For instance, an ex-situ scale observation de-
tector (EXSOD) was developed for real-time optical monitoring of
membrane scaling using high-resolution digital photography [28-30].
Although valuable results have been obtained, observations and data
acquisition are limited during the early stages of scaling. More sensitive
methods like ultrasonic time domain reflectometry (UTDR) and elec-
trical impedance spectroscopy (EIS) have been implemented for in-situ
scaling monitoring [31,32]. However, the physical quantities monitored
in both UTDR and EIS do not directly measure scale-mass evolution on
the membrane, which is particularly needed for modeling and pre-
dictions [33].

Optical coherence tomography (OCT) has proven to be a powerful
tool for monitoring fouling development, evaluating spatial distribution,
assessing cleaning efficiency, and supporting fouling characterization,
modeling, and simulation, with data typically acquired for qualitative
analysis of biofouling and operational performance [34-38]. In addi-
tion, OCT has been effectively used to monitor the formation of various
types of scaling and has demonstrated its value in tracking scaling for-
mation and crystal growth on desalination technologies like membrane
distillation [39,40]. Therefore, OCT can potentially monitor scaling
development through 2D and 3D imaging during RO operation, corre-
lating the scale growth with operational indicators.

The objective of this study is to assess the potential of optical
coherence tomography (OCT) as an imaging technique for monitoring
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and differentiating growth- and deposition-driven fouling in reverse
osmosis systems. By integrating real-time operational parameter moni-
toring with OCT imaging and processing, the study aims to (i) investi-
gate the impact of scaling on membrane performance, (ii) visualize and
quantify scaling progression, and correlate with fluid dynamics / salt
transport numerical simulations, (iii) discriminate crystal growth from
deposition, (iv) evaluate OCT as an early detection tool for scaling.

2. Materials and methods
2.1. Setup

Membrane fouling simulators (MFS) used in this study were flow
cells based on the design of Vrouwenvelder et al. [41]. The MFS consists
of two stainless steel plates fastened with screws (tightened to 12-14
Nm). The top plate contains the feed channel (L: 20 cm, W: 4 cm, H: 711
um) and three glass windows (diameter: 2 cm). The bottom plate con-
tains the permeate channel (L: 20 cm, W: 4 cm, H: 250 um). Commer-
cially available feed and permeate spacers were used as harvested from a
Dupont SW30HRLE4040 membrane filtration element. Membrane cou-
pons were cut from a roll of pristine membrane (Dupont XLE) obtained
directly from the manufacturer.

The experiments were conducted with two parallel systems, a system
diagram is shown in Fig. 1. Each systems had a stirred feed-tank of 10 L
(not shown in diagram), the volume was chosen relatively large, so that
material deposited or precipitated onto the membrane would not affect
the overall composition of the feed. Concentrate was recycled to the feed
tank, while permeate was either recycled or abstracted. The feed flow
was regulated to the setpoint vsp by controlling a variable rate pump.
The feed water temperature setpoint Tsp was maintained by measuring
temperature at the discharge of the feed pump and controlled with a
one-pass water chiller. The permeate flux setpoint Jsp was maintained by
modifying the set-point of a pressure controller coupled to a pressure
sensor. A differential pressure transmitter was used to monitor the
pressure drop across the feed channel. Electrical conductivity was
measured in both the concentrate and permeate streams. Depending on
the experiment, a microfiltration unit (MF) was installed at the
concentrate line to remove suspended solids.

2.2. Scaling experiments

The experiments were divided into three phases: compaction, con-
ditioning, and scaling. Constant flux operation was employed
throughout the experiments to ensure a stable concentration polariza-
tion profile during the initial stages of crystal growth. While operational
modes in full-scale RO systems can vary depending on system configu-
ration and demand, ranging from constant to variable average flux,
constant flux was selected in the present study to provide a consistent
and controlled framework for analyzing scaling behavior.

Membranes were compacted at 35 bar in solution for a minimum of
48 h until the flux stabilized within an acceptable range. During con-
ditioning, the operation was changed to constant flux (25 L/m?h) and
constant nominal crossflow velocity (0.16 m/s) until a constant salt
passage was observed (typically one week), with feed temperature
regulated at 25.0 + 0.5 °C. The selected permeate flux was based on the
operational guidelines provided by the membrane manufacturer [14],
while the chosen crossflow velocity falls within typical ranges reported
in the literature for spiral-wound membrane systems [42,43]. After
inducing scaling, the experiments were stopped when a maximum
transmembrane pressure of ca. 35 bar was reached.

After each experiment, an autopsy was performed to collect fouled
membrane samples. One sample was immersed in a 1 % HNOj3 solution
and left to stir overnight, then cations in the solution were analyzed
using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES, Agilent 5110, USA). A second fouled membrane coupon, along
with a pristine membrane sample, were sputter-coated with a 5 nm
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Fig. 1. Experimental setup for operation with a constant feed flow and permeate flux (adapted from [38]). The set points vsp, Tsp and Jsp, refer to the crossflow
velocity, feed temperature, and permeate flux, respectively. Feed water pump (MZR-11507-HS-F, HNP Mikrosysteme, Germany), feed mass flow transmitter (FFT)
and controller (FFC) (CORI-FLOW™ M54, Bronkhorst, Netherlands), differential pressure transmitter (DPT) (Deltabar PMD75, Endress + Hauser, Switzerland),
pressure transmitter (PT) and controller (PC) (EL-PRESS P502C, Bronkhorst, Netherlands), permeate mass flow transmitter (PFT) and controller (PFC) (mini CORI-
FLOW™ M14, Bronkhorst, Netherlands), electrical conductivity meters (EC) (Cond 3310, WTW, Germany), chiller (AP15R-30-V12E VWR Nort America, USA).
Microfiltration unit (MF) (housing 2.5" x 10", Simpure, USA, and polypropylene cartridge filter pore size 1 um, Aquaboon, USA).

iridium layer for morphological analysis using a scanning electron mi-
croscope (SEM Teneo VS, FEI, USA) operated at 5 kV and a working
distance of 66 and 10 mm.

Feed solutions were prepared using milli-Q water, NaCl (S271-1,
Fisher Chemical, USA), Na;SO4 (223506, VWR, USA), CaCl, (223506,
Sigma-Aldrich, USA), while pH was not regulated and varied between
6.9 and 7.4. For growth (G) experiments, an undersaturated solution was
prepared by mixing equimolar proportions of calcium chloride and so-
dium sulfate from previously filtered (0.45 um) stock solutions to a
target concentration of 15 mM (total Ca®* and SO?{). For deposition (D)
case, solid calcium chloride and sodium sulfate were added directly to
Milli-Q water in equimolar proportions to create a highly supersaturated
stock, which precipitated almost immediately upon mixing and was
subsequently diluted to reach a suspension with total Ca®* and SO3 of
30 mM, comparable to the feed solution in G case after permeate
abstraction at t = 0 (see Figure SM 3).

The experimental procedure aimed to distinguish between surface
crystallization (G, for growth) and bulk crystallization (D, for deposi-
tion) in replicate runs (I/1I). In the G(I-II) experiments, the membrane
was compacted with a 30 mM NaCl solution and conditioned with an
undersaturated CaSO4 solution. Scaling was initiated by permeate
abstraction until a feed concentration factor (CF) of 1.7 was reached,
simulating supersaturation levels near the end of an RO pressure vessel
under a recovery operation of 40 %. Subsequently, the system was
operated in recirculation mode. A microfilter was installed in the
concentrate line to remove any bulk-formed crystals. This approach was
adapted from the methodologies described by Drak et al. [44] and
Uchymiak et al. [28], enabled a controlled assessment of growth-driven
scaling experiments.

In the D(I-1I) experiments, a higher NaCl concentration (60 mM) was
used during compaction and conditioning to approximate the ionic
strength of the supersaturated feed solution achieved in the G(I-II) ex-
periments. Scaling was induced by directly dosing a supersaturated
CaS0O4 suspension into the feed, with the system operated in full recir-
culation mode. Unlike the growth-series experiments, no permeate
abstraction was performed, and the microfilter was intentionally
excluded to allow suspended crystals to remain in the system and de-
posit onto the membrane surface.

2.3. OCT imaging

Scaling development was monitored in real-time by two similar but
not identical OCT systems (OCT-1: Scan rate 36 kHz, A-scan averaging
20; OCT-2: Scan rate 30 kHz, A-scan averaging 8; both Ganymede II,
Thorlabs GmbH, Germany). OCT images were obtained at a fixed posi-
tion in the central glass windows on the MFS, using the time series
function every 8 min. The volumetric scans had a resolution of 10 x 10
x 2.2 um (x,y,2), and a field of view of 499 x 499 x 558 voxels (x,y,2).

OCT image data were preprocessed using an in-house MATLAB
(MathWorks, USA) script, where intensity values were normalized and
smoothed [45,46]. By interpolation in x,y- and averaging in z-direction,
a resolution of 8.8 x 8.8 x 8.8 ym was obtained and one spacer cell
normalized to 3 x 3 mm was selected for further processing. Further-
more, image segmentation was performed by dividing pixels as above or
below a threshold, defined as T = u + 20, where y is the average signal
and o is the standard deviation, both determined by the MATLAB script.

Voxels where the signal exceeded the threshold (S > T) were
considered a feature, while the rest were considered background. The
initial image with an unfouled membrane was used as mask, to
discriminate between membrane and spacer features vs fouling.
Considering the needle-like geometry of gypsum crystals, the size of
detected features would likely be affected by the smoothing procedure.
Thus, to filter out noise, clusters of orthogonally connected voxels were
determined by the MATLAB bwconncomp function, where clusters with
less than 27 voxels (3D) or 16 pixels (2D) were considered noise.

Due to their needle-like geometry, large sections of crystals become
visible at once, and due to translucency, they could partially disappear
in later images. Voxels containing scaling (S > T) in > 95 % of the future
images were marked, preventing these voxels from being filtered out,
and to fill in these voxels for partial features being temporarily invisible.
This procedure is illustrated in Fig. 2. We denote voxels as ‘persistent
fouling’ if S > T in > 95 % of the future images. We denote voxels as
‘mobile fouling’ if they meet all the requirements except that they are
not considered a feature in > 95 % of the future images. Since the voxels
denoted as mobile fouling are based only on the current scan, thus not
benefiting from information from present or future scans, they are more
susceptible to the artefacts sketched in Fig. 2.
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Fig. 2. Voxel classification and filtering approach for crystal detection. (1) Small, unconnected features (e.g., the light gray pixel) were typically filtered out. (2)
Relatively long and thin features can suddenly appear, when signal exceeds the threshold (S > T). (3) Crystals may appear (partially) translucent (e.g., white pixels in
the middle of a needle-like structure). (4) Voxels confirmed to be part of a crystal in future frames will not be filtered out (e.g., yellow pixel). (5) Voxels identified to
be part of a crystal in both past and future frames were filled in to maintain continuity in detection.

Normally, a 2D slice is obtained by taking a one voxel-wide subset of
the 3D volume data. The needle-like crystal geometry would lead to
barely visible features, appearing sometimes as floating islands. To
remedy this, slices were obtained by a N voxel-wide subset of the 3D
data, where fouling is detected if S > T in any of the N sub-slices. For
example, a top view was obtained from merging maximum values from
15 x,y-layers above the membrane. The surface coverage was defined as
the number of pixels with fouling divided by the total number of pixels
on the surface. The fouling volume was calculated as the number of
voxels with fouling multiplied by the voxel volume.

2.4. Water quality characterization

Water samples were collected from the concentrate (before the MF
unit) and permeate streams during each experiment. Turbidity (2100Q,
Hach, USA) and pH (Sentix 940, WTW, Germany) were measured
immediately after sampling. Additional dilutions were prepared for
cation (Na™, Ca®h) analysis using ICP-OES, and anion (CI, SO?{) analysis
was conducted by ion chromatography (Dionex ICS-6000 DC, Thermo
Scientific, USA).

Salt passage is defined as the permeate concentration (c;p) divided
by feed concentration (c; r), pas; = 2‘—:’ When concentrations are based on

ICP-OES, the samples of feed and permeate are taken at the same time.

In addition to ICP-OES, the salt passage was continuously monitored
by estimating NaCl concentration in the permeate from conductivity
measurements, using a predetermined calibration curve that assumed
the absence of Ca®* and SO3~. The feed NaCl concentration was deter-
mined using the initial Na' concentration in the feed (measured by ICP-
OES) and corrected with the concentration factor, calculated based on
real-time permeate flow and recovery monitoring.

2.5. Saturation index

The degree of supersaturation of soluble salts in aqueous solution is
frequently expressed by the saturation index (SI) given by the logarithm
of the ratio between the ion activity product and the solubility product
of the salt, (1):

SI = logy, (“C"as"“) 6

KSP

acq and asp4 are the activities of salt ions in solution and Ky, is the ac-
tivity solubility product of the salt. A solution is unsaturated at SI < 0,
saturated at SI = 0, and supersaturated at SI > 0.

The activity (a;) is the product of the concentration (c;) and activity
coefficient (y;), a; = y;ci. The semi-empirical activity model of Davies
[47] was used to express the y; as a function of ionic strength () for I <
0.5 M as shown in (2):

1
logso(r) = - 42 f 03 @

where z; is the charge of ion i, and the temperature-dependent coeffi-
cient A has a value of 0.509 at 25 °C when I =13" ¢;z? is in mol/L. The
free hydrochemistry software Aqion [48] was used to calculate the
saturation index from measured ion concentrations, utilizing the ther-

modynamic database wateq4f.dat. The calculated values of SI are pre-
sented in Figure SM 1(a).

2.6. Computational fluid dynamics with solute transport and speciation

Computational Fluid Dynamics (CFD) was coupled with the transport
(diffusion/ convection) and speciation equilibria of several ions/
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molecules (Na*, CI~, Ca?", SO, NaSO; and CaSOy,), to evaluate the
gypsum precipitation potential through the Saturation Index (SI). The
numerical procedure and 3D computational domain were based on
Cespedes et al. [49]. For this case, a mesh of 37 x 10° cells was used. The
mesh independency was evaluated through the CP modulus on different
meshes, considering different sizes of the first layer close to the mem-
brane (30 um — 5 pm) and the number of refinement layers (2 — 12). The
model was solved using the commercial CFD software ANSYS Fluent
2023R2. For this study, a spacer-filled channel was used (dimensions of
42.5 x 4.24 x 0.71 mm, i.e. 10 spacer units). To prevent reversed
outflow and inflow effects, additional spacer-less channel sections were
included (Fig. 3). A description of model equations, numerical proced-
ure, boundary conditions and parameters is presented in the Supple-
mentary Material, Table SM 1 and Table SM 2.

To account for the development of the hydrodynamic and mass
transfer boundary layers, the 8th spacer unit was selected for compari-
son with experimental results. Water quality data from the crystal
growth experiments, measured after permeate abstraction to achieve
supersaturation, were used as inlet concentrations for the model
simulation.

3. Results and discussion
3.1. Impact of gypsum fouling on operational parameters

We conducted replicate experiments for conditions promoting pre-
dominantly deposition (DI and DII) versus predominantly growth (GI
and GII) of gypsum crystals on the membrane. The growth experiment
was started with an undersaturated solution, which was concentrated to
a target SI by withdrawing permeate and reaching the target STatt = 0,
after which permeate and concentrate were both recycled to maintain a
constant composition. In the deposition case, a suspension of preformed
crystals was used as feed. The ions in solution were assumed to be in
equilibrium (SI = 0). The total (dissolved plus precipitated) calcium
sulfate in the suspension was chosen to be similar to the GI and GII so-
lutions when a concentration factor of 1.7 was reached.

Fig. 4 shows the change of the major operational membrane per-
formance indicators in time, namely: transmembrane pressure TMP (a),
feed channel pressure drop AP (b), and solute passage pas% (c, d).
Additional measurements of process parameters in time are shown in
Figure SM 1 (feed water turbidity, pH and calculated SI), Figure SM 2
(feed water conductivity ECg and temperature T, and permeate flux Jy ),
and Figure SM 3 (ion concentrations in feed cyqr, Ccir, Ccar, Cs04,F)-

Notably, the transmembrane pressure TMP exhibits a sharp increase
to the maximum value, where the experiment had to be stopped

.\(\\e/‘v

I » membrane
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(Fig. 4a). Up to the point at which scaling begins, constant TMP oper-
ation is functionally equivalent to constant flux operation, as both
pressure and flux remain stable. However, once a substantial amount of
scaling develops, constant TMP operation results in a decline in flux,
whereas constant flux operation leads to an increase in TMP. In our
experiments, the TMP increase started instantly in the deposition case
(D) as the suspension already contained particulate matter. In the
scaling growth case (G), the TMP increase started only after 3-4 days
then raising sharply after 1-2 days. Induction time is defined as the
delay between reaching supersaturation and the first detectable signs of
crystal growth [50]. If operational performance is used as a fouling in-
dicator, as is conventionally done in practice [51,52], our results suggest
that there may be an induction time of ca 3-4 days when using TMP
increase as an inorganic fouling indicator.

In practice, the feed channel pressure drop (AP) increase is
commonly used as a fouling indicator and as a criterion for initiating
chemical cleanings [14,42,53]. Fig. 4b shows the pressure drop moni-
tored for each experiment. While the increase in DP looks steep (DII), the
magnitude is moderate at ~ 20 to 40 mbar. The increase in pressure drop
was less pronounced than the considerable rise in transmembrane
pressure (TMP). Since an increase in pressure drop is typically indicative
of fouling involving the feed spacer, this suggests that scaling occurred
primarily on the membrane surface rather than on the feed spacer.

The measured salt passage is shown in Fig. 4, for the growth (¢) and
the deposition (d) cases. The NaCl passage estimated from permeate
conductivity (lines) is in agreement with the passage determined from
ion concentrations measured by ICP-OES (markers). Interestingly, the
NaCl passage in the growth case (Fig. 4¢) decreases as scaling occurs,
while it is usually expected that fouling negatively impacts salt rejection.
We hypothesize that the scaling growth blocks a part of the membrane,
while increasing the local flux elsewhere because the setup was operated
at constant permeate flux [54]. According to the solution diffusion (SD)
model, the salt passage should decrease with increasing water flux Jy,
provided that the increase in concentration polarization is not too
strong, see eqn. (3) with salt permeability B, and mass transfer coeffi-

cient k:
Bexp (JTW)
pas=———~—"— ()]

Bexp (%’) +Jw

In contrast to Na* and Cl~, we observe an almost constant passage
for Ca®" and SOF~, which can be attributed to their lower diffusion
coefficients (and therefore lower mass transfer coefficient k) and a less
favorable net effect of increasing flux. While fouling may affect the

Fig. 3. Geometry used for the numerical model. The flow and mass transport with reactions were computed within a channel made by parallel plates separated by

the spacer (10 units long), plus inlet/outlet zones (dimensions in mm).
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Fig. 4. Major operational parameters measured over time (days): (a) transmembrane pressure (TMP), (b) pressure drop (AP), (c-d) salt ions passage (pas%, on a log
scale). Scaling experiments were conducted in two replicates for each growth (GI-II) and deposition (DI-II) cases. The estimated NaCl salt passage (solid lines) agrees
well with the measured salt passage for Na* and Cl" ions. Experiment DII ended at TMP 25 bar due to a controller error after 1.2 days affecting the flux regulation.

Gray lines in the passage of Ca%* and SO~ are only included to guide the eye.

membrane surface charge, we consider that the internal membrane
charge density regulating salt rejection [55,56] remains mainly unaf-
fected. Moreover, any reduction in charge density due to Ca®" in-
teractions with negatively charged functional groups would increase the
salt passage.

In the deposition case (Fig. 4d) the Na™ and Cl" (or NaCl) passage is
roughly constant, while the passage of Ca*" and SO3 increases. The
result is more in line with cake-enhanced concentration polarization
[57]. Thus, based on the observed salt passage trends for divalent ions
(Ca%" and SOZ7), we tentatively infer that crystal growth results in
localized membrane blockage, as indicated by minimal ions passage,
whereas deposition appears to lead to the formation of a more porous
and permeable fouling layer, reflected by increasing divalent ions
passage.

3.2. Optical coherence tomography for qualitative scaling progression
analysis

Along with real-time monitoring of operational parameters, we used
OCT for acquiring in-situ time series of images (1 scan per 8 min) of the
feed channel at a fixed position. The scanned location corresponded to
the center of the membrane sheet, approximately 2 cm from the feed
channel edge and 10 cm from the inlet, representing the midpoint in
both width and length. Raw images were smoothed and processed to
distinguish fouling (scale volume) from the feed channel components.

Fig. 5 presents the progression and spatial distribution of scaling

measured from OCT imaging for both (a) growth (G) and (b) deposition
(D) cases. The figure shows a top view (on the left) of membrane surface
coverage and two side views (I, II), all representing the chosen one
spacer unit. While typically OCT images are represented as a slice of
width 1 pixel, we found that due to the aspect ratio of the needle-like
crystals, this resulted in their poor visibility. For visualization, we
combined several slices (15 pixels for the top view z and 40 for the side).
The feed spacer and membrane from the initial OCT image (unfouled
channel) were used as a mask depicted in gray, and the water-occupied
space is light blue in this visualization. Mobile fouling (dark blue) was
present at the time of the image, but not in > 95 % of later images,
whereas the persistent fouling (white) was present permanently (>95
%) after the image was acquired. The area coverage with foulant is
expressed as a percentage, shown next to the top view. Each image
represents the first frame in which the area coverage (A.oy) reaches or
exceeds the specified threshold (e.g., Acov > 5 %).

In the growth case (Fig. 5a) initial scaling is on the top-left edge,
adjacent to the feed spacer. It appears that most of the scaling is growing
towards the center from a single small area. Comparing consecutive
images, we can recognize the same feature in different images,
increasing in size. Indeed, in these conditions, crystal growth occurred
rather than particle deposition. When scaling progresses further (e.
g.,>10 % coverage), it is apparent that crystals also grow from the
bottom right edge spacer fiber. It is possible that those later crystals are
expanding from the top left edge of the adjacent spacer cell, thus orig-
inating from the same area but shifted one spacer cell down-right. As the
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Fig. 5. Scaling progression and spatial distribution in the feed channel from OCT imaging for (a) growth (G) and (b) deposition (D) cases. OCT scans were performed
at the center of the membrane sheet, approximately 2 cm from the edge and 10 cm from the inlet. Each image shows the first frame in which the area coverage (Acov)
reaches or exceeds the specified threshold (Acoy > 2 %, 5 %, 10 %, 20 %, and 50 %), with the corresponding time indicated on each image. Crystals are outlined in
black to enhance visibility. Left: top-view images show the extent of surface coverage on the membrane delimited by the feed spacer (gray mask). Right: Cross-
sectional views (I and II) illustrate the vertical distribution of scaling relative to the feed spacer and membrane (gray mask). Each scaling case exhibits distinct
formation patterns: spike-like crystalline structures are observed for growth (a), while the deposited layer (b) appears more uniform.

crystals grow and increase the area coverage, the needle-like crystalline
structures characteristic of gypsum become more pronounced. The new/
mobile fouling (dark blue) suggests that needles suddenly appear and
will later disappear. We attribute this to the large aspect ratio of the
crystals, where relatively large features may go undetected because their
width does not span enough pixels — then a slight increase in thickness
results in the entire feature appearing. Secondly, the crystals can be
translucent and thus may be partially invisible (see Fig. 2). In addition,
cross-sectional views (I-II) further confirmed that scaling did not
develop around the feed spacer and did not occupy a large part of the
flow channel, which is consistent with a moderate effect of the fouling
on pressure drop (AP) (Fig. 4b GI and GII).

On the other hand, the top-view of the deposition case in Fig. 5b
showed initial fouling slightly more dispersed, with a higher amount of
new/mobile fouling (dark blue) compared to the growth case. This can
be attributed to the presence of dispersed crystals, as indicated by the
high turbidity of the feed suspension (> 900 NTU, see Figure SM 1).
Cross-sectional views (I-II) revealed that scaling deposited on the
membrane, without obstructing the flow over the top filament (I) or

under the bottom filament (II). This could explain why we observed only
a moderate pressure drop increase (Fig. 4b DI and DII). Unlike the
distinct crystalline needles observed in the growth case, the deposited
layer appears more uniform, resembling a typical cake layer. Large
particles suspended in the water could be observed as the dark blue
regions. Some porous structures of the cake layer can be recognized in
the panels corresponding to 5 % and 10 % area coverage. Generally, the
fouling appears solid, likely due to the resolution of the OCT being too
course to detect the voids in the fouling layer.

3.3. Quantification and characterization of fouling progression

The application of imaging smoothing and processing techniques
enabled a clear visualization and qualitative assessment of the scaling
progression patterns in both the growth (G) and deposition (D) cases. In
addition, OCT can provide data for the quantification of the degree of
scaling in the feed channel, for example, the foulant volume and the area
coverage. It is important to realize that when quantifying fouling from
gray-scale images acquired by OCT, the results will depend on several
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factors, such as the chosen threshold in segmentation and how noise was
filtered out.

Fig. 6a shows the calculated fouling volume normalized per mem-
brane area over time for each experiment. In the deposition scenario (DI
and DII), we observed fouling right from the beginning because the
suspension already contained visible crystals, whereas in the growth
case (GI and GII), fouling commenced after 2-3 days. This suggests that
an induction time of 2-3 days could be obtained from OCT imaging, in
contrast to the 3-4 days inferred from operational parameters such as
the sudden increase in TMP (Fig. 4a). This demonstrates that real-time,
in-situ OCT imaging can detect scaling earlier than by monitoring
operational parameters.

We also evaluated the number of crystals on the membrane surface
(N.) presented in Fig. 6b over time, based on the scaling area coverage
illustrated in Fig. 5a. Here we defined a ‘crystal’ as a feature of at least
16 orthogonally connected pixels. Notably, the first crystal (N, = 1) was
detected by OCT within 1-2 days. This demonstrates that detecting in-
dividual crystals on the surface can be a more sensitive indicator of early
crystal formation.

The impact of foulant relative volume on the required trans-
membrane pressure (TMP) is illustrated in Fig. 6¢. In the growth case,
the TMP sharply increased as fouling volume reached ca 30 pm®/pm?
whereas in the deposition case, TMP remained relatively stable, toler-
ating higher levels of fouling volume (80 — 90 um®/um?). This clearly
shows that grown crystals affect the transmembrane pressure more
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strongly than deposited crystals, which can be attributed to the different
structures of the scaling layers (e.g., porosities).

To further investigate the possible difference in structure, we
measured the amount of calcium (Ca2+) on the membrane through an
autopsy. A fouled membrane coupon of ca. 3 x 4 cm was cut from the
visually inspected membrane area, corresponding to the OCT observa-
tion window, and then suspended in an acid solution (HNO3 1 %) to
dissolve the scaling, followed by cation analysis via ICP-OES. Fig. 6d
presents the obtained mass of gypsum per area. The results show that the
accumulated gypsum per membrane area was similar for both growth
and deposition cases, with values around 50 g gypsum/m?2. We note that
some of the fouling layer may have been disturbed when lifting the
membrane sheet from the MFS and during the process of cutting the
coupons for immersion in the acid solution. Thus, the amount of scaling
determined in the autopsy is likely underestimated.

Using the measured foulant mass (Fig. 6d) and assuming it consists of
gypsum (CaSO4-2H,0) with density 2.3 g/mL [58], we calculated the
volume of gypsum per membrane area from the autopsy (V4). We
assumed that the final volume per area (Vocr), as shown in Fig. 6a,
represents the volume consisting of crystals and voids just before the
autopsy. The porosity ¢ of the fouling layer can now be estimated by ¢ =
1 —Va/Vocr. The results (Fig. 6e) indicate that the fouling layer porosity
for the deposition (80 % voids) is notably higher than that obtained by
crystal growth (40-60 % voids or water), confirming the suspected
structural differences resulting from the deposition and growth cases.
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Fig. 6. (a) Foulant volume per membrane area over time, suggesting an induction time of ca. 2 days for the growth case (G) and immediate deposition (D cases). (b)
Number of crystals in one spacer unit (N, log scale) over time, showing the first crystals in the growth cases (GI and GII) within 1-2 days. (¢) Transmembrane
pressure (TMP) function of relative fouling volume, showing the stronger impact of growth (G) than of deposition (D). (d) Gypsum mass per membrane area
measured from autopsy. (e) Calculated porosity of the fouling layer, with higher porosity observed in the deposition cases compared to the growth cases. The values
presented in (d) and (e) correspond to the final time point of the operational monitoring shown in Fig. 4a,b and the final time points in (a).
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One might expect a randomly stacked fouling layer to have a porosity of
about 40 % however, the porosity of the fouling layer was higher than
expected, this could be explained by underestimating the amount of
fouling in the autopsy and/or overestimating the amount of fouling in
OCT.

To investigate the morphology of the fouling layer formed under
growth and deposition conditions, membrane samples taken from the
autopsy were also analyzed using optical and SEM imaging. Pristine
membrane samples were also examined as a reference.

Optical imaging revealed that in the growth case, no significant
differences were observed along the membrane length, as indicated by
similar scaling patterns in membrane coupons collected near the inlet
and outlet regions (Figure SM 4a,b). However, a clear contrast was
identified along the width, between the membrane center and edges,

Separation and Purification Technology 378 (2025) 134664

with a larger concentration of crystals near the edges and even within
the gap next to the O-ring (Figure SM 4c,d). Notably, growth patterns
were consistent across different spacer cells. These observations suggest
that, apart from localized edge effects, the overall fouling distribution
was relatively homogeneous across the membrane surface. Optical im-
ages supporting these observations are provided in Figure SM 4 and
Figure SM 5.

This spatial distribution contrasts with findings reported by Rahar-
dianto et al. [59], who observed a clear gradient in gypsum scale
coverage along the membrane length, particularly toward the outlet
region. Their study was conducted without spacers, which likely resul-
ted in stronger axial gradients of concentration polarization. In our
study, the use of a feed spacer contributes to more uniform flow distri-
bution and reduced axial concentration polarization, which may explain

Fig. 7. Optical and SEM images of the fouled surfaces. Optical images of the grown (a) and deposited crystals (b), with dashed boxes indicating the previous location
of the feed spacer. SEM images for growth (c) and deposition (d) at 160 x magnification; growth (e), deposition (f) and pristine membrane (g) at 400x; growth (h),
deposition (i) and pristine membrane (j) at 1600 x . A clear difference in aspect ratios was observed between the two cases, with significantly larger crystals forming

in the growth case.
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the relatively uniform fouling pattern along the length. Additionally, the
relatively short length of our flow cell may not fully capture the axial
scaling effects that are typically observed in full-scale modules, where
scaling commonly occurs near the end of the last membrane element.
Finally, it is important to note that autopsy imaging only provides a final
snapshot of the fouling distribution and does not reveal the precise
location or timing of the initial scale formation.

Close up optical images for the fouled membrane for growth and
deposition cases are shown in Fig. 7a,b with marked previous location of
the feed spacer. In the growth (G) case crystals were sharp, needle-like
and translucent (Fig. 7a), while the deposition (D) case showed a
more amorphous, white fouling layer (Fig. 7b). These visual morpho-
logical differences align well with the OCT top-view observations
identified in Fig. 5.

SEM imaging provided further insight into the crystal morphology.
At a low magnification of 160 x, needle-like crystals were already visible
in the growth case (Fig. 7c), whereas the deposition case (Fig. 7d)
showed a fouling layer without distinct crystal shapes or sizes. While the
images predominantly showed large needle-like structures, some
smaller rhombic crystals were also visible, suggesting that deposition of
bulk crystals may have occurred also. Possibly, these differences are
caused by different degrees in super saturation during their formation.
However, Shih et al. [60], similarly distinguished between surface and
bulk crystallization by examining membrane gypsum scaling with and
without retentate filtration. In their study, filtration of the retentate
promoted the formation of well-defined rosette structures composed of
gypsum needles, indicative of surface crystallization, while unfiltered
conditions led to the deposition of fractured and irregular bulk-formed
crystals on the membrane surface. Our comparison further supports
the interpretation that the growth-case in our experiments is dominated
by surface crystallization, while the deposition case results in a more
amorphous layer likely formed by the accumulation of bulk crystals.

Fig. 7e,f show SEM images at 400 x magnification for the growth
and deposition cases, at selected spots that included regions with
exposed membrane, allowing direct comparison with the pristine
membrane surface in Fig. 7g. Crystals with typical dimensions of 25 by
170-500 pm were identifiable for growth (Fig. 7c,e). In contrast, for
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deposition individual crystals were hardly distinguishable (Fig. 7f), but
rather an accumulation of smaller particles was observed. At an
increased magnification of 1600x, rhombohedral crystals with typical
dimensions of 3 x 10 pm were identified (Fig. 7h). In the deposition
case, although the fouling layer appeared dense at low magnification,
higher magnification images in Fig. 7f,i showed voids exposing bare
membrane. The feed suspension used for deposition was circulated
continuously. Possibly the crystals could be damaged by the feed pump.
However, the crystals in the deposition case had sharp edges and did not
appear abraded. Additional SEM images at various magnifications,
along with crystal measurements for both growth and deposition cases,
are presented in Figure SM 6.

3.4. Influence of supersaturation and concentration polarization on early-
stage scaling

By using the time-series of OCT data, we identified the locations of
initial crystal formation and counted the number of crystals formed over
time (Fig. 6b). To further investigate the factors inducing crystal for-
mation in early-stage scaling, we coupled developed computational fluid
dynamics with multicomponent solute mass transport and speciation
reactions. Simulations were set to compute the local distributions of
solute concentration polarization (CP) and gypsum saturation index (SI),
and possible correlate these with places of early nucleation and crystal
growth.

The computed SI distribution on the membrane within one spacer
unit (#8 on the model length) was plotted in Fig. 8 as a colored surface,
with superposed OCT-derived crystal coverage (black/white contours)
for both growth experiments. The first five crystals detected closely
corresponded to the areas of highest SI, thus also of largest CP. This
strong spatial correlation suggests that localized supersaturation plays
the expected key role in determining where the first crystals appear.

According to the classical nucleation theory, the nucleation rate Ry
(i.e., the number of new nuclei formed per area per time unit) is

expressed as a function of local supersaturation ratio (S = %) in

solution or solubility index (SI) [50]:

GII

50

*

Fig. 8. Superposition of OCT-derived area coverage (black/white contours) with CFD/mass transport-simulated saturation index (SI) and relative nucleation rate
(Ry*)(normalized with Ry*=1 at SI 0.2) for growth cases GI (left) and GII (right). The five numbered clusters mark the first detected scaling regions, which strongly
correlate with areas of maximum SI and Ry thus suggesting that localized supersaturation is key in determining the initial crystallization sites.
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ay
(InS)

Ry = ANeXp( — 4)

2> = ANeXp< — ;T";>
where Ay is a pre-exponential rate parameter and ay or aj, depend on the
crystal type (molar volume), interfacial tension between the membrane
and nucleus, and temperature. This strong non-linearity implies that
even a small error in predicting the degree of saturation (SI) could lead
to large deviations in the estimated nucleation rate, thus Ry predictions
based on SI can be unreliable. Theoretical calculations with S and eqn.
(4) with parameters from Lyster et al. [30] (Ay = 175 cm'zh’l, ay =
2.36) predicted a maximum nucleation rate of ~ 0.4 nuclei/m?/s,
whereas our experimental observations indicate a significantly higher
rate, reinforcing the limitations of classical S-based predictions. Instead,
we can represent a nucleation rate normalized (Ry*) to the minimum
nucleation rate obtained at SI = 0.2 (i.e., S = 1.585). In this case, the
maximum rate obtained at SI = 0.25 (i.e., S = 1.778, see Figure SM 7)
appears to be more than 50 times faster than the minimum (Fig. 8). This
reinforces the idea that apparently small differences in SI caused by
specific fluid dynamics interaction with solute mass transport (see
Figure SM 8 and Figure SM 9) can cause large differences in the relative
nucleation rate over the membrane surface.

It appears from OCT that almost all crystals originate from the same
area that was identified in Fig. 8. While the entire membrane area was
supersaturated, only the areas with the highest CP formed crystals (see
Figure SM 8). Furthermore, crystal growth requires lower supersatura-
tion than does the nucleation, allowing crystals to expand into areas
with relatively lower supersaturation. Interestingly, as scaling accu-
mulates in the highest CP regions, it may alter local transport conditions,
slightly reducing overall CP and redistributing concentration gradients
across the membrane surface.

The observed scaling patterns were reproducible across experiments,
consistently forming at the same location within each spacer unit.
Although the variations in saturation index (SI) across the membrane
were relatively small, scaling did not occur randomly but instead orig-
inated at specific points. If the relative nucleation rate was less sensitive
for SI, scaling would be expected to develop more uniformly across the
spacer cell. However, its consistent localization suggests a highly
nonlinear dependence on SI, where even small differences in supersat-
uration (~0.2-0.25) lead to significant differences in relative nucleation
rate (~1-50). This indicates that certain regions within the spacer cell
experience conditions that strongly favor initial crystal formation,
reinforcing the idea that SI plays a dominant role in determining the
onset and location of scaling.

3.5. Surface coverage vs cake layer

A comparison between growth- and deposition-driven scaling
showed (i) salt passage decreased in the crystal growth case but
increased in the deposition case, (ii) TMP increased significantly more
per unit of fouling volume in the growth case, whereas deposition
tolerated a higher fouling volume before causing significant TMP in-
creases, and (iii) the estimated differences in foulant layer porosity
further support the distinction between a more solid, surface-blocking
structure and a more permeable, cake-like structure. This suggested
that the in- situ grown crystals form solid structures that completely
cover the membrane locally, blocking the passage, while leaving the rest
of the area relatively unaffected. Gilron et al. [61] proposed this fouling
mechanism, where scaling and resulting flux decline are primarily due
to membrane surface blockage caused by lateral growth of crystals,
rather than due to the hydraulic resistance of a growing cake layer. OCT
imaging further supported this perspective, as we observed scaling
through growth on the membrane surface in the experiments GI and GII,
which contributed to surface blockage.

A key distinction between different studies lies in the experimental
conditions. Constant pressure fouling experiments are more commonly
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reported in the literature [12,61,62], where scaling reduces the active
membrane area, leading to an overall decline in flux. In contrast, the
present study was conducted under constant flux conditions, requiring
an increase in pressure to compensate for the loss of active membrane
area. This adjustment resulted in intensified localized flux in the
remaining active regions. As a result, the effect of scaling may be more
pronounced in constant flux experiments compared to constant pressure
experiments, where the flux decline is more evenly distributed across the
membrane surface. This observation aligns with the findings of Radu
et al. [54], who reported using a 2D mechanistic model for scaling, that
operational mode influences scale formation, with greater precipitation
occurring under constant flux compared to constant pressure operation.

3.6. Growth vs deposition

While we aimed to compare growth and deposition, we cannot fully
exclude growth from occurring in the deposition case, nor deposition of
bulk crystals in the growth case. Nevertheless, we believe that growth
dominates in G and deposition dominates in D.

In the SEM images for case G (see Fig. 7e,h) needle-like crystals can
be seen on top of other crystals, which may suggest those were depos-
ited. We consider it more likely that due to sample handling, fragile
structures were damaged. These crystals are much larger than 1 pm and
would have been filtered out by the MF unit if they were in suspension.
While 1 um is likely insufficient to remove nano-sized precursors [63],
we estimate with the residence of about 1-2 s (0.16 m/s and 20 c¢cm
length), crystals could not grow to a substantial size in one pass,
therefore crystals (much) larger than 1 pm would have to develop on the
membrane. This was confirmed by the OCT time series, where we could
observe the needle-like crystals growing in time (see Fig. 5a). Secondly,
no evidence of bulk crystallization was observed, as confirmed by the
delayed TMP increase (Fig. 4a), the stable turbidity measurements
below 0.3 NTU (see Figure SM 1c), and stable feedwater composition
(constant SI), throughout the entire experiment (Figure SM 1a). Due to
the recovery of only 1.25 %, we consider it unlikely that the turbidity
changed in the flow channel, this is supported by the 1000 NTU turbidity
found in the D experiment.

In the deposition case, we assume that the dissolved ions are in
equilibrium with the bulk crystals (SI = 0). From the CFD results (Fig. 8),
we estimate a maximum concentration polarization modulus of about
1.12, leading to a local SI of 0.05 at the membrane surface. Considering
the strongly non-linear relation between SI and nucleation rate, we
believe it unlikely that new crystals form on the membrane surface
under those conditions. Likely, super saturation occurring near the
membrane in the D case, would result of slight growth of already
deposited crystals.

In light of previous studies (e.g., Mullin [50], Liu [64]), it is impor-
tant to consider the possibility that gypsum nucleation may initiate
heterogeneously on natural solid nanoimpurities, which are known to
exist even in ultra-pure chemicals [65] in idealized conditions. In
practice, however, it may be challenging to distinguish between nucle-
ation occurring via nano-precursors formed in the liquid phase near the
membrane surface and heterogeneous nucleation directly on the mem-
brane material. Due to concentration polarization (CP) and the non-
linear relationship with supersaturation, such precursors would likely
form and deposit close to the membrane where local hydrodynamics
would promote their deposition. Alternatively, heterogeneous nucle-
ation may occur directly on the membrane material itself. More targeted
studies would be needed to decouple these mechanisms and quantify
their individual contributions.

3.7. Comparison of ‘induction time’
Induction time (IT), defined as the interval between supersaturation

and detectable crystal formation [50], is a key indicator for character-
izing nucleation kinetics in membrane scaling. It plays a critical role in
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understanding crystallization behavior and is widely used to design and
optimize operational strategies for brine treatment, helping to assess and
manage scaling risk [22].

For homogeneous nucleation, IT is commonly measured in batch
reactors by monitoring changes in bulk solution properties. Indirect
detection methods include measurements of electrical conductivity
[66,671, pH [68], turbidity [69], and light transmittance [70]. Addi-
tionally, direct measurements of ion depletion can be performed using
ion-selective electrodes (ISEs), particularly, calcium precipitation can be
quantified by comparing Ca?" concentrations before and after scaling
occurs [67].

It is often assumed that no scaling occurs during the induction time,
leading to the idea that scaling can be prevented if the feed water resi-
dence time is shorter than the IT [71]. Still, the residence time of water
may not be relevant for crystals growth on the membrane, meaning that
scaling can still occur over extended operational periods. Furthermore,
IT is always defined relative to the detection method used: a more
sensitive detection method results in a shorter measured IT. In our study,
specifically for the growth case experiments (G), transmembrane pres-
sure changes suggest an IT of 3-4 days (Fig. 4a), OCT-based volume
analysis indicate 2-3 days (Fig. 6a), and direct crystal counting esti-
mates are even shorter at 1-2 days (Fig. 6b). With an even more sensitive
method, the IT would likely be even lower — also because the induction
time is related to the apparition of the minimum-size stable crystal.
While the concept of IT suggests a delay before visible scaling, nucle-
ation may start immediately at SI > 0, and IT is merely determined by
the smallest detectable crystals.

The concept of “induction time” for scale formation has been widely
defined and applied in previous studies. Boerlage at al. [72] defined safe
and unsafe operating limits for scaling in RO systems by calculating
induction time based on supersaturation and temperature, correlating it
with observed RO concentrate during various operating modes. Lyster
et al. [30] implemented induction time, or ‘growth retardation’, based
on direct visual observations on the membrane, to quantify the retar-
dation of mineral crystal nucleation and growth in RO systems, assessing
antiscalants effectiveness. Despite these advances, the true onset of
membrane scaling remains unclear, as several studies that use various
process parameter measurements often lead to conflicting in-
terpretations of when scaling begins. For example, when computing the
gypsum nucleation rate with parameters from [30], we obtained inferior
rates to those we determined experimentally — even when working in
the same range of saturation indices.

Common parameters employed to determine the onset of scaling,
such as the measurable increase in bulk fluid turbidity, reduction in
permeate flux (in constant pressure filtration), or changes in Ca®" ion
concentration and pH, lack sufficient sensitivity for accurately identi-
fying the true onset of membrane scaling. While these criteria may be
useful for general studies on scaling or precipitation, they are inade-
quate for precisely identifying when membrane scaling begins [33].
OCT, however, has the potential to serve as an early detection method
for scaling, providing valuable insights into the initial stages of crystal
formation before conventional monitoring techniques detect significant
fouling.

4. Conclusions

A methodology was developed to promote scaling using an artificial
solution under constant flux operation, enabling real-time monitoring
and systematic analysis of scaling behavior. Transmembrane pressure
increased more significantly than pressure drop, indicating that fouling
predominantly occurred on the membrane surface. Salt passage trends
further distinguished the mechanisms: NaCl passage decrease in growth-
driven scaling suggested localized flux redistribution, while CaSO4
passage increase in the deposition case indicated cake-enhanced con-
centration polarization.

Structural differences between the fouling layers were evidenced by
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OCT and SEM imaging. Growth-driven CaSO4 scaling produced sharp,
translucent crystals, whereas deposition resulted in an amorphous,
white fouling layer. Quantitative OCT analysis enabled tracking of
scaling progression, and membrane autopsy confirmed the higher
porosity of the deposited layer.

The strong correlation between OCT-detected crystals and regions of
high saturation index, simulated by CFD, demonstrated its potential as a
spatially resolved early-warning tool. Differences in induction time
across detection methods highlight the importance of sensitivity in
scaling diagnostics and challenge the reliability of induction time as a
scaling potential indicator.

Finally, the agreement between experimental and simulated data
emphasizes the value of combining real-time measurement and
modeling. OCT demonstrated potential as an early detection tool for
scaling and could be further developed for inline monitoring in plant
concentrate streams, enabling more precise control of operational con-
ditions. This approach opens the door to chemical-free operation and
provides a platform for systematic studies aimed at optimizing
industrial-scale membrane processes.
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