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ABSTRACT

Direct monitoring techniques of fouling in membrane-based filtration processes can be imple-
mented as part of an effort to reduce the negative effects of membrane fouling. In particular, mon-
itoring techniques with chemical characterization capability are crucial for the formulation of
effective fouling prevention and mitigation strategies. In the present work, Raman spectroscopy
was applied as an in-situ monitoring technique for calcium carbonate scaling on commercial
reverse osmosis membranes. The bench-scale Raman monitoring system allowed for a qualita-
tive chemical assay of the scaled membrane surface at sequential downstream and upstream axial
positions. The time evolution of the downstream and upstream calcium carbonate Raman signal
was evaluated with respect to computed values of local concentration at the membrane surface,
revealing a statistically significant dependence (p <0.001). The real-time Raman data were bolstered
by results of post-mortem analysis (scanning electron microscopy, gravimetric measurements,
and laser interferometry). The employed technique was capable of detecting crystals with char-
acteristic lengths <50 um. Preliminary evidence of polymorph detection was also presented with
recommendations for improvements in the technique.

Keywords: Calcium carbonate scale progression; Raman spectroscopy; In-situ monitoring; Spatial
dependence; Reverse osmosis desalination membrane

1. Introduction

Reverse osmosis (RO) membranes are well suited for
the filtration of feed waters containing dissolved salt ions
due to an active polyamide layer that is highly crosslinked
[1,2]. As a result, an inherent challenge is the crystalliza-
tion of sparingly soluble salts on the feed side of the mem-
brane [3,4]. In RO desalination of seawater and brackish
water, examples of problematic salts can include calcium
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sulfate, barium sulfate, or calcium carbonate [5]. The depo-
sition and growth of inorganic salts on the surface of RO
membranes is a subset of fouling more specifically known
as scaling, leading to an increase in operating costs, energy
consumption, and the use of additional chemicals formu-
lated to clean, reduce, or delay its occurrence [6]. Scaling
also limits the production and quality of the product water.
In an effort to better understand fouling mechanisms
and optimize the RO process, a portion of membrane
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research is dedicated to development of techniques for
direct monitoring [7-15] of membrane fouling. These tech-
niques have been used to detect scaling in its early stages,
when remedial actions are most effective [14,16-18], and
provide insight into the mechanisms of fouling. For exam-
ple, visual observation (VO) techniques [14,19-22] have
been used to study the kinetics of local gypsum crystal
growth and macroscopic crystal coverage, clearly illustrat-
ing the spatial nonuniformity of membrane scale coverage.
VO is generally limited by a minimum detectable crystal
diameter of ~50-100 um; consequently, incipient scaling
crystals are rendered undetectable as they are much smaller
[5,23]. Ultrasonic time-domain reflectometry (UTDR) has
been employed in inorganic and organic fouling studies,
demonstrating sensitivity to changes in the fouling layer
[12,24,25]. Although UTDR can provide earlier, more local-
ized information regarding the fouling layer as compared
to permeate flux changes, it is difficult to relate sensor
signals to specific contributions of distinct components
in the fouling layer. Similarly, electrical impedance spec-
troscopy (EIS) has shown potential as an early-warning
tool that can distinguish between the onset and develop-
ment of both organic and inorganic fouling. Since EIS is an
area-averaged measurement, it is challenging to determine
to what extent specific foulants in a multicomponent feed
are included in the EIS signal [8,26,27]. Area-averaged or
global measurements such as EIS and permeate flux can be
problematic for monitoring membrane scaling due to the
lack of spatial information [7,17,28-30].

Raman spectroscopy [31] is an optical technique based
on the inelastic photon-phonon interactions of the inci-
dent light source and materials with Raman-active cross-
sections. The molecular composition and arrangement of
the material dictates the wavelength of the Raman-shifted
photons, allowing for chemical identification of the mate-
rial. Additionally, the spatial resolution of the Raman data,
which is related to the diffraction-limited spot size of the
employed laser beam [32], facilitates a local measurement
which is necessary in the study of spatially nonuniform
fouling mechanisms. The use of Raman spectroscopy to
detect membrane fouling non-destructively is a recent
application, and the technique has been used to demon-
strate chemical detection of a variety of foulants, includ-
ing biofouling [9], organic fouling [10,33], and inorganic
fouling [34-36] on RO and UF membranes.

Therefore, the present work implements Raman spec-
troscopy for membrane scaling detection to address a crit-
ical limitation of available direct monitoring techniques,
namely, a lack of real-time chemical sensing capability
with sufficient spatial resolution. A Raman microscope was
integrated with a custom bench-scale RO flow cell, outfit-
ted with a long optical window. Given that scale progres-
sion on pressure-driven, crossflow filtration membranes is
a function of axial position, the utilized experimental setup
allowed for chemical detection of the scalant at downstream
and upstream regions on the membrane using Raman spec-
troscopy. Crossflow filtration experiments were conducted,
ensuring hydrodynamics reflective of more realistic RO
operating conditions compared to dead-end filtration.
Calcium carbonate was selected as a model scalant, which
highlighted the Raman technique’s ability to detect small

crystals (<50 pm). The time evolution of the calcium car-
bonate Raman signal served as evidence of local progres-
sion of calcium carbonate scaling on RO membranes.

2. Materials and methods

Real-time, in-situ Raman data were collected for eight
independent reverse osmosis experiments. The objective of
each experiment was to demonstrate chemical detection of
calcium carbonate scaling as well as compare the Raman
data obtained from two different axial positions on the
membrane (downstream vs upstream).

2.1. Scaling experiments

Undersaturated feed solutions were utilized to main-
tain scaling in the surface crystallization regime [37]. The
bulk feed saturation index with respect to calcite was
S e = logw(IAP/Ksp) ~ —0.6, where IAP is the ionic activ-
ity product and K_ is the solubility product constant [38].
Feed solutions were prepared by combining 8 L of deion-
ized (DI) water with 1.51 g NaHCO, (2.25 mM) and 1.33 g
CaCl, (1.5 mM). Prior to conducting scaling experiments,
the reverse osmosis (RO) system was flushed for several
hours with DI water until conductivity readings reached
<1 pS/cm. Each membrane sample was soaked in a 50%
solution of isopropanol for 30 min to remove preserva-
tives. Afterwards, the membrane was compacted (~12-15 h)
with a fresh reservoir of DI water to minimize compaction
contributions to permeate flux decline during the scal-
ing experiments. The same RO operating conditions were
applied in both the compaction and scaling phases. A vol-
umetric flow rate of 25 L/h (crossflow velocity of 3.0 cm/s)
was selected such that the flow in the channel remained
laminar, resulting in a Reynolds number of ~63 with respect
to the channel height as the characteristic length [37]. For
the selected feed temperature of 24°C and feed pressure
of 1.03 MPa (150 psi), the initial permeate flux during scal-
ing was 57.6 + 6.3 L/m*h, which underscores the variabil-
ity in membrane performance and operating conditions
among replicate scaling experiments (Table 1).

2.1.1. Reverse osmosis system

A bench-scale RO system was built with data acquisi-
tion capability to accommodate multi-day filtration tests
(Fig. 1).

A custom-built plate-and-frame RO flow cell constructed
from stainless steel featured a rectangular optical window
with an area of 9.98 cm x 3.23 cm (length x width) that inter-
faced with the Raman microscope for scaling detection. The
dimension of the optical window allowed for a range of
Raman sensing locations along the axial length (feed-flow
direction) of the membrane. The flow cell design included
an inset glass window designed to provide a uniform chan-
nel height of 2 mm. The top plate housed the inlet feed
and outlet retentate ports, and the bottom plate contained
the permeate exit port, from which the permeate flux was
measured using an in-line MEMS low-liquid flow sensor
(SLE35-1300, Sensirion); permeate was then subsequently
returned to the active feed reservoir. The bottom plate also
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Table 1
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Summary of RO system operating parameters and permeate flux for scaling Tests 1-8

Test # RO system operating parameters Membrane performance (L/m?/h)
Crossflow Pressure Temperature Initial flux Mean flux during Mean flux during
velocity (cm/s) (MPa) (°O) during scaling downstream detection upstream detection

1 2.8+0.0 1.057 £ 0.004 239+0.1 58.6 55.6 50.5

2 2.8+0.0 1.049 £ 0.005 23.7+0.2 61.7 61.2 54.1

3 2.8+0.1 1.050 + 0.014 23.5+0.1 59.7 59.7 50.7

4 3.0+0.2 1.038 + 0.007 247 +0.2 43.4 35.8 33.7

5 32+0.1 1.062 £ 0.012 23.9+0.2 55.6 51.4 45.5

6 29+0.0 1.042 + 0.003 22.3+0.1 64.1 63.5 53.6

7 3.0+£0.0 1.073 £ 0.002 23.3+0.3 60.5 59.8 50.0

8 2.8+0.1 1.064 + 0.007 23.7+0.3 57.3 54.6 50.5
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Fig. 1. Schematic of Raman system (dotted orange outline), reverse osmosis system (solid blue), and photograph of reverse
osmosis flow cell pictured with protective optical window cover. The optical window has dimensions of 3.23 cm x 9.98 cm,
resulting in 6.98 cm of axial travel for the ~3.0 cm-diameter, 50X microscope objective.

housed a steel mesh plate that provided structural support
for the membrane during operation at a pressure of 1.03 MPa
(150 psi). Membrane samples were cut from the same
batch of thin-film composite reverse osmosis membranes
(UTC-73HA, Toray), with each sample sized to an active
membrane area of 17.5 cm x 12.5 cm (length x width).

Two feed tanks, one for DI water and the other for the
prepared salt solution, were outfitted with feed intake

valves and retentate return lines, allowing for RO operation
in total-recycle mode and streamlined transitions between
DI water and salt feeds. A thermocouple (TC-T-NPT-U-72,
Omega) installed upstream of the flow cell monitored the
temperature of the inlet feed stream. A U-tube style heat
exchanger was submerged in both feed tanks and con-
nected to a chiller (T257P, Thermotek) to maintain con-
stant inlet feed stream temperatures during filtration.
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Experimental feed temperature ranges for replicate tests
are summarized in Table 1. In-line conductivity probes
were used to measure the conductivity of the feed (EW-
19500-65, Cole-Parmer) and permeate streams (EW-19500-
64, Cole-Parmer). Pressure transducers (PX191-300GV5,
Omega) installed upstream and downstream of the flow
cell, monitored the feed channel pressure. A backpres-
sure regulator (12-251B2-44AZ5-72, Neon) and a bypass
valve (SS-1RS4, Swagelok) were used to manually set the
applied feed pressure and volumetric flow rate at the start
of all experiments, and a turbine flow meter (TFM-LP07,
Dwyer) measured the feed volumetric flowrate. The ranges
for experimental feed pressure and crossflow velocities
(derived from volumetric flowrates) are also summarized
in Table 1. All sensors were connected to a computer data
acquisition system (USB-6001, National Instruments),
except for the permeate flux sensor, which was con-
nected to the computer via an Arduino board (Arduino
Uno R3). A 0.2 um PES filter (CCS-020-C1B, Advantec) was
installed in the retentate line to filter any large particulates.

2.1.2. Raman data collection

The laser source employed was a narrow linewidth, 785-
nm laser diode, and the beam was focused onto the sample
using a 50X objective with ~27 mW of optical power incident
on the sample (FPV785S, Thorlabs Inc). A 600 line/mm grat-
ing with a blaze at 1,000 nm provided a spectral dispersion
of ~1 ecm™/pixel. During each scaling experiment, all Raman
spectra were acquired every 60 s with 10 s of integration
time. All Raman data were preprocessed using the same pro-
cedures and parameters to avoid introducing artifacts [39].
Each spectrum was first baseline-corrected [40] to remove
the fluorescent background signal, and cosmic rays were

eliminated by linear interpolation. After baseline removal,
all spectra were normalized by vector normalization to
remove the effects of fluctuations in laser intensity and focus.
Intensities of investigated Raman bands were expressed
as ratios (%) to the most prominent RO membrane Raman
band at 1,150 cm™ (C-O-C stretching mode).

In each replicate scaling experiment, Raman detection
was comprised of two parts, in which real-time Raman
spectra were acquired downstream and upstream, in
series (Fig. 2).

Raman spectral acquisition was initiated during the last
~30-60 min of DI water compaction, when no calcium car-
bonate crystals on the membrane are expected due to prior
system cleaning. This expectation is supported by obser-
vation of relatively constant permeate flux, where minimal
flux decline is attributed to continued effects of membrane
compaction. When the feed is switched to the salt solu-
tion, supersaturated levels of solute ions at the membrane
surface, due to concentration polarization [30,41,42], pro-
vide conditions necessary for scaling. Downstream detec-
tion began first (x = 12.2 c¢m) since early scaling crystals
tend to form near the channel exit [5,28,41]. Raman detec-
tion of the scalant occurs when partial/full crystal dimen-
sions overlap with the focal volume of the laser beam,
causing an increase in the scalant Raman band intensity.

In both the literature [43,44] and the present work, the
dominant calcium carbonate polymorph is calcite, whose
strongest internal vibrational mode (V) has been reported to
occur at a Raman shift of 1,086 cm™ [45,46]. In the recorded
Raman data, the maximum intensity for the calcite Raman
band typically occurred at 1,086 cm™. Occasionally, maxi-
mum Raman intensities at 1,087 cm™ were observed. The ori-
gin of the 1,087 cm™ band was not certain, but a likely expla-
nation is the use of a slightly deviated value for the excitation
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Fig. 2. The active membrane area is schematically represented on the bench-scale flow cell (pictured on the left). Down-
stream Raman detection at x = 12.2 cm is initiated first due to higher scaling propensity toward the channel exit. After com-
pleting downstream detection, the stage is moved to initiate upstream detection at x = 54 cm. To avoid edge effects, both
downstream and upstream detection occurred at the center of the membrane, represented by the dotted centerline. The five
square regions (1-5) represent membrane coupons that underwent post-mortem characterization, with the second and fourth
squares encompassing the locations of upstream and downstream Raman detection, respectively.
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laser line, which is used to convert wavelengths (nm) of
Raman-scattered light to wavenumbers (cm™). A deviation
of ~0.06 nm (i.e., the current pixel resolution) in the speci-
fied laser line would offset all measured wavenumbers by
~1 cm™. Another possibility is the presence of trace impu-
rities in the calcite scaling crystals [47,48]. For the present
study, the calcite Raman signal was defined as the aver-
age of the Raman intensities at 1,086-1,087 cm™, to allow
for consistent processing of all Raman datasets. A spectral
range of 500-1,500 cm™ was specified for Tests 1-7, and for
a final scaling test (Test 8), a spectral range of 100-1,200 cm™
was specified to investigate proof-of-concept real-time
detection of calcium carbonate polymorphs which exhibit
distinct Raman bands at wavenumbers <400 cm™.

During membrane compaction, only the spectral bands
of the RO membrane are represented in the Raman sig-
nal [36]. As calcite overlaps with the Raman sensing site
during membrane scaling, the calcite Raman signal is
convolved with the Raman signal of the RO membrane.
Thus, the time-averaged Raman intensity of the 1,086 cm™
Raman bands during membrane compaction is taken as a
point of reference. A threshold value obtained at approxi-
mately three standard deviations above the reference sig-
nal served as the criterion for downstream Raman detec-
tion of calcite scale. Downstream detection (x = 12.2 cm in
Fig. 2) was terminated and upstream detection (x = 5.4 cm)
initiated when the calcite Raman signal exceeded the
defined threshold value.

Since initial upstream detection began at a later stage
of the scaling experiment, compared to initial down-
stream detection, there is a possibility of pre-existing
scaling crystals near or within the upstream laser focal
volume. Thus, a secondary detection threshold value was
established, defined as three standard deviations above
the mean calcite Raman signal during the first 10 min of
upstream detection. The secondary threshold value was
used as criterion for termination of each scaling experi-
ment. Additionally, the secondary threshold value enabled
collection of sufficient data for determination of the time
evolution of the upstream calcite Raman signal, discussed
in detail in the following section. The presented two-part
Raman detection scheme used in this work allows for the
investigation of earlier/downstream and later/upstream
calcite scaling progression.

2.1.3. Time evolution of calcite Raman signals

In the present study, we report on the relationship
between the time evolution of the calcite Raman signal
and local progression of calcite scaling. Fig. 3 shows a rep-
resentative dataset comprised of real-time calcite Raman
signals and permeate flux as a function of time, with
the time evolution of the calcite Raman signal, that is, the
slope, represented schematically. The slope is given by
Eq. (1) where RI(tf) and RI(t) are the calcite Raman intensity
at the final and initial timestamp (f, and £, respectively) of
the calcite Raman signal’s time-evolution period.

| _RiIft)-RI(t) @
t—t,

The time evolution of the calcite Raman signal during
compaction is expected to be zero [Eq. (2)] since Raman
spectra acquired during this period reflect Raman bands
of only the RO membrane, whose chemical composition
is assumed to remain constant.

m(t, =t,t =t,)~0 &)

When the feed is switched to the salt solution and scal-
ing initiates at the detection site, the calcite Raman signal
exhibits a steady increase. The downstream and upstream
Raman time evolutions of calcite were obtained by iden-
tifying the periods during which the mean and slope of
the calcite Raman signal experienced an abrupt change.

2.2. Post-mortem characterization

The measured real-time data were complemented by
post-mortem characterization of membrane samples from
Tests 1-8. Scaled membranes were cut into 2 cm x 2 cm cou-
pons from five locations along the direction of feed flow
(Fig. 2). Gravimetric analysis was conducted by weighing
the membrane coupons using a microbalance and measur-
ing the dimensions of the coupons using a digital caliper.
SEM (scanning electron microscope) images of the mem-
brane coupons provided length-scale estimates of the cal-
cium carbonate crystals. These estimates were obtained
using image processing packages available in Fiji [49]. The
heights of calcium carbonate crystals were measured using
a laser interferometer. For SEM imaging and laser inter-
ferometry, membrane coupons were coated with ~2 nm of
platinum prior to analysis.

2.3. Estimation of local saturation indices

Comparison of the time evolution of calcite Raman
signals across replicate scaling experiments requires
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Fig. 3. Representative dataset from a scaling experiment, show-
ing normalized permeate flux and calcite relative Raman inten-
sity over time. The time evolution of the calcite Raman signal
is indicated by the dotted lines and calculated for time periods
defined by the following timestamps (t,): ¢ ,: Start of membrane
compaction phase; t,: End of membrane compaction phase; ¢ :
Start of downstream Raman time evolution; t,: End of down-
stream Raman time evolution; t: Start of upstream Raman time
evolution; t,: End of Raman upstream time evolution.
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careful consideration of the inherent variability in mem-
brane performance, RO system operating parameters, and
spatiotemporal dependencies of local scaling conditions.
Estimation of local saturation indices (SI) at the mem-
brane surface can be used to streamline this variability, by
serving as a comparison metric that accounts for different
axial position and experimental conditions which, in turn,
result in different concentration levels at the membrane
wall. The membrane wall concentration profile is often
expressed using the concentration polarization modulus
(CP) [50], which normalizes the solute ion concentration
at the membrane wall (C,) to that in the bulk feed (C,).
This concentration polarization modulus is represented
by an analytical solution derived from classical one-
dimensional film theory [28,51] (Eq. 3).

C,-C An ]
CP=—2——*2=-""m_(1-R)+R- Jo 3
c-c ~an (R eXp[k ] ®

b P

m

Salt rejection (R) was assumed to be 1 (complete solute
rejection). Consequently, permeate concentration (C)) was
approximated to be 0, which corresponded to a lower limit
estimate of the CP modulus. An, and A, are the osmotic
pressures at the membrane wall (feed side) and bulk solu-
tion, respectively; ] is the local permeate flux and k= D/d
is the local mass-transfer coefficient, which is a ratio of the
salt diffusion coefficient (D) and the boundary layer thick-
ness (9). The permeate flux is given by Eq. (4) [52] which
relates permeability of the membrane (L), applied feed
pressure (P), and osmotic pressure at the membrane wall.

], :LP(P—Anm) 4)

In Eq. (5), the Sherwood number (Sh) obtained from the
Graetz solution [50-52] is used to couple fluid flow with
mass transfer in a thin rectangular channel, as a function
of axial position (x).

1/3
Sh = kd =1.85| Re-Sc z—d 5)
D X
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The Sherwood number considers the flow cell geometry
(hydraulic diameter, d); the Reynolds number (Re = Ud/v),
which includes the crossflow velocity (U) and kinematic vis-
cosity of the feed solution (v); as well as the Schmidt num-
ber (Sc = v/D) which describes solute properties. The con-
centration profile at the membrane wall was estimated by
computing the Sherwood number at discretized values of
axial position [51]. A boundary condition of CP(x =0 cm) =1
was assumed (i.e,, no concentration polarization) because
the permeate flux at the channel entrance is assumed to be
zero. Fig. 4 presents the computed CP modulus, bound-
ary layer thickness, and permeate flux profiles as a func-
tion of nondimensional axial position (x/L, L = 17.5 cm)
for Tests 1-8, using experimentally determined inputs
of mean crossflow velocity, pressure, temperature, and
initial permeate flux values (] ) (Table 1).

According to the computed CP modulus and bound-
ary layer thickness profile for each test, both the concen-
tration of scaling ions and the boundary layer thickness are
observed to increase with increasing axial position (x/L—1).
Additionally, the variability in scaling conditions across
Tests 1-8 is depicted by the distinct CP modulus and per-
meate flux profiles of each test.

For the estimation of the local saturation index, the
CP modulus was computed using the known value of the
bulk feed concentration and estimates of the CP modulus
at the upstream (x = 5.4 cm) and downstream (x = 12.2 cm)
Raman detection regions. For simplicity, only major scal-
ing ions (Ca*, COZ) were considered in the estimation of
saturation indices with respect to calcite (SI_ ), using
PHREEQC Interactive 3.7.0 software [38].

calcite

3. Results and discussion
3.1. Raman monitoring of the RO membrane

The Raman spectrum of the RO membrane exhib-
its Raman bands at 740, 792, 1,073, 1,110, and 1,149 cm™
which were identified as belonging to the polysulfone layer
of the RO membrane in previous work [36]. In the pres-
ent study, the thin-film composite polysulfone/polyamide
(PSF/PA) layer of a virgin sample of the RO membrane
was peeled off using masking tape to reveal the nonwo-
ven polyethylene terephthalate (PET) support layer. Each
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Fig. 4. (a) The concentration polarization (CP) modulus, (b) boundary layer thickness, and (c) normalized permeate flux was
computed as a function of axial position [51]. Concentration at the membrane wall increases with increasing axial position [50].
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layer was fixed on a glass slide and analyzed in vitro using
the Raman microscope (Fig. 5). The PET Raman bands at
281, 303, 634, and 861 cm™ [53] were also observed in the
real-time Raman spectrum of the RO membrane during
compaction. Raman observation of support layers is possi-
ble, depending on the level of defocus of the Raman laser
beam [54]. In the subsequent discussion of calcium car-
bonate Raman data, it is important to note the influence
of the PET support layer given that calcium carbonate
polymorphs exhibit Raman bands that may overlap with
those of the PET layer (e.g., 281 and 301 cm™ for the calcite
and vaterite polymorphs, respectively).

The aim of the present work was to attribute an increase
in the calcite Raman signal to a volumetric increase in scal-
ing crystals within the Raman sampling volume, or focal
volume. This is due to the fact that a molecule’s Raman sig-
nal intensity is proportional to the number of Raman scat-
tering molecules within the focal volume [55,56]. However,
there are other confounding variables that could cause an
increase in the Raman signal intensity, such as changes in the
laser beam focus or in the surface roughness of the Raman-
sampled area. Consequently, when the Raman sampling
area surpasses the dimensions of the overlapping scaling
crystals, the contributing effects of the confounding vari-
ables on Raman signal intensity will decrease. Conversely,
when the Raman sampling area is much smaller than
overlapping crystal dimensions, resulting in a potentially
overfilled laser focal volume, possible effects of the con-
founding variables must be considered.

Therefore, it was necessary to first establish whether
the Raman sampling area was sufficient for the study
of calcium carbonate scaling progression by investigat-
ing whether the laser focal volume was being overfilled
by calcite crystals. The basis for this analysis was that a
decrease in the real-time RO membrane Raman signal
(i.e., obstruction of the membrane substrate) could be
considered analogous to an overfilled laser focal volume.
The Raman band at ~792 cm™ (out-of-plane bending of the
C-H bond in the benzene ring) was selected as a repre-
sentative RO membrane Raman signal to avoid including
potential Raman signal contributions from calcium car-
bonate (~1,080-1,090 cm™). An additional DI water feed
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Fig. 5. In vitro Raman spectra of the polyethylene terephthal-
ate (PET) non-woven support layer and the polysulfone sup-
port/polyamide (PSF/PA) layer compared to a real-time Raman
spectrum of the reverse osmosis membrane during com-
paction in Test 8.

experiment was conducted using the same precondition-
ing and Raman spectral acquisition procedures described
for the other scaling experiments. Raman data for the DI
feed experiment and a representative calcium carbonate
scaling experiment are shown in Fig. 6. For the DI feed
experiment (Fig. 6a), a slight initial decrease in the mem-
brane Raman signal (~4%) is detected at the start of both
downstream and upstream observation. Despite back-
ground removal in data preprocessing, this is likely due
to decreases in the fluorescent background over time,
which was consistently observed in the last 30-60 min of
compaction in the other scaling experiments. Overall, no
consistent trends are observed in the time evolution of
the 792 em™ Raman signal during the DI feed experiment,
serving as a standard of comparison and confirming the
absence of false positive calcium carbonate detection [34].
For a representative scaling experiment (Fig. 6b), no dis-
cernable changes in the membrane Raman signal were
observed, even while the calcite Raman signal consistently
increased over time.

The relatively steady 792 cm™ band Raman signal over
the duration of the scaling experiment, serves as evidence
that the increase in the calcite Raman signal was due to a
gradual growth of calcite scale on the membrane surface,
rather than the misleading effect of a length-scale mismatch
between the Raman sampling area and scaling crystals.

3.1.1. Scaling crystal characteristic length

Due to the previously noted importance of length-scale
matching between the Raman sampling area and scaling
crystals, it was necessary to identify a critical length-scale
in the current membrane system. We refer to this critical

100
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» Upstream detection

Membrane relative Raman intensity (%)
Calclite relatlve Raman Intensity (%)
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Fig. 6. No sustained trends are observed for the 792 cm™ mem-
brane Raman signal from the (a) deionized (DI) water feed
experiment and (b) representative calcium carbonate scaling
experiment. The calcium carbonate Raman signal remained
constant for the DI water feed experiment and consistently
increased for the calcium carbonate scaling experiment.
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length-scale as the crystal characteristic length, which was
defined as the longest measured diagonal of a calcite
crystal face. SEM image analysis of representative scaled
membrane samples showed crystal characteristic lengths pre-
dominantly ranging from 20-50 um. For example, the dou-
ble arrow in Fig. 7b shows a crystal characteristic length of
~30 pm. For the same membrane samples, laser interferometry
measurements indicated representative crystal heights
of ~10 pm.

Overall, the characteristic length range of the calcite
crystals was somewhat larger than the laser beam spot size
of ~3 um (FWHM, full width at half maximum) whereas
the crystal heights were similar to the laser beam depth of
focus (~9 pm). Given that the crystal characteristic length
measurements were taken from samples that underwent
9-30 h of scaling and that Raman detection of calcium car-
bonate occurred as early as 30-60 min into the scaling
experiment, calcium carbonate crystals were likely much
smaller during the initial stages of scaling. This is substan-
tiated by post-mortem observation of calcite characteristic
lengths as small as ~5 um (Fig. 7b). Moreover, Raman detec-
tion of calcium carbonate scaling crystals <50 um in char-
acteristic length demonstrates the high spatial resolution
of the technique.

3.2. Raman monitoring of calcium carbonate scaling
3.2.1. Calcium carbonate polymorphs

Calcium carbonate is an inorganic crystal comprised
of calcium and carbonate ions. Raman bands of cal-
cium carbonate due to its internal vibration modes (V, )
are attributed to vibrations within the ionic species.
Additionally, these ionic species can be arranged into dif-
ferent lattice structures, resulting in three main polymorphs
that exhibit different Raman bands arising from lattice
vibrations (<400 cm™). For example, aragonite and vater-
ite, two other polymorphs of calcium carbonate, with V|
vibrational modes occurring at 1,085 cm™, and 1,090 and
1,075 cm™ respectively [45,46], have also been observed in
scaling studies [44,58]. However, to verify the exact cal-
cium carbonate polymorph, Raman bands attributed to

Fig. 7. SEM images of representative calcium carbonate scal-
ing crystals with characteristic lengths of ~20-50 um (a) from
the region of upstream Raman observation (x = 5.4 cm). Higher
magnification image of the region indicated by the rectangle
is shown in (b), where the double arrow depicts an example
of a characteristic length measurement. A small calcite crys-
tal with a characteristic length of ~5 um (yellow solid arrow)
and a hexagonal-plate vaterite [57] polymorph (yellow dashed
arrow) are also observed.

lattice structure are typically measured. For this reason, in
Test 8 (Fig. 8), Raman data were collected with a spectral
range of 100-1,200 cm™ to investigate whether it was pos-
sible to distinguish calcium carbonate polymorphs in real
time. During both downstream and upstream detection, the
1,087 cm™band was observed, suggesting Raman detection
of a calcite polymorph. As for the observed Raman band
at 281 cm™, due to its low signal-to-noise ratio, it is diffi-
cult to confirm whether the band is due to lattice vibration
of calcite [45] or the PET layer of the membrane.

SEM images (Fig. 7) confirmed a majority of rhom-
bic calcite polymorphs and a few hexagonal plate vaterite
crystals. Given the dominance of calcite, detection of other
polymorphs did not occur in real-time. Thus, polymorph
detection was carried out via post-mortem Raman measure-
ments of scaled membrane samples. Raman bands at 301,
332, 1,075, and 1,090 cm™ [45,46] confirmed the presence
of vaterite polymorphs on the Test 8 membrane sample.
However, the challenge of weak signal-to-noise ratios still
remained, due to the less-ordered crystalline form of vaterite
compared to that of calcite [59]. Despite these limitations, the
present work indicates the potential of the technique to dis-
tinguish polymorphs of calcium carbonate, which is critical
in the investigation of scaling dynamics of single and multi-
ple component feed solutions. Depending on the properties
of the feed solution such as ionic strength, ratio of scaling
ion concentrations, and the presence of additional compo-
nents in the feed water [60,61], the pathways to CaCO, crys-
tallization are broad, resulting in initial polymorphs which
can evolve over time into other polymorphs. Additionally,
since co-precipitation is a common occurrence in industrial
water systems [62], crystallization pathways can be even
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Fig. 8. Representative real-time vs post-mortem Raman spectra.
A real-time Raman spectrum of the reverse osmosis membrane
during membrane compaction (Test 8) shows an absence of cal-
cium carbonate Raman signals. A Raman spectrum acquired
during scaling suggests detection of a calcite polymorph due
to the appearance of the 1,087 and 281 cm™ bands. Post-mor-
tem Raman spectra of Test 8’s scaled membrane suggest the
presence of the vaterite and calcite polymorphs, with lattice
Raman bands at 301, 332, and 281 cm™, respectively.
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further confounded. The initial results presented here sug-
gest that such complexities can be studied in real-time with
improvement of Raman signal-to-noise ratios.

3.2.2. Local calcite scaling progression

Metrics of solute supersaturation at the membrane wall
are usually reported in bench-scale scaling studies because
scaling rates are related to supersaturation levels [6,14,37,63].
According to classical nucleation theory [64-66], crystalli-
zation is comprised of nucleation and growth mechanisms.
Either homogenous or heterogeneous crystal nucleation
can occur when clusters of scaling ions aggregate to a sta-
ble, critical size. The heterogeneous nucleation mechanism is
likely favored in the present membrane system, considering
that heterogenous nucleation is most commonly reported
for RO systems [12,67,68] and homogenous nucleation only
occurs at extremely high levels of supersaturation [68,69].
Once stable nuclei are established, their continued growth
depends on the degree of supersaturation, where growth
rate increases with increasing supersaturation [22,65]. If the
increase in the calcite Raman signal over time is attributed
to the local volumetric increase of calcium carbonate scale
at the detection site, it is reasonable to expect greater mag-
nitudes of the calcite Raman signal time evolution, m, for
greater local supersaturation levels. A summary of the time
evolution of calcite Raman signals is presented in Fig. 9.

Test #
1 2 3 4 5 6 7T 8

loga(m)

[EEDownstream [llUpstream| ()
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Fig. 9. (a) The time evolution of the calcite Raman signal
(y-axis) is summarized for Tests 1-8 (top x-axis). For each test,
downstream m values were found to be consistently greater
than upstream counterparts by about an order of magnitude.
(b) The time evolution of the calcite Raman signal evidenced
a statistically significant dependence on the local saturation
index; fitted regression line (black) with p <0.001.

In Fig. 9a, downstream m values were found to be con-
sistently greater than upstream counterparts by about an
order of magnitude. This can be explained by boundary
layer theory which describes higher concentrations of sol-
ute ions at the downstream membrane wall, causing greater
scaling propensity in this region. This result was predicted
by the computed CP modulus profiles and supported by
post-mortem gravimetric analysis (Fig. 10), which showed
a clear increase in calcium carbonate mass per area with
increasing axial position.

The x-axis error bars in Fig. 10 capture the axial dimen-
sion of the membrane coupons (2 c¢cm). The y-axis error
bars are large due to variability in scale coverage between
Tests 1-8, which can be attributed to some variation in initial
permeate flux, scaling duration, and operating conditions.
Despite the significant variation in scale density among the
replicate tests, more scale is observed downstream as com-
pared to upstream regions, supporting the results of Fig. 9a.

In Fig. 9b, m values are plotted for downstream and
upstream observation from the eight replicate CaCO, scal-
ing tests, resulting in a total of 16 data points. Generally, the
expected trend is observed across all scaling experiments,
such that there is a statistically significant dependence of m
on local SI_ = values (p < 0.001). Strong literature evidence
of scaling dependence on supersaturation levels [65,69-71]
supports the observed relationship between m and SI_ .
Changes in Raman signals over time appear to be a use-
ful metric for comparisons of local scaling progression
within a membrane sample (i.e., downstream vs upstream)
and across different membrane samples.

4. Conclusions

Real-time chemical sensing is critical in the overall opti-
mization of reverse osmosis (RO) desalination, given the
highly chemistry-specific nature of antiscaling and cleaning
protocols. In the present work, Raman spectroscopy was
used to chemically identify and monitor the progression
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Fig. 10. Post-mortem gravimetric analysis. An increase in
mean calcium carbonate mass per area with increasing axial
position confirms the presence of higher supersaturation lev-
els towards the downstream region (x — 17.5 cm). The y-axis
error bars are large due to significant variation in scale cov-
erage between Tests 1-8. The x-axis error bars represent the
width of each membrane coupon (2 cm).
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of calcium carbonate scaling on RO membranes. A bench-
scale plate-and-frame RO flow cell outfitted with a long
optical window enabled real-time detection of calcium car-
bonate scaling at sequential downstream and upstream
axial positions. The most commonly observed Raman band
occurred at 1,086 cm™, which belongs to the calcite poly-
morph. Post-mortem SEM images showed that most crys-
tals exhibited a rthombohedral crystal habit, characteristic
of the calcite polymorph.

The time evolution of the calcite Raman signal was rep-
resented by m, defined as the slope of the calcite relative
Raman peak intensity with respect to time. It was hypoth-
esized that the magnitude of m could be related to local
volumetric increases of calcium carbonate scale at the site
of Raman detection. For each replicate scaling experiment,
it was observed that the time evolution of the downstream
calcite Raman signal consistently exceeded its upstream
counterpart. Additionally, downstream and upstream values
of m were compared to corresponding values of local satu-
ration indices, computed using inputs of mean experimen-
tal operating conditions. This comparison revealed that the
time evolution of calcite Raman signals () had a statistically
significant dependence on local estimates of saturation indi-
ces whereby increasing local saturation indices generally
resulted in increased values of m. These results suggested
that the time evolution of calcite Raman signals could serve as
a useful measure of scaling progression within a membrane
sample (i.e., downstream vs upstream) and across different
membrane samples. Post-mortem gravimetric measure-
ments revealed greater values of mean mass per area at the
downstream axial position, which corresponded to greater
computed values of local saturation index as compared
to that of the upstream axial position. This result further
supported the statistically significant dependence of m on
local saturation indices.

Spectral data generally require careful interpretation
due to the presence of potential artifacts. Thus, progres-
sion of the RO membrane band at 792 cm™ was also studied
because any changes in the laser focal plane or obstruction
of the membrane substrate would affect the Raman spec-
trum of the substrate. The RO membrane Raman signal
remained relatively constant throughout the scaling exper-
iment despite a steady increase in the calcite Raman signal.
This result suggests that the steady increase in the calcite
Raman signal was caused by slow volumetric growth of
calcite crystals which remained small enough to leave the
interrogated membrane substrate undisturbed. This was
further supported by post-mortem SEM imaging of the
scaled membranes which showed the presence of small scal-
ing crystals (<50 um). Therefore, matching the characteris-
tic lengths of the Raman sampling area and crystallite was
identified as an important aspect of the presented Raman
methodology. The SEM images also revealed that there were
scale-free regions on the membrane. If the Raman sampling
area coincided with a scale-free region, but crystals were
adjacently present, a false negative detection result would
have been observed. However, in all eight replicate scaling
experiments, calcite scale was successfully detected at both
downstream and upstream axial positions.

The demonstrated ability to study high-resolution,
single-component scaling progression with chemical

identification is an important step towards applying the
in-situ Raman monitoring technique in expanded studies
of other relevant scalant chemistries and mixed salt scaling.
This information could be used to develop more effective
scale mitigation strategies and improve predictive scaling
models, ultimately enabling further optimization of RO
desalination.
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Symbols

C Salt concentration

CP Concentration polarization modulus

D Salt coefficient of diffusion

d Hydraulic diameter

o Boundary layer thickness

J, Permeate flux

k, Mass transfer coefficient

K, Solubility product constant

L Axial membrane length

L, Membrane permeability

m Time evolution of calcite Raman signal
(i.e., slope)

p Applied feed pressure

p p-value (statistics)

Am Osmotic pressure

R Salt rejection

t, Initial timestamp of calcite Raman signal
time evolution

t Final timestamp of calcite Raman signal
time evolution

u Feed crossflow velocity

v Kinematic viscosity

V.., Raman vibrational modes

x Axial position

Subscripts

b Bulk feed

c Compaction

D Downstream

m Membrane wall

p Permeate

u Upstream

Abbreviations

DI Deionized
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EIS Electrical Impedance Spectroscopy

FWHM Full Width at Half Maximum

IAP Ionic Activity Product

Ipmm Lines per mm

PA Polyamide

PES Polyethersulfone

PET Polyethylene terephthalate

PSF Polysulfone

Re Reynolds number

RI Raman Intensity

RO Reverse Osmosis

Sc Schmidt number

Sh Sherwood number

aleite Saturation index with respect to calcite

Ultrafiltration

UTDR Ultrasonic Time-Domain Reflectometry

VO Visual Observation
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