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A B S T R A C T

Early-stage scaling detection is a crucial component for optimizing proactive anti-fouling measures that enhance membrane lifetime and decrease operation costs. In
this work, we utilize Raman spectroscopy to detect and chemically quantify multiple scalants during bench-scale reverse osmosis desalination. The experiments were
conducted with a commercial brackish water thin-film composite membrane at a feed pressure of 1.2 MPa (175 psi) and a feed flow velocity of 4.2 cm/s. Raman
measurements were performed in real-time at a laser excitation wavelength of 785 nm. Experimental results from single-feed solutions of CaSO4 and CaCO3 show
consistent detection of the corresponding scalants with less than a 15% permeate flux decrease at detection inclusive of the permeate decline due to compaction.
Experiments utilizing a mixed-feed solution containing CaSO4 and CaCO3 were also conducted. Results for the mixed-feed experiments showed detection of CaSO4
scaling only. Subsequent analysis indicated that a modified sampling strategy was required for successful real-time detection of both CaSO4 and CaCO3 scaling.

1. Introduction
The world’s increasing potable water scarcity is caused by factors
such as population growth, increased water usage due to rapid indus
trialization, poor environmental stewardship, and climate change [1].
As a result, there is much interest in expanding sea and brackish water
desalination [2–5]. Factors that determine whether desalination tech
nology is beneficial to and sustainable in a community include
self-sufficiency and local resources and support [6]. Despite the maturity
of desalination technology as a means of providing clean water, a serious
remaining shortcoming is fouling, which results in a decrease in
permeate quality, flux and membrane life [7]. Fouling hinders wider
application of membrane-based desalination technology, especially in
rural and inland communities that are sensitive to the maintenance re
quirements and operating costs [8].
Fouling is the formation of a barrier composed of feed solution
components on the membrane surface and/or within the pores of the
membranes. Scaling is a specific form of fouling that involves two main
mechanisms: particulate fouling and surface crystallization. Particulate
fouling, also known as cake formation or bulk crystallization, refers to
bulk-phase crystals or secondary crystals that are convectively trans
ported from the bulk solution to the membrane and block the membrane

surface or pores. Surface crystallization is driven by concentration po
larization, an inherent result of the separation process, where a
boundary layer forms at the membrane surface with a higher salt con
centration than that of the bulk layer. This increases the likelihood that
the boundary layer will be supersaturated even if the bulk solution is
unsaturated [9]. The higher salt-concentration boundary layer reaches a
steady state when salt convection towards and diffusion away from the
membrane are equal to each other. Crystallization occurs when
scale-forming ions precipitate and adsorb onto the membrane and grow
into crystals. Concentration polarization can be increased by convection
towards the membrane as a result of increasing the permeation rate or
filtration pressure, and can be decreased by increasing diffusion away
from the membrane by increasing cross-flow velocity, temperature, or
the solute diffusion coefficient [10].
Calcium sulfate and calcium carbonate are commonly studied sca
lants in reverse osmosis desalination and are major components in
scaling [11]. Studies employing cross-flow configuration scaling ex
periments have demonstrated increased scaling from upstream to
downstream along the flow direction [12,13]. While these studies are
primarily conducted using controlled, single-component feed solutions,
desalination of natural sea and brackish water involves complex scaling
kinetics due to interaction between the components of the feed [11].
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Fig. 1. Diagram of the cross-flow reverse osmosis system.

Therefore, it is also crucial to study and understand the scaling kinetics
of mixed feeds. Major inorganic components of brackish, ground, and
waste waters likely to cause scaling are calcium, magnesium, carbonate,
silica, and iron [14].
Current detection methods in industry use permeate flux decline as a
scaling metric [15]. The limitation of this method is that detection
significantly lags behind early scale formation [12]. In a laboratory
setting, methods such as ultrasonic reflectometry [16–21] and electrical
impedance spectroscopy [21–24] have demonstrated real-time scaling
detection capability. These and other methods such as magnetic reso
nance imaging [25–27], on-line scaling monitors [28], and ex situ scale
observation detector (EXSOD) [29–32], can provide relatively early
fouling detection. Additionally, flow reversal informed by techniques
such as ultrasonic reflectometry [19,20] and EXSOD [32], has been
demonstrated in the literature as a strategy to delay the onset of sig
nificant performance decline due to scaling. However, these methods
lack crucial information regarding the chemical composition of the
fouling layer that can reveal important information about fouling
mechanisms and water chemistry [21].
An attractive solution is spontaneous Raman spectroscopy, which
provides both real-time detection and chemical identification using in
elastic scattering from optical phonons. While Raman spectroscopy has
been previously been proven capable of detecting organic foulants [33],
the work in this paper extends the findings from our initial study [34] of
Raman spectroscopy for inorganic scaling detection. In our methodol
ogy, a laser is focused onto the membrane surface. Inelastic or Raman
scattering from optical phonons generates photons shifted in energy,
which is measured by a spectrometer. The energy difference between the
incident and scattered photons, termed as the Raman shift, is specific to
the rotational and vibrational transitions of chemical bonds in a mole
cule. This methodology provides the capability for detecting the pres
ence of scaling as well as organic fouling. Importantly, chemical
identification of foulants can be made in real time based on their distinct
Raman signature. While the literature reports successful detection of

individual inorganic and organic foulants, additional work is needed to
investigate simultaneous Raman detection of multiple foulants as a
function of composition and concentration. If successful, such real-time
detection of fouling from complex feeds such as seawater should enable
more targeted and effective antifouling measures to be implemented.
2. Materials and methods
2.1. Bench-scale cross-flow reverse osmosis system
The bench-scale membrane flow-cell system is adapted from our
previous work [34]. The flow cell is integrated with a Renishaw inVia
Raman Microscope for in situ, real-time detection of membrane scaling
(Fig. 1). The system is comprised of two 9-L feed tanks: one for a DI-H2O
feed and the other for the salt feed. When the system is in operation, the
feed tank is kept at a temperature of 23.5 � 0.5 � C using a heat
exchanger and a chiller (T257P Precision Chiller, ThermoTek). An inline
pressure head pump (Model 3-MD-SC, Little Giant Franklin Electric) was
installed to avoid potential cavitation in the high-pressure rotary vane
pump (Model TMFRSS051A, Fluid-o-Tech) that maintained the system
at a pressure of 1.2 (�7 � 10 3) MPa (175 � 1 psi). A pressure gauge was
installed at the inlet and another at the outlet of the flow cell to measure
the pressure drop of the feed solution. A thermocouple measured the
temperature of the retentate. A back-pressure regulator (Model
12-251B2-4AZ5-72, Neon) controlled the pressure of the system, and a
flow meter (Model 74C-234G041-421330, King) and a bypass valve
(Model SS-1RS4, Swagelok) were used to monitor and control the flow
rate of the system, respectively. An inline filter (Model CCS-020-C1B,
0.2 μm, Advantec) downstream of the flow cell filtered any large par
ticulates in the feed, and the permeate was collected in a glass beaker
situated on a scale (Model PNX-2002, American Weigh Scales) for mass
measurements at 1-min intervals.
The flow cell [34] shown in Fig. 2 consists of top and bottom com
ponents machined from stainless steel and sealed with a double O-ring
2

O.D. Supekar et al.

Journal of Membrane Science xxx (xxxx) xxx

Fig. 2. (a) Cross-section of the flow cell showing the top and bottom components, and the optical clamp for the microscope objective; (b) The flow cell has a channel
height of 2 mm, the channel height under the sensing region is 4 mm. (c) Image of the flow cell in operation. The Raman microscope is integrated with the flow cell
using a Leica N-PLAN L50x/0.50 objective.

Table 1
Summary of DI water experimental runs.
Test
#

Total
run time
(min)

Initial
permeate flux
(l/m2h)

Net permeate
flux reduction
(%)

CaSO4
detection

CaCO3
detection

1
2
3

178
183
185

73.2
72.0
56.4

8.6
2.9
2.4

No
No
No

No
No
No

arrangement for high-pressure operation. Two ports on the top compo
nent serve as the feed inlet and outlet. The top component also contains
a cavity that accommodates the optical window clamp to facilitate laser
access to the membrane. The port on the bottom plate contains the
permeate port. The membrane is supported by a stainless-steel mesh and
sandwiched between the lower and upper plates.
Prior to each experiment, the DI water and salt feed tanks were
washed with RO water until a conductivity of 0.5–1.0 μS/cm was ach
ieved. The concentration prepared for the CaSO4 feed was 1.8 g/L
CaSO4⋅2H2O, and the concentration of CaCO3 feed was prepared by
combining 3.02 g NaHCO3, 2.66 g CaCl2 and 8 L of DI-H2O. To prepare
the CaSO4 and CaCO3 mixed feed, 3.02 g (4.5 mM) NaHCO3 and 2.66 g
(3 mM) CaCl2 were added to an 8 L CaSO4 (1.8 g/L concentration)

Fig. 3. Permeate flux and Raman signal intensity results from DI water test 2.
Data indicate a 3% decrease in the permeate flux with no detection of scaling
during the 183 min test.
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solution right before the start of the experiment to avoid premature
precipitation. The commercial TFC RO membrane (UTC-73HA, Toray)
was cut to size (115 � 65 mm) and soaked in a 50% isopropanol aqueous
solution for 30 min, and the flow cell was cleaned with DI water and
isopropanol. In order to obtain a steady-state flow rate and capture the
compaction behavior of the membrane, the membrane was placed in the
flow cell and subjected to DI water at 1.2 MPa for at least 15 h.

switching the feed to the desired salt solution, accompanied by real-time
permeate mass measurement and Raman spectra acquisition.
2.3. Post-mortem characterization
After each complete scaling experiment, the membrane is removed
from the flow cell and dried for scanning electron microscopy (SEM)
(Model JSM 6480-LV, JEOL) and energy-dispersive X-ray spectroscopy
(EDS, Model Noran System SIX, ThermoFisher Scientific). Scaling
morphology from SEM imaging and elemental analysis using EDS was
used to confirm the presence of membrane scaling and the accuracy of
Raman chemical identification. The analysis of scaling coverage on the
post-mortem SEM images was performed using ImageJ software.

2.2. Scaling detection using a Raman microscope
The Raman microscope (Model inVia Reflex, Renishaw) integrates
with the optical window positioned in the center of the flow cell. The
laser beam (Model I0785SR0090B-IS1, Innovative Photonic Solutions)
has a wavelength of 785 nm and a power of ~20 mW, and is focused
onto the surface of the membrane through a microscope objective
(Model N-PLAN L50x/0.50, Leica Germany). After the multi-hour
exposure to DI water, the scaling experiments are initiated by

3. Results and discussion
This comprehensive study consists of 13 independent experiments

Table 2
Results of the CaSO4 feed solution experiments showing detection sensitivity. CaSO4 peak detection time is defined as the time required to detect a CaSO4 peak with a
relative intensity greater than 50%. The membranes used in test 4–6 were aged, while those in test 7–9 were new.
Test
#

Membrane
condition

Total run time
(min)

Permeate flux at the end of
compaction (l/m2h)

Initial permeate flux with
CaSO4 feed (l/m2h)

CaSO4 peak detection
time (min)

Permeate flux reduction at
detection (%)

4
5
6
7
8
9

Aged
Aged
Aged
New
New
New

423
280
229
38
31
30

44.4
45.6
49.2
90.0
78.0
79.2

37.2
39.6
39.6
68.4
62.4
62.4

356
221
220
25
27
26

14.7
9.5
11.8
13.1
3.5
7.0

Fig. 4. Permeate flux and Raman CaSO4 signal intensity results from (a) test 5 and (b) test 8. (c) CaSO4 scaling morphology under Raman sensor (test 6), and (d)
corresponding EDS spectrum.
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with four different feed solutions. The first three experiments were
replicate runs using DI water as the feed solution. These experiments
served as proof that the scaling detection methodology did not yield
false positives. In addition, these baseline experiments quantified the
permeate flow-rate decrease due to membrane compaction over a period
of 3 h. The second set of experiments consisted of six runs with a feed
solution concentration of 1.8 g/L CaSO4⋅2H2O, with three replicate runs
conducted using aged membranes (tests 4–6), and another three using
new membranes (tests 7–9). The Raman spectroscopy scaling detection
methodology captures the different scaling dynamics of the aged and
new membranes, which are influenced by the permeate flow rate of each
membrane. The third feed solution employed was a supersaturated
CaCO3 feed consisting of a mixture of 4.5 mM NaHCO3 and 3 mM CaCl2
solutions (tests 10–12). These experiments provided initial proof of
concept regarding the CaCO3 scaling detection capability of the meth
odology. Finally, a mixed-component feed solution consisting of 1.8 g/L
CaSO4, 4.5 mM NaHCO3 and 3 mM CaCl2 was utilized, revealing the
spatial dependence of the detection method. The chemical identification
accuracy of the Raman detection method was confirmed by energydispersive X-ray spectroscopy (EDS). A detailed description of these
scaling detection experiments is provided in the following sections.

Fig. 6. CaSO4 scaling detection time as a function of initial permeate flux. The
data indicate an inverse relationship between detection time and initial
permeate flux.

3.1. DI water feed experiments
The mechanical behavior of polymeric thin-film composite reverse
osmosis (TFC-RO) membranes can be described by viscoelastic models.
The permeate flux decrease recorded in the DI water feed experiments
can be expressed as an exponential decay function [35–38], indicating a
time dependence of membrane performance attributed to deformation
of the polymer matrix. To quantify this effect on the membranes used in
this work, three independent 3 h experiments were conducted using a DI
water feed with Raman detection. The results from these experiments
are summarized in Table 1.
The results indicate as much as a 9% permeate flux decrease over a
3 h period (following the initial 15-h pressurized DI water exposure) that
can be reasonably attributed to membrane compaction. The differences
in the permeate flux reduction reflect the variability in membrane per
formance. This indicates for longer experiments, the flux decline at
detection is due to mechanical compaction in addition to flux decline
due to scaling and concentration polarization from salt feed solutions.
Importantly, no indication of either CaSO4 or CaCO3 scaling was
detected by Raman spectroscopy, establishing an absence of false posi
tives from this methodology. Representative results for permeate flow
rate and Raman signal intensity are shown in Fig. 3.

Table 3
Results of the CaCO3 feed solution experiments showing detection sensitivity.
Test
#

Total
run
time
(min)

Permeate flux
at the end of
compaction (l/
m2h)

Initial
permeate
flux with
CaCO3 feed
(l/m2h)

Time for
CaCO3
detection
(min)

Permeate
flux
reduction at
detection
(%)

10
11
12

142
147
126

78.0
70.8
73.2

62.4
61.2
63.6

108
135
93

12.3
11.8
12.2

CaSO4. The first set used aged TFC-RO membranes while the second set
employed new TFC-RO membranes. The experimental results are sum
marized in Table 2.
Aging can adversely affect membrane performance due to dehydra
tion during storage that reduces wettability, which in turn decreases
permeate flux [39]. Results from these experiments show successful
scaling detection for both aged and new membranes. Fig. 4 provides
representative data for permeate flow rate, Raman signal intensity and
post-mortem SEM characterization.
Concentration polarization at the membrane surface is the driving
force behind scaling initiation. A simplified film theory [40–42] predicts

3.2. Calcium sulfate scaling detection
To expand our initial work [34] regarding the detection sensitivity of
the Raman spectroscopy-based methodology, two sets of three inde
pendent tests were conducted with a feed concentration of 1.8 g/L

Fig. 5. SEM images of the membrane from test 7 showing the extent of scaling upstream, midstream and downstream.
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Fig. 7. (a) Permeate flux and Raman CaCO3 signal intensity results from test 10. (b) CaCO3 scaling morphology under Raman sensor, and (c) corresponding
EDS spectrum.

Fig. 8. SEM images of the membrane from test 10 showing the extent of scaling upstream, midstream and downstream.

the relationship between concentration polarization and permeate flux
assuming negligible axial solute convection near the membrane surface.
This relationship is given by,
� �
vw δ
cw cp
D
(1)
¼ e
cb cp

experiments 4–9 as well as results from our previous work [34]. Overall,
the data indicate that in addition to sensitive detection of scaling with
chemical identification, the Raman-based sensing methodology can also
provide important insight regarding scaling dynamics. Clearly, such
information can be expanded with the use of more sophisticated sensor
sampling strategies.

where δ is the layer thickness, vw is the permeate velocity at the channel
wall, D is the solute diffusion coefficient, cw, cb and cp are the solute
concentrations at the membrane surface, in the feed, and the permeate,
respectively. The solute concentration at the membrane surface is
exponentially proportional to the permeate velocity or flux. However,
for sparingly soluble salts, scaling initiates when the solute concentra
tion at the membrane surface exceeds saturation. Due to concentration
polarization, the feed concentration is higher downstream, which ac
counts for the usual observation of downstream scaling initiation with
progression in the upstream direction. Analysis of the SEM images
(2.5 mm � 1.7 mm) from Fig. 5 indicate 0%, 33% and 26% scalant
coverage at upstream, midstream and downstream locations, respec
tively. The channel height at the center of the flow cell is 4 mm (2 mm
everywhere else) to accommodate the optical window clamp. This re
sults in a lower cross-flow velocity, hence increasing the concentration
polarization and scaling extent relative to the downstream region.
The data in Table 2 summarize the inverse relationship between
initial permeate flow-rate and CaSO4 Raman peak-detection time. Fig. 6
shows the detection time as a function of initial permeate flux for

3.3. Calcium carbonate scaling detection
To determine the applicability of the Raman methodology to a wider
range of scalants, we evaluated CaCO3 scaling detection. Three inde
pendent experiments were each conducted using a feed solution con
sisting of 4.5 mM NaHCO3 and 3 mM CaCl2. A summary of the results
from these experiments is presented in Table 3. The data shows that the
Raman-based sensing technique can first detect CaCO3 scaling at a time
scale corresponding to a permeate flux decrease of <13%. Fig. 7 pro
vides representative data for permeate flux, Raman signal intensity and
post-mortem SEM characterization from test 10.
The scaling morphology from these experiments appears to be pre
dominately comprised of aragonite structures in the form of circular
flakes with some evidence of rhombic calcite crystals [43]. The scalant
size-scale is of the same order (~10 μm) as the laser spot diameter (3 μm
full width, half maximum) on the membrane surface. The increase in
Raman signal intensity corresponds to the growth of the scalant. The
results indicate a more gradual increase in the Raman signal intensity as
compared to the CaSO4 scaling experiments.
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Fig. 9. (a) Permeate flux progression and Raman signal intensity for CaSO4 and CaCO3 from test 13. (b) SEM image from test 13 showing CaSO4 and CaCO3 scaling
morphology in a location near, but not under the sensor. (c) and (d) corresponding EDS spectra for CaCO3 and CaSO4, respectively.

The effect of concentration polarization on the membrane surface
along the flow direction is less pronounced than with CaSO4 because of
the supersaturated CaCO3 feed concentration. This is confirmed by postmortem SEM imaging at locations upstream, midstream and down
stream (Fig. 8) at which scalant coverage is 33%, 45% and 41%,
respectively.

Initial results for scalant detection over a larger area were obtained
from a post-mortem scan on the test 13 membrane using the inVia stage.
The scans (Fig. 10 (b) & (c)) were conducted over a 150 � 100 μm2 area
comprising a representative portion of the region shown in Fig. 10(a).
Results show that both scalants with chemical identification can be
detected using Raman spectroscopy. These larger-area scans will be
incorporated into the Raman methodology in our future work on scaling
detection.

3.4. Mixed-feed scaling detection

4. Conclusion

For maximum utility the Raman methodology must be capable of
detecting multiple scalants in sea water and brackish water. A scaling
experiment with a mixed-feed solution containing both CaSO4 and
CaCO3 was thus conducted to assess the wider applicability of the
methodology. The feed solution had a concentration of 1.8 g/L CaSO4,
4.5 mM NaHCO3 and 3 mM CaCl2. After 228 min, CaSO4 scaling was
detected corresponding to a permeate flux reduction of 22.8%. Fig. 9
shows the permeate flux variation, Raman signal progression and post
mortem SEM and EDS characterization results from test 13.
The co-precipitation of CaCO3 and CaSO4 is governed by the scaling
dynamics of CaCO3 [44] whereby the CaCO3 would nucleate first in a
supersaturated mixed feed. However, given the difference in crystal size
between CaSO4 (100’s of μm) and CaCO3 (10’s of μm) (Fig. 9(b)), there is
a much higher probability that CaSO4 crystals will grow under the small
area interrogated by the fixed-coordinate Raman laser beam. It is
important to note that detection will also occur if CaCO3 nucleates under
the sensor instead of CaSO4. In addition, detection of both CaSO4 and
CaCO3 in this fixed laser-beam arrangement can occur if CaSO4 nucle
ates on top of the CaCO3 or vice versa (Fig. 10(a)). This is clearly a
limitation of the single-point sensing arrangement currently employed.
This shortcoming can be addressed by utilizing a more sophisticated
sampling strategy.

This study demonstrates real-time scaling detection and chemical
identification via Raman spectroscopy in a bench-scale cross-flow RO
system. Consistent scaling detection using single-solute CaSO4 and
CaCO3 feeds is shown with a significant increase in the Raman peak
intensity of the corresponding scalant. The real-time data is confirmed
by post-mortem analysis. Detection times for these scaling experiments
show an inverse correlation to the initial permeate flux from the mem
brane, which is consistent with the scaling dynamics. Modification of the
methodology to incorporate larger-area interrogation by the Raman
sensor resulted in successful detection of both scalants from a CaSO4 and
CaCO3 mixed-feed solution. The real-time chemical identification pro
vided by the Raman methodology could provide important information
that can help inform proactive antifouling measures.
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Fig. 10. (a) SEM image of the mixed-feed test 13 membrane showing CaCO3 (red outline), CaSO4 (black outline) scaling and CaCO3 crystals over CaSO4 crystals
(white outline). Post-mortem Raman spectroscopy results from the 150 � 100 μm2 scans showing (b) CaCO3 (1086 cm 1) and (c) CaSO4 (1008 cm 1) relative peak
intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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