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Chemical characterization of scaling and removal processes was performed in real time via Raman spectroscopy
in a bench-scale reverse osmosis (RO) system. A custom RO cross-flow cell was integrated with a Raman microscope objective, allowing for analysis of localized membrane scaling and scale removal. Permeate flux was
also measured to provide a real-time metric for comparison. A commercial flat sheet, thin-film composite reverse
osmosis (TFC RO) membrane was scaled using a calcium sulfate (CaSO4·H2O) feed solution. Upon CaSO4 scale
detection, the feed was switched to DI water, which served as a cleaning agent to remove the CaSO4 scale from
the membrane. In addition to the real-time local (Raman) and global (permeate flux) measurements, membrane
samples were characterized post-mortem using Raman spectroscopy, gravimetric analysis and scanning electron
microscopy to provide important scaling and scale removal metrics. Results from real-time measurements indicated that changes in Raman intensity were a more sensitive indicator of local scale removal than changes in
permeate flux, a standard cleaning performance metric; these findings were corroborated by the post-mortem
analyses. Overall, the membrane cleaning experiments showed that Raman spectroscopy provided crucial realtime chemical composition and spatial distribution information, which can inform more effective antiscaling and
cleaning strategies.
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1. Introduction

information regarding chemical composition of the scaling layer. Such
chemical information is important for monitoring scale removal, i.e.
membrane cleaning, in real time since it can provide a basis for formulating the best cleaning/antiscaling strategy. In particular, in complex feed waters, the timing, dosage, and chemical composition of the
cleaning/antiscaling agents must be tailored to the multiple components in the feed water for optimal results [8]. Clearly, customization of
the cleaning strategy would benefit from knowledge of the real-time
chemical composition of the scale.
In this work, Raman spectroscopy is utilized for the first time to
monitor scale removal from an RO membrane during desalination operating conditions. This is performed in real time by monitoring
changes in the intensity of the peaks corresponding to the chemical
composition of the scalant under the Raman sensor. Here, incident
photons from a laser focused onto the membrane surface through an
optical window interact with optical phonons in the scale layer to
generate inelastically scattered photons [31]. The energy difference
between the incident and scattered photons, known as the Raman shift,
is specific to the rotational and vibrational transitions of bonds in a
molecule. The intensity of Raman shifts corresponding to the scalant
provides the means for chemical identification and relative quantification of the extent of the scaling.
We provide a detailed description of the proof-of-concept application of Raman spectroscopy for monitoring the removal of CaSO4 scale
in a bench-scale RO system. CaSO4 was selected as the model scalant in
these studies because it is one of the most common scalants encountered in RO desalination [32]. An important component of the
cleaning experiments conducted in this work is the comparison between
the real-time Raman and permeate flux measurements, the latter constituting a commonly used indicator of membrane cleaning in commercial desalination plants [33]. While real-time changes in permeate
flux are an indirect indicator of global scale deposition and removal,
Raman spectroscopy provides a direct and chemically specific measurement of changes in a localized region. This initial study highlights
the sensitivity and accuracy of the Raman technique and its capability
to provide chemical information as a function of cleaning time and
membrane location. Ultimately, the Raman methodology described
here could lead to the development of improved membrane cleaning
techniques.

Reverse osmosis (RO) is the world's leading desalination technology
[1], providing much needed clean water not only in semi-arid regions,
but also in temperate and coastal locations [2–5]. Reverse osmosis is a
high-energy consumption, membrane-based separation process that
inevitably results in membrane fouling [1]. Depending on the membrane separation process, fouling components can be classified as inorganic, organic, and microbial [6]. In commercial RO systems,
common foulants include inorganic minerals, also known as scale. The
concentration of inorganic minerals in the feed increases in the direction of the flow, which is a phenomenon known as concentration polarization [7,8], although in the case of organic foulants present upstream, scale formation may increase in the upstream direction [9]. Due
to the blockage that results from scale deposited on the membrane
surface, permeate flux decreases such that the feed pressure must be
increased to maintain the pre-fouling flux value [10]. In addition,
concentration polarization and the resulting scale growth lead to lower
permeate quality [11].
The literature indicates that real-time detection of fouling in
membrane-based desalination can be an important means to minimize
energy consumption and maintenance costs in large-scale desalination
plants [12–14] because, in general, membrane cleaning measures are
most effective in the early stages of scaling before irreversible damage
occurs [6]. Due to the spatial variation in membrane scaling caused by
concentration polarization, a real-time sensing technique that provides
local detection is needed. In response to this critical need, a number of
different methods of scaling/fouling detection have been developed.
Ultrasonic time-domain reflectometry (UTDR) [8,15–18], electrical
impedance spectroscopy (EIS) [19,20], Raman spectroscopy [21–23],
visual observation techniques [24–26], streaming potentials [27,28],
magnetic resonance [29] and X-ray imaging [30] are methods that have
been used to study membrane fouling in real time. Many of these
techniques can also be used to monitor membrane cleaning. For example, Uchymiak et al. [24] demonstrated scale detection and monitoring of scale removal using an ex situ scale observation detector
(EXSOD) in a bench-scale reverse osmosis flow cell. Many of these
aforementioned fouling detection techniques have successfully been
demonstrated in bench-scale, cross-flow cells employing flat-sheet
geometry. In general, it is impractical to directly utilize these methods
on spiral-wound membrane modules [18]. However, many of these
fouling detection techniques can instead be applied to side streams that
are diverted from the spiral-wound membrane modules at preferential
locations, such as downstream, where concentration polarization increases the chances of early-onset scale formation. While each of these
aforementioned techniques offer a different set of advantages and disadvantages, Raman spectroscopy uniquely provides real-time

2. Experimental
2.1. Reverse osmosis system
A custom-built RO cross-flow cell and supporting system were used
to conduct the membrane cleaning experiments. A schematic of the
cross-flow cell is shown in Fig. 1, and the RO system diagram is shown
Fig. 1. An exploded view of the RO flow
cell is shown. The optical window accommodates the Raman microscope objective
for real-time acquisition of Raman spectra
during desalination. The top component
houses the feed and retentate ports, while
the bottom component includes the
permeate port. The membrane is supported
by a stainless steel mesh on the permeate
side.
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Fig. 2. A diagram of the bench-scale RO system features two feed tanks with valves to facilitate the transition between membrane scaling and cleaning. Pressure,
temperature, and flow rate were monitored and controlled using a pressure gauge and backpressure regulator, thermocouple and chiller, and flow meter and bypass
valve, respectively.

in Fig. 2. The top and bottom components of the flow cell were constructed from 0.625-inch (1.59 cm) thick plates of stainless steel to
withstand the high operating pressures. The top component features an
inlet (feed) port that injected pressurized feed into the flow cell and
flushed the retentate through the outlet (retentate) port. The bottom
component is fitted with a stainless steel mesh to support the membrane. To allow for the real-time collection of Raman spectra, the flow
cell features an optical window that interfaces with a 50× microscope
objective (Model N-PLAN L50x/0.50, Leica Germany) of the Raman
microscope (Model inVia Reflex, Renishaw). The flow cell was mounted
on a custom stage with an adjustable z-axis, and fixed x- and y- axes,
and the center of the flow cell was aligned with the Raman microscope.
A high-pressure rotary vane pump (Model TMFRSS051A, Fluid-oTech) circulated the feed to the flow cell, and a pressure head pump
(Model 3-MD-SC, Little Giant) was used to prevent cavitation. The retentate passed through a pressure gauge (100 Series, NoShok) and a
backpressure regulator (Model 12-251B2-44AZ5-72, Neon) which were
used to monitor and control the pressure in the flow cell, respectively.
The retentate was also passed through a 0.2 μm polyether sulfone filter
(Model CCS-020-C1B, 0.2 μm, Advantec) to filter particulates before it
was circulated back into the salt feed tank. The temperature of the feed
was monitored using a thermocouple downstream of the flow cell and
controlled using a chiller (Model T257P, Thermotek). The bottom
component of the flow cell features a port through which permeate
water was collected in a beaker and its mass monitored with a precision
balance (Model PNX-2002, American Weigh Scales). A flow meter
(Model 74C-234G041-421330, King) was used to monitor the flow rate,
and a bypass valve (Model SS-1RS4, Swagelok) installed upstream of
the flow cell was used for flow rate control. Commercial thin-film
composite reverse osmosis (TFC RO) membranes (UTC-73HA, Toray)
were used in all of the experiments.

calcium sulfate dihydrate (99% Reagent Plus, Sigma−Aldrich) in DI
water. The scaling procedure followed that described in previous studies [21,22]. Typically, CaSO4 cleaning is conducted using a series of
acid and water washes to restore the permeate flux as quickly as possible [6,33]; however, for these experiments, DI water washes were
deemed adequate for scale removal (cleaning). Before conducting the
scaling and cleaning experiments, all membranes were pretreated by
soaking in a solution of 300 mL DI water and 300 mL isopropanol for
30 min to remove any additives. The flow cell was cleaned with DI
water and isopropanol, and the RO system was flushed with DI water
for 30 min to remove residual scale and any contaminants before each
experiment. Soaked membranes were placed in the flow cell and compacted in the RO system with a reservoir of DI water for ~15 h, at a
temperature of 23.5 ± 0.5 °C, pressure of 175 ± 1 psi (1.2 MPa), and
volumetric flow rate of 15 ± 1 LPH (linear flow rate of 4.2 cm/s). After
compaction was completed, the Raman microscope objective was
lowered into the optical window, and spectral acquisition was initiated
for 15 min with DI water to collect baseline Raman spectra on a compacted, clean membrane. To obtain a Raman signal, the height of the
stage was adjusted to focus a 785 nm laser (Model I0785SR0090B-IS1,
Innovative Photonic Solutions) on the membrane surface through the
objective and optical window. Then, the feed was switched from DI
water to calcium sulfate solution to initiate scale formation on the
membrane.
A first series of experiments (intensity control) were conducted with
the aim of simulating one scaling and cleaning cycle, whereby membranes were scaled so that the normalized CaSO4 Raman peak intensity
exceeded 50% and then cleaned until the CaSO4 Raman peak intensity
returned to baseline values (tests 1–4). A second series of experiments
(time control) were then conducted where membranes were scaled for
45 min and partially cleaned for 5 min to focus on monitoring the early
stages of cleaning (tests 5—7).

2.2. Experimental protocol
The feed used to scale the membranes was a 1.8 g/L solution of
3
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2.3. Raman spectra analysis
The Raman spectra of a clean TFC RO membrane is shown in
Fig. 3A. During real-time Raman collection, the Raman shift was recorded in the range of 400 to 1500 cm−1 at 20 mW of laser power for
each spectrum. For the intensity-controlled experiments, spectral acquisition occurred every 20 s with 10 s of integration time. For the timecontrolled experiments, spectral acquisition occurred every 5 s with 5 s
of integration time to obtain finer data resolution during the shorter
period of cleaning. In post-processing, each spectrum was baseline
corrected to remove the effects of fluorescence. The peak at ~790 cm−1
results from the CeH bond deforming in an out-of-plane benzene ring,
the peaks at 1074 and 1108 cm−1 are the result of symmetric and antisymmetric SO2 stretching, respectively, and the peak at 1150 cm−1
appears due to stretching of C-O-C bonds [34]. These are the major
peaks observed in the Raman spectrum of polysulfone (PSf). The RO
composite membranes are tri-layered with an ultra-thin polyamide
layer, an intermediate micro-porous PSf layer, and a polyester support
layer. Since the peak at 1150 cm−1 is dominant, the entire Raman
spectra was normalized to this peak. When CaSO4 crystals (gypsum),
whose principal Raman peak occurs at 1008 cm−1 [35], nucleate and
grow on the membrane, the membrane and CaSO4 peaks are superimposed (Fig. 3B). Then, during membrane cleaning, as CaSO4 dissolves
and desorbs from the membrane, the peak at 1008 cm−1 decreases
(Fig. 3C) because the intensity of the peak is based on volume interactions between the incident photons from the laser and the material of
interest (CaSO4 scale). Indeed, a significant advantage of the Raman
methodology is that the dominant peak wavenumber and peak intensity
only depend on chemical composition/structure and relative quantity,
respectively, of scale present under the point (area) of laser interrogation.
2.4. Post-mortem membrane characterization
2.4.1. Raman spectroscopy performed over a larger sampling area
Post-mortem characterization of cleaned membrane samples from
Tests 1–7 was conducted to complement the real-time data and provide
more insight into the performance of the Raman sensor during membrane cleaning. The membranes were cut into 4 cm2 coupons from the
upstream, center, and downstream locations (Fig. 4A). The center test
coupon encompasses the location where real-time Raman measurements were made during the experiments.
During real-time detection, Raman data were acquired using a fixed
Raman microscope objective that was lowered onto the optical window
of the cross-flow cell. The resulting sampling area for this detection

Fig. 3. (A) Raman spectra of the TFC RO membrane before the onset of scaling
with peaks at ~790 cm−1 (CeH deformation), 1074 and 1108 cm−1 (SO2
symmetric and antisymmetric stretching), and 1150 cm−1 (C-O-C stretching);
(B) as CaSO4 scale grows beneath the interrogated region of the membrane, a
dominant peak appears at 1008 cm−1; and (C) the CaSO4 Raman peak intensity
decreases as the membrane is cleaned with DI water.

Fig. 4. (A) Definition of upstream, center, and downstream locations on the membrane; and (B) For a Raman raster scan, the total sampled area was divided into
subspaces to determine the relationship between Raman sampling area and detection capability.
4
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Fig. 5. Representative intensity-controlled test result showing the three phases of each test and the permeate flux (P#) and Raman (R#) data points used to calculate
test metrics. P1: Initial permeate flux; P2: Initial permeate flux with CaSO4 feed; P3: Permeate flux at scale detection (R2); P4: Permeate flux at the end of scaling
phase; P5: Permeate flux at the end of the test; R1: Initial baseline Raman peak intensity; R2: Scale detection threshold (at least 50% Raman peak intensity); R3.
Raman peak intensity at cleaning initiation; and R4: Raman peak intensity at the end of the test.

Fig. 6. (A) From test 7, a representative progression of relative CaSO4 Raman peak intensity is shown for a membrane that was scaled for 45 min and then partially
cleaned for 5 min (time-controlled cleaning); corresponding permeate flux values were also determined. (B) The cleaning portion of test 7 is shown in more detail. A
consistent, more pronounced decrease in relative Raman peak intensity for CaSO4 is observed compared to the increase in permeate flux.

configuration is the spot size of the laser which is ~3 μm in diameter, or
~7 μm2 in area [22]. Given that scale does not form uniformly and
cleaning does not necessarily remove scale in a uniform manner, it was
desirable to increase the sampling area in order to investigate the relationship between the size of the area sampled and the likelihood of
scale detection during/after cleaning. The custom Raman microscope
stage used during the cleaning experiments was replaced with the microscope's original high-speed encoded stage, capable of moving the
test coupons underneath the fixed microscope objective in precise

increments. For data collection, the stage was programmed to perform a
raster scan on the membrane coupon that underwent intensity-controlled cleaning, producing a dataset of 21 × 21 Raman spectra, each
spectral acquisition with 50-μm spacing, spanning a total sampling area
of 1 mm2 (1000 μm × 1000 μm). For the membrane coupon that underwent time-controlled cleaning, a dataset consisting of 31 × 31
Raman spectra, with 100-μm spacing between each spectral acquisition,
spanning a total sampling area of 9 mm2 (3000 μm × 3000 μm) was
produced. During data processing, each spectral acquisition site was
5
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2.4.3. Microscopy and X-ray analysis
SEM (scanning electron microscopy) was conducted on membrane
samples that underwent both intensity-controlled and time-controlled
cleaning. After the gravimetric measurements in Section 2.4.2 were
completed, the samples were sputter-coated with 9 nm of gold to prevent excessive charging during imaging. EDX (Energy dispersive X-ray
spectroscopy) was conducted on membrane coupons that were cleaned
20+ min to determine whether any residual scale was present.

Table 1
Results from the scaling phase of the experiments. The time of scaling detection
was defined as the time taken from salt feed introduction to the time when the
CaSO4 peak reached at least 50% relative Raman peak intensity [21,22].
Test #

Initial permeate
flux during
scaling [L/m2/h]

Time of scaling
detection (min)

Duration of
scaling (min)

Permeate flux
decline at scale
detection (%)

1
2
3
4
5
6
7

69.6
73.9
80.4
84.1
64.1
67.0
72.4

15
27
7
6
30
10
23

16
31
9
6
45
45
45

4
18
3
3
4
3
12

3. Results and discussion
3.1. Real-time metrics
The peak intensity of CaSO4 was recorded over the duration of each
test to assess the performance of the Raman sensor in comparison to
permeate flux, a standard membrane performance metric. After the
pretreatment and compaction described in Section 2.2, each test begins
with an initial 15 min of DI water compaction to characterize the
baseline value of the CaSO4 Raman peak intensity before the salt feed is
introduced. Membranes in the intensity-controlled tests (#1–4, Fig. 5)
were scaled until the CaSO4 Raman peak intensity exceeded at least
50% [21,22] and were cleaned until the peak intensity returned to the
baseline value (20+ min); membranes in the time-controlled tests (#57, Fig. 6) were scaled for 45 min then cleaned for 5 min.
When the salt feed is introduced in both the intensity-controlled and
time-controlled tests, the permeate flux initially decreases while the
CaSO4 Raman peak intensity remains at a baseline value. This initial
decrease in permeate flux is primarily due to the increased osmotic
pressure from the salt concentration in the feed solution. These two
different responses to the increased feed concentration indicate that the
CaSO4 Raman peak intensity is not affected by concentration polarization. After the initial decline, the permeate flux continues to decrease
due to the combined effects of concentration polarization, compaction,
and scale formation. The sensitivity of the real-time Raman and flux
measurements can be considered in the context of the degree of the
respective changes and the time frame over which they occur. While
permeate flux is sensitive to changes in concentration polarization, it
does not provide clear information about the onset of scaling. In contrast, the CaSO4 Raman peak intensity has been shown to be more
sensitive to changes on the membrane surface than permeate flux for
real-time detection of scaling via specific chemical and spatial information [21]. Despite some scatter in the data, this assertion is supported by the results presented in Table 1 that show low values of
permeate flux decline relative to the 50% increase in the Raman peak
intensity. The relatively high values of permeate flux decline at Raman
scale-detection exhibited in tests 2 and 7 may well reflect somewhat
higher levels of scaling elsewhere in the membrane. The variation in
time of scaling detection, which ranged from 6 to 30 min, is partly influenced by variations in initial permeate flux values during RO system
operation. Since boundary layer concentration on the feed side of the
membrane is related to permeate flux (along with other factors such as
crossflow velocity, temperature and pressure) [13], scaling detection
times for lower initial permeate fluxes tend to be longer because a lower
flux leads to lower salt concentration on the feed side of the membrane.
The higher sensitivity in the response of the Raman sensor to scale
formation compared to changes in permeate flux is also observed in the
response to cleaning. The following test metrics are defined in Table 2
and presented in Table 3: cleaning time, permeate flux recovery at the
end of cleaning, and CaSO4 Raman recovery at the end of cleaning. The
permeate flux recovery quantifies the increase in permeate flux attributed to cleaning as compared to the initial permeate flux. The Raman
recovery quantifies the extent to which the Raman peak intensity returns to the initial baseline peak intensity values (R1 in Fig. 5) from the
maximum peak intensity (R3 in Fig. 5) as a result of cleaning. For example, a Raman recovery of 100% indicates that after cleaning, the
Raman peak intensity has completely returned to the baseline value. A

Table 2
Permeate flux and relative CaSO4 Raman peak intensity values defined in Fig. 5
are used to calculate test metrics to enable comparison of permeate flux and
Raman measurements during the cleaning experiments. P1: Initial permeate
flux; P4: Permeate flux at the end of scaling phase; P5: Permeate flux at the end
of the test; R1: Initial baseline Raman peak intensity; R3: Raman peak intensity
at cleaning initiation; R4: Raman peak intensity at the end of the test; TP4: Time
at P4; TP5: Time at P5.
Test metric

Formula

Cleaning time (min)
Permeate flux recovery at end of cleaning (%)
CaSO4 Raman recovery at the end of cleaning (%)

TP5 – TP4
(P5 − P4) / (P1 − P4) ∗ 100
(R3 − R4) / (R3 − R1) ∗ 100

Table 3
Values of the cleaning metrics for tests 1–7. For the intensity-controlled experiments (tests 1–4), the mean cleaning time was 64 ± 7 min; for the timecontrolled experiments (tests 5–7), the mean cleaning time was 5 ± 1 min.
Test #

Start of
cleaning, TP4
(min)

End of
cleaning, TP5
(min)

Permeate flux
recovery at TP5
(%)

Raman
recovery at TR4
(%)

1
2
3
4
5
6
7

32
48
24
21
60
61
60

91
118
89
78
64
65
65

69
73
73
70
17
15
11

97
100
98
99
23
33
37

marked according to the presence or absence of CaSO4 scale. The presence of scale is defined as a spectral acquisition site that features a
Raman spectrum with a relative peak intensity of the dominant peak of
CaSO4 (1008 cm−1) > 50% [21,22]. After identifying scale detection at
each spectral acquisition site, the total sampled area in the raster scan
was partitioned into square subspaces, starting at the center of the
raster scan, which consisted of a single Raman spectrum. From the
center of the raster scan, the length of the square subspaces consecutively increased by 100 μm and 200 μm for the intensity-controlled
and time-controlled samples, respectively, until the largest subspace
contained Raman spectra taken from the entire sampled area (Fig. 4B).
2.4.2. Gravimetric measurements
Gravimetric measurements of the membrane coupons were made
using a microbalance (ME 235S, Sartorious), and dimensions of the
coupons were measured using a digital caliper (DCLA 0605, VINCA).
Gravimetric measurements of membrane coupons that underwent
scaling and time-controlled cleaning were compared to that of virgin
membrane coupons. The virgin membranes were soaked for 30 min in a
1:1 solution of isopropanol and DI water, and then dried before measurement.
6
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Fig. 7. SEM images of upstream, center, and downstream membrane coupons from (A) membranes after 20+ min of cleaning (intensity-controlled cleaning), and (B)
membranes cleaned for 5 min (time-controlled cleaning). Membranes that underwent intensity-controlled cleaning show evidence of some residual scale, and
membranes that underwent time-controlled cleaning show significantly more scale than those subjected to intensity-control cleaning.

Fig. 8. An EDX analysis is shown of an upstream membrane coupon taken from
a scaled membrane cleaned for at least 20 min. The inset shows trace amounts
of calcium and sulfur compared to the much larger carbon and oxygen peaks.
Fig. 9. Comparison between mean relative CaSO4 Raman peak intensity values
before scaling and after cleaning for tests 1–4. The slight increase in the Raman
intensity after cleaning in tests 1 and 3 suggests the presence of residual scale.

sensitive method of monitoring membrane cleaning is desirable in enabling plant operators to quickly determine whether a cleaning or antiscaling regimen is lessening or worsening scale formation to avoid
further damage to the membrane [36]. Results from the intensity-controlled cleaning experiments (tests 1–4) show that for a mean permeate
flux recovery of 71.7 ± 1.7%, the corresponding mean Raman recovery is 99.0 ± 1.0%. For the time-controlled cleaning experiments
(tests 5–7), results show that for a mean permeate flux recovery of
14.0 ± 3.1%, the corresponding mean Raman recovery is
31.1 ± 7.1%. It should be noted that the permeate flux recovery is not
only due to dissolution of scale by the DI water feed, but also a rapid,
initial decrease in osmotic pressure when the feed is switched from salt
to DI water. Therefore, the results show the higher sensitivity of the
Raman response compared to the changes in permeate flux due to scale
removal. Results from tests 1–4 show Raman recoveries > 95% that

were achieved well before complete flux recovery, suggesting a more
rapid, local Raman response to scale removal as compared to the
permeate flux. However, it is also important to again note that the
difference in the Raman and permeate flux responses to cleaning is also
influenced by differences in the inherent characteristics of local and
global measurements. The former reflects the conditions at a small,
localized area while the latter considers the possibility of variable
conditions across the entire active membrane surface area. This important consideration is addressed in Section 3.3.

7
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support that some small amount of residual scale was present in the
corresponding micrograph (Fig. 7A). These EDX results showing possible residual scale are consistent with the CaSO4 Raman peak intensity
not quite returning to the baseline value for two out of the four experiments (tests 1–4; Fig. 9). This result is consistent with findings by
Uchymiak et al. [24] who monitored scale growth using a real-time
visual technique during an experiment with subsequent scaling, scale
dissolution, then rescaling phases. Uchymiak reports that after visually
confirming the removal of scale and achieving complete permeate flux
recovery, a higher surface crystal number density was observed on the
rescaled membrane as compared to the initially scaled membrane. This
indicates the possibility of incomplete scale removal even with complete permeate flux recovery and visual confirmation of cleaning. In
comparison to visual techniques such as that employed by Uchymiak
et al., Raman spectroscopy may provide improved accuracy and sensitivity when monitoring the extent of cleaning.
Gravimetric measurements were made on membranes from tests
5–7 because they were partially cleaned and so had sufficient CaSO4
scale available for analysis. After 5 min of cleaning, the mass of remaining CaSO4 is greatest downstream and least in the upstream region
(Fig. 10). These results indicate the expected overall pattern of scale
removal from the membrane during the initial stages of cleaning with
DI water.

Fig. 10. During scaling, scale formation is greater downstream due to effects of
concentration polarization. Gravimetric measurements of upstream, center, and
downstream membrane coupons from time-controlled cleaning experiments
show a pattern of increased mass in the downstream region. These results
suggest a relatively uniform removal of scale in the early stages of cleaning.

3.2. Post-mortem characterization
Along with permeate flux recovery as a measure of membrane
cleaning, post-mortem visual observation has also been employed
[13,15–17]. To provide additional comparison with the real-time
Raman metrics, representative scanning electron microscopy (SEM)
images of the upstream, center, and downstream membrane coupons
from the intensity-controlled and time-controlled experiments are
shown in Fig. 7A and B, respectively. For the upstream, center, and
downstream locations, the micrographs in Fig. 7 indicate evidence of
residual scale on the membrane cleaned for 20+ min while there is
clear evidence of CaSO4 scale remaining on the membrane cleaned for
5 min. These results are consistent with those in Figs. 5 and 6, which
indicate that the Raman intensity under the sensor in the center of the
membrane has clearly returned to or is very close to the baseline in the
former and is well above the baseline value in the latter.
Additional energy-dispersive X-ray spectroscopy (EDX) characterization of an upstream membrane coupon cleaned for 20+ min
(Fig. 7A) shows trace amounts of calcium and sulfur, and an abundance
of carbon and oxygen (Fig. 8).
The sulfur and oxygen peaks may stem from either residual CaSO4
scale or the PSf support, and the carbon peak stems from the TFC RO
membrane. However, it is the trace amounts of calcium that strongly

3.3. Expanded Raman sampling area
As previously noted, the Raman detection methodology for both
scaling and cleaning utilizes point measurements. Specifically, the
length scales of the Raman laser spot-size, CaSO4 crystallites, and active
membrane area are on the order of 10−3 mm (Fig. 4B), 10−1 mm
(Fig. 7), and 102 mm (Fig. 4A), respectively. Clearly, the laser interrogates an area that is only a fraction of a CaSO4 crystallite and an
orders-of-magnitude smaller fraction of the entire membrane surface. In
the present study, these length-scale differences require consideration
of the possibility of a false negative during the real-time, fixed-point
sampling of the membrane during cleaning, i.e., a no-scaling (clean)
signal when scaling is still present at other nearby non-sampled locations. Thus, an alternate, post-mortem sampling strategy that could
interrogate a larger portion of the membrane was explored. Raman
raster scans spanning a total surface area of 1 × 1 mm2 and 3 × 3 mm2
were conducted for representative membranes that underwent intensity-controlled and time-controlled cleaning, respectively. The raster
scans consisted of discrete sampling points that were separated by
50 μm for coupons from intensity-controlled cleaning tests and 100 μm

Fig. 11. The percentage of Raman-sampled points indicating the presence of scale is determined for increasing subspaces of the sampled area from representative
samples from (A) intensity-controlled, and (B) time-controlled cleaning. The membranes that underwent intensity-controlled cleaning show the absence of measurable scale (i.e. relative CaSO4 Raman peaks in Raman spectra of sampled sites did not exceed detection threshold of 50%), independent of the area sampled.
Membranes that underwent time-controlled cleaning show an initial increase in scale detection with increasing sampled area that becomes relatively constant at
~40%.
8
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from the time-controlled cleaning tests. The raster scan for the intensity-controlled cleaning membrane sample was performed with a
higher resolution of 50 μm spacing and smaller total area of 1 × 1 mm2
compared to that of the time-controlled sample because other metrics,
such as SEM imaging, indicated that negligible scale was present on the
membranes cleaned via the intensity-control procedure. The percentage
of sampled points indicating the presence of scale was determined as a
function of sampled area (Fig. 11). These analyses were conducted
using representative membrane samples from the downstream location.
Results for the intensity-controlled tests (Fig. 11A) indicate the
absence of measurable scale independent of the area sampled. In the
time-controlled cleaning analysis (Fig. 11B), the percentage of sampled
points that indicate scaling detection increases from a sampled area of
about 7 μm2 (laser spot-size area) to 9 mm2 at which the scaling detection percentage becomes relatively constant at ~40%. The x-axes of
Fig. 11A and B both begin at 0% of sampled points showing scale detection because during post-mortem Raman raster scanning, the center
of the scan area does not precisely coincide with the location of the realtime point detection. The differences shown in Fig. 11A and B are
consistent with almost complete scale removal for the intensity-controlled cleaning and incomplete scale removal for the short, time-controlled cleaning. They also show that there may be an optimal sampling
area during cleaning that is large enough to capture the spatial variation in scale distribution, but small enough to facilitate Raman sensor
design such as required laser power and scanning speed. Additional
factors that must be considered are the size and distribution of the
scalant(s), cleaning protocol, and Raman detection thresholds. Overall,
these results indicate the necessity to carefully consider sampling
strategies and how they affect the accuracy of the real-time Raman
scale-detection methodology. Comprehensive study of these aspects
comprises the next phase of the work, which we anticipate will provide
insights for methodology optimization.
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