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A B S T R A C T

Membrane processes are widely used in industrial applications such water purification, food processing and
pharmaceutical manufacturing. During their operation, the accumulation of foulants in membrane pores and on
membrane surfaces lead to the reduction in flux, membrane lifetime and increase in operational cost, and the
understanding of the fouling phenomenon is important for mitigating these problems. In this paper we report the
application of Raman chemical imaging as a means of identify and map foulants on a membrane surface. The
surface of a Polytetrafluoroethylene (PTFE) membrane was studied by Raman chemical imaging before and after
fouling during desalination via membrane distillation. Information about location and concentration of three
different salts namely CaSO4, BaSO4 and CaCO3 was studied. The three salts showed different distribution pat-
terns, and their distribution was analyzed by correlation mapping and multivariate curve resolution. It was
observed that CaSO4 agglomerated in specific places while the BaSO4 and CaCO3 were more distributed. Raman
imaging appears to be a powerful tool for studying membrane foulants and can be effective in identifying the
distribution of different species on a membrane surface.

1. Introduction

Membrane based separation processes are widely used in diverse
applications such as wastewater treatment [1–3], water purification
[4,5], food and beverage processing [6–8] and pharmaceutical appli-
cations [9–11]. They offer advantages such as high selectivity, low
energy and chemical requirements, and small equipment footprint [12].
A major challenge in membrane separations is fouling that impairs their
operation and lower efficiency [12–16]. Fouling is a common phe-
nomenon in pressure-driven membrane processes such as reverse os-
mosis (RO), nanofiltration (NF), ultrafiltration (UF) and microfiltration
(MF) [17]. However, this phenomenon is also prevalent in non-pressure
driven processes especially when salt water is involved, for example,
forward osmosis (FO) and membrane distillation (MD) [18,19]. There
are four major types of foulants, namely particulates and colloids, or-
ganic foulants, inorganic scalants and biofouling. The presence of these
foulants in membrane pores or/and on membrane surface directly leads
to the reduction of flux and membrane lifetime and also increase op-
erational and maintenance cost [12]. Therefore, to clearly understand
and mitigate membrane fouling, the monitoring of fouling is necessary.

Membrane fouling is often monitored via operation parameters such
as the permeate flux profiles, the changes in pressure and the char-
acteristics of the permeate [14]. Instruments such as ultrasonic time-

domain reflectometry (UTDR) and electrical impedance spectroscopy
(EIS) have been used to investigate the membrane fouling as in-situ
methods [20–22]. While they are real-time approaches, they do not
provide in-depth details of foulant formation on the membrane surface.
To study the deposition of the foulants on a membrane in detail [14],
variety of instruments such as energy dispersive X-ray (EDX) Spectro-
scopy, X-ray photo spectroscopy (XPS), X-ray diffractometry (XRD)
[14], scanning electron microwave (SEM) [23], atomic force micro-
scopy (AFM), and confocal scanning laser microscopy (CSLM) have
been used to study foulants [14,24]. Extended Derjaguin-Landau-
Verwey-Overbeek (XDLVO) and density functional theory (DFT) have
been used to study the role of surface morphology on alginate adhesive
fouling [15]. Both composition and formation of foulants on the
membrane are important and complimentary information that are
needed to develop deeper understanding of fouling. Recently, the
Fourier transform infrared (ATR-FTIR) has been applied to analyze the
composition and the image of the fouled membrane from pig manure
separation [25].

Dispersive Raman spectroscopy is evolving to be powerful tool for
the identification and imaging of a wide range of compounds [26–28]
such as pharmaceutical products, polymers, papers and glass [26].
Some of the advantages include minimal sample preparation, analysis
in the far IR, and with a 1-μm excitation laser spot size it is an excellent
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technique when high spatial resolution is needed [29]. It is a facile,
nondestructive method that integrates chemical imaging to can provide
information about composition and distribution of the sample compo-
nents. Variety of methods has been used to analyze images that has
been collected by Raman [30]. Correlation mapping and Multivariate
Cure Resolution (MCR) are two well-known approaches that have been
used to analyze Raman image.

Correlation mapping based upon known reference spectrum or a
spectrum from the acquired data [31] shows spectral changes asso-
ciated with a sample, and is represented in a 2-dimensional plot that
differentiates the regions of varying Raman intensity (or concentra-
tion). It can also be plotted in 3-dimensional (3D) to show the surface
distribution to provide a better visualization of the selected area [32].

Unlike correlation mapping which scales intensity based on acquired
spectrum, Multivariate Curve Resolution (MCR) is a statistical method
that does not require reference spectra. The main difference between
correlation mapping and MCR is that correlation mapping uses one
reference spectra and applies that to the image, but MCR uses several
spectral components and combines the experimental data [33]. MCR
can be used to extract critical information about composition of the
chemicals [30,34] and map a surface based upon composition, which is
often presented via color coding. Correlation mapping can also extract
composition based on a single spectrum, but it could only be done one
component at a time. Other reported advantages of Raman imaging are
high sensitivity, resolved peaks that enable univariate data analysis and
reduce data complexity, and good quantitation [26,28,29,35,36]. For

Fig. 1. (a) 10× magnification optical image of the
plain PTFE membrane, (b) Correlation mapping of
50 × 50-µm area (yellow dotted area) of the plain
PTFE membrane, (c) 3D plotted correlated che-
mical image of the plain PTFE membrane. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 2. (a) 10× magnification optical image of the
fouled PTFE membrane, (b) Correlation mapping of
50 × 50-µm area (yellow dotted area) of the fouled
PTFE membrane: Red color indicates the highest
concentration of foulant, and blue color indicates
areas without foulant, (c) 3D plotted correlated
chemical image of the fouled PTFE membrane
showing distribution of the salts. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the web version of this
article.)
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example, Raman imaging for Graphene sheets has been carried out
based on the G-band [37] and Raman Imaging for plants have provided
information about structure, composition and properties of the plant
cells [38]. Raman Chemical Imaging has been applied to biological,
biomedical and pharmaceutical studies. It has been used to study
morphology and identify the tissues and abnormal changes resulting
from diseases have been detected [26]. It is has also been applied to
clinical diagnosis to identify microorganisms in cellular samples
[28,35], however being a macro-scale technique, it has certain limita-
tions for biological samples [26]. In general, while there are several
reports related to Raman Imaging of different kinds of samples, this
technique is yet to be applied in membrane science especially for
monitoring fouling. The objective of this research is the detection and
imaging of the distribution of inorganic salts deposited on a fouled
membrane via Raman Imaging to demonstrate the applicability of this
technique in the study of membrane fouling.

2. Experimental

Thermo Scientific DXRxi Raman imaging microscope was used in
this study and a 532 nm laser was used on the 50 × 50 to 5 × 5-µm
areas of the sample. Exposure time was 0.05 s for 5 scans. Optical
images of the membranes with 10× and 50× magnification followed
by analyzing image with OMNICxi imaging software. Raman chemical
image was acquired and processed by OMNICxi software. This software
can be used to apply different profiles to the image based on needs. It
can differentiate components based on the Raman spectra library. The
software collects Raman spectrum of the sample and based on the se-
lected profile it can generate information about the components and
their distribution in the sample. Correlation and MCR profiles were
used to generate detailed information and map the surface based on
chemical composition. Furthermore, the Raman spectrum of each
mapped area has been used to identify each component. 3D plot based
on Raman intensity also provided better understanding of how com-
ponents are distributed on the sample surface.

3. Sample preparation

In this study, a polytetrafluoroethylene (PTFE) membrane with an
effective contact area of 11.94 cm2 was used for desalination via direct
contact membrane distillation (DCMD) during which salts were de-
posited on it. The feed solution undergoing MD was prepared by dis-
solving 2.5 g of CaSO4, BaSO4, and CaCO3 in 1000 mL of deionized
water. The hot feed at temperature of 70 °C and pH of 7.4–7.5 was
circulated through the feed side of the membrane by peristaltic pumps
(MasterFlex Easy Load, Cole-Parmer, USA) at a flow rate of 150 mL/
minute while the countercurrent flow of cold distilled water was passed

on the permeate side at a flow rate of 200 mL/min. After 6 h of MD, the
membrane was taken out and dried in the vacuum oven at 60 °C until its
weight was constant. Raman Chemical Imaging of the plain PTFE
membrane and PTFE membrane fouled with salts namely CaSO4, BaSO4

and CaCO3 was carried out.

4. Results and discussion

The Raman Microscope provided high resolution optical images
which was complemented by the detailed chemical image generated by
Raman spectroscopy. Correlation mapping and MCR analysis was
combined to map the components in this sample. Multivariate curve
resolution (MCR) that can extract components from chemical maps and
facilitate component identification, even in cases where there is no
prior knowledge about the chemical components in the sample. In this
study, the spatial distribution of three different salts on top of the
membrane which leads to membrane fouling was studied. Raman mi-
croscopy helped analyze selected sample area with a high spatial re-
solution.

Fig. 1a shows the 10× magnification optical image of plain PTFE
membrane before desalination via MD, or without any foulant. As ex-
pected, no residual substance was seen on the membrane surface.
Correlation mapping was applied to the 50 × 50-µm area (yellow
dotted area) of optical image in Fig. 1b. Since there was a consistent
Raman intensity all over the membrane, correlation map presented a
uniform chemical image. Correlation chemical mapping (Fig. 1b) cor-
responded to the relative intensity of the peak across the sample. Fig. 1c
is the 3D plot of correlated chemical mapping of the PTFE membrane
which showed uniform distribution of the membrane material.

In the next step, Raman mapping of the fouled membrane was
carried out. To study the distribution of the salts, first it was important
to survey the membrane surface. Fig. 2a presents the 10× magnifica-
tion optical image of the fouled membrane. To study the fouling pat-
tern, a 50 × 50-µm area of the fouled section was selected. Fig. 2b
shows the correlation mapping of the membrane fouled with CaSO4,
BaSO4, CaCO3. Correlation map showed the distribution of salt on the
membrane surface, where the red color represented the areas with
highest concentrations. Fig. 2C is a 3D plot that shows the distribution
of salts on the membrane surface. The 3D plot also provided a simple
representation of the salt distribution and regions of high fouling.

Furthermore, to study the details on the fouled membrane a smaller
area of 5 × 5-µm was selected by 50× magnification in order to study
the surface composition. It was not possible to differentiate the salts in
the correlation image, so MCR profile including 3 salts and membrane
itself was applied to the spectra. Fig. 3a shows the optical image of
5 × 5-µm area followed by running MCR profile presented in Fig. 3b.
The identification and distribution of each slat is shown in Fig. 3b (Blue:

Fig. 3. a) 5 × 5-µm area optical image with 50×magnification of fouled PTFE membrane and salts, b) MCR image of the membrane and salts (Blue: Membrane, Red:
CaSO4, Green: BaSO4, Yellow: CaCO3), c) Combination of optical and MCR image. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Membrane, Red: CaSO4, Green: BaSO4, Yellow: CaCO3). The combina-
tion of the MCR image and optical image is presented in Fig. 3c can be
used to analyze location and distribution of each component. In order to
identify each salt, Raman spectra for each component represented by a
different color is presented in Fig. 4a to h. Each of Fig. 4a to h display
one component and the corresponding Raman spectrum. PTFE (Fig. 4a
and b) was identified from OMNICxi library. The areas that was all
covered with salts (black portion of Fig. 4a) showed no Raman intensity
corresponding to PTFE. Fig. 4c, d is related to distribution of CaSO4 on
the fouled membrane based on the corresponding Raman spectrum of
that specie. It is seen that the CaSO4 was deposited as a large ag-
glomerate. Fig. 4e and f are related to BaSO4 distribution based on its
corresponding spectrum. Compared to CaSO4, BaSO4 showed a more

uniform dispersion over the membrane. Lastly, CaCO3 distribution and
its spectrum are presented in Fig. 4g and h. CaCO3 was also found to be
distributed in most areas of the membrane. Solubility product (Ksp) of
CaSO4 was higher than CaCO3 and BaSO4. Therefore, CaCO3 and BaSO4

tended to precipitate faster than CaSO4 and they precipitated over a
larger area which is evident from the images [39]. This is in line with
what has been reported before related to the aggregation kinetics of
CaSO4. Growth of CaSO4 is known to happen in all the directions. Also,
the particle size was larger than the other two salts and was as high as 5
µm [40]. Detection limit corresponds to the lowest concentration of the
samples that can be detected by Raman Imaging. It was measured using
a method published before [41]. The detection limit was found to be
0.01 mg/ml for CaSO4 and for BaSO4 and 0.03 mg/ml for CaCO3.

Fig. 4. Composition of fouled PTF membrane: (Blue: Membrane, Red: CaSO4, Green: BaSO4, Yellow: CaCO3); (a) MCR profile of 5 × 5-µm area of the fouled PTFE
membrane, (b) Raman Spectrum of the fouled PTFE membrane, (c) MCR image of the area including CaSO4, (d) Raman Spectrum of CaSO4, (e) MCR image of the area
including BaSO4, (f) Raman Spectrum of BaSO4, (g) MCR image of the area including CaCO3, (h) Raman Spectrum of CaCO3. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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In general, Raman chemical imaging has several advantages over
conventional techniques such as confocal scanning laser microscopy
(CSLM) and scanning electron microscopy (SEM). Optical techniques
such as CSLM provides image but is not able to distinguish between
different foulants and their distribution. SEM has been used to use
fouling distribution in membranes and can provide very useful in-
formation. Chemical information in SEM can be limited, although en-
ergy dispersive X-Ray spectroscopy (EDS) mapping can provide some
useful elemental information. However, that may not provide enough
distinction between different chemical species, for example in this case,
EDS could not be used to distinguish between CaCO3 and CaSO4.
Moreover, SEM is an expensive and complex analytical system where is
Raman imaging is a relatively simple technique and can be implied in-
situ on membrane surfaces. Compact hand-held Raman spectrometers
are commercially available and can be used in the field [42].

5. Conclusions

This study presents the application of Raman chemical imaging to
identify and differentiate inorganic salts on a fouled membrane surface.
PTFE Membrane fouled during desalination by membrane distillation
was studied and the distribution of CaSO4, BaSO4 and CaCO3 on the
membrane surface was mapped by Raman imaging. The location of
each salt could be successfully identified based on the Raman Spectra. It
was observed that CaSO4 tended to agglomerate and settle on the cer-
tain areas while BaSO4 and CaCO3 were distributed over the whole
membrane. Information such as this can be used to study the me-
chanism of fouling. It is concluded that Raman chemical imaging is an
effective approach to survey membrane surfaces as well as fouling. In
general, it is a novel, fast and non-destructive method that can be used
to survey membrane surface and can be valuable in understanding
surface coverage from different foulants which is the major challenge in
membrane processes.
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