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ABSTRACT

A combination of Fourier-transform infrared (FTIR) spectroscopy, multivariate analysis and
conventional microbiological assays were utilized to characterize and differentiate membrane
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biofouling formed in the presence of antiscalants. Based on the FTIR spectra of biofouled

reverse osmosis membranes obtained after incubating with antiscalants and H. aquamarina (as
model microorganism), it was found that the biofouling intensity and composition was depend-
ent on the type of antiscalants used. The growth of the bacterium was also highly affected by
the type of antiscalants as shown by the colony forming unit (CFU) counts. By combining the
techniques of principle component analysis (PCA) and FTIR, it was demonstrated that the
biofouling was more intense and composed of proteins, polysaccharides and lipids, when poly-
mer antiscalant was used. By applying PCA-FTIR with CFU counts, faster prediction of the effect

of antiscalants on biofouling was made possible.

Introduction

The membrane filtration technique is being adopted
worldwide as an environmentally friendly and energy
efficient technique in the desalination industry as com-
pared to thermal desalination techniques (Tang et al.
2009, 2011; Sun et al. 2016). However, the performance
of membranes, which includes permeate flux and rejec-
tion, is affected by the membrane fouling and scaling.
To prevent mineral scaling on reverse osmosis (RO)
membranes, antiscalants are added to suppress mineral
scale formation. The most common antiscalants for cal-
cium sulfate (CaSO,) include phosphonates and
organic polymers (Shih et al. 2006). In RO systems,
phosphonates, however, tend to hydrolyze to ortho-
phosphate and react with calcium ions to form calcium
orthophosphate, which is insoluble (Antony et al.
2011). Therefore, most of the commercial antiscalants
for RO membranes are organic polymer-based chemi-
cals, such as poly acrylic acid (PAA), polymethacrylic
acid (PMAA), and poly maleic acid (PMA).

The use of polymer-based inhibitors has shown
satisfactory performance in preventing membrane
scaling (Shih et al. 2006). However, little research has
been performed on their biodegradability. Due to the
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presence of microorganisms in seawater, these anti-
scalants may act as an energy/carbon source and their
biodegradation will not only reduce their efficiency to
control membrane scaling, but they will also become
a source of enhanced microbial growth causing mem-
brane biofouling. In preliminary research, the strain
of Halomonas aquamarina was isolated from Arabian
Gulf seawater and identified using the matrix assisted
laser desorption ionization - time of flight mass spec-
trometry (MALDI-TOF MS) technique. The strain
was identified with a score of 2.02, which is inter-
preted as reliable at genus level identification and
probable species level identification as per the manu-
facturer’s (Bruker Daltonics, Bremen, Germany)
instructions. The strain was tested for the ability to
use antiscalants as a carbon/energy source by provid-
ing growth medium containing only one of the target
antiscalants as a carbon source. The antiscalants
focused on the included monomers of acrylic and
maleic acids and PAA. It was found that H. aquamar-
ina was able to grow in an antiscalant containing
medium with specific growth rates (h™') of 0.076
(acrylic acid; AA), 0.088 (maleic acid; MA) and 0.115
(PAA), which indicated that the strain was able to use
these antiscalants as a carbon/energy source for its
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growth. Furthermore, it has also been shown in the
literature that the antiscalants can enhance membrane
biofouling either through their assimilation as a
source of carbon (Vrouwenvelder et al. 2000) or
phosphorus (Sweity et al. 2013) by microorganisms or
through altering membrane surface properties (hydro-
phobicity) that favor biofouling (Sweity et al. 2015).
Thus, it can be concluded from these studies that
there is a need to develop certain screening methods
to quickly evaluate antiscalants and obtain early infor-
mation about their biofouling potential before their
utilization at the industrial scale.

Conventionally, membrane fouling and antifouling
studies are conducted in a membrane filtration setup.
Depending upon the type of fouling under investiga-
tion, the experiments are usually conducted from few
hours to weeks and the setup mandates inclusion of
high-pressure pumps, flow meters, pressure gauges and
membrane filtration cells, which makes it a time con-
suming and costly methodology. In recent research, a
method of quantifying biofilm formation using micro-
biology-based assays was proposed (Lutskiy et al.
2015). The suggested methodology was successfully
applied to quantify the early stage of biofilm formation
on RO and nanofiltration (NF) membranes. The effect
of an antimicrobial polypeptide (nisin) on biofouling
was recently studied using similar methodology (Jung
et al. 2018). Therefore, it can be concluded that such
assays are useful for evaluating the performance of
membranes coated with anti-microbial materials to
give early information about the performance of modi-
fied membranes without the use of complex filtration
setups. Similarly, such assays can further be utilized to
study the factors affecting microbial growth/viability
(eg antiscalants), a critical step in biofouling.

There are variety of microscopic methods that can
be used to evaluate biofouling, such as epifluores-
cence, confocal laser scanning, atomic force, nuclear
magnetic resonance and electron microscopy.
However, disadvantages include the inability to obtain
information about biofilm composition, the fact that
these methods are labor intensive, and are based on
critical specimen preparation procedures (Nguyen
et al. 2012). On the other hand, Fourier-transform
infrared (FTIR) spectroscopy is a reliable, cheaper
and quicker analytical technique (Al-Juboori and
Yusaf, 2012; Amir et al. 2013), suitable for the detec-
tion and identification of functional groups in organic
compounds or in the biofilm layer on the membrane
(Al-Degs et al. 2011; Gelaw et al. 2014). FTIR relies
on the measurement of characteristic peaks associated
with certain functional groups. The technique is

known as a ‘fingerprint analytical technique’ for the
identification of compounds as it is nearly impossible
to obtain the same spectrum for two different com-
pounds (Al-Degs et al. 2011). It is a rapid and non-
destructive technique and, therefore, is good for quali-
tative analysis of membrane fouling. In addition, ana-
Iytical information can be extracted from overlapped
FTIR spectra by using multivariate analysis (principle
component analysis; PCA) and multivariate calibra-
tion (Al-Ghouti et al. 2008, 2010). A combination of
FTIR and multivariate calibration has been success-
fully applied for various purposes such as fuel adulter-
ation (Al-Ghouti et al. 2008), and determining the
viscosity index and the base number of motor oils
(Al-Ghouti et al. 2010). However, its application in
membrane science is seldom reported. Gelaw et al.
(2014) used FTIR and multivariate analysis (soft inde-
pendent modeling of the class analogy model;
SIMCA) to investigate membrane fouling. These tech-
niques helped them to differentiate between fouled
and cleaned membrane and to determine the best
cleaning protocol for removal of organic foulants.
PCA is also a type of multivariate analysis that helps
to reduce data redundancy. The technique is used for
identification of a smaller number of uncorrelated
variables from a larger set of data which helps to
emphasize variation in the dataset. These uncorrelated
variables are known as principal components (PCs).
The PCs are the new coordinates and are numbered
as per the percentage of variance in the real data they
explain, and they help to maximize variances between
the clusters and minimize within the clusters. Thus,
PCA can be combined with FTIR to differentiate
between the fouling layers on a membrane receiving
different treatments.

The goal of the present study was to evaluate the
effect of antiscalants on biofilm formation on RO
membranes using relatively faster and efficient meth-
odology. Therefore, FTIR spectroscopy with multivari-
ate analysis (PCA) and a microbiologically based
assay were employed in this research. It is expected
that the results will help to develop the application of
FTIR with PCA in membrane science and to offer
simple, rapid and cost-effective methods to investigate
membrane biofouling.

Methodology
Medium preparation

Mineral salt medium (MSM) was prepared as (g 1Y
4 ammonium nitrate, 2 disodium hydrogen phos-
phate, 0.53 potassium dihydrogen phosphate, 0.17
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Figure 1. Qualitative and quantitative analysis of biofilm formation conducted in a 24-well microtiter plate (modified from Lutskiy

et al. 2015; Jung et al. 2018).

potassium sulfate, 0.1 Mg.SO,.7H,0, 20 agar, and 35
NaCl. Trace element solutions (1 ml in 11 of medium)
were prepared as (g 1™, 0.1 EDTA, 0.042 ZnSO,,
0.178 MnSO,, 0.05H3;BO;, and 0.1 NiCl,. Four
carbon sources were used separately as (l1g 1');
glucose (G+MSM), AA (AA+MSM), MA (MA +
MSM), and PAA (PAA + MSM).

Inoculum preparation

The strain H. aquamarina strain was inoculated in
Luria Bertani (LB) medium containing (g 1Y 10
tryptone, 5 yeast extract, 10 NaCl and 15 agar. After
incubation for 24h at 37°C in a shaker set at
250 rpm, the bacterial culture was used for inoculum
preparation in sterile distilled water.

RO membrane

Polyamide TFC (thin film composite) RO (Energy
Saving Polyamide — ESPA 2) membrane was acquired
from Hydranautics Inc. (Oceanside, CA, USA).
Membranes were stored at 4-8°C in deionized (DI)
water. The membrane samples were cut into desired
sizes, thoroughly washed with running DI water and
then stored in DI water at room temperature for 24 h
before an experiment. Initial characteristics of the
membrane include: pure water flux (5.1+0.11 m™> h
bar '), surface roughness (74.98 £5.60nm), and salt
rejection (99.0+0.1%).

Biofilm growth assay

Polyamide TFC RO membranes (~1.5 x 0.8 cm) were
first rinsed with 70% ethanol and distilled water and
were subsequently placed at the bottom of a 24-well

microtiter plate in such a way that the active poly-
amide surface faced the medium. Four MSM liquid
media were prepared as explained in above, with dif-
ferent carbon sources: glucose, AA, MA or PAA.
MSM liquid medium without any carbon source was
also prepared. Two ml of each medium was added
into each well followed by the addition of 40pl
of inoculum to finally achieve ODgyo nm=0.1. The
microtiter plate was then incubated for 48h at 30°C
at 180 rpm (Figure 1). The negative controls included
MSM (no carbon source) with bacterial cells and
MSM (containing either acrylic or maleic or PAA or
glucose) without bacterial cells. The positive control
included MSM with glucose as a carbon source and
bacterial cells.

Qualitative analysis of biofilm

Qualitative analysis of biofilm formed on RO mem-
branes was done through FTIR spectroscopy (Perkin
Elmer 400 FTIR instrument). RO membranes were
transferred to sterile Petri dishes and subjected
to oven drying for 2h at 35°C. The membranes
were then subsequently subjected to FTIR analysis
[Spectrum 400 FTIR from PerkinElmer using
Universal Attenuated Total Reflectance (UATR)] and
spectra of 4,000-400 cm ™' were obtained.

Quantitative analysis of bacterial cells in biofilm
(serial dilution)

Quantitative analysis of the bacterial cells in biofilms
formed on RO membranes was done through measur-
ing colony forming unit (CFU) counts as previously
described by Lutskiy et al. (2015). Briefly, RO mem-
branes after incubation were transferred to centrifuge
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tubes containing 5ml of sterile water. The tubes were
subjected to sonication for 2min followed by vortex-
ing for few seconds. This step was done to ensure
biofilm detachment from the RO membranes. The
detached bacterial cells were then serially diluted and
plated on LB medium. After incubation for 48h at
30°C, CFU counts were made and the viable number
of bacteria were then determined.

Principle component analysis (PCA)

The application of mathematical and statistical meth-
ods to improve the chemical measurement processes
and to extract more useful information from chemical
measurement data is generally known as chemomet-
rics (Kansiz et al. 1999). Extraction of information
from chemical and physical measurement data is
more applicable to spectroscopic techniques as it pro-
duces a large amount of data often with multi-dimen-
sional complications. The most commonly used
multivariate statistical technique for the extraction of
information and interpretation of the variance in a
multispectral dataset is PCA. The PCA for clustering
of the variables was done using The Unscrambler X
(v10.5, Camo Analytics, Magnolia, TX, USA) follow-
ing the singular value decomposition (SVD) algorithm
and XLSTAT 2016 (MS Excel 2016, Microsoft,
Redmond, WA, USA). In the present case, the varia-
bles were the medium used, ie a positive control,
AA +MSM, PAA+MSM, MA +MSM and negative
controls, and the observations include the spectral
intensity for wavenumbers (cm™b).

The basic equation used in PCA in a matrix nota-
tion is Equation 1:

Y = WX (1)

where X denotes the data matrix with (n) observa-
tions (transmittance/absorbance in FTIR spectra)
in rows and variables (media type, eg glucose, PAA)
in columns, W is a coefficient matrix which is deter-
mined by PCA and Y represents the matrix of scores.
The singular value decomposition of S is calculated
using Equation 2:

U'SU=L (2)
where L and U are the matrix of eigenvalues and

eigenvectors of S respectively. W is calculated using
Equation 3:

W=U|L ©)

The correlation between the ith factor with the jth
variable can be calculated using Equation 4:

T owi (4)

Thus, u;; is the element "of U (matrix of eigen-
vectors), I; is the element of L (diagonal matrix
of eigenvalues) and s; is a diagonal matrix of S.
This correlation is known as factor loadings
(Jackson, 2003).

Results
Qualitative analysis of biofouled membranes

FTIR analysis

Figure 2 shows the FTIR results of RO membranes
exposed to media containing different carbon sources
and H. aquamarina as a bacterial strain. A higher
similarity among all FTIR spectra and the absence of
any peak shifts shows that there was no interaction
between the RO membrane and the biofilm layer and
thus biofouling did not cause any obvious structural
changes on the RO membrane surface. However,
through comparison with the negative controls and
virgin RO membrane (pure RO membrane surface),
a decrease in the percentage transmittance at specific
wavenumbers shows that the formation of biofilm
increased after the addition of antiscalants. Because
the biofilm present on the RO membrane is subjected
to IR radiations, the molecules present in the biofilm
will absorb the radiation. The amount of radiation
absorbed by the molecules is directly proportional to
the number of molecules present in the biofilm or the
intensity of the biofilm (Wolf et al. 2002). This result
can also be explained through Beer-Lambert law,
which states that the absorbance is directly propor-
tional to the thickness and concentration of the
sample (Stuart, 2004; Salido et al. 2017) as shown
in Equation 5:

A= ¢ (5)

where A is the absorbance, € is molar absorptivity,
¢ is the concentration and ! is the path length of
the sample.

The absorbance (A) is related to transmittance (T)
via Equation 6:

A= —logT (6)

Therefore, the lower the percentage transmittance
is, the higher the absorbance will be and conse-
quently, the concentration/thickness of the biofilm
will be high. Similar changes in the intensity of the
FTIR spectra of the biofilm have also been obtained
from different regions of the biofouled RO mem-
branes (feed, middle and brine regions) and the
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Figure 2. FTIR spectra of RO membranes after exposure to different media in the presence of H. aqguamarina (incubation: 48 h at
30°C; concentration: 1g I™"). Virgin RO — pure RO membrane surface; Negative control — MSM (no carbon source) with bacteria
and MSM + carbon source (acrylic/maleic/poly acrylic acid/glucose) without bacteria; Positive control — glucose in MSM; AA + MSM
- acrylic acid in MSM; PAA 4+ MSM - poly acrylic acid in MSM; MA + MSM — maleic acid in MSM.

increase in peak intensity for the RO membrane
obtained from the brine region was also correlated
with the relatively higher intensity of biofouling
(Khan et al. 2015).

Table 1 shows various peaks and their assignments
from the literature. The broad regions at 2,900-3,300
and 900-1,200cm ™' represent polysaccharides. In
these regions, vibrations result from stretching of the
C-OH and C-O-C bond (glycoside bond) (Jin et al.
2013). Absorbance in these peaks was also observed
in the biofilm produced by Pseudomonas aeruginosa
(Nivens et al. 2001). In addition, stretching vibrations
of the C-O of carbohydrates, P-O-P and C-O-P of the
polysaccharides of the cell wall and symmetrical
stretching of the P=O of phosphate groups in
nucleic acids characterize these polysaccharide regions
(Karadenizli et al. 2007). The peaks at 2,955 and

2,930cm ™" correspond to C-H asymmetric stretching
of the -CH; and >CH, in fatty acids, whereas the
peaks at 2,870 and 2,850cm™ ' represents C-H
symmetric stretching of the -CHj; and > CH, in fatty
acids. In addition, peaks at 1,240 and 1,085cm '
have been assigned to P=0 asymmetric and sym-
metric stretching of DNA, RNA and phospholipids
in the literature. The protein component of the bio-
film can be seen through the peaks at 3,200 cm ™,
which results from N-H stretching of amide A in
proteins and peaks at 1,650, 1,540, and
1,310-1,240 cm ™' represent the amide I, II and III
components of proteins, respectively. The C=0
bond in the peptide group resulted in the amide I
peak, whereas, both N-H bending and C-N stretch-
ing combine to give the amide II peak (Long
et al. 2009).
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Table 1. Peak assignments to characterize biofilm layer*.

Peaks (cm™) Peak assignments Feature(s)
2,900-3,300 Polysaccharides Polysaccharides
3,200 N-H stretching of amide A in proteins Proteins

2,955 C-H asymmetric stretching of -CH; in fatty acids Fatty acids/lipids
2,930 C-H asymmetric stretching of > CH, in fatty acids Fatty acids/lipids
2,898 C-H stretching of > C-H of amino acids Proteins

2,870 C-H symmetric stretching of -CH; in fatty acids Fatty acids/lipids
2,850 C-H symmetric stretching of > CH, in fatty acids Fatty acids/lipids
1,740 >C =0 stretching of lipid esters Fatty acids/lipids
1,715 >C =0 stretching of ester, in nucleic acids and carbonic acids -

1,650 Protein secondary structures (amide ) Proteins

1,540 Protein secondary structures (amide II) Proteins

1,468 C-H deformation of > CH, in lipids, proteins Lipids/proteins
1415 C-O-H in-plane bending in carbohydrates, DNA/RNA backbone, proteins Proteins

1,400 C=0 symmetric stretching of COO- group in amino acids, fatty acids Fatty acids
1,310-1,240 Amide Il band components of proteins Proteins

1,240 P =0 asymmetric stretching of phosphodiesters in phospholipids Fatty acids/lipids
1,100 Polysaccharides and alike substances Polysaccharides
1,085 P =0 symmetric stretching in DNA, RNA and phospholipids Fatty acids/lipids
1,342-952 Various cellular components -

720 C-H rocking of > CH, in fatty acids, proteins Fatty acids/proteins

*Boubakri and Bouguecha, 2008; Karime et al. 2008; Krishnamurthy et al. 2010; Xu et al.2010; Rabiller-Baudry et al. 2012; Dixit

et al. 2014.

Based on the peak assignments in Table 1, peaks
were selected that represent protein, polysaccharides
and the lipids/fatty acid components of the biofilm to
show an increase in the absorbance in FTIR spectra.
Figure 3 clearly shows that the absorption increased
with the addition of antiscalants, which corresponds
to the increased biofilm formation on RO mem-
branes. The t-test was also conducted which showed
that the mean absorbance of biofouled membranes
at various wavenumbers was significantly different
from the negative control at 95% confidence level.
Nevertheless, the absorbance obtained for MA
(MA + MSM) at 1,100, 1,650 and 1,310cm ' and at
1,540 and 1,310cm ™' for AA (AA + MSM), were not
significantly different from the negative control at
95% confidence level. This could be attributed to
relatively less biofilm formation when monomer
antiscalants were used. Therefore, it can be concluded
that biofilm formation increased after the addition of
antiscalants, in which PAA caused most intense bio-
fouling on RO membranes.

Classification using principal component analysis

PCA was carried out for FTIR spectra of biofilm
formed on RO membranes as a result of addition
of antiscalants and glucose (as a positive control).
PCA helped to cluster the variables (positive control,
AA +MSM, MA +MSM, PAA+MSM and negative
control in this case) based on their scores in PC1 and
PC2. As shown in Figure 4, PC1 and PC2 represent
96% of the data variance. Biofilm spectra obtained
for PAA and glucose were found to be positively
correlated to PC1 and negatively correlated to PC2,
whereas the biofilm spectra obtained for AA and the

negative control were negatively correlated to both
principle components. The biofilm spectra obtained
for MA is the only variable that was found to be
positively correlated to PC2 and negatively to PCI.
Briefly, three clusters can be obtained based on PCA,
ie cluster 1 (PAA and glucose), cluster 2 (AA and the
negative control) and cluster 3 (only MA) as shown
in Figure 4. Hence, the biofilm spectra that corres-
pond to biofilm intensity as well as composition
(polysaccharides/proteins/lipids or phospholipids) are
similar for the variables qualifying for the same
cluster, for example, PAA and glucose under cluster
1. On the other hand, variables qualifying for differ-
ent clusters are more different from each other,
for example AA (cluster 2) and MA (cluster 3). Since
PCA helps to maximize the differences between
the two clusters and minimize within the cluster,
such clustering can help to understand the variability
among various classes of antiscalants and can help to
differentiate their effect on membrane biofouling.

Component wise analysis of biofilm using PCA

Protein component. PCA was done for the peaks
representing the protein component of biofilm in
XLSTAT 2016. The biplot in Figure 5A shows that
the two factors or PCs (F1 and F2) represent 99.9%
of the variance in the data. The data showed that
biofilm spectra obtained from PAA and the positive
control (previously categorized as cluster 1 using
SVD-PCA) are positively correlated to F1 and nega-
tively to F2, whereas spectra obtained for MA, AA
and the negative control are positively correlated to
both F1 and F2 and hence can be categorized as one
cluster. The biplot shows that peaks of 3,200 and
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Figure 3. Increase in absorbance for selected peaks representing: (A) fatty acids and phospholipids, (B) polysaccharides, (C)
protein components of the biofilm layer. Neg. control — MSM (no carbon source) with bacteria, and MSM + carbon source (acrylic/

maleic/poly acrylic acid/glucose) without bacteria; Pos. control -

poly acrylic acid in MSM; MA + MSM - maleic acid in MSM.

1,468 cm ™" have a high loading value for the negative
control, AA and MA spectra and correspond to N-H
stretching of amide A in proteins and C-H deformation
of > CH, in lipid proteins. On the other hand, peaks
of 2,898, 1,650, 1,540, and 720 cm ™' have higher load-
ing values for the biofilm obtained as a result of PAA
and glucose (positive control). These peaks mainly
represent C-H stretching of > C-H of amino acids,

glucose in MSM; AA +MSM - acrylic acid in MSM; PAA + MSM -

protein secondary structures amide I, amide II and C-
H rocking of > CH, in fatty acids and proteins.
Lipids/phospholipid component. The biplot obtained
for peaks corresponding to lipids or the phospholipid
component of biofilm is shown in Figure 5B. The
results clearly show that the lipid component of
biofilm has negligible loading values for the negative
control, AA and MA, whereas several peaks (2,955,
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Figure 4. Clustering of variables obtained through PCA using The Unscrambler (V10.5).

2,930, 2,850, 2,870, 1,740cm ') have high loading
values for biofilm spectra obtained in the presence of
PAA and glucose (positive control).

Polysaccharide component. The biplot of polysac-
charides results from PCA give somewhat contrasting
results as compared to other two components. Figure
5C shows that peaks such as at 3,300, 3,100, 3,000 and
2,900 cm ™" have higher loading values for biofilm spec-
tra obtained for AA and MA as opposed to both the
positive and negative controls and the PAA spectra.

Biofilm - combining all components. A biplot was
also obtained combining all three components of bio-
film. Figure 6 shows that spectra obtained for the
negative control, MA and AA are positively correlated
to both F1 and F2 representing 99.85% of the vari-
ance, whereas PAA and glucose (positive control)
spectra are negatively correlated to F2 and positively
to F1. Since none of the variables are negatively corre-
lated to F1, these will have lower loading values. Two
classes can be observed considering a positive correl-
ation to F1; the first cluster, comprising 3,300 (poly-
saccharide), 3,200 and 1,468cm™! (proteins), has
more influence on MA, AA and the negative control
spectra. The second cluster, comprising 2,930, 2,870,
1,715, 1,740, 2,850 cm " corresponding to the lipid
component, 900 and 2,900 cm ™! to the polysaccharide
component and 2,898 cm™! to the protein component,
has more loading values for PAA and the glucose bio-
film spectra. Thus, it can be concluded that in the
case of intense biofouling, ie when glucose and
PAA were used as a carbon source, the biofilm was
mainly comprised of lipids/phospholipids, polysac-
charides and protein. On the other hand, in the
case of relatively less intense biofouling formed
after the addition of acrylic and MAs (monomers),

the biofilm was comprised of only two components,
ie polysaccharides and proteins. The information
about biofilm composition can be used in mitigat-
ing biofouling as some researchers aim to reduce/
degrade/remove certain components of the biofilm
present in abundance, such as polysaccharides
(Nagaraj et al. 2017).

Quantitative analysis of bacterial cells in biofilm

The membrane biofouling formed in response to
different carbon sources was also quantitatively ana-
lyzed through the plate count method to estimate the
number of viable bacterial cells in the biofilm layer.
The results (Figure 7) showed that log CFU ml™' was
in the following decreasing order: glucose >PAA >
MA > AA. The CFU count results are consistent with
the FTIR results as the spectral intensity also varied in
the same fashion. Interestingly, the bacterial counts in
the presence of only MSM (without any carbon
source) were also observed, which shows that bacterial
cells were able to sustain in the absence of any carbon
source. However, addition of antiscalants increased the
CFU counts, which shows the potential of microorgan-
isms to use antiscalants as a carbon/energy source and
enhance their growth and biofouling in membrane
systems.

Discussion

Membrane biofouling has been reported as a major
problem in NF and RO membranes and contributes
> 45% of all types of membrane fouling. Biofouling
starts with initial attachment of microorganisms
because of the formation of conditioning layer on
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biofilm using XLSTAT (V2016).

the membrane, followed by their rapid multiplication
and growth by feeding on the nutrients and organic
substances in the feed water. This issue is where the
presence of antiscalants can make a difference in the
intensity of biofouling. Previous studies have reported
the effect of antiscalants on the membrane properties
that enhance the microorganisms’ attraction to the
membrane surface as well as the formation of the
conditioning layer. The presence of biodegradable
antiscalants such as those used in this study will act
as an additional carbon source for microorganisms,
resulting in more intense biofouling. Vrouwenvelder
et al. (2000) noted that there is a correlation between
the antiscalants’ assimilable organic carbon (AOC)

and the biofouling of RO membranes. Therefore, it
was suggested that antiscalants with the least or negli-
gible AOC values were chosen in order to reduce
their effect on biofouling. In another study (Sweity
et al. 2013), it was observed that addition of poly
acrylate and poly phosphonate antiscalants changed
the surface properties of RO membranes by increasing
the contact angle to 49+1.3 from 21+5.8, which
made the membrane more hydrophobic; this in turn
promotes biofouling. Furthermore, the surface charge
of the RO membrane became less negative as a result
of addition of poly phosphonate antiscalants. Other
than changing membrane surface properties that
promote biofouling, poly phosphonate antiscalants
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Figure 6. Clustering of the biofilm components obtained in the presence of different carbon sources.

also provided an additional source of phosphorus
for enhanced microbial growth. Both antiscalants had
a higher deposition coefficient, which means that they
aided in the initial attachment of microorganisms to
RO membrane (Sweity et al. 2013).

Research has also shown that there was sharp
decline in permeate flux as a result of more intense
biofouling when poly acrylate based antiscalants were
used in the feed water compared to poly phosphonate
based antiscalants (Sweity et al. 2015). Scanning elec-
tron microscopy (SEM) and confocal laser scanning
microscopy (CLSM) images also showed that the bio-
film thickness was greater in the presence of poly
acrylate based antiscalants. This could be due to
higher extracellular polymeric substance (EPS) pro-
duction and secretion as a result of phosphorus - lim-
iting conditions when these antiscalants were used.
However, uptake of oxygen, phosphorus and nitrogen
was more in the case of poly phosphonate based anti-
scalants, attributed to the higher growth rates of
microorganisms in these types of antiscalants (Sweity
et al. 2015). While previous work deals with the nutri-
tional contribution of antiscalants to biofouling and
the influence of antiscalants on membrane properties
and biofouling enhancement, in this work, a method
for quick screening of antiscalants for their effect on
biofouling has been proposed and tested. The use of
antiscalants in membrane-based technologies is
important to obtain better performance. Nevertheless,
their use needs to be monitored to minimize their
impact on biofouling.

EPS are secreted by microorganisms, and help
them to further enhance additional attachment and
growth on the surface of the membrane (Al-Juboori
and Yusaf, 2012). EPS are mainly composed of

polysaccharides, nucleic acids, lipids/phospholipids
and proteins. EPS also exhibit certain functional
groups such as carboxylic, phenolic, hydroxylic, and
phosphoric groups and several non-polar groups like
the hydrophobic groups in carbohydrates, aromatics
and aliphatics in proteins. The presence of these func-
tional groups aided in the characterization of biofoul-
ing on RO membrane using FTIR in this research. It
has been reported that EPS comprised 50-80% of the
total organic matter and protein in biofilms. Many
researchers have attempted to characterize EPS in bio-
films. Jiao et al. (2010) used FTIR to characterize the
EPS extracted from mid-development and mature
stage biofilm. The presence of peaks at 1,300-900 and
1,700-1,500 cm™' showed the presence of polysac-
charides, nucleic acids and proteins. The variation in
spectral shape as well as in intensity helped in obtain-
ing information about the composition and quantity
of EPS produced at different stages of biofilm forma-
tion. Thus, it was noted that the amounts of protein
and carbohydrates were higher for the biofilm reach-
ing mature stages. The ratio of carbohydrate to pro-
tein was found to be between 3 and 6, which was
considered very high compared to ratios of 0.2-1.7
cited in the literature (Prolund et al. 1996; Bura et al.
1998; Liu and Fang, 2002; Sheng et al. 2005). These
results show that the composition of EPS and the bio-
film layer may vary to a great extent, which will have
its implications on the performance of the membrane
system, cleaning efficiency and other factors. These
factors include type of substrate (source of carbon
and the ratio of carbon to nitrogen), the growth phase
of the microorganisms involved, the solution compos-
ition and chemistry (eg dissolved oxygen, pH and
ionic strength), physico-chemical conditions (like
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shear rates and retention times) and the presence of
toxic substances (drugs or heavy metals) (Rinzema
et al. 1988; Jia et al. 1996; Drews et al. 2006; Sheng
and Yu, 2006; Ozturk et al. 2010). Sheng et al. (2006)
reported that the production of cell mass was highest
in the presence of succinate followed by malonate,
propionate, acetate, butyrate and benzoate. However,
EPS production was almost in the opposite order, ie
it was highest for benzoate and acetate followed by
butyrate, propionate, succinate and malonate.
Therefore, EPS secretion is increased by microorgan-
isms during stress conditions (Sheng et al. 2006). In
this research, it was also noted that both biofilm com-
position and intensity varied with the type of carbon
source in the following decreasing order:
glucose > PAA > MA > AA.

Generally, polysaccharides and proteins are consid-
ered to be major components of membrane fouling
(Kristensen et al. 2008). Therefore, most studies focus
on determining EPS concentration through measuring
the carbohydrate and protein content only. The car-
bohydrates, being more hydrophilic, tend to contrib-
ute more in fouling propensity over its counterparts
(Yigit et al. 2008; Li et al. 2012). The organic matter
content of the biofilm formed on a membrane has
been studied and it was found that proteins and car-
bohydrates were major constituents of the biofilm
layer (Lee et al. 2009). Although PCA showed that
protein and polysaccharides were dominant compo-
nents in the biofilm layer in this study, it also showed
that lipids and phospholipids are also important con-
stituents, especially in the case of intense biofouling,
ie when glucose and PAA are used as carbon sources.
Biofilms containing lipids and phospholipids such as
glycosphingolipids are known to be stronger than
others (Gutman et al. 2014a). EPS containing these
lipids help in primary attachment and the recalci-
trance of the biofilm produced, contributing signifi-
cantly to the cohesive strength of the biofilm on RO
membranes (Bereschenko et al. 2010) and have also

PAA+MSM
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been found to produce rigid layers on polyamide RO
membrane surfaces (Gutman et al. 2014b).
Furthermore, the microorganisms known to produce
lipid-containing EPS, such as Sphingomonas, are pri-
mary colonizers in the biofilm layer in desalination
systems (Bereschenko et al. 2010). The EPS produced
by secondary colonizers are usually exposed to the
cleaning agents and shear stress of seawater, and
therefore washed away. Hence, the EPS containing
lipids and other adhesive constituents produced by
primary colonizers needs to be targeted to combat
biofouling (Nagaraj et al. 2018).

The composition of EPS can also affect the physical
structure of the biofilm (Mayer et al. 1999; Ma et al.
2006) such as pores and water channels in the
internal structure of the film. The reduction in poros-
ity and water passage channels may then affect mem-
brane water permeability and rejection leading to a
lower membrane flux and performance (Chen and
Stewart, 2002; Chang and Halverson, 2003; Herzberg
et al. 2009). However, it is not known how the com-
position of EPS affects the physical structure of
the biofilm.

Knowledge about the composition of biofilm is
also important in order to understand the efficiency
of biofouling control and treatment strategies, as it
was found that certain chemicals like sodium dodecyl-
sulfate (SDS) and ethylenediaminetetraacetic acid
(EDTA) were successful in removing more polysac-
charides than proteins, and many organic components
of the biofilm were still found in the cleaned mem-
branes (Al-Ashhab et al. 2017). Thus, the information
about the biofilm layer and its composition can also
help in developing target specific cleaning and control
strategy. Interestingly, combination of FTIR with
multivariate data analysis was also used for choosing
the best cleaning strategy for membrane biofouling.
The classification results helped to differentiate
between cleaned and biofouled membranes as well as
between different cleaning strategies. Thus, a
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combination of FTIR with multivariate data analysis
can help in obtaining microscopic information about
the biofilm layer components and in identifying con-
trol and cleaning measures. Furthermore, a relatively
less time-consuming and cost-effective method can
also help in quick screening and evaluation of antisca-
lants for their role in biofouling. Similarly, this
method can also be extended to obtain quick prelim-
inary information about modified membranes regard-
ing their efficiency in biofouling control.

Conclusions

Antiscalants play a vital role in reducing membrane
scaling and optimizing membrane performance.
However, their presence was found to enhance mem-
brane biofouling on RO membrane systems, consist-
ent with previous studies (Vrouwenvelder et al. 2000;
Sweity et al. 2013, 2015). Therefore, initial screening
of these antiscalants before their application at the
industrial level is important to understand their bio-
fouling potential. In this research, an easy and quick
methodology was applied to perform such screening.
The suggested methodology combines FTIR with
multivariate data analysis and conventional microbio-
logical assays to test the effect of antiscalants on bio-
fouling. A combination of FTIR and PCA helped to
classify antiscalants based on their membrane fouling
potential and to characterize biofilm components.
Both the spectral intensity and CFU counts showed
that biofouling was more intense in the presence of
PAA followed by MA and AA. The results of this
research can help to add more in-depth information
about the role of antiscalants on biofouling of mem-
branes. Furthermore, the suggested methodology can
also be utilized for preliminary testing of the anti-bio-
fouling potential of modified membranes.
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