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ABSTRACT

Algal organic matter (AOM), produced by marine phytoplankton during bloom periods, may
adversely affect the performance of membrane processes in seawater desalination. The polysac-
charide fraction of AOM has been related to (bio)fouling in micro-filtration and ultrafiltration, and
reverse osmosis membranes. However, so far, the chemical structure of the polysaccharides released
by bloom-forming algae is not well understood. In this study, dissolved fraction of AOM produced by
three algal species (Chaetoceros affinis, Nitzschia epithemoides and Hymenomonas spp.) was characterized
using liquid chromatography—organic carbon detection (LC-OCD) and fluorescence spectroscopy.
Chemical structure of polysaccharides isolated from the AOM solutions at stationary phase was ana-
lyzed using proton nuclear magnetic resonance ('"H-NMR). The results showed that production and
composition of dissolved AOM varied depending on algal species and their growth stage. AOM
was mainly composed of biopolymers (BP; i.e., polysaccharides and proteins [PN]), but some refrac-
tory substances were also present. 'H-NMR spectra confirmed the predominance of carbohydrates
in all samples. Furthermore, similar fingerprints were observed for polysaccharides of two diatom
species, which differed considerably from that of coccolithophores. Based on the findings of this
study, "TH-NMR could be used as a method for analyzing chemical profiles of algal polysaccharides
to enhance the understanding of their impact on membrane fouling.

Keywords: Algal organic matter; Marine algae; Membrane fouling; Nuclear magnetic resonance;
Polysaccharides

1. Introduction

Algal organic matter (AOM) represents an important
component of natural organic matter (NOM) in surface
waters. AOM comprises algal cells, extracellular organic
matter (EOM) and intracellular organic matter (IOM).
EOM is released by the algal cells via diffusion and is
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typically produced in the exponential stage of cell growth
while IOM is released as a result of cell death and lysis [1].
Algae are known to produce AOM in response to stressful
conditions such as low nutrient concentrations, absence of
light, low pH and temperature [2], as well as under normal
conditions [3].

AOM is mainly composed of polysaccharides (PS),
nucleic acids, lipids, PN, amino acids and other organic
acids. The relative proportions of these constituents may
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vary depending on species, age of culture and environmen-
tal conditions. The predominance of PS and PN in AOM
results in its hydrophilic character [1,4,5]. Some species
of algae produce high amounts of extracellular PS, which
may constitute more than 80% of the overall AOM produc-
tion [6]. These PS are highly sticky [7] and coagulate in the
aquatic environment, causing formation of marine snow
and sea foam [8].

In water treatment processes, AOM can pose a major
problem due to water discoloration, release of taste and
odor compounds, release of toxins, and production of
carcinogenic disinfection byproducts (DBPs) [9,10]. From
the perspective of seawater reverse osmosis (SWRO),
algal blooms can adversely affect the operation of both
pretreatment systems and reverse osmosis (RO) mem-
branes [11-13]. AOM can strongly adhere to the surface
or within the pores of micro-filtration and ultrafiltration
(MF/UF) membranes in SWRO pretreatment causing irre-
versible fouling [14,15]. Furthermore, dissolved AOM is
usually not retained by pretreatment and can initiate and/
or exacerbate particulate/organic fouling and biofouling
in downstream RO membranes [16]. A number of stud-
ies have shown a correlation between the polysaccharide
fraction of AOM and MF/UF membrane fouling [17-20].
Since AOM from different algae have different fouling
potential and mechanisms [21,22], it is important to ana-
lyze the structure and composition of algal PS released by
different species for a better understanding of the interac-
tion of these compounds with membrane surfaces. Using
lectin staining and microscopy, it was found that AOM
from different algal species contained different functional
groups [21]. A subgroup of AOM known as transparent
exopolymer particles (TEP) and their precursors are acidic
PS and glycoproteins, which are highly sticky that may
cause surface conditioning of RO membranes leading to
biofilm formation [25].

Nuclear magnetic resonance (NMR) has been used to
study the chemical composition of organic compounds
released by bacteria and algae in seawater desalination and
wastewater treatment applications [23-26]. NMR spectros-
copy is a powerful analytical tool for identification, quan-
tification and investigation of the chemical composition of
carbohydrate compounds in the extracts of a given sample
[27-30]. Moreover, a proton nuclear magnetic resonance
(*H-NMR) spectroscopy is inherently a quantitative analyti-
cal method as the intensity of the NMR peak is proportional
to the concentration of the H nuclei. Thus, NMR spectra are
very useful for quantitative and comparative studies where
the chemical shifts of NMR peaks are associated with dif-
ferent classes of molecules. To the best of our knowledge,
a detailed characterization of the chemical structure of
algal PS and compositional differences of these compounds
among algal species has not been conducted.

In this study, dissolved AOM produced by three
bloom-forming marine algae, a coccolithophore (Hymenom-
onas spp.: Hym) and two diatoms (Chaetoceros affinis and
Nitzschia epithemoides), was selected. The patterns of algal
growth and dissolved AOM production during the var-
ious growth stages were monitored. Detailed character-
istics of dissolved AOM were investigated by advanced
techniques such as liquid chromatography-organic carbon
detection (LC-OCD) and florescence spectroscopy. The
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polysaccharide fraction isolated from AOM was further
analyzed using "H-NMR.

2. Materials and methods
2.1. Algae cultivation

A bloom-forming coccolithopore species (Hym)
provided by the Oceanological Observatory of
Banyuls-sur-Mer and two bloom-forming marine diatom
species (Chaetoceros affinis: CA, CCAP 1010/27, and Nitzschia
epithemoides: NZ, CCAP 1052 /18) obtained from the Culture
Collection of Algae and Protozoa (Oban, Scotland) were
selected. Hym is a marine coccolithopore that can cause
blooms in nutrient-poor water in mild temperatures
(typically during spring period). Hym cells are spherical
in shape with calcareous cell walls. CA is a marine diatom
species commonly found in temperate regions and known
to form blooms in the early spring period, during which
they release substantial amounts of extracellular polymeric
substances [31]. CA cells are oval cylindrical in shape and
range in size from 8 to 30 um with silicate cell walls [21].
NZ is a marine diatom species that is commonly associated
with colder waters. NZ cells have a pennate structure and
range in size from 7 to 30 pm with silicate cell walls. Axenic
cultures of each species were grown in duplicate in glass
bottles filled with 2 L of seawater medium. The medium
was prepared by filtering Red Sea water through 0.45 pm
cellulose acetate filter, followed by autoclaving at 121°C for
20 min and spiking with F/2 medium [32]. Silica was added
to the culture medium (F/2 + Si) for the diatom species (i.e.,
CAand NZ). The algal cultures were incubated at 20°C + 2°C
with continuous aeration and a 12/12 light/dark cycle for a
period of 32 d. Prior to use, all materials and glassware were
sterilized by autoclaving. Samples were collected every 4 d
during the culturing period for further analyses.

2.2. Monitoring culture growth

Growth of algal cultures was monitored by measuring
chlorophyll-a (Chl-a) and cell density throughout the cul-
tivation period. A modified Chl-a determination method
[33] was used in accordance with the experimental condi-
tions of this study. A 30-mL sample volume drawn from
the algal culture was vacuum filtered through a GF/C filter
(Whatman, USA) at 0.5 bar. To extract Chl-a, the GF/C filter
retaining the algal cells was placed in a 15 mL centrifuge
tube with 10 mL of 90% acetone and stored at 4°C for 24 h
wrapped in aluminum foil to block light. The sample was
then centrifuged at 3,180 g for 10 min. 2.5 mL of supernatant
was taken to measure absorbance at 665, 645 and 630 nm
(90% acetone was used as blank). Chl-a concentration was
calculated using the following equation:

(11.6xE665 —1.31xE645 -0.14x E630 x v
1%

Chl-a (ug/nl) =
(1)

where v is acetone volume used for extraction (mL); V is
filtered sample volume (mL); E665 is absorbance at 665 nm;
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E645 is absorbance at 645 nm and E630 is absorbance at
630 nm.

Cell density was determined with a BD Accuri C6
flow cytometer (AnnArbor, MI). Samples were analyzed
by excitation (Ex) at 488 nm from a blue solid-state laser.
Auto-fluorescence from algae was measured in the FL3
channel for red fluorescence with the threshold set to 900.
Fluidics were set to ‘medium’ (35 pL/min; core size 16 pm)
and run limit was set to 50 pL. Sample volumes of 200 uL
were transferred to 96-well plates (white flat bottom) for
measurement.

2.3. AOM characterization

Dissolved AOM produced by the algal species was char-
acterized with LC-OCD and fluorescence spectroscopy for
identification, quantification and fractionation of organic
matter compounds. The bottle containing the culture was
gently shaken to ensure homogeneity. Thereafter, a sample
was drawn through a sampling port from the algal culture
and filtered through a 0.45-um syringe filter prior to use in
subsequent measurements.

LC-OCD (DOC-Labor, Germany), which utilizes a size
exclusion chromatography (SEC) coupled with organic
carbon and nitrogen detection, was used to fractionate
and quantify AOM compounds based on their molecular
weight. In the LC-OCD technique, sample is supplied by
a mobile phase (phosphate buffer, 12.5 g KH,PO, [Fluka,
USA] + 7.5 g Na,HPO, x 2H,O [Fluka, USA] to 5 L) at a
flow rate of 1.5 mL/min to the chromatographic column
— a weak cation exchange column based on polymethacry-
late. A dual column configuration was used in this study.
Injection volume and retention time for all samples were
2,000 pL and 180 min, respectively. Chromatograms were
processed on the basis of area integration using a cus-
tomized software program (ChromCALC). LC-OCD mea-
surements were done in duplicate, and the mean value is
reported (variation less than 5%). The main fractions identi-
fied by the LC-OCD technique are BP, building blocks (BB),
low molecular weight (LMW) acids and LMW neutrals. The
definitions and molecular weight size ranges assigned to
AOM fractions obtained from LC-OCD analyses are given
by Huber et al. [34].

In the LC-OCD measurement, PN concentration in BP
was estimated based on the concentration of organic nitro-
gen as detected by the organic nitrogen detector (OND)
[35]. The C:N ratio of PN can be estimated as 3:1 assuming
that all organic nitrogen in BP originates from PN. The BP
fraction is composed of PS and PN, where PN = 3 x DON.
Therefore, PS may be calculated following the equation:
BP - (3 x DON). A previous study [36] reported a good cor-
relation of LC-OCD estimation with a direct assay.

A fluorescence spectrometer (FluoroMAX-4, Horiba,
Japan) was used for fluorescence emission (Em) spectra of
dissolved AOM samples. Fluorescence excitation emission
matrix (FEEM) measurements were performed at an Ex
wavelength ranging from 240 to 500 nm and an Em wave-
length ranging from 290 to 600 nm simultaneously. The slit
widths were set to 5 nm for both Ex and Em. Fluorescent
organic matter exhibits different peaks at known Ex and Em
wavelengths. Instrumental preferences were adjusted using
the Ex spectra of 8 g/L Rhodamine B solution (in ethylene

Table 1
Description of excitation emission matrix peaks

Peak Ex(nm) Em (nm) Chemical Category
functionality

A 250260 380-480 UV humic-like = Humic-like

C 330-350 420-480  Visible humic-  Fulvic-like
like

M 290-320 380-420  Visible marine
humic-like

B 270-280 300-310  Tyrosine-like, Protein-like
protein-like

T 270280 320-350  Tryptophan-
like, protein-
like

glycol) and Em spectra of a ground quartz diffuser (as rec-
ommended by the manufacturer). No changes in the lamp
intensity during the measurement observed with compari-
son of the integrated Raman spectra of Milli-Q (MQ) water
over Ex wavelengths (Ex = 350 nm). The fluorescence spec-
tra were Raman calibrated by normalizing to the area under
the Raman scatter peak (Ex = 350 nm) of MQ water. The
spectral data of EEM for the AOM compounds is given in
Table 1.

2.4. Structural analysis of polysaccharides

PS were isolated from the algal cultures at the end of
the cultivation period (day 32), for the identification of their
chemical composition and structure. Cultures were centri-
fuged at 10,000 g, and the supernatant was filtered through
GF/C glass fiber filters and subsequently by 0.45 pm filter
(Whatman, USA). The resulting dissolved AOM in solution
was dialyzed against Milli-Q water for 4-5 d at 4°C using
3.5 kDa MWCO membranes (Spectrum Laboratories, USA).
The dialyzed mixture was treated with trichloroacetic acid
(Arcos, USA), with final concentration of 20%, and incu-
bated at room temperature for 30 min to precipitate PN and
nucleic acids. To isolate the PS, the mixture was centrifuged
at 16,800 g for 1 h at 4°C, and the resulting supernatant was
mixed with 1.5 times by volume of ice-cold ethanol (95%)
and placed at —-20°C for 24 h to remove lipids. This mix-
ture was again centrifuged at 16,800 g for 1 h at room tem-
perature, and the resulting exopolysaccharide pellet was
re-suspended in distilled water and dialyzed against MilliQ
water for 24 h at 4°C using 3.5 kDa membranes. The dia-
lyzed material was lyophilized for subsequent analysis [37].

Solution state 'H-NMR spectrometry was conducted to
elucidate the structure of PS isolated from AOM produced
by the three algal species. Samples were prepared by dis-
solving the lyophilized material in 600 pl of deuterated
water (D,0), of which 550 pl was transferred to 5 mm NMR
tubes. NMR spectra were acquired using a Bruker 700 MHz
AVANACII NMR spectrometer equipped with Bruker
CPTCI multinuclear CryoProbe (BrukerBioSpin, Rhein-
stetten, Germany). To achieve high signal to noise ratio,
the 'H-NMR spectra were recorded by collecting 1 k scans
with a recycle delay time of 3 s. To suppress the water peak,
each spectrum was induced using an Ex sculpting pulse



sequence through a standard (zgesgp) program from the
Bruker pulse library. The temperature for all experiments
was maintained at 298 K. Chemical shifts were determined
relative to 3-trimethylsilylpropane sulfonic acid (DSS,
20 uM), as internal chemical shift reference. The free induc-
tion decay (FID) data was collected with spectral width of
16 ppm associated with 11261 Hz digitized into 64 k data
points. The FID signals were zero-filled and amplified by
applying exponential line-broadening factor of 1 Hz prior
to Fourier transformation. Bruker Topspin 2.1 software
(Bruker BioSpin, Rheinstetten, Germany) was used to col-
lect and analyze the data.

3. Results and discussion
3.1. Algal growth pattern

Growth curves of the three species, Hym, CA and NZ,
were plotted based on Chl-a concentrations throughout the
cultivation period of 32 d (Fig. 1). Three distinct growth
phases, i.e., lag phase, exponential phase and stationary/
death phase, were observed for all algal species. The dura-
tion of the phases varied among species, as distinct growth
patterns were observed. During exponential growth phase,
cell density and Chl-a concentration continuously increased
as cells multiplied due to availability of nutrients in the cul-
ture medium. After exhausting the available nutrients, the
cultures entered into stationary/death phase marked by a
stable or decreasing cell density and Chl-a concentration.
As the stationary and death phases could not be clearly dis-
tinguished for all species, this period is designated as sta-
tionary/death period in this study.

A lag phase of 8 d was observed for Hym, after which
Chl-a concentration increased exponentially until day 28
followed by the death phase. The difference in the length

2.5
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a0
=
?
S 10 //
0.5
0.0 T T T T T T

0 4 8 12 16 20 24 28 32 36
Cultivation time (d)

Fig. 1. Growth curves of three marine algal species (Hym, CA
and NZ) in terms of Chl-a concentrations during the cultivation
period.
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of lag phase for Hym in this and a recent study may be
attributed to the age of the inoculum [22]. For CA, a lag
phase of 12 d was observed, followed by a relatively short
exponential growth phase, after which the stationary/
death phase began at day 20. This growth pattern is con-
sistent with the observations of Villacorte et al. [21]. NZ
had the shortest lag phase of 4 d followed by an exponen-
tial phase of 16 d, entering the stationary/death phase at
approximately 20 d after inoculation. The earlier onset of
the stationary/death phase for the two diatom species com-
pared with the coccolithophore species may be due to the
depletion of silica in the medium.

Growth curves established based on cell density showed
a similar pattern to those based on Chl-a concentration for
all species. For example, the maximum cell numbers mon-
itored during the incubation were 8.9E+05, 2.3E+06 and
2.8E+06 cells/mL for Hym, CA and NZ, respectively. Based
on the growth patterns, AOM production is discussed for
(i) lag phase (day 4 of cultivation period); (ii) exponential
phase (day 16 of cultivation period) and (iii) stationary/
death phase (day 28 of cultivation period).

3.2. AOM characterization
3.2.1. Overall AOM production

Dissolved AOM production was monitored by LC-OCD
analyses for quantification and fractionation of DOC at dif-
ferent growth stages. OCD chromatograms are presented
for day O (inoculation), day 4, day 16 and day 28 (lag phase,
exponential growth phase and stationary/death phase,
respectively) of the cultivation period (Fig. 2). The chro-
matograms showed distinct peaks for BP (retention time
42-45 min), BB (retention time 66-69 min), LMW acids
(retention time 72-75 min) and LMW neutrals (retention
time >81 min). Table 2 presents dissolved AOM concentra-
tions in terms of DOC and DOC fractions produced by the
algal species at different growth phases.

Dissolved AOM can be divided into high molecular
weight (HMW)-AOM, comprising BP and LMW-AOM,
comprising BB, LMW acids and LMW neutrals (Fig. 2 and
Table 2). Consistent with other studies [21,22,38], AOM
production increased mainly due to increase in BP concen-
tration during the cultivation period. For all three species,
DOC concentration decreased from day 0 to day 4 (lag
phase), as the concentration of LMW acids and neutrals
decreased (24%, 42% and 64% for Hym, CA and NZ, respec-
tively). Compared with day 0, no considerable difference
was observed in BP and BB concentration during the lag
period (day 4), while LMW organics (acids and neutrals)
were significantly lower. The high uptake rate of LMW acids
and neutrals by NZ during the initial 4 d might explain the
short lag phase observed for this species. During the expo-
nential growth and stationary/death phase, DOC concen-
tration consistently increased for all three species, mainly
due to increase in concentration of BP and BB; 4.3-5.4 times
and 1.2-1.5 times, respectively, from day 4 to day 16. This
indicates that algae produce mainly BP and BB during their
exponential growth period. Increase in LMW acids and
neutrals during stationary/death phase (day 28) might be
an indication of cell death/lysis and release of IOM, cell
fragments and other debris [39,40].
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Fig. 2. OCD chromatograms of (a) Hym, (b) CA and (c) NZ at different growth phases (day 0 = inoculation, day 4 = lag phase,
day 16 = exponential phase, and day 28 = stationary/death phase), and (d) ratio of biopolymers to DOC throughout the cultivation
period. Offsets in chromatograms were made to enhance visual presentation. Retention times for peak maxima were observed at
42-45 min for biopolymers, 66—69 min for building blocks, 72-75 min for LMW acids, and >81 min for LMW neutrals.

The relative concentration of BP to overall DOC was
plotted over time for the three species (Fig. 2(d)). The contri-
bution of BP to overall DOC concentration was very similar
for all three species during the inoculation period, lag phase
and exponential growth phase. At stationary/death phase,
CA had the highest ratio of BP to DOC, followed by Hym
and NZ (40%, 30% and 20%, respectively). Similar ratios
were reported for Hym and CA in the literatures [22,41].

3.2.2. Biopolymer production

As observed from LC-OCD analyses (Fig. 2 and Table 2),
BP production increased significantly throughout the culti-
vation period for all species, mainly due to increase in pro-

duction of PS. During the stationary/death phase (day 28),
8.16 mg C/L of BP was measured for Hym, as opposed to
8.06 and 6.10 mg C/L for CA and NZ, respectively. BP con-
centration increased by 160%, 360% and 68% from expo-
nential growth to stationary/death phase for Hym, CA and
NZ, respectively. The amount of PS and PN in the BP frac-
tion was calculated based on the concentration of organic
nitrogen measured by the OND as mentioned in section 2.3.
Concentrations of PS and PN calculated from LC-OCD-
OND results and PS:PN ratio are presented in Table 2 and
Fig. 3.

BP produced by all algal species are mainly composed
of PS (Fig. 3). Although BP production (including PS)
increased throughout the cultivation period for all algal
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Changes in concentration of DOC and AOM fractions at different algal growth phases (day 0 = inoculation, day 4 = lag phase, day
16 = exponential growth phase, and day 28 = stationary/death phase)

Species Day AOM HMW-AOM LMW-AOM
DOC BP PS PN PS:PN BB LMW LMW
(mg/L) (mgC/L) (mgC/L) (mgC/L) (mg C/L) acids neutrals
(mgC/L) (mgC/L)
Hym 0 3.37 0.23 0.22 0.01 22 1.38 1.53 0.24
4 2.89 0.22 0.21 0.01 21 143 117 0.08
16 421 0.95 0.83 0.12 7 213 1.07 0.06
28 8.16 2.45 2.16 0.29 7 3.84 1.79 0.08
CA 0 3.21 0.15 0.13 0.02 7 1.24 1.59 0.23
4 242 0.15 0.13 0.02 7 1.24 0.93 0.10
16 2.83 0.68 0.51 017 3 148 0.63 0.03
28 8.06 312 2.81 0.31 9 3.32 1.54 0.08
NZ 0 3.64 0.13 0.09 0.03 3 1.32 1.96 0.24
4 2.24 0.14 0.11 0.03 4 1.31 0.71 0.08
16 3.25 0.75 0.43 0.32 1 191 0.72 0.05
28 6.10 1.26 0.78 0.48 2 291 1.88 0.05
BPS OPN
100% 100% 100%
90% 90% A 90% A
80% A 80% - 80% A
70% A 70% A 70% A
60% 60% 1 60% A
50% - 50% 50% A
40% 40% 40% A
30% - 30% 1 30% T
20% 20% A 20% A
10% 10% 10%
0% 0% - 0% -
0 4 16 28 0 4 16 28 0 4 16 28
Cultivation time (d) Cultivation time (d) Cultivation time (d)
(a) (b) (c)

Fig. 3. Ratio of polysaccharides to proteins (PS:PN) in biopolymers produced by three marine algal species (a) Hym, (b) CA
and (c) NZ during different stages of the growth cycle (day 0 = inoculation, day 4 = lag phase, day 16 = exponential phase, and

day 28 = stationary/death phase).

cultures (Table 2), the amount of BP, PS and PN, and the
ratio between PS and PN varied among algal species. The
increased concentration of PN in the stationary/death
phase may be attributed to release of IOM during cell lysis
or similar processes [1,40].

For Hym, the PS fraction of BP was more than 85%
during the entire cultivation period, which was higher
than that of the other algal species (Fig. 3(a)). On day 16
and day 28, the PS:PN ratio was constant at around 7. The
amount of PN produced by Hym was about 6%, 13% and
12% of the BP concentration at day 4, day 16 and day 28 of
algal growth, respectively.

CA produced the largest amount of BP during station-
ary/death phase among the species studied (Fig. 3(b)). PS
comprised approximately 80% of the BP throughout the cul-

tivation period. Similar composition of BP was also observed
in a recent study [21]. A PS:PN ratio of approximately 9 was
observed on day 28, against a ratio of 3 on day 16. Diatoms of
the genus Chaetoceros are known to produce large quantities
of extracellular PS throughout their growth cycle [6,42].

NZ produced consistently lower amounts of PS and
higher amounts of PN as compared with CA and Hym
(Table 2). PN made 20%, 43% and 38% of the BP fraction
produced by NZ on day 4, day 16 and day 28 of growth,
respectively (Fig. 3(c)). The increased production of PN
on day 16 suggests that NZ may secrete extracellular PN
during exponential growth. The PS:PN ratio for NZ was
lower than that of Hym and CA (Fig. 3).

The different amounts of PS and PN produced by
different algal species suggest that they may have different
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fouling and biofouling mechanisms. There is a need of more
detailed analysis of fouling mechanisms of individual algal
species to better understand the role of dissolved AOM in
membrane fouling.

3.2.3. Fluorescent fractions of AOM

The fluorescent fractions (PN-like, P; fulvic-like, F; and
humic-like, H) of AOM produced by the three algal species
were analyzed by fluorescence spectroscopy. The analy-
sis was performed on AOM solutions prefiltered through
0.45 pum filters, i.e., dissolved AOM fractions. FEEM enables
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Fig. 4. Detailed fractions of fluorescent AOM: (a) try ptophan-like
(T) and tyrosine-like (B), (b) fulvic-like (M) and humic-like (A),
and (c) changes in ratio of fulvic-like (M) to humic-like (A) AOM
obtained from axenic cultures of Hym, CA and NZ at different
growth phases (day 4: lag phase, day 16: exponential phase, and
day 28: stationary/death phase).

in-depth analysis of the composition of PN and humic-/
fulvic-like compounds of dissolved AOM. Five charac-
teristic peaks were observed: two PN-like peaks T and B,
and three humic-like peaks A, M, and C (Table 1). PN-like
(P) peaks (peaks T and B) represent materials containing
tryptophan-like (alpha-amino acid used in PN biosynthe-
sis) and tyrosine-like (4-hydroxyphenylalanine used by
cells to synthesize PN) compounds. Peaks A, M and C are
indicative of humic-like compounds but peaks M and C
have specifically been related to fulvic-like materials [43].
Hence, the sum of peaks M and C is considered as fulvic.
In this study, however, visible humic-like compounds (C)
were not considered since the peak was observed at low flu-
orescence intensity. A similar observation was reported by a
previous study [35].

As can be seen from Fig. 4(a), PN produced by marine
algae was mainly composed of tryptophan-like com-
pounds, likely to have originated from the metabolic prod-
ucts of algal activity [44]. The production of tryptophan-like
and tyrosine-like PN increased throughout the cultivation
period for all algal species. The highest production of
tryptophan-like PN was observed for NZ, followed by CA
and Hym. PN production by Hym was the lowest among
the algal species investigated in this study. These obser-
vations further confirm results from LC-OCD analyses in
terms of PN production by the three species.

Hym had a higher production of humic-/fulvic-like
compounds, as compared with CA and NZ (Fig. 4(b)). It can
be clearly found in 3D-FEEM contour graphs of dissolved
AOM produced from three algal species at day 28 (see the
supporting information, Fig. S1). From LC-OCD analyses,
Hym was found to produce more LMW-AOM (i.e., BB and
LMW acids) during the cultivation period than CA and
NZ (Table 2). This may indicate that LMW-AOM produced
by marine algae is closely related with fulvic-like material
from FEEM analysis. Interestingly, A (humic-like mate-
rial) was higher than M (fulvic-like material) at day 4 (lag
phase) for all algal species while the ratio of M (fulvic-like)
to A (humic-like) increased up to around 80% at day 16 and
day 28 (during exponential and stationary/death phases)
(Fig. 4(c)).

In general, the fluorescence intensity of PN-like peaks
was observed to be higher than that of humic-/fulvic-like
peaks for all algal species. The fluorescence spectra

Table 3
Characteristic 'H chemical shift assignments of typical
compounds

Type of compound 8H (ppm)
Aliphatics 0.5-1.7
COOH 1.7-3.3
Carbohydrates 3.3-3.7
Sugar ring protons 3.7-4.5
Anomeric (carbohydrates) 49-5.7
Double bonds 5.7-6.7
Aromatic amino acid side chains 7.7-8.7
Amide in Peptides 8.7-9.7

AQ2



supported the results of LC-OCD analyses in terms of the
presence of PN and LMW compounds in dissolved AOM
produced by the algal species.

3.3. Chemical structure of PS in AOM

'H- NMR spectra at 700 MHz for algal PS obtained from
Hym, CA and NZ are presented in Fig. 5. In biological sam-
ples, peaks observed at 0.8-1.1 ppm are usually associated
with methyl groups of amino acids in peptides and PN;
peaks observed between 0.8 and 2.3 ppm are usually asso-
ciated to CH, and CH, in organic molecules; peaks between
2.2and 5.2 ppm are generally carbohydrates (mainly sugar and
PS); amide peaks are usually between 5.5 and 6.6 ppm; aro-
matic peaks are between 7 and 8.4 ppm; and peaks down the
field at 8-10 ppm are related to aldehydes [25,44,45]. 'H chem-
icals shifts associated with different compounds are given in
Table 3. All samples exhibited clear signals for carbohydrates
related to sugars and PS within the 3.2—4.4 ppm chemical shift.
Substantial differences were observed in the composition

.

Z.U. Rehman et al. / Desalination and Water Treatment 69 (2017) 1-11

and structure of PS produced by the coccolithophore (Hym)
and those produced by the diatom (CA and NZ) species. The
chemical composition of Hym was more diverse than CA and
NZ with notable signals around 1 ppm in which typically PN
and peptides methyl groups are observed. Interestingly, CA
and NZ algae strains produced one type of extracellular poly-
meric substance. Although the NMR spectra of CA and NZ are
quite similar compared with Hym, the comparison between
the two spectra shows clear differences (Fig. 5).

Chemical shift assignment and interpretation of differ-
ent peaks are presented in Fig. 6. This analysis was carried
out based on the data published by Simpson et al. [44]. To
investigate the composition of the PS, each NMR chem-
ical shift assignment in the spectra was integrated and
compared with one specific chemical shift assignment as
reference. Aliphatic compounds within the 0.5-1.7 ppm
chemical shift were used as reference in the integration. Rel-
ative integration values of other chemical shift assignments
were determined by comparing their integration area with
the reference. Total area of all assignments was summed,
and the percentage of each assignment was calculated.

(b)

T T T T
37 3.6 35 34

T
33 [ppm]

— T
8 7 6 [ppm]

Hym

oA

OVLN

(c)

CA

l Nz

T T T T T T T T T T T

:
6 4 2 0 [ppm]

Fig. 5. 700 MHz '"H NMR stack plot spectra of polysaccharides obtained from the marine diatom species CA (red) and NZ (blue)
where (a) shows the extended region of spectra from 3.2 to 3.76 ppm, and (b) shows the extended region from 4.9 to 8.6 ppm, and (c)
shows polysaccharides isolated from Hym, CA, and NZ, where (1) represents the typical aliphatic region, (2) represents carboxylic
rich alicyclic molecules, (3) carbohydrates, mainly sugar and polysaccharides, (4) carbohydrates attached to electronegative atoms
such as O, halides, i.e, O-CH , (5) aromatic, poly-aromatic and phenolic compounds and (6) typical aldehydes.
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Amide in Peptides
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®COOH
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Fig. 6. Fraction assignment and integration of NMR spectra of
polysaccharides obtained from Hym, CA and NZ.

A high concentration ratio of carbohydrate molecules was
observed in CA and NZ samples. Very low concentration
ratios of amide in peptides for all species indicate low PN
content. This further confirms previous observations from
LC-OCD and FEEM analyses. PS from CA and NZ con-
tained a high proportion of CH,y to COOH compared with
Hym. While anomeric carbohydrates and  to COOH were
found in higher proportions in Hym compared with CA
and NZ. These findings show that polysaccharide structure
differs among various algal species that may lead to varia-
tions in fouling behavior and propensity. It further suggests
that pretreatment for RO feed water and cleaning strategies
should take into account the differences in chemical nature
of PS and other components of dissolved AOM.

4. Conclusions

In this study, three marine algal species were cultivated,
and their growth pattern and AOM production was charac-
terized by LC-OCD and FEEM throughout the cultivation
period. Algal PS were isolated / purified from the AOM and
analyzed it by 'H-NMR to investigate the chemical structure
of the PS and determine compositional differences among
algal species. The main findings of the study are as follow:

¢ The three species showed different growth character-
istics in terms of Chl-a concentration, cell density and
AOM production. AOM production increased for all
species throughout the cultivation period, mainly due to
increase in BP concentration and BB.

¢ The BP fraction produced by the three algal species was
mainly composed of PS. Although BP production increased
throughout the cultivation period for all species, the amount
of BP, and the ratio between PS and PN varied among spe-
cies. NZ produced consistently lower amounts of PS and
higher amounts of PN as compared with CA and Hym.

® The fluorescence intensity of PN-like material was
observed to be higher than that of humic-/fulvic-like
material for all species. PN produced by marine algae
were mainly composed of tryptophan-like compounds.

® The '"H-NMR fingerprint of the PS from the diatom
strains was very similar and differed considerably from
that of the coccolithophore species. 'H-NMR spectros-
copy appears to be a powerful tool in identifying the
structure/fingerprint of PS released from algae in sea-

water matrices. Further studies should combine these
results with membrane fouling studies to see whether PS
with similar fingerprints result in comparable membrane
fouling potential and mechanisms.
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Abbreviations

AOM —  Algal organic matter

BB —  Building blocks

BP —  Biopolymers

CA —  Chaetoceros affinis

Chl-a —  Chlorophyll-a

DOC —  Dissolved organic carbon

Em —  Emission

EOM —  Extracellular organic mater

EPS —  Extracellular polymeric substances

Ex —  Excitation

FEEM —  Fluorescence excitation emission matrix

HMW —  High molecular weight

Hym —  Hymenomonas spp.

IOM — Intracellular organic matter

LC-OCD — Liquid chromatography-organic carbon
detection

LMW —  Low molecular weight

MW —  Molecular weight

NMR — nuclear magnetic resonance

NZ —  Nitzschia epithemoides

PN —  Proteins

PS —  Polysaccharides

SEC —  Size exclusion chromatography
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Fig. S1. 3D-FEEM contour graphs of dissolved AOM produced from three different algal species at day 28 ((a) Hym, (b) CA, and (c)
NZ) (T: tryptophan-like, B: tyrosine-like, M: fulvic-like, and A: humic-like).



