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a b s t r a c t

This research study deals with the quantification and characterization of the EPS obtained from two 25 L
bench scale membrane bioreactors (MBRs) with micro-(MF-MBR) and ultrafiltration (UF-MBR) sub-
merged membranes. Both reactors were fed with synthetic water and operated for 168 days without
sludge extraction, increasing their mixed liquor suspended solid (MLSS) concentration during the
experimentation time.

The characterization of soluble EPS (EPSs) was achieved by the centrifugation of mixed liquor and
bound EPS (EPSb) by extraction using a cationic resin exchange (CER). EPS characterization was carried
out by applying the 3-dimensional excitation–emission matrix fluorescence spectroscopy (3D-EEM) and
high-performance size exclusion chromatography (HPSEC) with the aim of obtaining structural and
functional information thereof.

With regard to the 3D-EEM analysis, fluorescence spectra of EPSb and EPSs showed 2 peaks in both
MBRs at all the MLSS concentrations studied. The peaks obtained for EPSb were associated to soluble
microbial by-product-like (predominantly protein-derived compounds) and to aromatic protein. For EPSs,
the peaks were associated with humic and fulvic acids. In both MBRs, the fluorescence intensity (FI) of
the peaks increased as MLSS and protein concentrations increased. The FI of the EPSs peaks was much
lower than for EPSb. It was verified that the evolution of the FI clearly depends on the concentration of
protein and humic acids for EPSb and EPSs, respectively.

Chromatographic analysis showed that the intensity of the EPSb peak increased while the
concentrations of MLSS did. Additionally, the mean MW calculated was always higher the higher the
MLSS concentrations in the reactors. MW was higher for the MF-MBR than for the UF-MBR for the same
MLSS concentrations demonstrating that the filtration carried out with a UF membrane lead to retentions
of lower MW particles.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Membrane bioreactors (MBR) are being used more and more
for wastewater treatment in order to produce high quality water
for recycling. It is a better alternative to Conventional Activated
Sludge plants (CAS) for municipal and industrial wastewater
treatment because it offers advantages such as the high retention
of mixed liquor suspended solids (MLSS) which means better
treated water quality, higher biomass concentration, small foot-
print, good stability and easier control/operation than CAS [1]. One
of the most important advantages is that MBRs replace secondary
clarification by membrane filtration modules placed in the biologi-
cal reactor. However, membrane fouling, which causes a decrease in
ll rights reserved.
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permeate flux and an increase in operation costs [1,2], is the major
obstacle for the widespread application of this technology.

Different parameters can impact on fouling propensity, for
example sludge retention time (SRT) and MLSS concentrations,
which has considerable effects on several sludge properties such
as bound and soluble extracellular polymeric substances (EPS)
content, floc size, viscosity, settling characteristics, etc. [3,4].
These bulk characteristics change according to MBR operational
conditions, making the study of membrane fouling very difficult,
especially when the system operates under prolonged or infinite
SRT with little or no sludge discharge (as is the case in the present
paper), as a consequence of the variation of MLSS concentrations
and the possible change in microbial population. Many studies
have found that one of the most important causes of membrane
fouling is the presence of large amounts of extracellular polymeric
substances (EPS) [5,6]. EPS are a complex high molecular-weight
mixture of polymers excreted by microorganisms, produced
from cell lysis and hydrolysis, and adsorbed organic matter from
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wastewater. EPS keep the microorganisms together in a three-
dimensional gel-like hydrated matrix and are made up of different
types of macromolecules such as proteins, carbohydrates, humic,
fulvic, nucleic acids, etc. [7]. Thus far, most research has focused on
the correlation of total EPS concentration and membrane fouling
[5,6], but little attention has been given to the characterization of
EPS under specific operational regimes.

Therefore, a detailed study of the structural and functional
properties of EPS and their environmental behaviour is required.
This is done applying numerous innovative analytical techniques
such as 3-dimensional excitation–emission matrix fluorescence
spectroscopy (3D-EEM) and high-performance size exclusion
chromatography (HPSEC). The 3D-EEM is a sensitive and selective
method which requires only very small samples and does not
destroy their structure. This technique can be used to elucidate the
functional groups and element compositions in EPS or microbial
aggregates. EPS contain large quantities of aromatic structures and
unsaturated fatty chains with various types of functional groups,
which have fluorescent characteristics. As a rapid, selective
and sensitive technique, 3D-EEM fluorescent spectroscopy is
useful for studying the physico-chemical properties of EPS, since
fluorescent characteristics are largely related to their structure and
functional groups in molecules [8,9]. HPSEC can be used to
qualitatively and quantitatively analyse EPS composition, and
specifically to characterize the molecular weight (MW) distribu-
tion of EPS [10,11].

Nevertheless, the characteristics of sludge in conventional
treatment systems differ from those in the MBR system, and most
research into the characterization of EPS using these techniques
uses samples from sources other than MBR technology [12–15].
Few studies into the characterisation of EPS using aerobic MBR
technology and 3D-EEM and HPSEC have been found [11,16–19].
Gorner et al. [11] combined EEM spectroscopy and HPSEC when
working with a MBR. Infrared results revealed the presence of one
type of polysaccharide and two types of proteins. With respect to
the analysis of HPSEC, a MW interval of between 45 and 670 kDa
after extracting the protein from EPS using a CER was obtained.
Ramesh et al. [17] characterized soluble and bound EPS from
different types of sludge. For sludge digested aerobically in a pilot
MBR, 3 peaks associated to soluble microbial by-product-like
(region IV according to Chen et al., [12]) were found for bound
EPS. Humic substances (region V) in the fraction of bound EPS was
also present, although with lower concentrations than in soluble
EPS fraction. Moreover, the fluorescence intensity (FI) of soluble
EPS was proven to be less than for bound EPS. Jefferson et al. [16]
studied the MW distribution of bound and soluble EPS at different
MLSS concentrations in a MBR and found that the chromatograms
related to EPSb were more uniform than for soluble EPS, which
showed very different and unclear trends.

This work focuses on the characterization of the soluble (EPSs)
and bound EPS (EPSb) obtained from 2 submerged MBRs (using
different membranes) working in parallel at high sludge ages for
more than 5 months. EPS obtained at different MLSS concentra-
tions were analysed by means of the 2 innovative analytical
techniques previously mentioned: 3D-EEM and HPSEC.
2. Materials and methods

2.1. Experimental setup

Two 25 L bench scale membrane bioreactors (MBRs) with
micro-(MF-MBR) and ultrafiltration (UF-MBR) submerged mem-
branes were constructed and fed with synthetic water with an
average chemical oxygen demand (COD) of 650 mg/L approx.
Peptone and meat extract were used as carbon sources with
concentrations of 320 and 220 mg/L, respectively; urea (60 mg/L)
and K2HPO4 (130 mg/L) were used as nitrogen and phosphorous
sources, respectively; other salts were also added: MgSO4 �7H2O
(4 mg/L), CaCl2 �2H2O (8 mg/L) and NaCl (14 mg/L).

The average pore size of the MF (Kubota) and UF (Toray)
membranes was 0.4 and 0.08 μm, respectively. Both membranes
had the same filtration area: 0.116 m2.

Permeate was extracted using a pump (negative pressure) up to
0.4 bar, while the biomass rejected by the membranes was
returned to the reactor. The permeate flowrate was increased
from 9 to 22 LMH, and the hydraulic retention time (HRT)
decreased from 25 to 10 h. In order to diminish membrane fouling,
maintain the suspended biomass and provide oxygen to micro-
organisms, a constant air flow was pumped into each reactor.

Moreover, both MBRs worked with a filtration/relaxation cycle
of 8/2 min to remove reversible membrane fouling. The systems
were operated for 168 days without sludge extraction (with the
exception of the sludge taken out for analysis). The plant was
automatically controlled by means of a Programmable Logic
Controller (PLC) in order to constantly control.

Different chemical protocols for membrane cleaning were used
in the experimentation: maintenance cleaning with sodium hypo-
chlorite (500 mg/L) to remove organic fouling and intensive
cleaning with sodium hypochlorite (5000 g/L) and oxalic acid
(1000 mg/L) to remove inorganic fouling.

A detailed scheme of the MBR system can be found in
Domínguez et al. [20].

2.2. Conventional analytical methods

Mixed liquor suspended solids (MLSS) and mixed liquor vola-
tile suspended solids (MLVSS) were analysed twice a week
according to Standard Methods for the Examination of Water and
Waste Water [21].

A pH-meter Crison (model Basic 20+) and a conductimeter
Crison (model CM 35) were used to determine pH and conductiv-
ity, respectively, of the mixed liquor during the whole experiment.
There were not found significant differences between the 2 reac-
tors neither among the obtained values during the time. For
MF-MBR, the mean value (value7standard deviation) of pH and
conductivity was 7.170.4 and 1.570.08 mS/cm, respectively; for
UF-MBR, was 6.870.5 and 1.570.06 mS/cm, respectively.

2.3. EPS determination

EPS was determined according to Domínguez et al. [22] and
mixed liquor for EPS determination was collected twice a week
throughout the experimentation time. Soluble EPS were obtained
by centrifugation using a SIGMA 4K10 centrifuge at 4000g for
15 min at 4 1C, in order to separate the supernatant EPS from the
solid. Bound EPS were extracted using a cationic exchange resin
(CER) Dowex 50�8, 20–50 mesh in the sodium form (Fluka ref
44445). The sludge and the CER were stirred for 16 h at 900 rpm,
and the amount of CER used was 70 g CER/g VSS [10]. After that,
separation of bound EPS from treated sludges was carried out by
centrifugation (4000g, 15 min, 4 1C).

EPS determination was performed measuring the concentration
of proteins, carbohydrates and humic acids by means of colorimetric
methods. “Total EPS” is referred to the sum of the three compounds.
For the determination of absorbance a spectrophotometer Shimadzu
(UV-1601) was used. To determine the carbohydrate content, the
phenol–sulphuric acid method of Dubois et al. [23] was followed,
using Phenol (80%) and sulphuric acid (96%) from Merck Suprapur.
Glucose (Panreac Química S.A.) was employed as standard. A Total
Protein Kit (Sigma-Aldrich, TP 0330) based on Lowry's description
[24], but modified by Peterson [25] was used to determine the
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protein content. The Kit includes a standard solution. Humic acids
were measured according to Frolund et al. [10]. Humic substances
from Sigma Aldrich were used as standard.

2.4. EPS analysis using three-dimensional excitation–emission
matrix (3D-EEM) fluorescence spectroscopy

EEM spectra of soluble and bound EPS fractions collected at
different MLSS concentrations were measured using a lumines-
cence spectrometer (Jasco FP-6500). The excitation source was a
150 W Xenon lamp. All the samples were filtered through 0.45 μm
filters (Millipore) before being analysed. The EEM spectra were
collected with the scanning emission (Em) spectra from 220 to
460 nm at 2 nm increases by varying the excitation wavelength
(Ex) from 220 to 375 nm at 5 nm sampling intervals. A new
“excision, interpolation” technique was used to eliminate Rayleigh
and Raman scattering peaks [26]. Windows-based software
Sigma-Plot 2001 (SPSS Inc.) was used for plotting the colour maps.
The detailed procedure of a sample analysis by 3D-EEM can be
found in Marhuenda-Egea et al. [13].

2.5. EPS analysis using high pressure size-exclusion chromatography
(HPSEC)

The different extracts obtained from the soluble and bound EPS
fractions were analysed. All the samples were filtered through
0.45 μm filters (Millipore) before being injected into the chroma-
tograph. For HPSEC analysis, an Agilent Technologies 1100 chro-
matograph equipped with a G1311A pump, a G1314A UV detector,
a G1322A degasser system and a Rheodyne injector with a sample
loop of 2 mL were used. Chemstations software from Agilent Inc.
was used for the equipment control and for acquisition and data
analysis. HPSEC analysis was carried out using a borosilicate glass
column (Omnifits) 2.5 cm in internal diameter and 25 cm
long. The column was packed with HW-55S Toyopearl resin
(TOSOH) and calibrated using the Kit MW-GF-1000 for protein
MLSS= 3,3 g/L
MF-MBR

MLSS= 3,3 g/L

MLSS= 5,5 g/L

MLSS=5,5g/L
UF-MBR

Fig. 1. Fluorescence spectra of EPSb fracti
standards (Sigma-Aldrich) of specific molecular weight, ranging
between 29 and 669 kDa. Blue Dextran was used for the void
volume determination of the column. The mobile phase consisted
of 2.5 mM Na2HPO4, 2.5 mM NaH2PO4 and 20 mM NaCl. All
measurements were taken using a mobile phase flow of 2 mL/
min at room temperature (≈20 1C) and the detector wavelength
was 280 nm.
3. Results and discussion

3.1. EPS characterization by EEM fluorescence spectroscopy with
respect to MLSS concentrations

3.1.1. Bound EPS
The analytical technique of 3-dimensional excitation (Ex)–emission

(Em) matrix fluorescence spectroscopy (3D-EEM) was used to char-
acterize the fractions of soluble and bound EPS extracted at different
MLSS concentrations. Fig. 1 shows the fluorescence spectra relative to
EPSb in both MBRs. In the case of the MF-MBR, measurements were
taken at 8 MLSS concentrations, although in the figure only the lowest
ones are shown in order to compare them with those determined in
the UF-MBR.

The fluorescence spectra in the MF-MBR showed 2 clearly
defined peaks for all the MLSS concentrations studied (more
evident at higher MLSS concentrations). Peak A is characterized
by an emission/absorbance of energy at an Ex/Em wavelength pair
of 270/366–376, and the second peak (Peak B) at 230/298–302.
According to the classification diagram of Chen et al. [12], peak A is
located in region IV and is associated with soluble microbial by-
product-like, predominantly protein-derived compounds. The
resulting fluorescence is mainly produced by the aminoacid trypto-
phan. Peak B is located in region I and is associated with aromatic
protein, mainly tyrosine.

In the UF-MBR, similar peak locations were found: peak A at
270/368–374 and peak B at 230/298–304 nm. In this case, the
MLSS= 7,0 g/L

Peak A

Peak B

MLSS= 6,3 g/L

MLSS= 6,3g/L MLSS= 7,0 g/L

Peak A

Peak B

on at different MLSS concentrations.
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substances produced were also associated with proteins. These
results were to be expected because both reactors were fed with
an identical composition of wastewater and microorganism inocu-
lum. The inoculum was obtained from the secondary treatment of
the wastewater treatment plant at Rincón de León, Alicante, Spain.

Nevertheless, the peaks shifted at the different MLSS concen-
trations studied. The location of the fluorescence peaks provide
spectral information on the chemical structural changes of the
sludge of EPS samples as, depending on the emission or excitation
scale, the peaks shifted toward longer (red shift) or shorter
wavelengths (blue shift) [15]. Peaks A and B displayed red shifts
at 7 g/L compared with 3.3 or 5 g/L, suggesting an increase in
certain functional groups such as carbonyl, hydroxyl, amino and
carboxyl groups [27].

Apart from identifying the type of compound, EEM spectro-
scopy is also useful for carrying out relative comparison of the
obtained peaks by means of the fluorescence intensity (FI) [12,28].
In the graphs, the intensity of the peaks is represented by a colour
scale. It can be seen that the FI of the two peaks increases as MLSS
concentrations rise. Fig. 2 shows the FI values of the 2 peaks in the
MF-MBR and the UF-MBR for all the MLSS concentrations studied.

The intensity of the peaks increased while MLSS concentrations
increased for the two MBRs, although the FI values found for peak B
were always higher than those for peak A. Thus, aromatic proteins
were preponderant with respect to other protein-like substances.

Moreover, the peak B/peak A ratio was calculated using the
fluorescence intensity of both peaks for each MLSS concentration
studied. This ratio helps to understand how the compounds (in
this case protein) evolve at different conditions (in this case
different MLSS concentrations). The ratio had a decreasing trend
(from 1.6 to 1.3) while MLSS concentrations increased from 3.3 to
7 g/L for the 2 MBRs. This means that the fraction of aromatic
protein was degraded or other types of protein were produced as
MLSS concentrations increased. As previously mentioned, other
functional groups probably developed as MLSS increased. To sum
up, the relative values of fluorescence intensity and the ratios
calculated had similar values for the two membranes at each MLSS
concentration studied. As it was expected, no influence of the
type of membrane was found on the results, because they only
depend on the characteristics of mixed liquor. On the other hand,
in the MF-MBR at MLSS concentrations from 9 to 14 g/L, the peak
B/peak A ratio remained almost constant (1.5–1.6). This means that
the two proteins might be produced concomitantly, and they
growth in parallel with the increase of MLSS concentration.

Taking into consideration that the spectra of EPSb only showed
the presence of proteins, the relationship between the FI, bound
protein and MLSS concentrations was studied. Fig. 2, apart from
the FI of peaks A (FIA) and B (FIB) and MLSS concentrations, also
shows the concentration of bound protein (Pb) obtained from EPSb.

The location of the peaks did not depend on the EPS concen-
tration, although a relationship between the FI of the peaks and
bound protein concentrations with respect to MLSS concentrations
was found. Protein concentration in both MBRs increased while
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Fig. 2. Relationship between FI of the peaks,
MLSS concentrations increased, as with the FI of peaks A and B in
the 2 MBRs studied.

A logarithmical correlation between the FI and MLSS concentra-
tions was found in the MF-MBR for peaks A and B, with a correlation
coefficient of 0.97. The equations obtained for the 2 cases are as
follows:

FIA½MF−MBR� ¼ 103;481� lnMLSS−9352 ð1Þ

FIB½UF−MBR� ¼ 160;821� ln MLSS−14;750 ð2Þ

In spite of the fact that there are insufficient experimental
points for the UF-MBR, no equation is provided. Nevertheless, the
trend of the curves (peaks A and B) of the 2 MBRs for MLSS
concentrations of up to 8 g/L was similar.

Little information about EPS characterization by EEM spectro-
scopy has been found. Most studies have been carried out for
natural organic matter characterization from rivers, lakes or
ground water [12,29], or characterization of EPS from wastewater
treatment technologies [14,15] but these are different from MBR
systems. Zhu et al., [15] worked with a sequencing batch bior-
eactor (SBR) for aerobic sludge granulation finding proteins, humic
and fulvic acids in the sludge, as was found in this research study.
The occurrence of each compound during sludge granulation at
different MLSS concentrations differs from the present study
because it is neither the same reactor nor the same technology.
However, it was determined that the peak related to aromatic
protein-like substances displayed a blue shift in the 50 day sample
(MLSS concentration of ≈11 g/L) compared to 0 day sample (MLSS
concentration of ≈3 g/L), which accounted for the reduction of
some functional groups, such as aromatic ring and conjugated
bond in chain structures.
3.1.2. Soluble EPS
The characterization of soluble EPS (EPSs) was also performed

by EEM spectroscopy at MLSS concentrations of 8 and 4 in the
MF-MBR and the UF-MBR, respectively. In the case of the MF-MBR,
the measurements shown belong to the first 4 MLSS concentra-
tions, as compared with those determined in the UF-MBR. Fig. 3
shows the fluorescence spectra relative to EPSs in the 2 MBRs
studied.

In both MBRs, 2 peaks were observed but with different
locations than those for EPSb. For the MF-MBR, peak C was located
at an Ex/Em of 345–350/424–436 and peak D at 255–260/436–442.
In the UF-MBR, peak C was located at an Ex/Em of 345–350/424–
434 and peak D at 255–260/436–440. According to Chen et al. [12],
the location of peak C was in region IV, associated to humic acids
and peak D was found in region III, associated to fulvic acids. Peaks
A and B found for EPSb, associated mainly to proteins, disappeared
in the spectra of soluble EPS indicating that these substances were
not released into sludge supernatants. The organic substances of
EPSb can be partially released to mixed liquor for different reasons
such as floc breakage.
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Fig. 3. Fluorescence spectra of EPSs fraction at different MLSS concentrations.
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However, it is obvious that in all spectra the FI of the peaks was
lower than for EPSb. This is due to the fact that the concentration
of EPSs is always lower than EPSb. In general, the experimental
data demonstrated that the fraction of soluble EPS was always
smaller than EPSb and it decreased in the mixed liquor as MLSS
concentrations rose. At lowMLSS concentrations (up to 2 g/L), EPSs
represented 25–44% of the total EPS. For higher MLSS concentra-
tions it was less than 10% in the 2 MBRs.

Fig. 4 shows the FI of peaks C and D and the concentration of
humic substances obtained from EPSs with respect to MLSS
concentrations.

The FI of peaks C and D in the MF-MBR decreased as MLSS
concentrations increased from 3.3 to 7 g/L. However, from 9 to
14 g/L, the FI values had an increasing trend. Something similar
occurred with the UF-MBR (first a decrease in FI and then an
increase) but in this case in the interval of the MLSS concentra-
tions studied (from 3.3 to 7 g/L). In order to explain this phenom-
enon, Fig. 4 also shows the concentration of humic acids, because
the location of the peaks was associated to humic and fulvic
substances, as previously mentioned.
As can be seen, the behaviour of the FI of the peaks entirely
depended on the concentration of humic acid, especially for the
lowest MLSS concentrations, that is, when FI and MLSS decreased.
Wang et al. [19] worked with a MBR and analysed soluble and
bound EPS by 3D-EEM. Protein and humic acid in both soluble and
bound EPS were present in the system that was fed with real
municipal wastewater, whereas the study at hand used synthetic
wastewater. However, the FI associated to humic substances in
EPSs had the same trend as in this study, especially at higher
sludge age. This can be explained by the fact that some non-
biodegradable or slowly biodegradable substances could be gen-
erated by microorganisms at a much longer sludge age due to
decay effects.

At the same time, it can be seen that most of the points of
peaks C and D overlap. The previous explanation only relates to
peak C since it was compared using the concentration of humic
acids. Anyway, although the concentration of fulvic acids was not
measured, their behaviour could probably be explained similarly.

Moreover, the correlation between FI and MLSS concentrations,
and humic acids and MLSS concentrations of EPSs was also analysed.
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No satisfactory correlation between the variables was found which
lead to very low values of correlation coefficients. Soluble EPS
concentrations (and consequently soluble concentration of protein,
carbohydrate and humic acids) vary too much with respect to EPSb
because microorganisms gain access to soluble substances more
easily than to bound substances, and also due to the permanent feed
supply into the reactor.

With respect to the peak D/peak C ratio, it was observed that in
the MF-MBR all values (except for 14 g/L) remained almost con-
stant (0.9–1.1), indicating similar fluorescence intensities for
humic and fulvic substances for each MLSS concentration studied.
As it was previously said, the concentration of the substances is
relatively proportional to the fluorescence intensity. For that
reason, it can be inferred that there were similar amounts of
humic and fulvic acids in the supernatant. For the UF-MBR, this
ratio showed similar results, although for a MLSS concentration of
7 g/L, a peak D/peak C ratio of 1.4 was found. This means,
comparing with other MLSS concentrations, higher fluorescence
intensity or amounts of fulvic acids with respect to humic acids.
Although fulvic substances were not measured, it is probable that
at high MLSS concentrations, there is an accumulation into the
reactor because of their high molecular weight–they could not
cross the small pore size of the UF membrane (0.08 μm).

Soluble and bound EPS from different types of sludges have
been characterized [17]. When analysing bound EPS peaks asso-
ciated with soluble microbial by-product-like and humic acids
were found. In this study no humic acids in EPSb appeared but in
line with the findings of the present study, the FI of soluble EPS in
their analysis was always lower than for bound EPS.

3.2. EPS characterization by high pressure size-exclusion
chromatography (HPSEC)

Chromatographic analysis was carried out in order to use EPS
fingerprints as EPS identity, as much for soluble as for bound EPS
extracted from the 2 MBRs. Additionally, the mean molecular
weight (MW) for the EPS fractions extracted at different MLSS
concentrations was determined. Figs. 5 and 6 show the chromato-
grams obtained for bound EPS at different MLSS concentrations,
for the MF-MBR and the UF-MBR, respectively.

Fig. 5 shows that the higher peaks appeared at around 13 min
of elution time and other peaks at 22 min but these were
negligible with respect to the former ones. The intensity of the
peaks increased as MLSS concentrations increased; at 14 g/L the
intensity was almost three times higher than at 8 g/L.

Fig. 6 shows the chromatograms obtained at 4 MLSS concen-
trations of EPSb in the UF-MBR. The first peaks were found at
13 min of elution as in the MF-MBR. Nevertheless, in the UF-MBR,
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Fig. 5. Chromatograms of EPSb from MF-MBR at different MLSS concentrations.
there are other significant peaks at higher elution times (22 and
33 min approximately), more evident for the highest MLSS
concentration.

Differences in elution time are based solely on the volume the
analyte “sees“. On one hand, a small molecule that can penetrate
every corner of the pore system of the stationary phase “sees“
the entire pore volume and the interparticle volume, and will elute
late. On the other hand, a very large molecule that cannot
penetrate the pore system “sees“ only the interparticle volume
and will elute earlier when this volume of mobile phase has
passed through the column. The presence of peaks at high elution
times indicates that EPSb extract in the UF-MBR also occurred
because of small particles that were retained by the UF membrane
with pore sizes less than 0.08 μm. However, for the MF-MBR, small
particles were not found because they could pass through the MF
membrane due to the higher pore size (0.4 μm).

In general, the intensity of the peaks increased as MLSS
concentrations increased. This is proportional to the concentration
of proteins in the EPSb which also rose as MLSS concentrations
increased (see Fig. 2). For the measurement of EPS extracts, protein
standards were used because EPS are for the most part made up of
these substances. Moreover, the UV detector measured at a
wavelength of 280 nm because the quantification of peptides
and proteins in solution by HPLC with detection by UV absorbance
has proven to be suitable and accurate [30].

Soluble EPS were also analysed but their chromatograms
showed irregular behaviour at different MLSS concentrations. This
is probably because proteins were found at very low concentra-
tions (o37 mg/L), showing intensity signals below 1 mAU (data
not shown). AL-Halbounia et al., [18] also found that the macro-
molecular peak (low elution times) was not UV-detectable,
concluding that very low amounts of or no protein appeared in
the samples.

Additionally, the mean molecular weight (MW) of all samples
was calculated by means of Agilent Chemstation software. Table 1
shows the distribution of MW of the EPSb fractions and their mean
MW for the 2 MBRs at 3 and 7 g/L MLSS concentrations.

It was decided to detail the behaviour of MW distribution and
to calculate the mean MW at 3 and 7 g/L because they were,
respectively, the minimum and maximum MLSS concentrations at
which the UF-MBR worked. First, it can be seen that at higher
MLSS (7 g/L), the values were always greater than those obtained
for 3 g/L. For example, for the MF-MBR, it was found that 50% of
molecules had a MW lower than 13 and 64 kDa for 3 and 7 g/L,
respectively. Another interesting thing is that the values obtained
for the UF-MBR were always lower than for the MF-MBR. For
example, at 7 g/L, 50% of the molecules showed a MW of 64 and
29 kDa for the MF-MBR and UF-MBR, respectively.



Table 1
Comparison of MW distribution and mean MW of the two MBRs at two MLSS concentrations.

MW distribution (kDa)

MF-MBR UF-MBR

50% 70% 50% 70%
MLSS (g/L)
3 o13 o44 o0.17 o1
7 o64 o740 o29 o398

Mean MW (kDa)

MLSS (g/L) MF-MBR UF-MBR

3 446 272
7 515 439
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Consequently, the mean MW calculated indicated that they
were higher for the MF-MBR and for the highest MLSS concentra-
tion. At 3 g/L, the UF-MBR showed a mean MW of 272 kDa
compared with 446 kDa obtained for the MF-MBR. As previously
explained, the chromatogram of the UF-MBR, apart from having a
peak at 15 min of elution, also presents a high peak at 35 min
which was not the case with the MF-MBR, which showed a lower
MW. Evidently, the filtration carried out with a UF membrane lead
to retentions of lower MW particles. This technique determined
the behaviour of the MW of extracted EPS at different MLSS and
the influence of the different membranes used was verified.
4. Conclusions

Soluble and bound EPS obtained from the 2 submerged MBRs
(using different membranes) operating at high sludge age were
characterised by 2 innovative analytical techniques: 3D-EEM
and HPSEC.

As far as 3D-EEM is concerned, fluorescence spectra of EPSb and
EPSs showed 2 peaks in both MBRs at all the MLSS concentrations
studied. The peaks obtained for EPSb were associated to soluble
microbial by-product-like and to aromatic protein and those
obtained for EPSs to humic and fulvic acids. In the 2 MBRs, the FI
of the peaks increased as MLSS and protein concentrations
increased. The FI of the EPSs peaks was much lower than for EPSb.
It was verified that the evolution of the FI clearly depends on the
concentration of protein and humic acids for EPSb and EPSs,
respectively.

Chromatographic analysis showed an increase in the intensity
of the EPSb peaks as MLSS concentrations rose. Additionally, the
mean MW calculated was always higher for higher MLSS in each
reactor. For the MF-MBR, higher MW was found than in the
UF-MBR for the same MLSS concentrations showing that the
filtration carried out with a UF membrane lead to retentions of
lower MW particles.
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