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Abstract

Nanofiltration membrane bioreactor (NF-MBR) was proposed to provide quality effluent free of virus and
most large organic substances. The dissolved organic matter (DOM) in soluble microbial products (SMP), loosely
bound extracellular polymeric substances (LBEPS) and tightly bound extracellular polymeric substances
(TBEPS) of wastewater sludge before and filtered through nanofiltration membrane were fractionated using size
exclusion chromatography, characterized with ultraviolet absorbance at 230, 254 and 280 nm, dissolved organic
carbon (DOC) content, and excitation-emission-matrix (EEM) spectra. Except for long-chain organic acids, the
membrane rejected most organic matters in SMP and LBEPS fractions. However, the membrane failed to reject
fluorescent DOM from TBEPS at molecular weight of 3000-7000 Da. The content of TBEPS in the mixed liquor
affected significantly the effluent quality in NF-MBR application.
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1. Introduction

Activated sludge liquor is composed primarily
of living cells, extracellular polymeric substances
(EPS), inert biomass and soluble microbial
products (SMP) [1]. Interactions between SMP,
biomass and inert biomass were elucidated by
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[2—4]. The EPS are differentiated into extracta-
ble EPS, the EPS fraction bound tightly to solid
surfaces, and soluble EPS (also called slime
polymers), the fraction characterized by free
movement between sludge flocs and surrounding
liquor [5]. Other classification paradigms clas-
sify EPS as “‘loosely bound’’ (LB) and ‘‘tightly
bound’’ (TB) fractions [6]. Li and Yang [7]
recently reported that quantity of loosely bound
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EPS correlated with flocculation and sedimenta-
tion in activated sludge. Laspidou and Rittmann
(2002) proposed that the soluble EPS from sludge
was equivalent to its SMP fraction. Ramesh et al.
[8,9] extracted SMP and soluble EPS from waste-
water sludge and compared the physicochemical
characteristics of the SMP and soluble EPS from
original and aerobically or anaerobically digested
wastewater sludge. These authors noted that
reversible and irreversible fouling of membrane
filtration of wastewater sludge was mainly attri-
butable to the LBEPS fraction of the sludge.
In the above studies, extracted SMP and EPS
fractions were tested before detailed fractiona-
tion of the dissolved organic matter (DOM).
Most membrane bioreactor (MBR) employs
microfiltration (MF) or ultrafiltration (UF) mem-
branes. New generation of MBR is proposed with
the use of nanofiltration membrane in order to
remove completely virus and most large organic
substances from effluents. The rejection charac-
teristics by the nanofiltration (NF) membranes
are dependent on molecular size as well as surface
charge of the target solutes, since the membrane
itself often carries charge at different pH
conditions [10,11]. Ref. [12] explained the
inorganic rejection behavior by the charge effect
on nanofiltration membranes. Schafer et al. [13]
also explained the rejection characteristics of
organic matter and salts are depending on mem-
brane charge effect and other parameters. Ref.
[14] studied the rejection of limited number of
endocrine disrupting compounds (EDCs) and
pharmaceutical active compounds (PhACs) by
polyamide NF/RO membranes. Several workers
[15-17] also discussed the relationships between
the physical/chemical properties of compounds
and their rejection by NF/RO membranes.
Thanuttamavong et al. [18] described the nano-
filtration mechanism of organic matter by size
exclusion, while electrostatic repulsion plays
important role for inorganic rejection. Liikananen
et al. [19] reported that, in NF the rejection of
organics not only depends on the sieving effect,

but also on the charge and hydrophobicity effects
between the membrane and organic compound.
Ref. [20] reported that the rejection of organic
matters by RO and NF membranes depends on
the pore size distribution and effective number
of pores in the membrane. Ref. [21] noted signif-
icant correlation between molecular weight cut
off (MWCO) and the rejection of natural organic
matters. Several workers [22-24] reported that
fouling after pore blockage (or constriction) could
enhance the organic rejection. Humic acids at
MW of 30-50 KD were minimally rejected by
clean membrane [23]. Concentration polarization
increases osmotic pressure, hence reducing trans-
membrane pressure, decrease the rejection rates of
total dissolved solids, and biochemical and chemi-
cal oxygen demands [25]. Schaep et al. [26]
reported that nanofiltration is very effective pro-
cess for removal of hardness. The removal of
fluoride and aluminum were efficient at applied
pressure of 12 bars using NF membrane [27].
Size-exclusion chromatography (SEC) employs
liquid chromatography to measure molar-mass
distribution of natural and synthetic macromole-
cules. The analytes with the highest molar masses
are eluted from the separation column before the
smaller molecules, which are retained longer
within the column. In this study, the DOM in the
extracted SMP and LB- and TBEPS from waste-
water sludge and those in permeate from an NF
module were fractionated using SEC. The frac-
tionated DOM were characterized by ultraviolet
absorbance, dissolved organic carbon (DOC)
content and excitation-emission-matrix (EEM).

2. Experimental
2.1. Sample and filtration test

The test sample was collected from the return
sludge stream of the wastewater treatment sys-
tem at Neili Bread Plant, Presidential Enterprise
Co. Taoyuan, Taiwan. The chemical oxygen
demand (COD) and suspended solids (SS) data for
the sludges, measured via EPA Standard Methods,
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were 16,000 and 10,000 mg L', respectively.
The supernatant drawn from settled sludge had a
6.7 pH and 86.7 mg L' soluble COD. Fine
particles in the supernatant exhibited a zeta poten-
tial of —24.7 mV. Chemical analysis of the sample
revealed C:H:N:0=41.3:6.6:5.4:46.7. Fat, protein
and carbohydrate content were 0.04 g, 0.43 g, and
0.56 g, respectively, per gram of dried solids.

The supernatant of each of sludge sample was
first separated from solid phase by centrifugation
at 6000 g for 10 min. The resulting supernatant
was combined with two volumes of acetone and
maintained at 4°C for 24 h to precipitate soluble
substances. The collected precipitate was desig-
nated the sludge SMP for experimental purposes.

After centrifugation, the resulting dewatered
cake was re-suspended in a 0.85% w/w NaCl
solution with several glass beads then sonicated
at 20 kHz and 330 WL~ for 2 min, shaken hor-
izontally at 120 rpm for 10 min then sonicated
again at the same power for an additional 2 min.
The liquor was centrifuged at 8000 g for 10 min
to separate solids and supernatant. The superna-
tant was combined with two volumes of acetone
and maintained at 4°C for 24 h to precipitate
soluble substances. The collected precipitate was
designated the loosely bound EPS (LBEPS) of
the sludge sample.

The residual solids remaining after the above
test were resuspended in a 0.85% NaCl solution,
sonicated for 2 min then heated at 80°C for
30 min to collect supernatant. The obtained
supernatant was mixed with 2 vol of acetone and
maintained at 4°C for 24 h. The collected preci-
pitate was designated the tightly bound EPS
(TBEPS) in the sludge sample. Preliminary tests
revealed that 20 min of heat extraction was
sufficient to obtain all extractable EPS (TBEPS).

A turbidimeter (HACH Model 2100 AN)
measured turbidity in the water samples. The
zetasizer (Zetasier 2000, Marlvern) measured
zeta potentials of suspended particles. The pH
of the samples was measured using a calibrated
pH meter (JENCO 1671).

Dead-end filtration test was conducted using
NF membrane made of poly ether sulfone of
MWCO of 15,000 Da. The constant pressure
filtration was conducted with fixed applied pres-
sure of 9 bars.

2.2. Size exclusion chromatography

The HPLC-SEC fractionation system was
comprised of a BETA 10 Gradient pump (Ecom
spol. s r. o., Prague, Czech Republic), a size
exclusion HW-50S column (TOYOPEARL resin
with 2040 pm particle size, TOSOH Bioscience
LLC, Montgomeryville, PA, USA), an on-line
SAPPHIRE 600 UV-VIS variable wavelength
detector (Ecom spol. s r. o., Prague, Czech
Republic), an IOTA 2 refractive index detector
(Precision Instruments, Marseille, France) and a
CHF 100SA fraction collector (Advantec MFS,
Inc., Dublin, CA, USA). The SEC effluent was
collected at 3-min intervals and probed for fluor-
escence excitation and emission matrix (EEM)
and dissolved organic carbon (DOC) content.
The TOC Analyzer (Aurora Model 1030, OI
Analytical, College Station, TX, USA) measured
DOC at a detection limit of 0.002 mg-CL". The
flow rate of the pump for SEC test was I mL min .
The column was operated with a phosphate
mobile phase (0.0024 M NaH,PO,4 + 0.0016 M
Na,HPOy,, pH 6.8) containing 0.025M Na,SO4
at ionic strength 0.1 M. Polyethylene glycols (PEGs,
200, 1000, 4000, 8000 and 20,000 g molfl) were
used for MW calibration of chromatograms.
The absorbance wavelength of UV detector
was set at 254 nm. A 2 mL sample volume was
injected into the column. The UV and RI data
were collected every 0.05 s. Recovery of SEC
effluent after 150 min retention was 97-104%.
The fractions were designated A-H according to
collected elution time. Specifically, fraction A
has DOM of MW > 20,000 Da. Fractions B-H
collected DOM of MW range 8000-20,000,
3500-8000, 2000-3500, 1200-2000, 500-1200,
200-500 and <200 Da, respectively.
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2.3. Excitation-emission matrix contamination. In accordance with the method
employed by Baker (2001), the EEM were ana-

samples were measured by a Cary Eclipse fluor- lyzed at 25 il 2°C, elmd blan!( wate.rlls'cans were
escence spectrophotometer (Varian Inc., Palo run every 5-15 analyses using Milli-Q water.
Alto, CA, USA). The EEM spectra were col- The Raman peak of water at 348 nm was used
lected with scanning emission wavelength of to test machine St.ablhty anq to pemlt '1nter-
250600 nm at 2 nm increments and excitation laboratory gomparlson. The intensities yielded
wavelength of 200-500 nm at 10 nm increments. from Rf?ylelih anlcli Raman scatters were sub-
The spectra were recorded at a scanning rate of tracted from the collected scanned data.

1200 nm min ' using excitation and emission

slit bandwidths (?f 5 nm. Before ea(fh scan, the 3. Results

cuvettes were rinsed and ultrasonicated with
5% (w/w) nitric acid solution. The washed liquor

The fluorescence EEM spectra of leachate

3.1. Original sample

of the cuvettes, the Milli-Q water and the efflu- Fig. 1 shows the MW distributions of DOM in
ent of mobile phase from SEC were scanned the TBEPS sample according to fractional UV
before each fluorescence analysis to prevent absorbance at 230, 254 and 280 nm, respectively.
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Fig. 1. SEC chromatograms (up) (A) 230 nm, (B) 254 nm, (C) 280 nm and EEM spectra (down) of TBEPS sample.
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There are two peaks (MW>20,000 and 2600 Da)
at 230 nm, four peaks (>20,000, 8000, 4000 and
1600 Da) at 254 nm, and three peaks (>20,000,
4500, <200 Da) at 280 nm for the TBEPS
sample. Fig. 2a lists the MW distribution based
on fractional DOC values. The fraction E
(1200-2000 Da) exhibited the highest DOC
(25.2%) of all fractions. The characteristics of
SMP and LBEPS were not discussed herein.
Fig. 1 also shows the EEM spectra for frac-
tions A-H of the TBEPS sample. Two high
intensity bands, Ex/Em = 280/300-380 nm and
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Fig. 2. The SEC-DOC distributions of SMP, LB and
TBEPS of wastewater sludge. (a) Original sludge;
(b) membrane filtration permeate.

220/300-380 nm, corresponded with regimes
IV and I-II by Chen et al. [28], respectively. In
some fractions, weak intensity regimes were
noted for humic substances at 450/490 nm.

3.2. Organic rejection via membrane

Most SEC-UV peaks in the permeate follow-
ing membrane filtration were removed using
the SMP and LBEPS except for those at MW
200-2000 Da excited at UV 230 nm (data not
shown). The SEC-DOC distributions (Fig. 2b)
revealed that the DOC in all SEC fractions for
SMP ranged 0.3-0.9 mg L™". Hence, the mem-
brane filtration rejected most DOM in both SMP
and LBEPS. The remaining fluorescent com-
pounds were long-chain organic acids. Restated,
the current membrane could not effectively reject
organic acids in the SMP and LBEPS fractions

The permeate for TBEPS test (Fig. 3) contained
more DOM than those for SMP and for LBEPS
(Fig. 2b). Except for the long-chain organic
acids as detected in the SMP and LBEPS tests,
the humic-acid like (UV254) and protein-like
(UV280) substances at MW of 3000-7000 Da
were noted in the TBEPS permeate. The EEM
spectra shown in Fig. 3 also revealed the pre-
sence of proteins and humic substances. The
SEC-DOC distributions (Fig. 2b) revealed high
contents of organic carbon of 8-9 mg L' in the
fractions D-F. Hence, the rejection of organic
matters by NF membrane depends not only on
the pore size, but also strongly on the corre-
sponding biological origin. The advantages
proposed by NF-MBR could be significantly
challenged by the TBEPS fractions of the waste-
water sludge.

4. Conclusion

This study fractionated the DOM into SMP,
LBEPS and TBEPS fractions from a wastewater
sludge using size exclusion chromatography, and
filtered the extracted DOM using NF membrane.
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Fig. 3. The SEC chromatograms (LEFT) (A) 230 nm, (B) 254 nm, (C) 280 nm and EEM spectra (right) of TBEPS

sample.

The DOM were characterized using ultraviolet
absorbance at 230, 254 and 280 nm, DOC con-
tent, and EEM spectra. Following NF filtration,
most of UV fluorescent peaks in SMP and LBEPS
fractions were removed, indicating that the fil-
tration effectively rejected these fluorescent
DOM in wastewater sludge. However, long-chain
organic acids were not rejected as detected in the
SEC-UV spectra. Moreover, the NF filtration
failed to remove the organic matters in TBEPS
at MW 3000-7000 Da and with strong fluores-
cent intensities at 254 and 280 nm. Hence, the
use of PES NF membrane in NF-MBR applica-
tion may face trouble to deal with these organic
matters in suspended liquor.
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