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a  b  s  t  r  a  c  t

Membrane  bioreactors  (MBR)  technology  for wastewater  offers  many  advantages  over  conventional  tech-
nologies  such  as high  effluent  quality,  less  footprint  and  others.  The  main  disadvantage  of membrane
bioreactors  (MBR)  is related  to membrane  fouling,  which  is mainly  caused  by extracellular  polymeric
substance  (EPS)  and  soluble  microbial  products  (SMP).  This  research  studied  EPS and  SMP  dynamics  at
different  heights  of  a submerged  anaerobic  membrane  bioreactor  (SAMBR).  The  SAMBR  was  operated
under  two  organic  loading  rates  (OLR)  (0.79  and  1.56 kg/m3 d)  and  was fed  with  synthetic  wastewater
with  glucose  as  the carbon  source.  The  results  showed  percentages  of chemical  oxygen  demand  (COD)
removal  above  95%  and  the highest  COD  removal  rates  were  observed  at the  bottom  of  the  reactor  (>83%)
for  both  OLR.  The  EPS  showed  a stratification  with  highest  quantities  in  the supernatant.  For  the  SMP the
ouling
naerobic digestion

highest  concentration  was  in the  bottom  of  SAMBR  where  utilization  predominated  associated  products
whereas  in  the  SAMBR  supernatant  predominated  biomass  associated  products.  The  OLR  change  led  to  a
significant  increase  in SMP  accumulation  but not  in  EPS.  These  facts  showed  that  EPS  and  SMP  dynamic
in  the  SAMBR  seemed  to  be mainly  influenced  by biological  activity,  total  suspended  solids  concentration
and  substrate  composition.
. Introduction

The use of membrane bioreactor (MBR) technology for waste-
ater treatment offers many advantages over conventional

lternatives (i.e., activated sludge systems), including the produc-
ion of a high quality effluent and a reduction in installation costs
1]. Particularly, anaerobic membrane bioreactors (AnMBR) have

any advantages over their aerobic counterparts since they do
ot require aeration, produce less sludge and generate energy in
he form of biogas, thereby decreasing operational costs. For these
easons, AnMBR are no longer an emerging technology but have
ecome established as a competitive process in the current mar-
et [2], and have been recognized as suitable for the treatment of
astewaters at high [3] and low organic loading rates (OLR) [2].

The main disadvantage of MBRs is related to membrane fouling,

hich is mainly caused by extracellular polymeric substances (EPS)

nd soluble microbial substances (SMP) [4]. In submerged anaer-
bic membrane bioreactors (SAMBR) fouling of the membrane is

∗ Corresponding author. Tel.: +57 1 3394949x2810/2803.
E-mail address: manuel-r@uniandes.edu.co (M.S.R. Susa).
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© 2014  Elsevier  Ltd. All  rights  reserved.

directly affected by the nature of biomass (suspended solids; par-
ticle size distribution; microbial composition), as well as by the
amount and characteristics of SMP  and EPS that accumulates in the
bioreactors [5]. Biomass, SMP  and EPS are directly affected by reac-
tor operational parameters, such as sludge retention time (SRT),
organic loading rate (OLR), food to microorganism ratio (F/M), tem-
perature, and substrate type and concentration [3].

Concerning the operating parameters of AnMBR, Chu et al.
[6] have found that varying the reactor operation temperature
between 25 ◦C and 11 ◦C led to granule segregation. They also
reported that more EPS tended to accumulate on the surface of the
membrane than on the granules, and that in both sludge samples
carbohydrate EPS were more prevalent than protein EPS. Salazar-
Peláez et al. [7] found that EPS and SMP  levels grew with an increase
in chemical oxygen demand (COD) and a decrease in hydraulic
retention time (HRT) and that the percentage of carbohydrates was
higher than proteins in the composition of both SMP and EPS. In
another study Vyrides and Stuckey [8] reported that EPS concen-
tration in the membrane biofilm was three times higher than in the

suspended biomass, and that seemed to adversely affect membrane
fluxes.

Besides being affected by EPS and SMP  accumulation, membrane
fouling is also tightly dependent on biomass aggregation. Gao et al.

dx.doi.org/10.1016/j.procbio.2014.09.013
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2014.09.013&domain=pdf
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Table 1
Operational parameters.

Parameter OLR 1 OLR 2

Flux (LMH) 3.3 ± 0.13 3.2 ± 0.23
pH 6.94 ± 0.20 6.82 ± 0.24
OLR (kg/m3 d) 0.79 ± 0.06 1.56 ± 0.35
242 H.J. Luna et al. / Process Bio

9] reported that high pH shocks induced biomass flocs dispersion
ausing an accumulation of biopolymers in the sludge suspension.
hey also found that the EPS did not have any direct influence on
ouling rates, though a decrease in the protein/carbohydrate ratio of
he EPS led to low flocculation levels, which could indirectly influ-
nce the fouling rate. In another work Gao et al. [10] found that an
ncrease in temperature caused sludge deflocculation and affected
he structure of the microbial community and species diversity.

Huang et al. [11] examined the effects of SRT and HRT in an
nMBR and found that a decrease in HRT increased biomass growth
nd SMP  accumulation. At high SRT they found low EPS levels,
hich reduced flocculation and particle size. Additionally, they

eported that increases in OLR led to an increase in the fouling
ate. Lin et al. [12] found that high COD in the supernatant influ-
nced cake formation but that the mixed liquor suspended solids
id not. Trzcinski and Stuckey. [13] confirmed that the COD in the
ludge seems to be the main parameter that governs membrane
ux at solids concentrations below 20 g total suspended solids
TSS)/L.

All of these studies show that EPS and SMP  are affected by oper-
tional conditions and that there are changes in the production of
he biopolymeric substances in the sludge cake, supernatant and
ludge. These differences were reported to vary in upflow anaer-
bic sludge blanket (UASB) reactors according to reactor height
14], which could be explained by differences in biomass concen-
ration, the production of intermediary compounds volatile fatty
cids (VFA), reactor hydrodynamics, and other aspects that affects
he production or consumption of SMP  and EPS along the reactor
eight.

Therefore, the main objective of this paper was to evaluate the
ynamics of EPS and SMP  at different heights of a submerged anaer-
bic membrane bioreactor (SAMBR) operated at two OLR. For this,
arameters such as COD, VFA and TSS at different heights and OLR
ere evaluated, in order to understand the dynamics of EPS and

MP  from SAMBR operation. In addition, EPS and SMP  were mea-
ured as proteins and carbohydrates. Finally unknown fraction of
MP was quantified at different heights of the SAMBR.

. Materials and methods

.1. Submerged anaerobic membrane bioreactor (SAMBR)

For this research, an upflow liquid SAMBR was  designed (1 m
eight and 20 cm diameter) to have a working volume of 32 L. Three
alves were installed at different heights to allow the collection of
istinct samples: P1 (0.145 m),  P3 (0.445 m),  P4 (0.75 m)  and P5
permeate). Additionally, a recirculation loop was installed at the

iddle of the reactor to ensure a high degree of mixture. The reac-
or was equipped with a external heating jacket to maintain the
perating temperature at 35 ± 3 ◦C. The system had a level con-
rol that regulated the reactor feeding pump, as pictured in Fig. 1.
he ultrafiltration membrane module (U-shaped) was submerged
n the upper part of the reactor. The membrane was made of hol-
ow fiber polyethersulfone (PES) capillaries and was provided by

EMBRANA® with an effective membrane area of 0.39 m2 and
ominal pore size of 0.01 �m.

The reactor was fed daily with synthetic wastewater which con-
ained glucose, peptone and yeast extract in amounts to yield the
esired COD concentration. Additionally, the feeding solution con-
ained macro and micronutrients required for the cultivation of

icroorganisms, according to Zehnder et al. [15]. The reactor was

noculated with sludge from wastewater treatment plant from a
ruit juice manufacturing plant. Sludge was acclimated for 4 months
ith synthetic wastewater using 36 h as TRH. The SAMBR was oper-

ted during two different OLR (Table 1), which was changed by
F/M Ratio (gCOD/gVSS.d) 0.036 ± 0.008 0.095 ± 0.026
Operation (d) 95 66
HRT (h) 24 24

increasing the concentration of substrate and keeping a constant
flowrate.

2.2. Analytical methods

Weekly samples were taken from each reactor sampling point
and centrifuged at 13,000 rpm for 15 min  at 4 ◦C in order to remove
suspended solids. The resulting supernatant was  filtered through a
Millipore® cellulose ester filter with nominal pore size of 0.22 �m.
The resulting filtered samples were then used to measure the
soluble COD, VFA and to quantify the protein and carbohydrate
contents. SMP  levels were estimated according to Eq. (1) [16], which
deduces from the SMP  pool, the COD due to the main fermentative
byproducts (VFA) as well as any remaining substrate (glucose).

SMP(COD) = soluble COD − [glucose (COD) + VFA(COD)] (1)

Eq. (2) was used to convert the concentration of each VFA in
terms of COD:

VFA(COD) = 1.07 ∗ [acetate] + 1.51 ∗ [propionate]

+ 1.82 ∗ [butyrate + isobutyrate]

+ 2.04 ∗ [valerate + isovalerate]

(2)

The analyses of soluble COD and suspended solids (TSS and
VSS) were carried out according to the procedures described
in the Standard Methods [17]. EPS extraction was carried out
using the steam and formaldehyde methods reported by Zhang
et al. [18]. Steam extraction was used to harvest EPS proteins,
which were then quantified using the Bradford method [19],
whereas formaldehyde extraction was used to obtain carbohy-
drates which were quantified using the phenol-sulfuric method
[20]. VFA were measured by gas chromatography using an HP series
6890 Plus® gas chromatograph equipped with an FID detector,
and a 60 m × 0.2 mm INNOWAX column after extracting the tar-
get analytes by headspace solid phase micro extraction (HS/SPME)
technique.

Statistical tests were carried out for each phase at each samp-
ling point, using the Bio Estat 5.0 software. The Shapiro–Wilk
test was employed to evaluate the normality of the data series.
Then parametric (ANOVA, Tukey) and non-parametric (ANOVA
Kruskal–Wallis, Student Newman) tests were applied, adopting a
p-value lower than 0.05 to reject the null hypothesis (Ho).

3. Results and discussion

3.1. Overall process performance of SAMBR

3.1.1. COD removal
Fig. 2 shows the percentage of COD removal at different reactor

heights for both OLR. The percentage of overall COD removal during
the process was  greater than 95% (P5). These values are consistent
with previous research findings in AnMBR [10,21,22]. Fig. 2 also
shows the percentage stratification of COD removal. The highest

percentage of removal occurred in the bottom of the reactor (P1).
Chromatographic analyses did not detect the presence of glucose
at any of the points of measurement, so it appears that the glucose
was completely consumed in the bottom of the reactor. Significant
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ifferences were also found between the values of points P4 and
5 under both test conditions, indicating that the membrane either
emoved or retained organic material, a phenomenon that has been
eported in the literature in MBR  [8,23,24]. Increasing the OLR pro-
uced higher percentages of COD removal at points P3, P4, and P5,
hereas no significant differences occurred in the bottom of the

eactor.

.1.2. Total suspended solids (TSS) and biological activity
The TSS concentration at different reactor heights for both OLR
s shown in the top of Fig. 3. The SAMBR presented a stratifi-
ation of solids regarding height. The highest TSS concentration
as obtained at the bottom of the reactor, but was below the
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detection threshold in the effluent. The augmentation in OLR led to
an increase in the TSS concentration in the upper part of the reactor
and a decrease in the bottom, attributable to the phenomenon of
biomass deflocculation possibly caused by microorganism reten-
tion by the membrane, which makes it unnecessary for bacteria to
form flocs. This phenomenon was  also observed by Liu et al. [25]
in AnMBR operated at high F/M ratios. The increase in solids at P4
during OLR 2 may  be associated with increased bio-cake on the
membrane. Jeison and van Lier [26] found that increased biomass
brane in AnMBR under thermophilic conditions. Gao et al. [27] also
reported that increasing the concentration of solids contributes to
membrane fouling. Therefore it can be inferred that the increase in
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Fig. 3. Total suspended solids and

LR led to sludge deflocculation, which contributed to cake forma-
ion on the membrane (fouling).

Fig. 3 also shows the biological activity in terms of organic mat-
er consumption in SAMBR, expressed as mg  COD removed/mg
SS.d at different SAMBR heights for both OLR. The biologi-
al activity also presented stratification. Most biological activity
ccurs in the bottom of the reactor. Increasing the OLR led to

 significant increase in biological activity at point P1, which
xplains the absence of significant differences in COD removal
t point P1 between OLR 1 and OLR 2 despite the decrease in
olids during OLR 2. Moreover, the low concentration of solids
uring OLR 2 reduces apparent viscosity in this part of the reac-
or. As a result, the mixing conditions and contact between
iomass and substrate are improved, leading to increased biological
ctivity.

.1.3. Volatile fatty acids (VFA)
Fig. 4 shows the VFA concentration at the different reactor

eights for both OLR. As occurred with the above-mentioned
arameters, VFA concentration presented stratification at the dif-
erent heights. The highest VFA accumulation occurred in the
ottom of the reactor (P1), which is consistent with COD removal
ecause all the glucose in the bottom was converted to VFA. How-
ver, Fig. 4 also shows percentage of VFA as total COD. These
ercentages were low (maximum value of 30.4% at P1 for OLR 2),

ndicating that VFA accounted for only a part of the total COD at the
ifferent heights.

Increasing the OLR led to an increase of VFA at all points of
easurement, which can be attributed to the increase in F/M ratio

or OLR 2 (P1: 1.49 mg  COD/mg VSS.d) as compared with OLR 1
P1: 0.39 mg  COD/mg VSS.d). Another aspect that should be high-
ighted is the VFA accumulation between points P4 and P5. No
ignificant differences were observed for the low OLR, allowing VFA
o pass through the membrane. In the case of the high OLR, VFA
ere degraded or adsorbed by the cake formed on the membrane,

ncreasing effluent quality. This effect of the membrane-bound
iofilm is consistent with that reported by Martinez-Sosa et al. [23].

Fig. 4 also shows the composition of VFA. Acetic and propionic

cids were the main VFA accumulated in the SAMBR. Consistent
ith these data and taking into account the absence of glucose,

t can be inferred that acidogenic bacteria producing acetic and
ropionic acids predominated in the bottom of the reactor. The
ling point

gical activity at different heights.

population of acetogenic and methanogenic organisms was higher
at points P3 and P4.

3.2. EPS dynamic

The stratification of the previously described parameters
directly influences biomass properties [3]. As a result, EPS dynamics
also presented stratification at the different reactor heights. Fig. 5
shows that the highest EPS production occurred at point P4.

The EPS stratification is related to TSS stratification. According
to Lin et al. [21], small flocs excrete a greater amount of EPS than
agglomerated flocs. It is also possible to extract a greater amount
of EPS from smaller flocs. The EPS extracted in this study were cell-
bound EPS. According to Wingender et al. [28], cell-bound EPS can
be classified as either tightly bound (TB-EPS) or loosely bound (LB-
EPS). The TB-EPS is typically found in the inner layer of the cell
surface and LB-EPS, in the outer layer. According to Zhan and Fang
[29], most of the EPS found in anaerobic sludge are distributed in
the outer layer. In agreement with this, most of the EPS extracted
from the bottom of the reactor were type LB-EPS. It is also eas-
ier to extract TB-EPS from smaller flocs, but small flocs also have
greater surface area, which increases the amount of EPS type LB-
EPS and contributes to a higher EPS concentration in the top of the
reactor.

EPS stratification was  also related to COD stratification at the dif-
ferent reactor heights, because microorganisms may excrete more
EPS under adverse conditions [30]. Conditions at the top of the reac-
tor were considered the most adverse, with available COD being
much lower than at the bottom of the reactor, which led to stress
conditions and increased EPS production.

The EPS stratification can also be attributed to SAMBR func-
tioning. The low EPS concentration in the bottom of the reactor
promotes mass transfer between substrate and biological agglom-
erates [30] because high EPS levels reduce floc permeability [31].
This also explains why  the highest biological activity and the high-
est levels of COD removal were reported in the bottom of the
reactor.

No significant differences in EPS production occurred with

increasing OLR (Fig. 5), but increasing OLR did play an important
role when associated with SAMBR operational parameters. Cell
adhesion is one of the main functions of the EPS, creating the matrix
for granule formation and biofilms [32]. The EPS adherence as flocs
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n the bottom of the reactor may  explain the increase in solids at
oint P4 for OLR 2 as a low EPS content (mainly LB-EPS), weakens
oc structure, increases porosity, and decreases sedimentability
5], which in turn favors deflocculation [11]. The adhesion function
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st concentration of solids occurred (Fig. 3) and the highest caking
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han to microbial flocs. Therefore, a high EPS concentration at P4
erved to induce caking on the membrane [4,33].

Fig. 5 also shows the composition of EPS as proteins and car-
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arbohydrate at all points of measurement. The literature shows
ifferences in EPS composition. Some authors reported proteins
o be the main component of EPS [5,32] and others, carbohy-
rates [6,7]. This difference has been attributed to extraction
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hydrophilic. Therefore, in this study, the EPS had hydrophilic prop-
erties.

The EPS composition can also determine EPS charge, which is
generally negative [35]. A positive charge is attributed to protein
content because of the amino groups [30]. Fig. 5 suggests that the
negative EPS charge can be attributed to the high carbohydrate
content found and this could also explain the higher caking dur-
ing OLR 2. Because biofilm EPS are distributed in layers throughout
the entire biofilm [36], the dominant negative charge in the SAMBR
led to an increase in the repulsive forces between cells, decreasing
granule sedimentation. Low EPS levels in the form of protein on
the biological agglomerate surface not only make it permeable to
water, but also weaken it, generating a high amount of LB-EPS [37].
This also explains the deflocculation process that occurs in the bot-
tom of the reactor. The EPS composition also shows that LB-EPS
and TB-EPS have a carbohydrate nature. As discussed, the highest
amount of EPS was found at point P4 during OLR 2, mainly in the

form of LB-EPS as a result of deflocculation. Because of their carbo-
hydrate nature and because they are easier to release, LB-EPS may
be the main cause of caking in OLR 2.
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Fig. 6. Soluble microbial

.3. SMP  dynamics

Fig. 6 presents the results of SMP  dynamics at different reac-
or heights. SMP  also presented stratification. The highest SMP
oncentration, expressed as COD/L, occurred at point P1. SMP  strat-
fication can be explained based on SAMBR functioning. The high
iological activity in the bottom of the reactor completely con-
umed the glucose. As a result, the substrate available at points

 and 4 was composed of VFA, mainly acetic and propionic acids
Fig. 4), indicating that the substrate in the bottom of the reactor
as more complex (glucose) than elsewhere in the reactor. SMP

tratification was accordingly influenced by substrate complexity.
omplex substrates also produce more SMP  because of their higher
mount of Gibbs free energy [38]. Complex substrates also pro-
uce more biomass, leading to increased SMP  production because
f the increase in microbial activity [39]. Furthermore, high micro-
ial activity (Fig. 3) may  cause endogenous decay and cell lysis,
hich trigger the release of significant amounts of SMP. These
henomena occurred in the bottom of the reactor, generating the
ighest SMP  concentration. The levels of SMP  were lowest at point
4 because of the predominance of VFA (simpler substrate) and the
ower biomass concentration.

Another possible explanation for the higher SMP  concentration
t point P1 is that EPS were converted into SMP  via hydrolysis [40].
PS monitoring has shown that the concentration of bound EPS,
specially LB-EPS, was low in the bottom of the reactor (P1). LB-
PS is the most predominant form of EPS on the biomass surface
37,41], indicating that these were hydrolyzed to form SMP.

Fig. 6 also shows percentage SMP  as total COD at different reac-
or heights. The highest percentage of SMP  as total COD was found
n the effluent (P5), which could indicate a recalcitrant fraction of
OD produced by the anaerobic treatment. The comparison of the
ercentages of SMP  as total COD with the percentages of VFA as
otal COD (Fig. 4) indicated that SMP  are the main organic com-
ounds in both reactor and effluent [24,39,42]. This highlights the

mportance of SMP  during the biological process because these
ere the major components of soluble COD at all points of measure-
ent in the SAMBR. Fig. 6 shows a decrease in SMP  concentrations
n function of height, suggesting that microorganism consumption
f SMP  is greater than microorganism production of SMP. As a
esult, microorganisms at points P3 and P4, where the substrate
as limited, used the SMP  as source of carbon.
cts at different heights.

According to Barker and Stuckey [42], the SMP  can be either sub-
strate utilization-associated products (UAP), which are generated
during the metabolic decay of the substrate, or biomass-associated
products (BAP), which are formed as byproducts of self-oxidation
or cell lysis. The UAP are more biodegradable than the BAP [4],
explaining the high percentage of SMP  produced as UAP at point P1,
which agrees with substrate availability and complexity (glucose)
and high biological activity found at this point of measurement
of the reactor (Fig. 3). The decrease in SMP  at points P3, P4, and
P5 of the reactor largely corresponds to the SMP consumption as
UAP. Therefore, total COD content at points P4 and P5 corresponded
mainly to the most recalcitrant SMP  (SMP as BAP).

In Fig. 6, points P4 and P5 show significant differences for both
OLR. The decrease in SMP  in the upper part of the SAMBR highlights
the important role played by cake formation on the membrane.
The fouled membrane helped degrade or retain part of the SMP
depending on cake thickness and membrane pore size. These values
confirm the predominance of BAP in this part of the reactor. These
SMP  are compounds presenting high molecular weight (>10 kDa)
and hydrophilic properties [43] and can therefore be retained by the
membrane [4]. Only a small fraction of the UAP was  degraded by
the active part of the cake [24]. Significant differences in VFA were
observed between points P4 and P5, but only in the case of OLR 2
(Fig. 4). Consequently, the membrane was  observed to remove COD
as SMP  for OLR 1 and as both SMP  and VFA for OLR  2. This highlights
the importance of SMP  in the form of BAP as the main compounds
that lead to membrane fouling [4].

The increase in OLR only had a significant effect on SMP  in the
bottom part of the reactor. The increase in SMP  concentration at
point P1 can be attributed to the significant increase in biological
activity at higher OLR, which in turn led to increased UAP produc-
tion. Barker and Stuckey [42] associated this to excess energy.

Fig. 7 shows the composition of SMP  (proteins, carbohydrates,
unknown COD) at different reactor heights. Most SMP  components
were unknown. Proteins and carbohydrates presented low signif-
icance at all points of measurement. Protein-based SMP  were not
detected at point P5 for OLR 1 or at any point for OLR 2. Unknown
SMP  maintained SMP  dynamics at the different reactor heights,

suggesting that most UAP in the bottom part of the reactor were
unknown. Therefore, the UAP consumed at points P3 and P4 were
unknown SMP. The significant differences observed between points
P4 and P5 for both OLR indicate that the membrane retains or
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Fig. 7. Soluble microbial produ

egrades BAP, which in a large percentage correspond to unknown
MP. The effluent also presented a high percentage of unknown
AP, indicating that the recalcitrant material in the effluent is
nknown. Based on these results, further research is necessary to

dentify unknown SMP, evaluate the role played by the membrane
n SMP  removal or retention, and assess the recalcitrant potential
f the effluent.

. Conclusions

This paper presents new results in terms of EPS and SMP  stratifi-
ation deeply discriminated in an anaerobic reactor with immersed
embrane. In this study, an EPS dynamics was established shown

t different reactor heights. This stratification depended on TSS
oncentration, particle size, and COD concentration. A low level
f EPS, mainly LB-EPS, was found in the bottom of the reactor,
here this lower EPS level favored mass transfer, which led to

reater COD removal and high biological activity. The increase in
LR had no effect on EPS concentration, but their low level in

he bottom of the reactor led to biomass deflocculation. High EPS
nd TSS levels in the top of the reactor led to increased caking on
he membrane due to EPS’s adhesion function in biofilms. Because
hese EPS are mainly carbohydrate-based, it can be inferred that
hey have hydrophilic characteristics and a negative charge, and
hat carbohydrate-based LB-EPS contribute to caking. EPS dynam-
cs also showed stratification, which was associated with substrate
omplexity and biological activity. The SMP  were the main COD

omponents both inside the reactor and in the effluent. The SMP
ere used as source of carbon under limiting substrate conditions

n the top of the reactor. The UAP predominate in the bottom of the
ector, whereas BAP predominate in the top of the reactor and in
po int

mposition at different heights.

the effluent. Increasing the OLR increased SMP  concentration in the
bottom of the reactor, and the membrane played an important role
in retaining BAP and in degrading UAP.

Acknowledgments

The authors would like to acknowledge the financial support
they received from center for interdisciplinary studies in basic and
applied complexity Ceiba–Complexity (COLCIENCIAS).

References

[1] Judd S. MBR  book: principles and applications of membrane bioreactors in
water and wastewater treatment. London: Oxford; 2006. p. 2–17.

[2] Smith AL, Stadler LB, Love NG, Skerlos SJ, Raskin L. Perspectives on anaero-
bic  membrane bioreactor treatment of domestic wastewater: a critical review.
Bioresour Technol 2012;122:149–59.

[3] Dereli RK, Ersahin ME,  Ozgun H, Ozturk I, Jeison D, Van der Zee F, et al. Potentials
of  anaerobic membrane bioreactors to overcome treatment limitations induced
by  industrial wastewaters. Bioresour Technol 2012;122:160–70.

[4] Ni BJ, Rittmann BE, Yu HQ.  Soluble microbial products and their implications
in mixed culture biotechnology. Trends Biotechnol 2011;29:454–63.

[5] Wu Z, Wang Q, Wang Z, Ma  Y, Zhou Q, Yang D. Membrane fouling properties
under different filtration modes in a submerged membrane bioreactor. Process
Biochem 2010;45:1699–706.

[6] Chu LB, Yang FL, Zhang XW.  Anaerobic treatment of domestic wastewater in a
membrane coupled expended granular sludge bed (EGSB) reactor under mod-
erate to low temperature. Process Biochem 2005;40:1063–70.

[7] Salazar-Peláez ML,  Morgan Sagastume JM, Noyola A. Influence of hydraulic
retention time on fouling in a UASB coupled with an external ultrafil-

tration membrane treating synthetic municipal wastewater. Desalination
2011;277:164–70.

[8] Vyrides I, Stuckey DC. Chromium removal mechanisms and bacterial com-
munity in an integrated membrane bioreactor system. Environ Eng Sci
2011;28:661–70.

http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0005
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0010
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0015
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0020
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0025
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0030
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0035
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0040


2 chemi

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

248 H.J. Luna et al. / Process Bio

[9] Gao WJJ, Lin HJ, Leung KT, Liao BQ. Influence of elevated pH shocks on the
performance of a submerged anaerobic membrane bioreactor. Process Biochem
2010;45:1279–87.

10] Gao WJ,  Leung KT, Qin WS,  Liao BQ. Effects of temperature and temperature
shock on the performance and microbial community structure of a submerged
anaerobic membrane bioreactor. Bioresour Technol 2011;102:8733–40.

11] Huang Z, Ong SL, Ng HY. Submerged anaerobic membrane bioreactor for
low-strength wastewater treatment: effect of HRT and SRT on treatment per-
formance and membrane fouling. Water Res 2011;45:705–13.

12] Lin HJ, Xie K, Mahendran B, Bagley DM, Leung KT, Liss SN, et al. Factors affect-
ing sludge cake formation in a submerged anaerobic membrane bioreactor. J
Membr  Sci 2010;361:126–34.

13] Trzcinski AP, Stuckey DC. Treatment of municipal solid waste leachate using
a  submerged anaerobic membrane bioreactor at mesophilic and psychrophilic
temperatures: Analysis of recalcitrants in the permeate using GC–MS. Water
Res  2010;44:671–80.

14] Wu B, Zhou W.  Investigation of soluble microbial products in anaerobic waste-
water treatment effluents. J Chem Technol Biotechnol 2010;85:1597–603.

15] Zehnder AJB, Huser BA, Brock TD, Wuhrmann K. Characterization of an acetate-
decarboxylating, non-hydrogen-oxidizing methane bacterium. Arch Microbiol
1980;124:1–11.

16] Aquino SF, Stuckey DC. Production of soluble microbial products (SMP)
in  anaerobic chemostats under nutrient deficiency. J Environ Eng
2003;129:1007–14.

17] APHA, AWWA,  and WEF. Standard methods for the examination of water and
wastewater. 21st ed. Washington, DC: American Public Health Association;
2005.

18] Zhang X, Bishop PL, Kinkle BK. Comparison of extraction methods for quanti-
fying extracellular polymers in biofilms. Water Sci Technol 1999;39:211–8.

19] Bradford MM.  A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein–dye binding. Anal
Biochem 1976;72:248–54.

20] Dubois M,  Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric method for
determination of sugars and related substances. Anal Chem 1956;28:350–6.

21] Lin H, Chen J, Wang F, Ding L, Hong H. Feasibility evaluation of submerged
anaerobic membrane bioreactor for municipal secondary wastewater treat-
ment. Desalination 2011;280:120–6.

22] Hu AY, Stuckey DC. Treatment of dilute wastewaters using a novel submerged
anaerobic membrane bioreactor. J Environ Eng 2006;132:190–8.

23] Martinez-Sosa D, Helmreich B, Horn H. Anaerobic submerged membrane
bioreactor (AnSMBR) treating low-strength wastewater under psychrophilic
temperature conditions. Process Biochem 2012;47:792–8.

24] Baêta BEL, Ramos RL, Lima DRS, Aquino SF. Use of submerged anaerobic mem-

brane bioreactor (SAMBR) containing powdered activated carbon (PAC) for the
treatment of textile effluents. Water Sci Technol 2012;65:1540–7.

25] Liu Y, Liu H, Cui L, Zhang K. The ratio of food-to-microorganism (F/M) on
membrane fouling of anaerobic membrane bioreactors treating low-strength
wastewater. Desalination 2012;297:97–103.

[

[

stry 49 (2014) 2241–2248

26] Jeison D, Van Lier JB. Cake layer formation in anaerobic submerged
membrane bioreactors (AnSMBR) for wastewater treatment. J Membr  Sci
2006;284:227–36.

27] Gao WJ,  Lin HJ, Leung KT, Schraft H, Liao BQ. Structure of cake layer in a
submerged anaerobic membrane bioreactor. J Membr Sci 2011;374:110–20.

28] Wingender J, Neu TR, Flemming HC. What are bacterial extracellular polymeric
substances? In: Wingender J, Neu TR, Flemming HC, editors. Microbial extra-
cellular polymeric substances: characterization, structure, and function. Berlin
Heidelberg: Springer-Verlag; 1999. p. 1–18 [chapter 1].

29] Zhang T, Fang HHP. Distribution of extracellular polysaccharides in anaerobic
granular sludges. Water Environ Manag 2004;503:153–8.

30] Sheng GP, Yu HQ. Characterization of extracellular polymeric substances of
aerobic and anaerobic sludge using three-dimensional excitation and emission
matrix fluorescence spectroscopy. Water Res 2006;40:1233–9.

31] Mu Y, Yu HQ. Biological hydrogen production in a UASB reactor with granules.
I:  Physicochemical characteristics of hydrogen-producing granules. Biotechnol
Bioeng 2006;94:980–7.

32] Lin HJ, Gao WJ,  Leung KT, Liao BQ. Characteristics of different fractions of micro-
bial flocs and their role in membrane fouling. Water Sci Technol 2011;63:
262–9.

33] Khor SL, Sun DD, Liu Y, Leckie JO. Biofouling development and rejec-
tion  enhancement in long SRT MF  membrane bioreactor. Process Biochem
2007;42:1641–8.

34] Jorand F, Boué-Bigne F, Block JC, Urbain V. Hydrophobic/Hydrophilic prop-
erties of activated sludge exopolymeric substances. Water Sci Technol
1998;37:307–15.

35] Esparza-Soto M,  Westerhoff P. Biosorption of humic and fulvic acids to live
activated sludge biomass. Water Res 2003;37:2301–10.

36] Zhang X, Bishop PL. Spatial distribution of extracellular polymeric substances
in  biofilms. J Environ Eng 2001;127:850–6.

37] Li XY, Yang SF. Influence of loosely bound extracellular polymeric substances
(EPS) on the flocculation, sedimentation and dewaterability of activated sludge.
Water Res 2007;41:1022–30.

38] Kuo WC,  Parkin GF. Characterization of soluble microbial products from
anaerobic treatment by molecular weight distribution and nickel-chelating
properties. Water Res 1996;30:915–22.

39] Aquino SF, Stuckey DC. Soluble microbial products formation in anaerobic
chemostats in the presence of toxic compounds. Water Res 2004;38:255–66.

40] Aquino SF, Stuckey DC. Integrated model of the production of soluble micro-
bial  products (SMP) and extracellular polymeric substances (EPS) in anaerobic
chemostats during transient conditions. Biochem Eng J 2008;38:138–46.

41] Sheng GP, Yu HQ, Li XY. Extracellular polymeric substances (EPS) of microbial
aggregates in biological wastewater treatment systems: a review. Biotechnol

Adv 2010;28:882–94.

42] Barker DJ, Stuckey DC. A review of soluble microbial products (SMP) in waste-
water treatment systems. Water Res 1999;33:3063–82.

43] Jarusutthirak C, Amy  G. Understanding soluble microbial products (SMP) as a
component of effluent organic matter (EFOM). Water Res 2007;41:2787–93.

http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0045
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0050
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0055
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0060
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0065
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0070
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0075
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0080
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0085
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0090
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0095
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0100
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0105
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0110
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0115
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0120
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0125
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0130
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0135
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0140
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0145
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0150
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0155
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0160
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0165
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0170
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0175
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0180
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0185
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0190
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0195
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0200
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0205
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0210
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215
http://refhub.elsevier.com/S1359-5113(14)00486-3/sbref0215

	EPS and SMP dynamics at different heights of a submerged anaerobic membrane bioreactor (SAMBR)
	1 Introduction
	2 Materials and methods
	2.1 Submerged anaerobic membrane bioreactor (SAMBR)
	2.2 Analytical methods

	3 Results and discussion
	3.1 Overall process performance of SAMBR
	3.1.1 COD removal
	3.1.2 Total suspended solids (TSS) and biological activity
	3.1.3 Volatile fatty acids (VFA)

	3.2 EPS dynamic
	3.3 SMP dynamics

	4 Conclusions
	Acknowledgments
	References


