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This study analysed a submerged membrane bioreactor (SMBR) start-up with the purpose of determining
the best conditions to carry it out. In order to do this, a hollow fibre membrane module was installed in a
submerged configuration in a pilot aerobic reactor. The experiment was then divided in two phases, lasting
65 days each. During phase 1, the pilot plant was started-up without inoculum of activated sludge and no
sludge, withdrawal was performed. Conversely, in phase 2, the MBR pilot plant was started-up with sludge
inoculum and the sludge concentration was kept constant. In both phases, the volumetric loading rate
applied to the pilot plant was kept constant. The authors analysed the difference in carbon removal
performances, the evolution of floc sizes and the fouling rate in both phases. The results confirmed that MBRs
can be quickly and easily started-up, but the initial start-up strategy can influence membrane fouling. More
specifically, the carbon removal performances were similar in both phases, while the fouling rate increased
faster during the start-up without inoculum, especially in terms of irreversible deposition of soluble compost
on the membrane surface and into membrane pores.
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1. Introduction

In conventional activated sludge systems (CASs), the start-up
period represents a very important phase; most of the organic
substrate in the influent wastewater cannot be biodegraded because
the biomass concentration in biological reactors is very low at the
beginning. In order to increase the biomass concentration, a complete
recycling of settled sludge from the final clarifier to the biological
tank should be performed until steady state conditions are reached
(3–4 g L−1), in terms of total suspended solids or TSS. Such a
procedure would require about one month, and therefore, new plants
are usually started-up by inoculation with sludge from existing plants.
In this way, the start-up of CAS may only last a few days [1,2].

On the other hand, membrane bioreactors (MBR) seem not to have
any problem related to the start-up period, because the membrane is
able to completely retain all of TSS within the reactor from the first
days of use, thus allowing a quick increase of TSS concentration in the
biological reactor [2]. Furthermore, membranes that are usually
installed in wastewater treatment plants (micro or ultra filtration
membranes) allow the complete removal of both the suspended and
colloidal solids, in addition to partial removal of the dissolved organic
matter from the influent wastewater, with a COD removal (by means
of filtration alone) to 70% of the influent COD [2]. Thus, the final
effluent is usually within the legal limits for carbon effluent
concentration from the first days of operation and the initial growth
of autotrophic bacteria is improved [3].

Recent studies focusing on the bioreactor start-up period [2,4–6]
agree that the “spontaneous” start-up of membrane bioreactors is
usually short andvery easy tomanage, such that an initial inoculummay
not be required. Further, the initial activated sludge inoculum has been
considered only for its positive effect on the optimization of biological
nutrient removal and Anammox process start-up [7–9]. Regardless, it
must be stressed that in such studies only the removal performances
were carefully observed, and the consequences that different start-up
procedures may have on the fouling development were neglected.
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Due to the fact that fouling phenomena and the consequent cleaning
demand represent one of themain obstacles to themanagement ofMBR
plants [3], the aims of thisworkwere to investigate the role of the initial
activated sludge inoculum during theMBR start-up, paying attention to
both system performances with regard to carbon removal (note: the
start-up of denitrification inMBR is not the subject of thiswork) and the
fouling increase. Additionally, the evolution of the floc dimensions and
their effects on the membrane permeability were also investigated.

2. Materials and methods

The pilot plant consisted of a 190 L biologic reactor, in which a
submerged hollow fibre Zenon ZW10® module was installed
(nominal surface, 0.93 m2; pores dimension, 0.04 μm). The complete
pilot plant layout is represented in Fig. 1. The entire experiment lasted
130 days and was divided into two phases (65 days each) character-
ized by a different evolution ofMixed Liquor Suspended Solids (MLSS)
concentrations:

• Phase 1 — During the first experimental phase, the pilot plant was
started-up without any sludge inoculum. In this period no sludge
withdrawal was performed, except for a negligible amount for
sampling and an accidental biomass loss on day 56.

• Phase 2 — During the second experimental phase, the pilot plant
was started-up with sludge inoculum (initial MLSS concentra-
tion=15 g TSS L−1). In this phase, the operating conditions of the
pilot plant were slightly different compared to phase 1, because it
was necessary to periodically waste the surplus sludge in order to
keep the biomass concentration in the pilot plant equal to the initial
value. This operation was done in order to study the fouling
development without excessive TSS concentration in the aerobic
tank and with an approximately constant cake pre-filter effect.

In both phases a constant volumetric loading rate (VLR=1.1 kg
CODm−3d−1) andhydraulic loading rate (HRT=10hours)wereapplied
to the pilot plant. Further, it is worth noting that for each experimental
phase a new ZW10®module having the same characteristics was used.

The pilot plant was installed at the Palermo municipal wastewater
treatment plant (WWTP); it was fed with real unsettled wastewater
that passed through only a fine screen (2 mm) before entering the pilot
plant. This mechanical pre-treatment allows the reduction of braid
forming by hair and fibrous material [10]. In order to guarantee a
constant volumetric loading rate, the wastewater was initially stored in
two buffer tanks with a volume of 1500 L each. These tanks, completely
mixed, allowed us to adjust the COD value by diluting the wastewater
with tapwater, if necessary. Thus, while one buffer tankwas feeding the
pilot plant, the CODwasmeasured and fitted by dilution to the planned
value (500 mg/L) in the other. The wastewater was not diluted when
Fig 1. Pilot pla
the COD concentration was less than 500 mg/L (i.e., days 7 and 40 in
phase 1 and days 1, 2, 26 and 63 in phase 2) or when tap water was not
available (i.e., day 51 in phase 1, with a CODtot concentration that
reached 1,424 mg/L; and day 19 in phase 2 with a real CODtot

concentration of ∼700 mg/L). However, as shown in Table 1, the
average influent characteristics were comparable, especially the mean
concentration in the first two weeks (the most important for the start-
up investigation). It should also be noted that the raw wastewater was
taken upstream of the primary settling tanks, and it was characterised
by a high concentration of suspended solids, both organic and inert.
Additionally, the raw sewage quality was influenced by periodic
discharges of a limited volume of industrial wastewater. However, the
characteristics of the influent used in the twophaseswere only different
in the percentage of the particulate biodegradable organic matter and
particulate inert organic matter, as shown in the COD fractions in the
inlet wastewater (Table 2). Conversely, the nitrogen compounds in the
two influents, especially NH4–N and NO3–N, were more variable.
Nevertheless, as discussed above, we were not investigating the
nitrogen removal performance of the pilot plant (no denitrification
phase), and the quality of inlet wastewater (in terms of COD and
nitrogen)was only slightly influencedduring thefirst 10 days. Referring
to permeate production, a hydraulic ram pump connected to the upper
part of the module allowed permeate extraction in out-inmode and its
subsequent accumulation in the permeate tank. In order to monitor the
transmembrane pressure applied to produce the design flux an
analogical vacuum meter was installed on the permeate line. The
durations of suction and backwashwere set to 9 and 1 min respectively,
and they were never changed. In this way, the gross permeate flux
extracted by the pump during the suction was equal to 21 L m−2h−1;
consequently, the net permeate flux was equal to 18.9 L m−2h−1.
Additionally, the pilot plant was equipped with a double aeration
system. Thefirst one consistedof a blower and twofinebubbles spargers
installed at the bottom of the bioreactor, providing the aerobic
conditions for the biological oxidation of organic compounds and
ammonium. The second, a coarse bubble sparger, was built inside the
membrane module with the purpose of limiting the accumulation of
foulants on the fibre surface [11].

Throughout the two experimental phases, the plant ran continu-
ously, and no chemical cleaning of the module was carried out (only a
physical cleaning was done on the 52nd day).

During the first week of operation, in both experimental phases,
the analyses of CODtot, CODsol, BOD, TSS, VSS, N–NH4, N–NO2 and N–
NO3 were carried out on the influent, mixed liquor and effluent, three
times a week. Temperature, pH and dissolved oxygen in the biological
reactor were also measured every day. Moreover, microbiological
analyses were carried out once a week in order to test the membrane
capability of retaining the indicator bacteria (Escherichia coli). All of
nt layout.



Table 1
Influent wastewater features in both start-up phases.

CODtot CODsol BOD5 TSS VSS N–NH4 N–NO2 N–NO3 N–Ntot

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Phase 1 527 177 227 294 249 48 b0.02 b0.05 49
Phase 2 510 134 255 270 262 36 0.07 0.78 54

Table 2
The COD fractions of the inlet wastewater.

Parameter Phase I Phase I
[%] [%]

SS=soluble biodegradable substrate (RBCOD) 15 17
SI=soluble inert organic matter 6 6
XS=particulate biodegradable organic
matter (RHCOD+SBCOD)

32 42

XI=particulate inert organic matter 42 28
Active fraction 5 7

Table 3
Pollutant removal performance in both phases.

PHASE 1 PHASE 2

Parameter Influent
[mg L−1]

Effluent
[mg L−1]

η [%] Influent
[mg L−1]

Effluent
[mg L−1]

η [%]

COD 527 47 91 510 31 94
CODsol 177 34 79 134 23 81
BOD5 227 10 95 255 b10 N97
N–NH4 48 4 g ηnit=92

35.8 0.4g ηnit=98
N–NO3 b0.05 34 0.78 36
NTOT 49 41 14 53.9 50.3 6.5
SST 294 0 100 274 0 100
E. coli 4610714 0.4 99.99998 2,664,286 0 100
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the chemical–physical analyses were performed according to stan-
dard methods [12].

Finally, during the entire experimental period, the evolution of the
activated sludge floc morphology was monitored 2–3 times per week.
This analysis was carried out via electronic sifting by Granix™ 5.0
software (Microvision Instruments) that, by means of an image
analysis technique, is able to determine the granulometric features of
a population. In order to properly compare of all the microscopic
observations, each biomass sample was preliminarily diluted with
permeate to a final concentration of 3 gTSS L−1. The microscopic
analyses of the activated sludge flocs were carried out with a Leica
phase contrast microscope (DM-LB-100) connected to a digital
camera. Each sample was analysed with an enlargement of 100× by
taking several consecutive photos covering an area of 10 mm×4 mm.
Afterwards, all images were merged by means of PHOTOSHOP-CS TM

software to obtain one digital image. Such a method allowed us to
include a large number of particles in a single image, and only the
particles that were completely captured in the image were taken into
account in the following step. Finally, the images were analysed via
Granix™ software, which uses the granulometry through opening
technique to identify the mean size of the particles [13]. Granix™ also
provides most of the statistics of the population, such as mean and
characteristics diameters (dm), mode, standard deviation, max, min,
and some splitting limits (d10, d50, d75 and d90).

3. Results and discussion

3.1. Pilot plant performances

The removal efficiencies for both phases are reported (averages of
each phase) in Table 3. The average removal efficiency for the organic
matter was 90% or more in both phases. In particular, the COD (total
and soluble) and BOD concentrations in the effluent were within the
Italian standards for the reuse of treatedwastewater from the first day
of both experimental phases.

More specifically, in the first day of phase 1 the CODtot and CODsol

removal were about 75% and 25–30%, respectively. Such a high-
quality performance in total COD removal, was mainly due to the
membrane which worked as a physical barrier towards all the
pollutants with average dimensions bigger than the pores. Thus, when
the biomass concentration in the aerobic tank was low and the
biodegradation was negligible, the membrane retained all particular
CODtot (about two thirds of the total COD in the influent, see Table 1)
and only removed a part of the soluble COD (in the range of 0.04–
0.45 μm, respectively membrane pores and porosity of filters used in
the laboratory for soluble COD determination).
Aside from the barrier effect, the biological effect was active during
phase 2 (with inoculum) due to the biomass seeded in the bioreactor.
Thus, from the very beginning, even though the micro-organisms
were not perfectly acclimatised, their concentration was high enough
to assure efficient biological removal. As a consequence, the organic
matter concentration in the effluent was lower than during the first
days of phase 1, with a total and soluble COD removal of 85 and 75%
respectively, on the day 1.

Obviously, during the start-up without inoculum, the biomass
concentration in the pilot plant continuously increased, as did the
carbon removal performance as a consequence. Thus, at the end of
phase 1, the mean organic concentration in the permeate became
similar to that in phase 2. Finally, the overall depurative biological
contribution in the two phases was similar.

The filtration process even played a relevant role in the nitrification
process [2,14], as shown inFig. 2.However, asdiscussedabove, theNH4–N
and Ntot concentrations in the influent were different, but some inter-
esting aspects couldbe analysedduring this experiment, especially for the
nitrification process in the first days. More specifically, the membrane
allowed the complete retention of all suspended solids and a part of the
solublematter. In this context, autotrophic bacteria canbe also retained in
the reactor, the autotrophic bacteria concentration can quickly increase,
and consequently, the nitrification phenomenon can be accelerated. In
particular, during phase 1, almost complete ammonia nitrogen oxidation
occurred after only 1 week. This confirmed the fundamental role played
by the membrane module in keeping all of the inlet micro-organisms
inside the biological reactor, allowing a faster increase of the slow-
growing micro-organisms as well.

To understand why complete nitrification occurred from the first
experimental day using the start-up with sludge inoculum, the
initially high concentration of the biomass (∼15 g L−1) has to be
considered in addition to the filtration process just described. That is
why the nitrification efficiencies were so different at the beginning of
the two phases, as shown in Table 3.

Although the plant configuration was conceived only for organic
carbon removal (i.e., no anoxic tank was used), a partial denitrifica-
tion process occurred during phase 1 anyway, as shown by the Ntot

data in Table 3 and in Fig. 2a, where there is a clearly visible gap
between NH4(in)≈Ntot(in) and Ntot(out). This phenomenon was
related to the accidental formation of a dead anoxic zone at the
bottom of the reactor, where the biomass settled. During phase 2, this
unintentional denitrification process was largely reduced due to
periodical anoxic sludge withdrawal from the bottom of the reactor.
Thus, in this phase, the nitrogen removal was mainly due to biological
assimilation by bacteria for cellular synthesis processes.

In conclusion, comparing the results of the two experimental
phases, it should be noted that the permeate quality was slightly
higher in phase 2. However, for both different inoculum procedures,
the permeate stayed within the legal limits for several parameters
(CODtot, BOD5, TSS and E. coli) except total nitrogen, because the pilot
plant layout had no specific denitrification stage.



Fig. 2. N–NH4, N–NO2 and N–NO3 concentration in the influent and effluent during
start-up without (a) and with inoculum (b).

Fig. 3. TSS increase during start-up without (a) and with inoculum (b).
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3.2. MLSS increase during start-up with and without inoculum

The biomass concentration trend in the pilot plant during the two
experimental phases was monitored by means of TSS and VSS
concentrations. Fig. 3 (a and b) shows the TSS and the VSS/TSS ratio
for both phases; the latter is useful to evaluate if any inert matter
accumulation occurred in the biological sludge. As shown in Fig. 3, the
growth of the suspended solids inside the reactor in the two ex-
perimental phases was very different, due to the different operating
conditions applied. During phase 1 raw wastewater was used to fill
the reactor on the first day. Thus, the initial suspended solid con-
centration was the same as the raw wastewater. Further, it constantly
increased because the biomass was completely retained inside the
reactor by the membrane and no sludge withdrawal was carried out.
At the end of phase 1, a TSS concentration higher than 20 gTSS L−1

was achieved. On the contrary, in phase 2, the biomass concentration
was kept almost constant (15 gTSS L−1±1 g/L) thanks to periodical
sludge removal. Nevertheless, the control of TSS concentration growth
was not simple. However, after the acclimatisation of the inoculated
biomass and the stabilization of biological conditions, the sludge
withdrawal was fixed at a constant daily value (6 L). In this condition,
the sludge retention time (SRT) was roughly constant, i.e., about 32–
35 days (after the 25th day).

In phase 1 (see Fig. 3a), there were two seeming stabilizations in
the sludge concentration: a very short one from day 18 to day 26, and
a more evident one from day 35 to day 50. However, it was observed
that particulate matter accumulation occurred in the dead part at the
bottom of the reactor, below the air spargers, in both instances. Due to
this, that amount of biomass was not included in the suspended solids
measurements. The mixing of the settled particles in this dead zone
showed that, during entire experiment without inoculum, the
suspended solid concentration continuously increased, and the
apparent stabilizations were actually only due to imperfect mixing
in the reactor. The presence of this dead zone also explained why,
inside an aerobic reactor, a partial unintentional denitrification
phenomenon was observed.

Near the end of phase 1 (56th day), an accidental malfunction led
to a biomass loss from the pilot plant. Regardless, during the following
days, the suspended solid concentrations began to increase again,
reaching a value of 22 gTSS L−1 on the last experimental day. Because
a constant VLR was applied to the pilot plant, and the biomass was
completely retained inside the reactor, a constant decrease of the
organic loading rate (OLR) was observed. Moreover, in the second half
of phase 1 the OLR was always less than 0.1 gCOD gVSS−1d−1, and
despite this stable parameter, a stable value for the TSS was never
achieved. Similar results were also found by Pollice et al. [5].

The VSS/TSS ratio in phase 1 showed a large decrease from the
initial average value of 0.85±0.1 during the first week to an average
value of 0.67±0.01 during the last week. Thus, the lack of sludge
withdrawal caused a progressive accumulation of inorganic matter
inside the bioreactor; however, analyses of system performance



Fig. 4. OLR, VSS and Yobs during phase 1 (with complete sludge retention).
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suggested that this progressive accumulation of inorganic matter had
no significant negative influence on the performances.

In order to evaluate the biomass growth during phase 1, sludge
production was measured through the observed yield coefficient Yobs,
which represents the biomass production per gram of COD removed.
This coefficient was calculated as the ratio between the VSS
accumulated in the reactor and the overall quantity of COD removed
[15]. The VSS values used for the calculation refer only to those
analysed when the reactor was completely mixed, and take also into
account the biomass loss that occurred on the 56th day.

The yield coefficient slowly decreased with the increase of VSS
concentration in the biological reactor and with the consequent
decrease of OLR. In the last 15 days of the experiment, the Yobs reached
a stable value of 0.24±0.03 gVSS gCODrem

−1 (0.32±0.04 gCOD
gCODrem

−1), significantly lower than the typical value in a conven-
tional activated sludge plant [16,17] but higher than the values
observed in other experimental studies on MBR plants [5,6]. This
result may be due to the wastewater inlet point chosen in the
municipal plant to feed the pilot and to the subsequent high
percentage of inert matter (see Table 2). Thus, the inert matter in
the influent wastewater was obviously included in the observed yield
coefficient because it contributed to sludge production.

In order to eliminate the contribution of influent inert matter from
the observed yield coefficient, Yobs was written as the sum of: (i) a
conversion rate directly related to the overall biological processes
(YXBHS/S) and (ii) the progressive inert matter accumulation from the
influent (YXI/S):

YXSS=S = YXBHS=S + YXI=S: ð1Þ

Starting from the ASM3 model under the hypothesis of limiting
substrate concentration and stable active biomass concentration [18],
it is possible to write Eq. (1) as follows:

YXSS=S =
fi⋅bH⋅XBHS

Q
V

SS0−SSð Þ + 1−fSIð Þ⋅XS0½ �
+

XI0
Q
V

SS0−SSð Þ + 1−fSIð Þ⋅XS0½ �
:

ð2Þ

Eq. (2) is based on the ASM3 model, taking into account all the
mass balances referring to the storage of soluble substrate, the
particulate fraction of the substrate, the consumption of stored
products, the active biomass concentration, the inert accumulation in
the system and the oxygen demand. Furthermore, only the aerobic
heterotrophic microorganisms were taken into account, and the
oxygen concentration, nitrogen concentration, etc., were not consid-
ered limiting factors.

Moreover, because it is difficult to imagine that in a reactor
operating under limiting substrate conditions (like the pilot plant) a
potential substrate may accumulate, it was assumed that the
particulate fraction of the influent substrate had a hydrolysis velocity
equal to the loading rate of the biodegradable substrate to be
hydrolyzed. Starting from all of these considerations, it is possible to
express the active biomass threshold concentration in steady state
conditions with Eq. (3):

XBHS =
Q
V

SS0−SSð Þ + 1−fSIð Þ⋅XS0½ �
bH
YSTO

1
YH

+ bSTO⋅KSTO
μm−bH

� � : ð3Þ

Thus, the threshold value given by Eq. (3) depends on the organic
volumetric loading rate applied to the systemandon the typical kinetic
parameters of the bacterial population that uses a given substrate. The
kinetic constants were evaluated with a respirometric batch test
(μm=0.65 days−1; YH=0.74 gCOD gCOD−1; bH=0.29day−1; and
KS=0.61 mgCOD L−1). From Eqs. (2) and (3), using either the results
from the respirometric analysis or the default values of the ASM3
model (when the experimental values were not available), it is
possible to evaluate the two terms in which the yield coefficient of the
system were divided:

YXSS=S = YXBHS=S + YXI=S = 0:09 + 0:23 = 0:32 gCOD⋅gCOD−1
: ð4Þ

In conclusion, the sludge production was apparently higher than
that usually reported for MBR plants, and this result seems to
contradict one of the most important advantages of MBR systems, i.e.,
the low sludge production. In fact, the application of the ASM model
demonstrated that 70% of the actual sludge production was due to the
accumulation of the inert matter coming from the unsettled
wastewater. Thus, the sludge production only related to the biological
processes, which is in good agreement with the values reported in
previous experimental studies carried out in similar operating
conditions where pre-settled or synthetic wastewater was used [5,6].

Fig. 4 shows the Yobs value and the net TSS mass accumulated in
the tank during phase 1.

Referring to phase 2, the suspended solid concentrations in the
bioreactor were previously shown in Fig 3b. As already mentioned,
the pilot plant was inoculated on the first day of the experiment with
15 gTSS L−1 activated sludge, and a similar value was maintained
almost constantly during phase 2 via periodic sludge removal. In this
phase, the VSS/TSS ratiowas different from the onemeasured in phase
1; it was almost constant (average value of 0.74±0.03) due to the
sludge removal, which prevented the progressive accumulation of
inert compounds in the bioreactor.

3.3. Analysis of floc dimensions

MBR plants often work under low organic loading rate conditions
such that the biomass prefers growing in dispersed form (small flocs
and free bacteria) in order to have better access to the substrate
[19,20]. Furthermore, the high turbulence in membrane bioreactors
leads to mechanical deflocculation that reduces floc aggregation and
breaks apart large flocs if they are present. In particular, the high
turbulence in submerged MBRs is mainly caused by the coarse
bubbles aeration system which generates strong turbulence to
continuously clean the membrane surface [21–23].

The results of the morphology observations, according to the
previous description, are reported in Fig. 5, where the mean floc
dimensions trends are shown for both phases, without and with
inoculums, as well as the d10 and d90 data.

Considering phase 1, even though the interpretation is quite
complicated, it seems that the biological aggregates initially reached
considerable dimensions (compared to the usual dimensions of
biological aggregates in MBRs). This phenomenon was likely due to
the operating conditions at the beginning of the phase; the very low



Fig. 5. Floc dimension variations in both start-ups.
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biomass concentration in the first days enabled a high organic loading
rate in the pilot plant. In particular the food to microorganism ratio
(F/M) decreased from 6.4 gCOD gVSS−1day−1 on the first day to 0.2
gCODgVSS−1day−1 onday17.Obviously, thesevalues donot imply any
difficulty in substrate assimilation by the micro-organisms [24].
Unfortunately, the dimensions of the flocs that were analysed were
not representative because the reactor was poorly mixed. The real
average dimensions of the flocs were determined only after the fine
bubbles aeration system was upgraded (on the 24th day) because the
previously settled sludge was re-suspended in the tank. After the
aeration system upgrade, a slow decrease of the floc dimensions was
observed in the floc dimensions versus time curve (Fig. 5 — phase 1). At
the end of phase 1 the average size of the flocs was ∼20 μm, which is a
very low value compared to the CAS plants, thus confirming the results
of Smith et al. [25] andMerlo et al. [26]. This deflocculationphenomenon
was likely due to the operating conditions: as the biomass concentration
increased, the F/M ratio during phase 1 constantly decreased to
0.07 gCOD gVSS−1day−1. This famine state may have been caused by
extrapolymer substance (EPS) assimilation by the biological aggregates,
such that the floc structures became very fragile. Then, the flocs were
disrupted by themechanical stress due to high turbulence, according to
[26]. In particular, after upgrading the aeration system, the local shear
intensity Gwas 240 s−1 (i.e., greater than typical values in the CAS that
rarely exceed 200 s−1 [21]). In general, the observations carried out to
evaluate the average floc dimensions are confirmed by the d10 and d90
trend. However, the analysis of the latter characteristic diameters
underscores some important aspects. First, the d90 values indicate how
the increase in the aeration system power at day 24 had a strong effect
on the immediate re-suspension of the larger particles that previously
settled. Indeed, the dimension of such particles (referring to the d90)
increased too quickly compared to the expected value, consequent to
the flocculation phenomenon related to the organic load applied to the
pilot system in that period. On the other hand, the “small particle” class
did not show any change during the same period. Further, the data
analysis showed that such granulometric analysis has poor sensitivity
for particles with diameters lower than 5 µm. Hence, with the same d10
percentage value, no reliable information can be obtained for the actual
presence of particles in the range of 1–3 or 4–5 µm.

Considering phase 2, the sludge to inoculate the MBR pilot was
taken from the recirculation line of the municipal plant, so the initial
concentration in the pilot plant was 15 g L−1 and was maintained
between 15–16 g L−1 for the entire phase. In this phase, the F/M ratio
was ∼0.07 gCOD gVSS−1day−1 from the first days, and the parameter
G in the reactor was maintained at ∼255 s−1. At the beginning,
the floc dimensions were similar to those from a CAS due to the
inoculum. In particular ∼75% of the inoculated sludge was
composed of flocs whose dimensions varied between from 100 to
400 μm. Under these operating conditions, the turbulence action
caused progressive deflocculation: as shown in Fig. 5, the floc
dimensions at the end of phase 2 reached ∼40 μm. In such second
experimental period, even the d10 and d90 trend underline the
establishment of a regular and progressive deflocculation phenome-
non (with almost constant organic load and G values) of both large
and small particles (though a slower diameter reduction was
observed for the latter). The comparison between the two phases
shows that, in both start-ups, deflocculation phenomena (biological
and mechanical) took place. It should also be noted that in phase 1,
before reaching stationary conditions, a slight flocculation occurred
when the OLR was still high.

Finally, we must stress that, in order to validate the analysis, the
adopted procedure (opening technique) was compared with the results
obtained in the “sieve analysis” test that was applied to a silt–clay
sample. Theobtained resultswere generally in good agreement, but two
fundamental aspects have to be taken into account to apply this
technique to activated sludge samples: (1) the opening technique
application implies a strict image and contrast regulation in order to
reduce the error during activated sludge flocs and dispersed particles
analysis; and (2) the application of such a procedure to mixed liquor
samples (considering the dimensions of the analyzed particles) requires
a huge number of microscopic pictures (200–300 images, with a 100×
zoom, to overlap a 40 mm2 area) that have to be further joined together
to produce a single picture from which to work.

3.4. The role of specific fouling mechanisms

Fouling investigation is generally based on the determination of
membrane permeability variations and on the evaluation of superficial
deposition onto themembrane surface either during the operation of an
MBR plant or during laboratory filtration tests [27,28]. Several authors
base the fouling estimation on different components of the resistance to
the permeation, each related to a specific foulingmechanism. According
to the resistance in series model, the sum of these components is the
total resistance [29–31]. The general formula of a specific resistance is
based on Eq. (5) [31–33]:

R =
TMP
J⋅μ : ð5Þ

Assuming that μ is equal to thewater viscosity at 20 °C, the resistance
value depends both on transmembrane pressure and permeate flux
variations. Because, in this study the permeate flux was kept constant
(constant flux strategy), the fouling rate was only determined by means
of TMP variations during both phases. Otherwise a simultaneous
variation of the two parameters would have affected foulant deposition
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and the specific fouling mechanisms [34]. Two different concepts of
resistanceswere used, in both phases, for the characterization of fouling
mechanisms: reversible/irreversible resistances for phenomenological
classification [29,35–37] and cake deposition/pore blocking resistances
in term of physical mechanisms of deposition [31,35,38].

In the first classification, the reversible resistances are defined by
means of the amount of TMP recovered after periodic backwashes,
while the irreversible resistances are defined through the amount of
TMP that is recoverable only after an intensive physical or chemical
cleaning [3,29,33]. In the second classification, the resistances are
related to two different foulant depositions: the adsorption and
deposition within the pores or onto the membrane surface. If the
foulants are larger than the membrane pores, they cannot enter the
pores, instead forming a cake layer on the membrane surface, and
cake deposition occurs. This mechanism defines a mainly reversible
type of fouling [31,39]. In practice, a low percentage of cake deposition
resistance can be irreversible but several studies neglect it [29,39,40].
Conversely, if foulants have comparable or smaller sizes than the
membrane pores (like soluble and colloidal matter) pore blocking
occurs [3,38], which is typically irreversible and can be removed only
via chemical cleaning [36,38]. In order to evaluate the total resistance,
another component must be determined, i.e., the intrinsic membrane
resistance, which can be calculated by the following equation [27,31]:

Rm =
TMPH2O

JH2O⋅μ
ð6Þ

where TMPH2O is the TMP in tap water filtration with flux JH2O equal to
21 L m−2h−1.

Rm was measured at the beginning of both phases because two
different ZW10 hollow fibres modules were used.

In order to investigate the fouling development, the total resistance
(RT) of one filtration cycle was analysed once a day during both phases.
In particular, using a total resistance versus time diagram, it is possible to
quantify the irreversible and reversible resistance in one suction phase
between two consecutive backwashes [41]. The resistance value was
calculated by means of Eq. (5), using the TMP values recorded by the
datalogger. Fig. 6 showsanexample of a typicalfiltration curve aswell as
the quantification of the irreversible and reversible components of the
resistance, based on the following equations:

Rirr =
TMP*
J⋅c −Rm ð7Þ

Rrev =
TMP
J⋅c − TMP*

J⋅c ð8Þ

where TMP* is the starting TMP value of the suction phase analysed.
Fig. 6. Example of filtration cycle fo
More specifically, Fig. 6 shows that the initial resistance is equal to
the sum of the membrane resistance (Rm) and the irreversible
resistance (Rirr) due to the fouling not removed by the previous
backwash. Obviously, as Rm is known, Rirr is directly calculable. Thus,
the resistance trend in a typical filtration cycle is characterised by a
first phase with a fast increase, which represents a “transition stage”
mainly due to the initial superficial deposition that slowly covers the
membrane surface. After 50–70 s, a second stage characterised by a
slower resistance increase due to the following superficial deposition
(called “thickening stage”) is observed. Both stages represent the
reversible resistance (Rrev) and they are related to the cake deposition
on the membrane surface.

In practice, however, the initial resistance value increases slightly
after each backwash because irreversible fouling occurs. This
irreversible contribution to membrane fouling is caused by pore
blocking that occurs in the very first seconds of the suction phase
before superficial deposition and, slightly, by pore blocking and cake
deposition during the entire cycle. Nevertheless, the increase of Rirr is
not perceptible between two consecutive filtration cycles, because
its variation is too low. That is why, in this study, the irreversible
fouling was quantified only by comparing the TMP* of two cycles 24h
delayed.

Referring to the second classification of specific resistances, in
order to evaluate RPB and RC, it is first necessary to verify the existence
of an irreversible component of RC. If the irreversible component for
cake deposition is negligible, then RPB and RC are equal to Rirr and Rrev
respectively. In order to verify and calculate RCirr, a thorough non-
standard physical cleaning was performed by rinsing the membrane
module with a high flow of tap water and physically washing each
fibre, in accordance with reports in the literature [27,33]. Thus, on day
52 of both start-up phases a mechanical cleaning was carried out as
described above. The choice of the day for physical cleaningwas based
on a great variation of influent quality on the previous day (see
Materials and methods) and to reaching a TMP of 0.3 in the phase
1 bar. In phase 2, the physical cleaning was done on the same day for a
correct comparison of irreversible cake evolution.

As a consequence of cleaning, the membrane permeability
increased (and consequently the total resistance decreased) in both
phases because an irreversible fouling component was manually
removed from themembrane surface. This foulingwas due to the cake
that was accumulating irreversibly between the membrane fibres,
starting on the first day of use, and that was not removed by the
recurring backwashes. Therefore this contribution was entirely
attributed to RCirr because the irreversible component due to the
pore blocking would have been removed only by chemical cleaning
[29,42]. The RCirr component was only determined on day 52 of both
start-up phases, and all the previous values were evaluated with a
linear function, by fixing RCirr=0 on the first day of each start-up
r the resistances investigation.
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phase. In conclusion the RPB and RC components can be calculated
through the resistances Rirr and Rrev with the following equations:

RPB = Rirr−RCirr = RT−Rm−Rrevð Þ−RCirr ð9Þ

RC = Rrev + RCirr = RT−Rm−Rirrð Þ + RCirr: ð10Þ

3.5. The role of specific fouling mechanisms

The suction cycles, which were recorded every 5 days (before the
physical cleaning) during both phases, are shown in Fig. 7.

The resistances versus time curves were much different between the
two start-up phases. In particular, during the first 10 days of the start-up
without inoculums, neither the transition stage nor the thickening stage
occurred (Fig. 7a). These differences between the typical curves in Fig. 6
may be attributed to changes in sludge characteristics. In principle, the
TSS concentration in the reactorwas very lowat thebeginning of phase1,
so that the cake layer on the membrane surface was negligible. On the
contrary, due to the high TSS concentration, a thick cake layer was
depositing on the fibres from the first day of phase 2. This superficial
Fig. 7. Total resistance variations during the suction cyc
deposition is shown in Fig. 7b, where the trend of each curve is very
similar to the one shown in Fig. 6. In particular, during phase 1, the
“height”of each curvegradually increasedwith increasingTSS from0.3 to
∼16–17 g L−1 on day 50 (Fig. 3a). On the contrary, during phase 2, the
shape and the “height” of the transition stage remained constant because
the TSS concentration in the tankwasnearly constant (Fig. 3b). The inter-
distances between twoconsecutive curves are alsodifferent inboth start-
ups; in phase 1, the curve jumps were more evident during the first
15 days,while in phase 2, the inter-distanceswere similar for each curve.
This circumstance is explained by the intense, irreversible fouling that
occurred in the first days of the start-up without inoculum; many
particles, colloids and micro-molecules entered and blocked the pores
because there was not any cake deposition yet acting as a pre-filter [43].

In Fig. 8, the variation trends of Rirr–Rrev and RC–RPB resistances are
shown for both start-ups and were determined as described above.
The figure shows that the Rirr trend in both start-ups never decreased,
except on the 52nd day when the non-standard mechanical cleaning
was performed. Because no chemical action occurred during this
cleaning, only the irreversible portion of the cake was removed, but
the foulants inside the pores were not. On the other hand, the RPB and
RC trends show that the fouling decrease due to the cleaning
les of start-up without (a) and with (b) inoculums.
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procedure on day 52 is entirely attributable to the removal of the
irreversible foulant cake. Consequently, no RPB decrease is visible.
Nevertheless, the differences between Rirr /RPB and Rrev /RC for each
specific start-up were very small and related to small increases in the
RCcirr contribution during plant function.

In general, in the start-up with inoculums, the Rirr and RPB
increased linearly, and the resistance values were always lower than
those of the start-up without inoculum. In other words, the
irreversible fouling increased more rapidly in the start-up without
inoculum. However, the fouling due to the deposition of suspended
solids on the membrane (i.e., Rrev and RC) was influenced by the MLSS
concentration in the reactor.

In the following section, the role of soluble and suspended
particles in the fouling evolution is discussed relating only RPB and
RC, though the conclusion can be extended to Rrev and Rirr.

3.6. The role of soluble compounds, suspended solids and floc size on the
membrane fouling

Many reports in the technical literature focus on the conflict
between some experimental results, mainly related to the role of
sludge concentration on membrane fouling [44–47]. However, in this
work, the quick change in SS concentration (phase 1) and the quick
deflocculation (mainly in phase 2) contributed to increase the
importance of suspended matter on total fouling, despite the fact
that the role of soluble compounds could not be neglected.

Generally, the role of suspended matter is related to two effects
[43]:

▪ a direct influence on the superficial deposition and consequently
on the cake deposition resistances;
Fig. 8. Rt, Rrev /Rirr and RC/RPB increase during st
▪ an indirect effect due to a different pre-filter action (in phases 1
and 2) that influences the irreversible fouling due to the pore
blocking mechanism.

In particular, the start-up in both phases was mainly influenced by
a different cake deposition mechanism (with different cake layer
formation as consequence). Furthermore, the evolution of the MLSS
concentration in the reactor was different in the two start-up phases
because an initial inoculum was only used in phase 2. Consequently,
as shown in the comparison of RT and TMP evolution in both phases
(before the physical cleaning) in Fig. 9 (a and b), the difference in
terms of total resistances is evident (especially during the first 10 days
of the two start-ups) due to irreversible deposition that is mainly
influenced by the different effect of the cake layer. This is also
confirmed by the Fouling Rate values (FR, m−1d−1) in Fig. 9c.

Nevertheless, the membrane fouling was not only related to the
sludge quantity but also to other parameters in MBR. In order to
investigate the role of the main factors on the fouling evolution in
more detail, three parameters were analysed:

● CODsol–sur: the fraction of soluble CODmeasured in the supernatant
of mixed liquor sample obtained after centrifugation at 5000 rpm
for 10 min and filtered through a 0.45 μm filter paper (essentially,
the same procedure proposed for Soluble Microbial Products or
SMP separation from mixed liquor);

● MLSS: the normal SS concentration in the reactor;
● Floc size in terms of dm: useful to characterize the cake layer.

Unfortunately, EPS and SMP were not assessed during our
experiments. However, even if the types and concentrations of EPS
and SMP were different during the two phases, in the first 10 days of
start-up without inoculums, the influence of polymeric substances
art-up without (a) and with (b) inoculums.



Fig. 9. Comparison of Rt, TMP and specific fouling rate evolution in both phases.
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produced by biomass was smaller than the total dissolved and
colloidal matter in the influent. More specifically, in the first days of
phase 1, the biomass concentration was negligible, and consequently,
the EPS and SMP production was also negligible. On the contrary, in
the second phase, the extracellular polymeric production was likely
greater than in phase 1, but this phenomenon is a disadvantage for
irreversible fouling during start-up with inoculums. Despite this fact,
the irreversible fouling of phase 1 was greater than the irreversible
fouling in phase 2.

The fouling increase was analysed by examining RT, RPB, RC and
specific cake resistance (α). In particular, the variation of the cake
specific resistance αwas calculated using the following expression [48]:

α = Rrev
Am

TSS⋅Vperm
ð11Þ

where Am is the membrane surface, Vperm is the permeate volume
produced during a filtration cycle, and TSS is the total suspended solid
concentration. In Fig. 10 the main correlation are shown.

In general, no evident correlation between fouling increase and
CODsol–sur concentration was found, except during the first days of the
start-up without inoculum (phase 1). In fact, when the biomass con-
centration in the reactor was low, a constant increase of irreversible
Fig. 10. Significant correlation between
fouling (RPB) occurred. Specifically, the total absence of the cake layer
caused a negligible pre-filter action and consequently there was a
direct impact of influent soluble matter on membrane surface [3,48].
On the other hand, after the 10th day, no effects of soluble matter on
the membrane irreversible fouling were clearly observed. In partic-
ular, the contemporaneous variation of all parameters (soluble and
suspended matter concentration, floc size, etc) contributed to mask
the single effect of soluble compounds. In this context, it would be
necessary to compare the resistance increase with the actual soluble
concentration that reaches the membrane surface after cake layer
filtration (according to the deep bed theory reported by Kuberkar and
Davis [49]). Unfortunately, it was not possible to directly evaluate the
COD concentration in the cake layer/membrane interface during
normal plant operation. However, as shown in Fig. 10, the increase in
RPB decreases after 10 days of operation in phase 1. Similarly, for the
entire length of the phase 2 experiment, the FR values were low and
quite constant (FRb0.5·1011 m−1day−1). As discussed above, this
circumstance was likely caused by the cake layer filtration that occurs
only with a relevant MLSS concentration in the reactor, even if it was
not possible to determine a specific correlation.

High MLSS variation influenced the total resistances for the entire
length of phase 1, mainly in terms of superficial deposition (RC). In
fact, the analysis of correlation reported in Fig. 10 underscores that the
operational and fouling parameters.
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resistance variations were mainly correlated to cake deposition. In
particular, the results show that there is an exponential relationship
between MLSS concentration and cake resistance, as seen by Meng
et al. [47]. Furthermore, according to Eq. (11), during the start-up
without inoculum the continuous SS concentration variation also
influenced the typical variation of cake layer features. Consequently, α
can also be correlated to MLSS concentration. Unfortunately, the
correlation was evident only in phase 1, when the difference in TSS
concentration, from the 1st to the 65th days was very high. In fact,
during the start-up with inoculum, when the SS concentration was
kept essentially constant, a relation between MLSS and resistance
fouling was not found; the RTOT and RC trends showed only small and
homogeneous values. Obviously, the specific cake layer resistance was
also influenced by the deflocculation phenomenon (Fig. 10), and it
was also evident in phase 2. In general, the superficial deposition
phenomenon was influenced by floc size decreases in the two start-
ups. In fact, the cake layer deposited onto the membrane displayed a
reduction in permeability. Consequently α, RTOT and RC tend to
increase when the average flocs dimension decreases. The same result
was found by other authors [47,50] and was not correlated with
inoculum deflocculation.
4. Conclusion

The paper analysed MBR start-ups, focusing on the role of the
initial inoculum of activated sludge.

Inparticular, the experiments aimed to study thedifferencebetween
a start-upwith or without inoculum. The results confirm that the MBRs
can be quickly and easily started-up, in both initial operating conditions.
More specifically, the MBR was able to guarantee excellent organic
removal performance in both start-ups. In fact, the inoculum allowed
only a slight improvement of depuration performance due to the
presence of a microbial population on the first day of operation. In both
start-ups, complete nitrificationwas observed after only a fewdays, and
the legal limits for COD removal were met from the very beginning.
Regarding floc dimensions, in steady-state conditions the morphology
of MBR activated sludge is characterized by flocs of ∼20–40 μm, i.e.,
much smaller than those usually observed in CAS systems. Due to the
complete retention provided by the membrane, such small dimensions
of thebacterial aggregates did not affect the effluent quality, because the
permeatewas always free of suspended solids. Nevertheless, such small
dimensions affected the cake permeability.

Finally, unlike the removal performance results, the filtration
efficiency and the membrane fouling were greatly influenced by the
inoculum. In particular, the cake layer acted as a pre-filter for all
dissolved and colloidal components not biodegraded by micro-
organisms. As a consequence this pre-filter reduces the foulant
amount reaching the membrane. In this context, it is important to
definemore efficient conditions taking into consideration all potential
foulants and a logical balance in the different fouling mechanisms:
soluble compounds for irreversible fouling, sludge concentration and
particle size evolution for reversible fouling.

These results can be obtained by optimization of MBR manage-
ment from start-up, exploiting the pre-filter action of a cake layer and
the high biological removal guaranteed from the first days of
operation by an inoculum.
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