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ABSTRACT

Membrane separation technologies equipped with ceramic membranes have shown good operational results, high
robustness and reliability. In this study, a combination of Moving Bed Biofilm Reactor (MBBR) & Membrane
Bioreactor (MBR) (pilot scale) was investigated for fouling control optimisation. The system was operated with
flat-sheet microfiltration (MF) ceramic membranes. Because of the attached biofilm in the MBBR, it could work
stably and effectively with different loading rates, which reduces the load on the membrane surface. Influences of
sludge recirculation and flux on the transmembrane pressure (TMP) value and thus impact on fouling development
were investigated. Intensive aeration, backwash as well as the implementation of NaOCI were used as physical
and chemical cleaning, respectively. The chemical cleaning efficiency reaches up to 70% and could be increased
after further research. After the determination of optimal operational conditions, the normalised permeability value
(PN) was effectively maintained with a slight TMP increase.

Keywords: water reclamation, moving bed biofilm reactor, membrane bioreactor, flat-sheet ceramic MF membranes.

INTRODUCTION

Water scarcity has become more acute, es-
pecially in recent years. There are two reasons
for this problem: physical (water is not always
available in the required amount) and economi-
cal (water is high-priced due to expensive treat-
ment) [Dinar et al., 2015]. This incentivises the
development of new treatment techniques for
water reclamation or water recycling. The abil-
ity to reuse water has a positive side, since it can
improve agricultural production, reduce the con-
sumption of energy used for water treatment and
increase nutrient removal [Bastian & Murray,
2012]. Treating water for discharging purposes
is no longer sufficient. Water should be cleaned
to the drinking quality standards or even better.
Moreover, the existing conventional treatment
system cannot handle it. The only variant, in this
case, is to use modern treatment technology, such
as membrane separation.

Among all possible technologies, which in
the future can partially or fully replace conven-
tional treatment systems, the combination of
MBBR & MBR shows good potential as a re-
liable way of water purification. The wide in-
troduction of membrane processes into practice
became possible because of advancements in
the science of polymers and the use of synthetic
polymeric membranes.

The membrane technology has become more
attractive and competitive, but there are still
many development constraints. Usage of such
systems provides many advantages, such as in-
creased treatment efficiency, better permeate
quality, smaller footprint, less complex operation
[Leyva-Diaz & Poyatos, 2015], higher reliability,
and resistance to overload and toxic compounds.
The MBBR serves as a reliable source of bio-
mass for the stable work of the system and as
biological pretreatment for load reduction on the
membrane surface and hence decreasing fouling
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layer growth. Membrane fouling remains the
greatest problem thatleads to a short-term life of
the membrane, which can greatly increase op-
erational, replacement, and also aeration costs
for physical cleaning [Ninomiya et al., 2020;
Wang C. et al., 2022].

In recent years, many different strategies for
fouling control have been developed as optimi-
sation of operational conditions, understanding
of fouling mechanisms, and discovery of new
membrane materials [Kimura & Uchida, 2019],
as well as new ways of fouling prevention or
cleaning [Wang C. et al., 2022]. One of the latest
successful membrane materials is ceramics. Such
membranes were made due to the unreliability
of polymeric membranes. Ceramic material has
unique thermal, chemical, and mechanical proper-
ties [Shi et al., 2014]; moreover. it can work with
high pressure, acidity/alkalinity, and temperature.
This makes it suitable for the treatment processes
where polymeric membranes cannot be used. The
permeability of SiC ceramic membrane can be up
to 20 times higher than of conventional ultrafil-
tration (UF) polymeric membrane. In addition, it
should be noted that ceramic membranes could
be cleaned with cleaning in place (CIP) without
any damage and the highly robust properties of
ceramic allow for the use of back pulsing as an
alternative cleaning option. One of the drawbacks
of SiC membrane is the price. In summary, the
properties that offer an advantage of using ce-
ramic membrane include [Lin et al., 2018] high
T, °C resistance, high stability, reliability, corro-
sion/abrasion resistance, can work in a wide pH
range, can be backwashed, resistant to deforma-
tion; stable under different bacterial conditions,
work with highly viscous fluids, greater porosity
and filtration surface area of the membrane, stable
pore size.

Fouling appears because of the attachment of
organic matter, which is present in high concentra-
tion in the separation chamber, to the membrane
surface due to its sticky properties. This is a com-
mon reason for membrane pore blockage. There
are different types of fouling (Table 1) [Arribas et

Table 1. Types of fouling on the membrane surface

al., 2015; Kimura & Uchida, 2019] and each has a

completely different formation time and rate.

Fouling appears on the membrane surface in
the initial minutes of operation. Irreversible foul-
ing eventually appears on the membrane surface,

which cannot be removed either by chemical or
physical cleaning, regardless of the efficiency of

the cleaning.
There are 3 basic fouling factors, that have
the most impact on the fouling rate:
e nature of the feeding wastewater;
the hydrodynamic regime of the separation
process;
membrane characteristics [Krzeminskia et al.,
2017].

Fouling develops unevenly, including [Gkot-
sis et al., 2014]:
conditioning fouling (initial fouling with mi-
nor pore blockage and residues of biomaterial
on the membrane surface);
steady fouling (cake formation with sludge
film and more advanced pore blockage);
rapid fouling with TMP jump (change of flux
due to unevenly distributed fouling layer,
therefore flux appears to be higher than the

critical value, which induces severe TMP

escalation).

For fouling control, there have been devel-
oped six main strategies:
suitable preliminary preparation of the feeding
wastewater;
permeate as the source of backwash/relaxation;
chemical cleaning-in-place (CIP);
chemically enhanced backwash;
membrane cleaning by coarse aeration;
chemical adjustment of mixed liquor [Krzem-
inskia et al., 2017; Azis et al., 2018].

Due to recent advances, it is possible to main-
tain a fouling-free system by using ceramic mem-

branes, which have a certain number of advan-

tages compared to polymeric membranes, includ-

ing the possibility of using more harsh methods of

membrane cleaning.

Type of fouling Cleaning

Structure

Loosely attached fouling structures, a cake layer appears on the

Reversible Could be removed by physical cleaning membrane surface
Irremovable Could be removed by chemical cleaning | Strongly attached fouling structures, pore-blocking phenomena
Irreversible Could not be removed Permanent fouling structures
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One very important factor is the intensity of
mixed liquor mixing, which plays an important
role in fouling formation. Mixing keeps all foul-
ing structures in continuous movement, which
makes the attachment less possible and could re-
move the already attached particles on the mem-
brane surface. Together with periodical backwash
and relaxation, mixing can effectively control re-
versible fouling.

Chemical cleaning-in-place can be used as a
method for removing irremovable fouling. CIP is
highly efficient and could be performed in-situ or
ex-situ. Cleaning efficiency depends on many fac-
tors, including the type of used reagent and its con-
centration, reagent reaction rate, characteristics of
fouling on the membrane surface, etc. [Wang et

al., 2014]. It should be emphasised even that the
cleaning procedure should be considered careful-
ly, for instance inadequate cleaning with NaOCI,
can actually intensify the fouling rate, resulting
in the rapid and repeated formation of the fouling
layer [Kimura & Uchida, 2019].

MATERIAL AND METHODS

Pilot plant

The pilot-scale MBBR & MBR plant was in-
stalled in the laboratory of the Norwegian Uni-
versity of Life Sciences in As, Norway. The pi-
lot plant was maintained for about half the year,
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Figure 1. Schematic of ceramic MBR & MBBR pilot plant in As, Norway (Dzihora, 2021)
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Table 2. Membrane modules and their characteristics

Number of modules | Filtration area, m? Theo[?::}i?:] fztiﬂ(g;oss), ml'/:eoretlcal capactty (gm:z/d
0.276 150 0.04 0.96
0.552 300 0.08 1.92
0.828 450 0.12 2.88

with 130 days of continuous data. As shown in
Figure 1, wastewater first enters the equaliza-
tion tank (not shown on the drawing), then un-
dergoes biological treatment in 2 subsequential
MBBRs. This stage serves as pretreatment before
membrane separation and also increases system
stability. After biological treatment, wastewater
flows to the filtration chamber, where it is sucked
through ceramic membranes into the last, perme-
ate, chamber.

Flat-sheet SiC MF membranes were used as
separation membranes [Cembrane Inc., 2016].
Silicon carbide material has a relatively high ac-
tive membrane surface area equal to 0.151 m? In
one separation chamber, three membrane mod-
ules were horizontally parallel placed with the
following characteristics (Table 2). The volume
of each chamber is 100 liters.

During the filtration process aeration was
continuously carried out via aerator diffusers with
2 mm perforation installed at the bottom of the
chambers.

Before pilot plant launching, activated sludge
was taken from the Bekkelaget municipal WWTP
in Oslo. That biomass suspension was acclima-
tised to the household wastewater. The sewage
from the student campus in As was used as the
source of wastewater. Wastewater flows in the
storage tanks separately as gray and black water
in ratio 1:10 with average values of Mixed Liquor
Suspended Solids (MLSS) 206 mg/l and Chemi-
cal Oxygen Demand (COD) 204.5 mg/1.

Table 3. Operational periods of pilot plant

The operational time of pilot plant could be
divided into filtration cycles, where each cycle is
also subdivided into: filtration (300 sec), relax-
ation I (60 sec), backwash (15 sec), and relaxation
IT (120 sec). Permeate is used as a backwash lig-
uid [Dzihora, 2019].

Long-term operation

System performance was assessed during 130
days of continuous operation and all data was
divided into 7 main periods related to different
changes in the system. For a better understanding
of the situation, the data were analysed separately
for each period (Table 3). The first period was
the system preparation for operational mode, for
sludge adaptation and biological growth until the
MLSS value equals 5 mg/l. During periods 2 and
3, the first changes were conducted for system
performance optimisation. Chemical cleanings
were categorised as separate periods (4 and 6).
The second cleaning was more optimised, result-
ing in a two-fold efficiency increase. Finally, the
system was monitored throughout the stable op-
erational conditions (7) in order to observe foul-
ing mitigation and stabilisation of permeability.

Data processing

During the system operational time, all data
was continuously recorded and processed. Spe-
cial controllers, connected to the pilot plant,

No. Periods: Day Period description
. . Adaptation of biomass for operational performance. It was decided that a
1| Sludge adaptation 0-20 stable mode should be reached to exclude other influences on the system
2 | Increase of sludge recycle 21-34 The influence of sludge recycling on the system performance (change of
pulse frequency)
3 | Increase of flux 35-40 | The influence of flux rate on the system performance
4 | CIP-protocol development 41-51 Chemical cleaning
5 | Stable operation | 52-77 | Stable operation mode for fouling rate observation
6 | CIP-ll-protocol development 75-88 | Chemical cleaning
7 | Stable operation Il 88-130 | Stable operation mode for fouling rate observation
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automatically measure main characteristics in-
cluding: time [sec] and number of filtration cycle;
TMP [mbar]; T [°C]; pH. For performance moni-
toring, representative data from each daily log file
was chosen, which is represented by 8 filtration
cycles, selected from every 3 hours of system op-
eration. For each cycle, initial and final values are
calculated as an average of 10 points at cycle start
and cycle end, excluding the pump ramp/relax-
ation periods. The obtained data were used for the
analysis of the system state and trend tracking.

Membrane cleaning and cleaning efficiency

Wastewater contains different pollutants of or-
ganic and inorganic nature. Hence, two types of
chemicals should be used. For this purpose, a se-
quence of chemicals was used, namely sodium hy-
pochlorite with 1001000 ppm of active chlorine (to
take out biological pollutants) and 0.2% citric acid to
destroy inorganic substances inside the membrane).
Moreover, after the addition of NaOCl, pH was ad-
justed by the introduction of NaOH to pH 10-11.

The backwash is necessary to maintain optimal
conditions for filtration, which includes low TMP
and high permeability, subsequently low fouling
rate. However, after a while, TMP reaches too high
values that could not be changed by simple back-
wash; therefore, chemical cleaning should be pro-
vided. For the performance of chemical cleaning,
the filtration process should be stopped. The dos-
ing pump directs NaOCI to the backwash line and
the membrane remains in the backwash mode until
the membrane will be covered with this solution.

R, —R,) — R
CE@%) = t(R T)R 7 100% =
t m
(1)
_Br = Rrev 000
Ry

where: R, — total resistance, m';
R — resistance of the membrane (initial
resistance), m;
R —resistance of the reversible fouling, m'.

RESULTS AND DISCUSSION

Operational data

Influence of sludge recycle rate
on system performance

After reaching stable operational performance,
it was decided to provide the first changes in the
system, namely, sludge recycle pulses (Table 4).

The duration of sludge recirculation (pulse inter-
val) was gradually decreased over 15 days. At first,
the change of pulse interval causes slight increases
in TMP during 21-27 days (Figure 2) followed by
a reduction of permeability P . After some time, the
system stabilised and followed a TMP increase re-
lated only to continuous fouling. Therefore, it could
be concluded that the system can adapt to different
pulse intervals and there is no need in maintaining a
high rate of sludge recirculation. Permeability after
stabilisation was 160—170 LMH/bar.

Table 4. Changes in sludge recycle pulses

The period of 90 days was taken and during
. . Day Pulses Day Pulses
that period 2 cleanings were performed. Mem-
. . 21 1620 32 933
brane resistance was used for the evaluation of
the cleaning efficiency (CE), which was calcu- 2 1458 34 746
lated according to Equation 1 [Racar et al., 2017]. 27 1166 36 550
250 0.5
Q
200 04 2
g
5 -
< 150 0.3
rf“ MWW E
= 100 02 &
= I
50 1620 1458 1166 933 | 746 | i
pulses pulses pulses pulses [pulses’ ~ T &
0 0.0
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
t, days

Figure 2. Dependences ® TMP = {(t), and ® dP /dt = f(t) (period 2)
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Table 5. Changes in flux

26

Day Net flux, LMH Gross flux, LMH Filtration speed, Hz
34 16.6 29.71 100
35 22.99 40.94 150
B0 66 LvH b3 L 02
400 - &
350 0.4 %
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= 300 =
s T
..g 250 0.3 E
=) =
S 200 028
=150 5
100 01 £
50 ©
0 0.0
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Figure 3. Dependences ® TMP = f{t), and ® dP /dt = f(t) (period 3)
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Influence of flux on system performance

The next period of optimal condition deter-
mination is related to flux regulation. As soon
as the system stabilised and sludge recirculation
decreased at the beginning of the 35" day, an in-
crease in infiltration speed was observed (Net flux
change — from 16.6 to 23 LMH) (Table 5).

This change had an interesting effect (Figure
3): in the first hours, a rapid increase in perme-
ability P was observed, while the TMP value re-
mained the same, but after some time extremely
fast fouling of the membrane was discovered by
the following permeability P drop. During the
next days, TMP continued to increase, but more
slightly and due to fouling only. Permeability af-
ter stabilisation was 100-140 LMH/bar.

Chemical cleaning performance

Cleaning efficiency is the percentage of foul-
ing that was removed by the CIP or in other words
membrane recovery. It is very important to pro-
vide efficient cleaning and prolong the lifetime of
the membranes. Therefore, each cleaning should
be analysed for further optimisation and clean-
ing efficiency increase. During operational time 2
cleaning was performed (Figure 4).

Treatment efficiency of the first CIP is 38.82%
from initial resistance, whilst the second figure
shows 69.25%, so it means that the second CIP
was almost twice as effective. It happened be-
cause of a long cleaning time and an optimised
cleaning protocol.

Stable operation periods

After each CIP system was operated under
stable conditions for fouling growth observation
(Figure 5). Period 7 has continued twice as long
(period 5-25 days and period 7-52 days) and also
TMP value was smaller almost by half. Normalised
permeability slowly declined from around 200 to
100 LMH/bar during both periods, which proves
that fouling growth was effectively mitigated.

Laboratory analyses (COD, MLSS, SVI)

During the operational time of pilot plant,
there was conducted analysis of raw wastewater,
mixed liquor (ML) from MBBR, activated sludge
from MBR, and permeate.

COD completely correlated with the value
of TMP; therefore, this laboratory analysis
also could be used for system state assessment.

a) 500 0.7
450
0.6 9
400 2
<
. 350 0.5 §
-~ s 04 S
o 250 3
03 &
E 200 =
150 0.2 %
100 £
50 0.1 3
0 0.0
45 50 55 60 65 70 75 80
t, days
b) 500 0.7
450 G B
400 g
” 350 0.5
* 250 =
S 200 e
150 02 &
100 =
=%
1 0.1 &
0 0.0

85 90 95 100 105

110 115 120 125 130

t, days
Figure 5. Dependences ® TMP = {(t), and ® dP /dt = () (period 5 and 7)
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Table 6. SVI value and sludge characteristics [ Yousuf, 2013]

S| Sludge characteristics

Maintenance of the system

. | compact & dense;

e  slow settlement ability.

bulking or too young sludge;

. | discharge rate;
. 1 returning sludge rate.

. 1 compact & dense;
l . older sludge;
o fast settlement ability.

. 1 discharge rate;
. | returning sludge rate.

Constant

the same characteristics -

According to the gathered information, could
be concluded that the MBBR stage plays im-
portant role in the system because different
COD value in raw water does not have a sig-
nificant effect on COD in the separation tank.
That means that the separation tank was oper-
ated under stable performance conditions even
though the loading rate was different. It is also
approved by effluent quality, which stays on the
same level all the time.

MLSS is one of the main characteristics
of biomass (mixed liquor in MBBR and acti-
vated sludge in separation membrane tank).
The MLSS value shows biological growth in
the volume of treated wastewater. It is highly
dependent on changes in the system. Every
increase of TMP (decreasing of P) correlates
with the MLSS value (which grows). This val-
ue helps to assess the state of the biosystem
and decide which volume of activated sludge
should be discharged (excess amount of sludge
should be removed from the separation cham-
ber and partially recycle to MBBRs.

Sludge volume index (SVI) analysis also
was provided with a point to evaluate the set-
tling ability of sludge. Settling ability is depen-
dent on biomass characteristics and decreases
with MLSS decreasing. In addition, this value
helps to maintain the system conditions accord-
ing to Table 6. For normal operational condi-
tions, the SVI value should remain in the range
of 100 to 250 mL/g. Such conditions maintain
good settlement ability of the sludge as well as
low permeate turbidity. The SVI values from all
periods were within the range, which indicates
proper operational conditions.

CONCLUSIONS
In this study, a combination of MBR &

MBBR was operated with flat-sheet SiC mem-
branes. The system operated under continuous

28

aeration, which hinders fouling growth. How-
ever, it is not enough and other methods should
be implemented. Therefore, hydrodynamical
variations were performed, including changes
in pulse interval and flux. A decrease in pulse
interval (sludge recycling) allows fouling rate
and TMP value reduction. Flux increase tempo-
rarily escalates permeability, the value of which
drops after a short time due to extremely fast
fouling growth on the membrane surface. Of
course, it is easy to control fouling under lower
fluxes, but by doing so productivity could be
significantly reduced.

Three MF ceramic membranes were used
for 130 days and two CIPs were conducted.
Each cleaning was performed according to
cleaning protocol and was quite highly effec-
tive, but still, part of irreversible fouling was
left on the membrane surface. The second CIP
was the most effective and showed almost 70%
of membrane recovery. It is obvious that with
the following studies even higher values could
be achieved.

System optimisation induced to longer life-
time of membrane and more seldom chemical
cleaning and therefore it decreased operational
cost. The periods with physical cleaning only
were prolonged almost twice with more stable
values of P, and TMP.

The MBR & MBBR combination is the most
perspective wastewater treatment system, which
should be developed as an option for the decen-
tralised and centralised systems as well.
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