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Abstract: Membrane fouling highly limits the development of Membrane bioreactor technology
(MBR), which is among the key solutions to water scarcity. The current study deals with the
determination of the fouling propensity of filtered biomass in a pilot-scale biofilm membrane
bioreactor to enable the prediction of fouling intensity. The system was designed to treat domestic
wastewater with the application of ceramic microfiltration membranes. Partial least squares regression
analysis of the data obtained during the long-term operation of the biofilm-MBR (BF-MBR) system
demonstrated that Mixed liquor suspended solids (MLSS), diluted sludge volume index (DSVI),
chemical oxygen demand (COD), and their slopes are the most significant for the estimation and
prediction of fouling intensity, while normalized permeability and its slope were found to be the
most reliable fouling indicators. Three models were derived depending on the applied operating
conditions, which enabled an accurate prediction of the fouling intensities in the system. The results
will help to prevent severe membrane fouling via the change of operating conditions to prolong the
effective lifetime of the membrane modules and to save energy and resources for the maintenance of
the system.

Keywords: water crisis; biofilm membrane bioreactor; membrane fouling; operation; ceramic
membranes; multivariate statistics

1. Introduction

The World Economic Forum (WEF) includes water crises in the group of risks with the highest
likelihood and impact, which are strongly interconnected with the trends in climate change that can
degrade the environment and cause food crises [1]. According to the WEF, the main reason for a water
crisis is a significant decline in the available quality and quantity of fresh water, thus resulting in
harmful effects to human health and economic activity. Competition for water between agriculture,
industry and municipal supply is being complicated by political tension around water in stressed
regions, thus leading to the future shock of so-called “grim reaping” [2].

Water reuse is gaining momentum as a reliable alternative source of freshwater in the face of
growing water demand, which is shifting the paradigm of wastewater management from “disposal”
to “reuse and resource recovery” [3]. Growing globally [4], water reuse plays a key role in bringing
significant environmental, social and economic benefits [5]. Advanced tertiary treatment is a rule of
thumb in water reuse and is an important factor of system resilience in the case of wastewater reuse
as a part of a decentralized water supply [6]. However, of all the wastewater produced worldwide,
only a very small fraction actually undergoes tertiary treatment [3]. Efficient, reliable, sustainable and
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economically feasible technologies are highly demanded when it comes to potential cost recovery by
treating wastewater to a water quality standard acceptable to users.

Membrane bioreactor technology (MBR) is a highly competitive technology when applied in
water reuse schemes. It provides excellent nutrient removal efficiency, compactness, complete biomass
retention with no use of a secondary clarifier, and produces a low carbon footprint [7–9]. Additionally,
strengthening requirements for reclaimed water quality is expected to drive the MBR market to USD
8.27 billion by 2025 [10].

However, membrane fouling is the main restraint to further penetration of MBR into cost-sensitive
markets, including the water reuse market in small communities and developing countries, which is
primarily due to the occurrence of unplanned high operating costs [11–14]. Several approaches
to detect, control and prevent membrane fouling in MBR have been developed during the last
decades, focusing on pre-treatment or modification of mixed liquor, membrane properties, operating
conditions, etc. [15–19]. Considering the pros and cons of the aforementioned, there is no unified
approach to dealing with membrane fouling.

Several types of research demonstrated that a combination of two or more fouling prevention
factors gives the best practical results through the synergy of anti-fouling mechanisms [20–22].
Therefore, the current research considers the use of a combination of biofilm-MBR (BF-MBR) process
configuration with the application of ceramic flat-sheet membranes.

BF-MBR combines membrane separation, biological contact oxidation and fluidized bed
wastewater treatment (as in the moving-bed-biofilm reactor (MBBR) process). This results in better
effluent quality due to reliable degradation of organics and nutrients, a lower sludge production
rate and a smaller footprint, together with stable and reliable operation, strong resistance to shock
loading, and adaptability due to high biomass concentration and diversity in bacterial population [23].
The BF-MBR process has demonstrated lower membrane fouling rates and better settling ability of
suspended biomass than in conventional MBR and MBBR processes separately [12,24].

In another study [25], porous suspended biofilm carriers were introduced to a submerged ceramic
membrane bioreactor to explore their effectiveness in membrane flux enhancement. Alleviation
of membrane fouling, in this case, is anticipated via mechanical scouring of the cake layer on
the membrane surface and modification of mixed liquor characteristics. It has been shown that
a combination of biofilm carriers with the ceramic membrane in MBR leads to 2.7 times lower cake
resistance and 1.5 times lower total resistance.

Mixed liquor suspended solids (MLSS), chemical oxygen demand (COD) and sludge relative
hydrophobicity (RH) are among the main characteristic parameters of activated sludge suspension
that are traditionally monitored in an MBR system [22,26–31].

MLSS provides information about mixed liquor fouling propensity, apart from indicating a
biomass potential to decompose wastewater impurities, determining an aeration tank volume,
and affecting the aeration demand and sludge production [28,32]. Several researchers acknowledged
there was a complex relationship between MLSS and membrane fouling [9,29,33].

The COD parameter accounts for the organic load and the biological treatment efficiency in terms
of the degradation of organic contaminants [34]. In addition, as specified by Le-Clech et al. [29], Ji and
Zhou [35], Meng et al. [36], in MBR systems, soluble COD is an indicator of the soluble microbial
product (SMP) level. SMP is generally considered to be one of the major foulants in MBR [37–39].

Biomass RH is one of the key parameters used to estimate the resistance caused by microbial
aggregates. RH determines flocculation ability of the sludge flocs based on their hydrophobic
interactions with each other, which in turn controls their dewaterability [32,40,41]. RH of the activated
sludge influences initial biomass attachment to the membrane and, therefore, membrane permeability
(i.e., determines whether a membrane can be more or less sensitive to different foulants).

The sludge volume index (SVI)/diluted sludge volume index (DSVI) is another characteristic that
is monitored in MBR systems. Although this parameter primarily characterizes the activated sludge
settling properties, it is also widely applied in MBRs, since it indicates the flocculation characteristics of
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the activated sludge and is associated with filamentous bacteria. The latter induces membrane fouling
through the release of SMPs from the sludge flocs, thus increasing their concentration via viscosity
increase and by fixing the foulants on the membrane surface, thus forming practically a non-porous
cake layer [9,33,42–44].

In general, a number of studies indicated that the above-mentioned biomass characteristics exhibit
specific tendencies in influencing fouling in MBR (Table 1).

Table 1. The influence of activated sludge parameters on the biomass fouling propensity.

Parameter Correlation with the Fouling Possible Fouling Mechanism References

MLSS 1 Positive

Intense cake layer formation on the membrane surface.
Increase in the suspension viscosity. Excessive growth of
filamentous bacteria. Increase in microbial metabolic
products such as SMP 2 and EPS 3, which are the
major foulants.

[34,45–51]

MLSS 1 Negative (irreversible fouling)
MLSS 1 12–18 g/L: The formed cake layer causes the
prevention of the pore blocking development and
induces an increased porosity of the cake layer.

[15,45]

COD 4 Positive

COD 4 in the form of colloids proteins (adsorption
mechanism) and other soluble organic fractions, causing
irreversible fouling; higher organic load causes an
increase in the production of specific EPS 3 and
macromolecules in the SMP 2/EPS 3 fractions,
deflocculation of the mixed liquor, and a fast formation
of cake layers.

[9,29,35,52–56]

RH 6 (mostly hydrophilic
membranes)

Negative

RH 6 increase: Enhanced AS 5 flocculation due to more
intense hydrophobic interactions between sludge flocs,
resulting in the formation of larger aggregates with less
water content, and decreased interaction between the
flocs and membrane surface. RH 6 decrease:
Floc deterioration.

[57–62]

Positive

RH 6 increase: A formation of a thin cake layer,
promoting the adhesion of proteins and carbohydrates
in the form of SMP 2 on the membrane surface and its
pores, resulting in irreversible and irrecoverable fouling.

[26,63]

SVI (DSVI) 7 Positive

High DSVI 7: Evolution of the flocs to the more irregular
rougher shapes which more likely adhere to the surface
of the membrane, intertwisting with the fibers. This
forms a dense, non-porous cake with large thickness.
The possible decrease of the bound protein and release
of SMP 2 triggers deflocculation and the increase in
fouling intensity.

[64–69]

Notes: 1 Mixed liquor suspended solids; 2 Soluble microbial products; 3 Extracellular polymeric substances;
4 Chemical oxygen demand; 5 Activated sludge; 6 Relative hydrophobicity; 7 Sludge volume index (diluted sludge
volume index).

It is worth noting that application of ceramic membranes in MBR started from a niche where
polymer membranes either failed or provided insufficient results: The cases when high effluent quality
is required or the process depends on ceramic membrane robustness [70]. Compared to their polymeric
counterparts, ceramic membranes have the following advantages:

1. Higher mechanical strength and chemical resistance to oxidants and solvents. The modules
are backwashable with the possible application of high backwash pressure/flux [71,72] and can
withstand much more aggressive operation and chemical cleaning conditions (i.e., can be used
in combination with ultrasonic irradiation and undergo a soaking in more concentrated NaClO,
NaOH, and acidic solutions). In addition, they can undergo the influence of higher temperatures
and pH without damaging the active layer [73–77].

2. Higher hydrophilicity, thus no affinity to organic foulants which are mostly of a hydrophobic
nature [70,78,79].

The outcomes are: High permeability recovery [80]; a longer period of operation between the
chemical cleanings due to more efficient removal of reversible and irreversible fouling [29,79]; enhanced
concentration polarization control; and, higher applicable net permeate fluxes and permeabilities are
sustained [81–83], consequently leading to a long lifespan.

Ceramic membranes proved to be an effective and reliable MBR component, leading to higher
treatment efficiencies of COD, ammonium, and phosphorus elimination [84,85]. In addition, higher
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treatment performance in terms of COD and MLSS removal, more stable operation and less
transmembrane pressure (TMP) increase was exhibited by the MBR with ceramic modules, compared
to the system with the polymeric units [86]. Lower TMP increase, higher removal of non-purgeable
organic compounds and lower UV absorbance of the permeate was demonstrated by Hofs et al. [87] in
relation to the surface water samples being treated by ceramic modules.

From an economic point of view, the tremendously higher cost of the application of the MBR
systems with the ceramic membranes in comparison to the use of the systems with the polymeric
modules is rather a stereotype than a reality at present. According to a study by Park et al. [83],
the incorporation of membrane modules into the water treatment plant (WTP) makes up 13% and
24% of the total capital cost for polymeric and ceramic WTP, respectively. The comparative analysis
demonstrated that the polymeric WTP (with capacity 30,000 m3/day) are indeed cheaper in terms of
the capital costs than their ceramic counterparts, but the difference is not significant: USD 28,019 vs.
USD 32,634, respectively. Moreover, the annual operating expenses of the filtration process are more
than twice as high for the polymeric modules (USD 562,717) as for the ceramic modules (USD 217,725).
This is mainly due to the membrane replacement costs for polymeric WTP, which constitute 61% of
the operational expenses. Low operation costs of the systems with ceramic membranes were also
acknowledged by Jin et al. [74]. As specified by Park et al. [83], the assessed life cycle costs (LCC)
of water from the ceramic and polymeric membrane WTPs are, USD 0.28/m3 and USD 0.274/m3,
respectively (at the flux of 41.7 LMH). If fluxes of 63 LMH and higher are applied, the LCC of the
produced water decreases for the ceramic membranes, thus increasing their feasibility.

In addition, since the manufacturing of the ceramic membranes is an energy-consuming process,
a number of recent studies have successfully developed and evaluated the performance of low-cost
ceramic membranes [88–93].

Despite many studies on membrane fouling in general, and on BF-MBR or the application of
ceramic membranes in particular, only a few findings that are relevant to detection and control of
membrane fouling in submerged ceramic BF-MBR come from a pilot or full-scale product. Nevertheless,
understanding, detection, and control of membrane fouling via applying advanced statistics and
mathematical modelling represents a significant potential for improvement of the cost-efficiency of the
process and provides the instruments for dynamic and real-time process control.

Chemometrics serves as a bridge between the state of a chemical system and its measured
characteristics, which enhances the efficiency of automatic control systems. Chemometric analysis is
based on the application of mathematical and statistical techniques to improve comprehension of the
system properties and to link them to analytical measurements. The modelling of the patterns in the
dataset results in model derivation. This model can be further used to predict identical parameters
as in the initial model but in application to new data [94]. The following multivariate statistical data
analysis methods are commonly used as chemometric tools for the interpretation of the acquired
data: Cluster analysis (CA), discriminant analysis (DA), principal component analysis (PCA), partial
least squares analysis (PLS), multiple linear regression (MLR), principal component regression (PCR),
and partial least squares discriminant analysis (PLS-DA) [94–96].

It is worth mentioning that PLS is an advanced statistical technique due to the applied validation
tools, noise elimination, and the ability to determine the independent influence of each input variable,
even if there is a collinearity between them [59].

A number of recent studies were devoted to the application of modelling using multivariate data
analysis for fouling control in MBR. In the study by Philippe et al. [97], the authors performed a PCA to
distinguish a correlation between the operational parameters and the characteristics of filtered biomass
in a full-scale municipal MBR. Among all the variables, solids retention time (SRT), MLSS, the food to
microorganism ratio (F:M), pH and temperature (T) were found to be representative for describing
the fouling behaviour. According to the plot of weighted variables, SRT, MLSS and pH positively
contributed to the principal components (PCs) one and two, while the F:M ratio exhibited a negative
influence. Temperature has a controversial contribution to the PCs in the model. However, the attained
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models managed to predict the development of permeability merely in one membrane tank and failed
while applying them at different operation stages for all four membrane tanks in the system.

In the work by Kaneko and Funatsu [98], wastewater temperature, the duration of filtration, water
temperature, and the inverse of flux and TMP were inputted into the model. PCA was applied as a
visualization tool for the discriminant model. As concluded, the accuracy and the predictive ability
of the derived model can be increased if the additional parameters related to the water quality and
operating conditions are used.

A similar choice of variables was made in the study by De Temmerman et al. [99], where PCA
was based on temperature, flux, TMP slope, and pressure peaks during the filtration and
chemically enhanced backwash (CEB) for the full-scale MBR. The detection of the fouling types
(reversible/irreversible and irrecoverable) was among the prime research goals. The TMP slope and
pressure peak during the filtration were found to have a positive relationship. Meanwhile, they were
negatively linked to the temperature and the CEB pressure peak along the PC-1 axis. Along the PC-3
axis, flux exhibited a negative correlation with water temperature and the backwash pressure peak.
The variance of the CEB pressure peak was attributed to irrecoverable fouling, while pressure peaks
during the filtration were attributed to reversible and irreversible fouling types. However, the scores
plot indicated no clear trends.

Partial least squares regression analysis applying leave-one-out cross-validation was performed in
the work by Van den Broeck [59] to find the influence of the activated sludge parameters on filterability
in industrial and municipal MBRs. A relatively deep analysis of the biomass characteristics was
conducted. The content of proteins and polysaccharides, sludge relative hydrophobicity, sludge
dissociation constant, mean particle size, and the surface fraction of activated sludge particles equal
to 1 pixel were used to predict any change of filtration resistance. An accurate estimation of the
filtration resistance was observed, which was characterized by the sum of square errors equal to 0.076
(R-squared = 0.99). However, a number of factors (latent variables) exceeded 9, indicating a complexity
of the derived model. As concluded, a combination of chosen activated sludge parameters succeeded
in predicting sludge filterability, while, when taken individually, they were poor indicators of the
biomass fouling propensity.

Consequently, the following knowledge gaps can be identified: The studies which are focused
on the modelling of the relationship between operating parameters and filterability do not typically
take into consideration biomass characteristics as potential fouling indicators, despite the fact that
these are among the main factors affecting the fouling process [9,100,101]. Meanwhile, those studying
the statistical evaluation of the relationship between mixed liquor parameters and biomass fouling
propensity do not provide the information on the influence of the operating parameters on the fouling
intensity. Most importantly, there is also still a need to study the application of the PLS regression to
the processes in the biofilm membrane bioreactor due to the lack of research data. In addition, there is
a controversy over the influence of the selected biomass parameters on the fouling intensity (Table 1),
whereas the development of a reliable BF-MBR system requires concrete patterns.

Applying PLS analysis, the current work encapsulates the relationship between the mixed liquor
characteristics, fouling indicators and the operation conditions in BF-MBR with ceramic modules,
and thus provides a comprehensive analysis of the system performance and the mechanisms for
influencing it.

The purpose of this research was to develop and validate a PLS regression model based on the
mixed liquor characteristics and the indicators of fouling intensity, considering the influence of the
operation parameters on the filtration performance in the BF-MBR with ceramic membranes, in order
to detect membrane fouling patterns and to develop process control and a fouling mitigation approach.

2. Materials and Methods

In general, this study consists of the acquisition of operational data from a BF-MBR pilot plant at
various sets of operating conditions followed by statistical analysis.
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The BF-MBR pilot plant had a four-stage design (Figure 1) comprising equalization (I) and
treated water (IV) compartments, and a MBBR chamber (II) and a separation chamber (III) with
the submerged membranes being in contact with suspended biofilm carriers. Compartments I, II
and III were interconnected through overflow, while the separation process from chamber III to
chamber IV was driven by a reversible peristaltic pump (Verderflex, Castleford, UK), controlled from
the programmable logic controller (PLC) (MoreControl, Aas, Norway). A return activated sludge
(RAS) line was incorporated into the system between chambers III and II, and was controlled by RAS
pumping intervals: With lower RAS intervals, more sludge is returned.

Figure 1. The BF-MBR pilot plant: Schematic diagram (left) and the photo of installation (right).

Wastewater was supplied at 0.3 m3/day through the screens to the equalization tank (I) from
the source-separated sewer network, keeping the ratio of black to grey water at 1:9. Black water was
collected from the toilets and grey water from all other discharge points of the households around the
pilot site [102]. This allowed maintenance of the influent quality at 1–1.3 g/L by suspended solids and
100–350 mg-O2/L by COD.

Flat sheet SiC microfiltration membranes with 0.1 µm pore size (Cembrane, Lynge, Denmark)
were used in the separation chamber (III), providing total filtering area of 0.828 m2. Aeration was
organized in chambers II and III by a MEDO LA-60E air compressor at 60 L/min.

Initial biological activity in the system was provided by inoculation with sludge from the
municipal MBBR wastewater treatment plant (BEVAS, Oslo, Norway).

The BF-MBR pilot plant was operated in automatic mode under constant flux conditions,
controlled through the PLC. The initial filtration settings were: 300 s of filtration at net-flux 8.2 LMH,
60 s relaxation, 15 s backwash with permeate at net-flux 180 LMH, 120 s relaxation. Further changes
were introduced into the plant operation settings in order to reach different operation states (Table 2),
which divided full operation time of 114 days into 8 relevant periods.

Plant operation data was continuously recorded every 3 s to the data-logger, in-built in the PLC.
Values of system inflow, level in the separation chamber, TMP and permeate flow were stored and
recalculated further to analytical values.

Filtration settings were programmed as tfiltr/relax/BW, filtration/relaxation/backwash time,
and RASpulse interval = RASPI, the pulse interval of the return activated sludge. For every period
of operation, normalized net membrane flux was calculated (Jn(net)). The normalized permeability, Pn,
and permeability slope, dPn/dt, were determined.

Permeate flow was used to calculate membrane flux J (LMH; Equation (1)), normalized to 20 ◦C
as Jn (Equation (2)), and used to calculate normalized permeability, Pn (Equation (3)), and the fouling
rate in terms of membrane permeability decrease, dPn/dt (Equation (4)):

J =
F
Sf

(1)
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Jn = J·e(−0.032·(t−20)) (2)

Pn =
Jn

TMP
(3)

dPn

dt
=

Pni − Pni−1

ti − ti−1
(4)

where F is permeate flow, L/h, and Sf is the active filtration surface (m2).

Table 2. BF-MBR pilot plant operation settings.

Period Days Adjustments in Settings Processes and Changes in the System

I 1–20

Jn(net)
1 = 8.2 LMH, Jn(gross)

2 = 37.6 LMH
Filtration cycle settings: tfiltr = 300 s,

trelaxI = 60 s, trelaxII = 120 s, tBW = 15 s
RASpulse interval

3 = 1620 s, SRTav
4 =20 days

Conditions for sludge adaptation and
conditional fouling of fresh membranes.

II 21–34
Jn(net)

1 = 5.3 LMH, Jn(gross)
2 = 32.6 LMH,

RASpulse interval
3 = 740 s, SRTav

4 =20 days

System stabilization and an increase of
sludge recirculation between separation
and MBBR 5 chambers through the
decrease of RAS 6 interval.

III 35–36 Jn(net)
1 = 12.2 LMH, Jn(gross)

2 = 44.0 LMH Increase of net-flux in order to get close
to TMP 7 jump.

IV 37–44 Jn(net)
1 = 10.0 LMH, Jn(gross)

2 = 43.7 LMH,
tBW = 19.5, trelaxI = 30

Prolongation of backwash in order to
stabilize the system and TMP 7 jump.

V 45–47 CIP 8 I, 1% NaOCl, 2% Citric acid
TMP 7 ↓; Pn ↑ (58%), dPn/dt ↑
(88%)—removal of reversible and
irreversible fouling.

VI 48–77 Same as in period IV, SRT = 31 days Reproduction of last stable operation.

VII 78–85 CIP 8 II TMP 7 ↓ (82%), Pn ↑ (82%), dPn/dt ↑.

VIII 86–114 Jn(net)
1 = 4.5 LMH, Jn(gross)

2 = 30.4 LMH,
Infinite SRT (no wastage/sludge discharge)

Lower hydraulic loading.

Notes: 1 Normalized net flux; 2 Normalized gross flux; 3 The pulse interval of the return activated sludge;
4 Average solids retention time; 5 Moving-bed-biofilm reactor; 6 Return activated sludge; 7 Transmembrane
pressure; 8 Cleaning-in-place.

The data array of hydraulic parameters was statistically treated and expressed in the form of
8 representative filtration cycles for every day. For a single cycle, a set of average initial (TMPi, JNi, Pni)

and final parameters (TMPi−1, JNi−1, Pni−1) was calculated, excluding ramp and relaxation periods of
the peristaltic pump.

Recovery of membrane permeability was expressed as the ratio of permeability after chemical
cleaning and before chemical cleaning [103]:

RecoveryPn
=

PCIP/BWfin
− PCIP/BWin

Pin − Pfin
(5)

where: PCIP/BWfin
is a permeability of the new filtration cycle after the backwash/Chemical cleaning

(CIP); PCIP/BWin is the initial permeability before the cleaning, which is equal to Pfin, the permeability at
the end of previous filtration cycle; and, Pin is the initial permeability at the beginning of the previous
filtration cycle.

In other words, recovery of permeability expresses the extent to which membrane permeability is
restored after the application of different types of cleaning to remove the foulants [104].

A sampling of mixed liquor, and raw and treated wastewater was organized on a daily basis.
Samples of raw wastewater (chamber I), MBBR mixed liquor (chamber II), BF-MBR mixed liquor
(chamber III) and permeate (chamber IV) were analyzed accordingly for suspended solids (SS, MLSS),
COD of the filtrates, DSVI, and RH. COD was measured by COD-cuvette test (HACH, Manchester, UK)
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applying the dichromate method, DSVI was measured by a settleability test. RH was determined by
the MATH (microbial adherence to hydrocarbons) method. The analyses were conducted in accordance
with SMWW (Standard Methods for the Examination of Water and Wastewater) (22nd edition) and the
MATH test [59,105]. Flow in permeate line and TMP were measured through flow and pressure sensors
(Krohne, Dilling, Norway) and logged every second to the PLC together with filtration cycle settings.

PLS regression was used to distinguish the relationship between the parameters of the mixed
liquor and the fouling indicators and to predict the fouling intensity. The statistical software,
The Unscrambler® X10.3 (CAMO Software AS, Oslo, Norway), was used to perform the analysis
of the monitored data.

3. Results and Discussion

3.1. Pilot Plant Operation Results

During 114 days of operation of the BF-MBR pilot plant, notable trends in TMP, permeability,
permeability slope, MLSS in the membrane separation chamber (MLSS-III) and COD removal were
observed (Figure 2), allowing the development of the qualitative description of the biological activity
and its influence on membrane separation process.

The first period (1–20 days) can be described as the period of biological adaptation and biomass
development. It is characterized by moderate growth of biomass up to MLSS-III 5–6 g/L and increasing
biodegradation of organics in the range of 67–81%, together with a steep TMP growth and a respective
decrease of permeability at a relatively high rate of 0.35–0.47 LMH/bar/s. This state can be identified
as conditioning fouling.

After reaching the conditionally critical value of 1.7 times permeability decrease, the return
of suspended solids from separation chamber (III) to MBBR chamber (II) was doubled, leading to
stabilization of permeability and MLSS-III in the next period (21–34 days) and decreasing the membrane
fouling rate to 0.25–0.27 LMH/bar/s by permeability, which is considered steady fouling.

In order to increase the system productivity in terms of permeate, membrane flux was increased,
entailing the TMP jump during the third period (35–36 days), which indicates a severe fouling.
Following that, backwash and relaxation times were adjusted in order to stabilize rapid fouling
development during 37–44 days.

Chemical cleaning (CIP), applied in the fifth period, exhibited relatively high values of the
recovered membrane permeability. While recovery of the permeability between the backwashes
performed at the end of every filtration cycle was in the range 88–126%, recovery of the permeability
after CIP was in the range of 158–182%.

The sixth period (48–77 days) was another steady fouling state. It reproduced the same trends
from the second period (21–34 days), except for a more stable COD degradation due to well-developed
biofilms in MBBR part and on carriers in the separation chamber (III). After reaching 400 mbar of TMP,
a second chemical cleaning was provided, applying higher backwash pressure with the subsequent
soaking of the membrane elements in the cleaning solutions, which caused the permeability to recover
to the initial value.

The last, eighth period of system operation is a control period which is characterized by both
conditional and steady fouling in the permeability pattern.

In general, in the way described above, the operation of the BF-MBR pilot plant was observed
during all the states, which is important for the determination of membrane fouling patterns:
Conditional fouling, steady fouling, and TMP jump at different fluxes. Two chemical cleaning
procedures were conducted to estimate the recovery of permeability. Data, which were recorded
during these states, were taken as the basis for further statistical analysis.



Water 2018, 10, 982 9 of 23

Figure 2. BF-MBR pilot plant operation profile: (a) TMP, MLSS-III, COD-III change within operation
time; (b) normalized permeability (Pn), MLSS-III, COD-III change within operation time; (c) first
derivative of normalized permeability (dPn/dt), MLSS-III (dMLSS/dt), COD-III (dCOD/dt) within
operation time.

3.2. Statistical Determination of Membrane Fouling Patterns

According to the literature, the influence of the mixed liquor parameters (i.e., MLSS, SVI (DSVI),
COD, and RH) on the filtration performance and fouling intensity is controversial. Indeed, a positive
impact of higher MLSS concentration on MBR hydraulic performance has been indicated [15,106].
On the contrary, Chang et al. [46] observed a positive link between the MLSS increase and the flux
decline, which is the opposite of its effect on the specific cake resistance, while Brookes et al. [107] and
Jefferson et al. [108] showed that MLSS concentration is not a governing factor influencing the overall
membrane fouling, and no consistent correlation was observed between MLSS and fouling intensity.
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The influence of the relative hydrophobicity on system performance is also not fully
comprehended. According to the findings by Deng et al. [40] and Huang et al. [109], high RH
fosters the mitigation of fouling due to the weaker interactions of hydrophobic flocs with a hydrophilic
membrane. In addition, lower RH values entail floc deterioration and the consequent increase of cake
layer resistance [29], whereas higher RH values are associated with better flocculation [60]. Meanwhile,
as specified by Meng et al. [36] and Tian et al. [64], higher RH of sludge causes the formation of a more
dense cake layer on the membrane surface, resulting in a greater TMP rise.

There is a lack of data on the correlation between SVI and membrane fouling intensity.
Chae et al. [110] stated that high SVI values corresponded to severe membrane fouling in an MBR
system. Ng et al. [111] linked the increased SVI values to the higher ratio of non-flocculating
components of the activated sludge but did not mention if this affected the fouling intensity. In contrast,
according to Fan et al. [112] and Wu and Huang [113], this parameter is not a reliable indicator to
predict the membrane fouling potential for MBR systems and has no effect on membrane filterability.

As found, COD is indirectly related to the fouling intensity. COD is linked to the concentration of
soluble foulants which have a negative effect on membrane filterability [114]. In addition, COD in the
effluent from aerobic and anaerobic biological systems is encountered in the form of soluble microbial
products which are among the foulants in MBRs [115]. Meanwhile, Lesjean et al. [116] found no clear
correlation between COD and the fouling intensity.

Hence, to gain a deeper understanding of the role of the mixed liquor characteristics in the
filtration performance of the investigated system, it was decided to monitor these parameters and their
variation over time in the separation chamber (Table 3) and to process the collected data statistically.

Table 3. Parameters of the mixed liquor in the separation chamber.

Parameter Value

MLSS, g/L 5–6.5
dMLSS/dt, (g/L)/day −0.61–2.06

DSVI, mL/g 118–272
dDSVI/dt, (mL/g)/day −91–57

RH, % 20.5–61.5
dRH/dt, %/day −27–35
CODdis, mgO2/L 38–134

dCOD/dt, mgO2/L/day −35–27.5

Since the operating conditions varied significantly throughout the whole filtration period (Table 2),
which influenced both the activated sludge parameters and the fouling indicators, it was decided to
split the whole data range into its characteristic phases and statistically analyze them separately from
each other, excluding the data which covered the chemical cleanings. Hence, three basic periods were
established: period A (days 3–34), period B (days 49–77) and period C (days 86–114).

PLS regression (also known as a projection of latent structures) was used as an advanced
mathematical and statistical tool to model the relations between the X variables and the Y responses
within every single period (Table 4).

Table 4. Model inputs.

Period Predictors Responses

A MLSS, dMLSS/dt, DSVI dDSVI/dt, RH, dRH/dt, CODdis, dCOD/dt TMP, Pn, dPn/dt
B MLSS, dMLSS/dt, DSVI dDSVI/dt, CODdis, dCOD/dt TMP, Pn, dPn/dt
C MLSS, dMLSS/dt, DSVI dDSVI/dt, CODdis, dCOD/dt TMP, Pn, dPn/dt

The X- and Y-matrices were modelled simultaneously to find the latent variables in input X
parameters that best predicted the latent variables in the corresponding Y responses (i.e., PCAs on the
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X- and Y-data were performed with the subsequent acquisition of the relative scores). Then, the plotting
of two sets of the scores (those related to X and Y) against each other was conducted, maximizing the
covariance between X and Y [117].

The obtained model was validated by applying a random cross-validation in PLS. The number of
PLS components (factors), was chosen according to the explained variance.

The results of the performed analyses of the data from the initial period of the system performance
(Period A) are shown below (Figure 3).

Figure 3. Results of PLS of the data from the period A of the filtration performance monitoring:
(a) Bi-plot; (b) loadings plot; (c) explained variance plot; (d) fouling intensity prediction model.

The correlation loadings plot is computed by accounting for each variable for the displayed latent
variables (factors). From the loadings plot, Factor-1 clearly describes DSVI, dDSVI/dt, TMP, COD,
dMLSS/dt, permeability, Pn, and its slope, dPn/dt, since the first three variables are located at the far
left, and the rest at the far right along the Factor-1 axis. Factor-1 also accounts for dCOD/dt, while
MLSS and dRH/dt mainly contribute to Factor-2. According to the PLS loadings plot, COD and DSVI
explain more than 50% of the variance and are probably the most important variables. DSVI has a
negative correlation with both permeability and permeability slope, but is positively linked to TMP.
Particularly in this case, COD has a negative correlation with the variables DSVI, dDSVI/dt, MLSS and
dMLSS/dt, and is negatively linked to the average normalized permeability (nP). Although the rest of
the variables are located in the inner ellipse, which indicates up to 50% of the explained variance and
thus does not contain enough structured variation to discriminate between the mixed liquor samples,
it was decided to keep them to make the model more reliable.

The analysis of the scores and loadings plot and the bi-plot demonstrates that the samples from
days 1–20 are mostly characterized by higher RH, dRH/dt, MLSS, dMLSS/dt, COD, and dCOD/dt,
while the samples taken during the period 22–34 day have higher DSVI and dDSVI/dt values.

As demonstrated by the graph of explained variance (Figure 3c), it is preferable to use five
components, since this number gives a lower residual variance.

According to the Figure 3d (the validation graph), the developed model is linear (R-squared = 0.73)
and with a reasonable fit to the majority of data: Slope = 0.81, offset 0.07 and the dispersion of the
validation samples around the regression line (Root Mean Square Error of Cross Validation–RMSEV)
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and the standard error of cross-validation (SECV) are approximately 0.036. Consequently, the model is
reliable and can be used for future predictions for the defined number of factors under the operational
conditions applied during the period A.

Relative hydrophobicity and its change required much more effort and time to be experimentally
determined than other variables. In addition, RH and dRH/dt are characterized by relatively
low-weighted regression coefficients: 0.02 and −0.086, respectively (Factor-2); and, 0.07 and 0.04,
respectively (Factor-1) (i.e., these variables are not well explained by the components). Considering
the above-mentioned aspects, it was decided to exclude RH and dRH/dt from further monitoring
and analysis.

The second period, B, covers the filtration performance data collected between the first and the
second chemical cleanings of the system. Obtained results of the PLS analysis are represented below
(Figure 4).

Figure 4. Results of PLS of the data from the period B of the filtration performance monitoring:
(a) Bi-plot; (b) loadings plot; (c) explained variance plot; (d) fouling intensity prediction model.

According to the bi-plot (Figure 4b), the majority of the samples within period B are characterized
by higher dCOD/dt values. Meanwhile, the samples taken on days 49–50 are characterized by higher
COD values; on days 51, 57 and 68 by relatively high dMLSS/dt, DSVI, and dDSVI/dt values; on day
72 by comparatively high dCOD/dt values; and on days 76 and 77 by more significant MLSS values.

According to the correlation loadings plot, Factor-1 apparently describes TMP, MLSS, COD,
average permeability (avPn), dPn/dt, DSVI and dDSVI/dt. Factor-2 is related to dCOD/dt and
dMLSS/dt. All the variables were marked as significant according to the plot of correlation loadings,
even though the MLSS variable gives slightly less than 50% of the explained variance. MLSS and
dCOD/dt are positively linked to the TMP response, in contrast to dMLSS/dt, DSVI, dDSVI/dt,
which have a negative correlation with TMP and the permeability slope (dPn/dt). The COD variable
has a high positive correlation with dPn/dt and is positively linked to the average permeability (avPn).

Figure 4 demonstrates that the optimum number of factors is five, which provides more than 57%
of the explained Y-variance.
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An analysis of the validation plot shows that the developed model is linear, having R-squared = 0.71
and with a good fit to the majority of data (i.e., slope = 0.64). RMSEV and SECV are approximately
10, but it is essential to acknowledge that the mentioned errors have the same units as the reference
Y (in this case, average normalized permeability, avPn). R-squared (Pearson) is close to R-squared
correlation (0.68 vs. 0.82), which indicates the reliability of the model. Consequently, a good prediction
is attained with the developed model, which proves that the model is reliable and can be used during
further stages when the operating conditions applied in the period B are replicated.

The output from the PLS modelling of the data acquired after the second CIP (the period C) is
demonstrated below (Figure 5).

Figure 5. Results of PLS of the data from the period C of the filtration performance monitoring:
(a) Bi-plot; (b) loadings plot; (c) explained variance plot; (d) fouling intensity prediction model.

The bi-plot shows that the samples from day 89 have a higher DSVI value, while dMLSS/dt
and dCOD/dt are the most distinctive parameters for days 91 and 96. Days 100, 107 and 110 are
characterized by higher COD content, whereas days 103, 105 and 114 have higher MLSS values.
Day 112 is characterized by a higher dDSVI/dt.

From the correlation loadings plot (Figure 5b), COD, MLSS, TMP, dDSVI/dt, DSVI, avPn and
dPn/dt contribute to Factor-1, while Factor-2 describes dMLSS/dt and dCOD/dt. All the specified
variables explain more than 50% of the variance and thus have high importance in relation to Factor-1
and Factor-2. MLSS and dDSVI/dt are positively linked to TMP and have a negative correlation with
the permeability indicators, avPn and dPn/dt. DSVI is positively correlated to dPn/dt, while dMLSS/dt
and dCOD/dt have a negative correlation with the permeability slope.

The explained variance plot indicates that the optimum number of factors is four, which provides
more than 70% of explained Y-variance.

The points of the validation graph in Figure 5d have a linear trend (R-squared = 0.8), having a
good fit to the majority of data (slope = 0.93). R-squared (Pearson) is close to R-squared correlation
(0.79 vs. 0.89), which indicates the reliability of the model. Only the errors RMSEV and SECV are
higher than in previous cases, but this can be explained by the higher values of the response function
(average permeability) in this particular case.
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Since the higher amount of data was available to be collected during the last period C (Table 5) in
comparison to the previous modes, it was decided to apply the predict function to new data.

Table 5. Mixed liquor characteristics and fouling indicators during period VIII (new data).

TMPav
1, Bar av dPn/dt 2 avPn

3,
LMH/Bar

DSVI 4,
mL/g dDSVI/dt 5 MLSS 6, g/L dMLSS/dt 7 CODf

8,
mgO2/L dCOD/dt 9

max. 266.16 0.26 125.45 185.41 5.52 5.74 0.35 69.80 5.00
min. 232.30 0.23 112.98 142.60 −7.79 5.32 −0.17 45.40 −3.83

average 249.26 0.24 120.66 166.56 −1.96 5.48 0.02 55.52 −0.44

Notes: 1 Average transmembrane pressure; 2 Average normalized permeability slope; 3 Average normalized
permeability; 4 Diluted sludge volume index; 5 Diluted sludge volume index slope; 6 Mixed liquor suspended solids;
7 Mixed liquor suspended solids slope; 8 Chemical oxygen demand (filtered); 9 Chemical oxygen demand slope.

Full prediction with the identification of outliers was used. The following results were obtained
(Figure 6).

Figure 6. Prediction results for the new data from Period C for four factors using the derived PLS
model for the relevant period.

The deviation between the predicted and the reference values is in the range 0.01–0.034,
which demonstrates the reliability of the applied model.

Consequently, a good prediction is attained by applying the developed model, which proves that
the model is reliable and can be used during further stages under the operating conditions that were
applied during period C.

In addition, MLR was performed using leverage correction. However, obtained results are
unreliable since the same data was validated and used for the prediction, which provided overly
optimistic results. The application of the test matrix in MLR would merely copy the PLS strategy but
do so in a more difficult way. MLR is a simpler way of doing the calculations, but PLS is much more
advanced due to the applied validation techniques.

SRT and permeate flux are among the key operating parameters controlling fouling intensity
in MBR.

In order to estimate the influence of SRT on the performance of the current system, this parameter
was included in the models as an additional variable. The acquired results are represented in Figure 7.
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Figure 7. Results of PLSs of the data from all the periods of the filtration performance monitoring, including SRT: (a) period A; (b) period B; (c) period C.
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According to the correlation loadings plot related to period A, SRT explains less than 50% of the
variance and thus has relatively little influence. In this particular case, SRT exhibits an independent
variation in relation to other variables, except for COD, which has a weak positive link with SRT.
Meanwhile, SRT exhibits a slightly negative correlation with the normalized permeability and
permeability slope for period A. Concerning the model enhancement, the introduction of the new
variable did not entail any significant improvement: RMSECV was just 0.002 less than its value in the
initial model, while the bias, on the contrary, showed an order of magnitude increase in absolute value.

The results related to period B demonstrate that SRT is an important variable which explains
more than 50% of the variance in the dataset. It has a strong negative correlation with COD and
the normalized permeability. In addition, SRT is positively correlated with MLSS along Factor-1.
The negative correlation between SRT and COD during this period can be attributed to the higher
treatment performance of the biomass, which becomes well-developed at SRT up to 40 days and thus
is capable of a more efficient biodegradation of organic contaminants, particularly SMPs, causing
the decrease of COD values [118,119]. Meanwhile, the increase in SRT promotes the development of
higher MLSS concentrations [120], thus inducing membrane fouling.

The introduction of the new variable into the existing model decreased its linearity R-squared = 0.65
vs. R-squared = 0.71 (values in the new model vs. values characteristic for the basic model related to
period B), with a slightly worse fit to the majority of data (slope = 0.52 vs. slope = 0.64), RMSEV 10.9
vs. 9.9, SECV 10.97 vs. 10.1, bias 2.73 vs. 1.7. In addition, the new model underestimated a sample
from day 72 (marked with the blue circle).

The modelling of the dataset from period C demonstrates the importance of the SRT variable.
SRT is highly positively correlated with MLSS and TMP, and is negatively linked to normalized
permeability and its slope, hence indicating the fouling enhancement through the increase of MLSS at
higher SRTs, which agrees with the previous findings by Le-Clech et al. [29], Van den Broeck et al. [120],
Yigit et al. [121]. The positive link between SRT and COD along Factor-1 during this period can be
attributed to the accumulation of small microbial by-products (SMP with the molecular weight (MW)
< 1 kDa), which contribute to fouling through deflocculation at high SRTs (>31 days) [118,121,122].
However, further studies are required to confirm the presence of different groups of microorganisms
at various SRTs in this system (for example, tightly and loosely bound EPS, small SMP, etc.), since the
deep investigation of the biomass content was not in the scope of the current research.

The new model exhibits higher linearity (R-squared = 0.89 vs. R-squared = 0.80) and a slightly
higher accuracy (RMSEV = 20.9 vs. RMSEV = 28.7; SECV = 21.8 vs. SECV = 29.6; and, bias = −3.4 vs.
bias = −6.0) than the initial model.

It is noteworthy that the purpose of including SRT in modelling was not to improve the models
for the relevant periods developed earlier in this work, since the inclusion of a new variable is
undesirable as it could complicate the model (i.e., it is preferable to use as low a number of variables
as possible) [123]. Besides, the introduction of the SRT variable to the model covering period C barely
decreased the deviation in the prediction of the new dataset (Table 4; 0.016–0.0261 vs. 0.011–0.034),
making the extension of the model size unreasonable for its further use in the system controller.
The scope was to show the influence of SRT on the operational parameters and fouling intensity in the
current system to achieve the highest possible fouling inhibition.

As discovered, SRT should be less than 31 days to avoid a severe membrane fouling. This can
be called the critical SRT. The SRT that can be applied without a sharp decrease in permeability is
20 days for the current BF-MBR system. In the studied pilot plant, SRT was adjusted by changing the
frequency of sludge removal and the volume of the removed sludge per batch.

Concerning the permeate flux, it can be decreased in order to minimize the filtration resistance if
the biomass exhibits high fouling propensity. The current system worked at a constant permeate flux,
which varied depending on the monitoring period (Table 2). In general, all the applied fluxes were
below the critical flux value to avoid a severe membrane fouling [124–126]. The critical net flux was
determined by the flux-step method, described by Miller et al. [127], and was in a range of 12–15 LMH.
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In addition to the desludging option, the concentration of the mixed liquor in the separation
and biological chambers was regulated by adjusting the RAS pumping intensity (i.e., pulse length
and frequency). The introduction of the RAS line made it possible to build up the desired level of
biomass in biological and separation chambers, and to adjust the endogenous decay of the biomass,
thus providing sufficient COD and NH4

+ removal.
To summarize, the monitored mixed liquor characteristics allowed the controlling of the fouling

intensity by adjusting the operating conditions which helped to maintain the stability of the system
performance and, hence, the permeate quality: BF-MBR installation assured 100% MLSS elimination
and 67–90% treatment efficiency in terms of COD removal, keeping the TMP below 500 mbar.

4. Conclusions

The developed chemometric approach to the assessment of membrane fouling in membrane
bioreactor advances the field of fouling monitoring and provides a statistical tool for its control in
submerged membrane bioreactors.

The approach was based on PLS regression analysis and was used to detect membrane fouling
patterns in the biofilm ceramic membrane bioreactor pilot system during 114 days of operation, varying
membrane flux and solid retention time, and covering the periods of steady fouling and TMP jumps,
followed by two chemical cleanings in the system.

The mixed liquor parameters MLSS, dMLSS/dt, DSVI, dDSVI/dt, COD, and dCOD/dt were
found to be significant for estimation and prediction of fouling intensity, while relative hydrophobicity
of mixed liquor and its slope seemed to play a secondary role. Normalized permeability and its slope
were identified as the most reliable fouling indicators, while critical solid retention time was introduced
as another quantitative parameter, influencing the intensity of membrane fouling.

The cross-validation of every model and the complete validation of the model, covering the last
phase of the filtration, demonstrated low uncertainty of the predictions, and hence high reliability of
the models, allowing further implementation of the developed fouling control strategies.

The models were used to adjust operational parameters of the pilot system according to the
characteristics of biomass, keeping the system running below critical transmembrane pressure
(500 mbar), with 67–90% removal of chemical oxygen demand and 100% retention of suspended
solids, resulting in good recovery of membrane permeability after chemical cleanings, thus removing
irreversible fouling.

Further work is foreseen in the validation of the developed approach in an operational
environment of decentralized membrane bioreactors, where the sustainable operation is frequently a
critical issue due to the lack of qualified supervision, and which raises the barrier to penetration of
membrane bioreactors into cost-sensitive markets.
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