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Abstract: Considering new legislative and economic restrictions caused by the water crisis, this work
focuses on a more efficient wastewater treatment process, which combines biological treatment in
a moving bed biofilm system with a membrane bioreactor (BF-MBR) and coagulation, particularly
addressing fouling alleviation in the separation stage. The study justifies the positive impact of
coagulant dosing in BF-MBR regarding membrane flux and fouling rate. Statistical techniques connect
the results of coagulation and membrane separation experiments with properties of mixed liquor,
obtained after biotreatment in the representative pilot plant and characteristics of prepolymerized and
non-prepolymerized inorganic coagulants. Research results substantiate the need for a pH-controlled
coagulation of mixed liquor in BF-MBR depending on coagulant type, which influences charge,
hydrophobicity and size of flocs and organic content of the system. It is suggested, that the
adsorption/charge neutralization mechanism dominates in flux enhancement in BF-MBR, giving
the best results in the case of prepolymerized aluminium coagulants. Together with high quality
of permeate, the application of prepolymerized aluminium chloride of medium basicity entails a
tenfold increase in filtration time of the membrane separation cycle and increases net membrane flux
by 30–56%. The results of the study are practically significant for the development of an automated
control system for BF-MBR, optimizing treatment rates together with membrane separation efficiency.

Keywords: biofilm membrane bioreactor; membrane fouling; coagulants; membrane flux
enhancement; multivariate statistics; factorial experimental design

1. Introduction

Climate change, which is thought to be the reason for more frequent and intense droughts, results
in dramatic environmental and economic consequences, entailing the losses of billions of euros [1].
As expected, this trend will continue to worsen, which, along with the gradually increasing population,
will naturally deepen water stress in the European region [1]. According to estimations, by 2030, water
stress and scarcity will potentially affect 50% of the river basins in Europe [2], which emphasizes the
need for water reuse and the reduction of environmental impacts of wastewater treatment facilities.

Membrane bioreactor technology (MBR) is an advanced solution for water scarcity, which is
gaining momentum worldwide. This tendency is mainly caused by drivers of the global MBR market
such as stringent environmental legislation on wastewater discharge and reuse, water reuse advantages
(resource and financial savings), beneficial application of decentralized wastewater management,
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low footprint, easiness of automation, flexibility of the modular design, minimal requirements for daily
supervision by the qualified staff, energy-cost efficiency and the decrease of membrane price [3–6].

However, membrane fouling deteriorates the membrane system’s operation and remains a major
bottleneck for MBR expansion. It is attributed to the deposition of biopolymers such as soluble
microbial products (SMPs) and extracellular polymeric substances (EPSs) on the membrane surface
and its pores [7–10].

Biofilm membrane bioreactor (BF-MBR) is an advanced innovation in the evolution of MBR
technology, which allows reduction of membrane fouling to a certain extent and application of higher
operational fluxes via the combination of a moving bed biofilm reactor (MBBR) and membrane
bioreactor [11]. The MBBR part is based on the utilization of biofilm carriers at a high volumetric
filling fraction (around 2/3 of the reactor volume), which are continuously suspended in the reactor by
aeration [12]. Their introduction into the system minimizes the possibility of the occurrence of dead
zones and creates a large contact area between the wastewater impurities and the active biomass.

According to the findings by Ivanovic and Leiknes [12], Ødegaard [13] and Phattaranawik and
Leiknes [14], the biodegradation in BF-MBR is profoundly shifted towards the attached growth
mechanism, which requires much lower concentrations of mixed liquor in the membrane separation
part, entails lower fouling potential of mixed liquor, reduces the amount of the produced excess
activated sludge and provides a resilient biological treatment.

Membrane fouling caused by the solids, colloidal matter and solutes remains a critical issue for
BF-MBR, as is the case in MBR systems. The above-mentioned team indicated a higher content of the
submicron particle size fraction in mixed liquor of the BF-MBR system [15], which was particularly
apparent at high loading rates (high chemical oxygen demand (COD), short hydraulic retention time
(HRT)) [16]. This effect is caused by a higher tendency of BF-MBR for floc breakage (deflocculation),
induced by the biofilm carriers and intense aeration. It results in the production of the soluble microbial
products and the particles of a diameter proportional to the membrane pore size, which tend to cause
irreversible and irrecoverable membrane fouling [12,17–20].

The studies by Kulesha et al. [7] and Nouri et al. [21], reported high efficiency of chemical flux
enhancement when applying inorganic coagulants in MBR, especially with regard to their flocculating
ability. Therefore, application of inorganic coagulants is expected to be beneficial for the performance
of the BF-MBR system, since they can aggregate fine particles generated in BF-MBR and hence,
reduce permeability losses, thus contributing to steady membrane separation.

Since the attached growth part is decoupled from the MBR chamber and there is a minimum
or zero demand on biomass recirculation in the BF-MBR system [3,22], the application of BF-MBR
allows for using the chemical enhancement of the membrane filtration process with no concern about
reducing biomass treatment potential.

Five primary mechanisms of fouling mitigation via coagulant/flocculant addition in MBR systems
have been identified [7,23–25]: (1) enhancement of adsorption/charge neutralization, (2) the increase
of relative hydrophobicity of the floccules, (3) the increase of the mean floccule size, (4) the reduction of
the SMPs level in mixed liquor/decrease of supernatant organic concentration and (5) inhibition of gel
layer formation and the reduction of specific cake layer resistance. However, the principal mechanisms
and effects of coagulant action with respect to membrane fouling alleviation in the biofilm membrane
bioreactor (BF-MBR) system are still unclear.

The following parameters of mixed liquor were found to be fundamental for the characterization
of its fouling propensity and the mechanisms of fouling mitigation during chemical flux enhancement
in MBR/BF-MBR: electrokinetic potential (ζ-potential), relative hydrophobicity (RH) of the flocs,
the mean particle size or particle size distribution, chemical oxygen demand (COD) and mixed liquor
suspended solids (MLSS) [15,16,26–28].

A successful application of Me-based coagulants for membrane fouling mitigation in MBR systems
was admitted by different research groups [21,29–34]. Meanwhile, a limited number of studies can be
found on chemical flux enhancement via coagulant addition in BF-MBR [22,35].
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The prepolymerized aluminium coagulants have several advantages over non-prepolymerized
Al- and Fe-based coagulants in the coagulation process; and likewise in membrane filtration
systems—enhanced adsorption/charge neutralization potential, less alkalinity consumption (pH drop)
for a given Me-dose, lower sensitivity to low temperatures and broader operational pH range [36,37].
Better performance of the prepolymerized aluminium chloride (PACl) in the MBR system was observed
by Wu et al. [38] and Chen and Liu [39]. On the other hand, some research works reported a superior
flux enhancement potential of non-prepolymerized Me-based coagulants in comparison to their
prepolymerized counterparts [22,40]. The mechanisms behind the observed differences in coagulant
performance are not well understood. There is a variety of PACl commercial products, with the
variation in composition, depending on the supplier. It would be necessary to underline the governing
mechanisms of membrane fouling mitigation by Me-based coagulants to select the optimum flux
enhancer or compound basicity (in case PACl shows the highest fouling mitigation propensity).

The purpose of the current research is to present a viable concept of membrane fouling alleviation
and optimization of membrane filtration based on a systematic comparative study of prepolymerized
and non-prepolymerized inorganic coagulants, delving into the mechanisms of flux enhancement by
applying chemometric analysis of the resulting membrane fouling mitigation patterns in the BF-MBR.

2. Materials and Methods

Prepolymerized aluminium coagulants have a highly specific nature and the characteristics of
the commercial products vary with the supplier. On the other hand, the treated mixed liquor quality
can vary depending on the feeding wastewater, system design and location of the facilities. Thus the
optimum coagulation conditions for a particular mixed liquor system are case specific and need to be
determined via the jar tests [41].

The following sequential strategy was developed to conduct a holistic assessment of the Al- and
Fe-based coagulants as membrane flux enhancers for the BF-MBR system:

(1) the selection of the optimum pH at constant coagulant dosage for every tested coagulant during
the jar tests;

(2) the jar tests, conducted at previously determined optimum pH for every coagulant, with the
variation of the coagulant dose, to determine the relevant optimum dosage ranges;

(3) the total recycle test (TRT), with the pH correction and the application of the tested dosage ranges
(depending on the coagulant), which exhibited promising results during the jar tests, to determine
the optimum fouling mitigation conditions and the most efficient compound;

(4) the TRT without the pH correction, to assess the coagulant performance regarding fouling
mitigation under the conditions, unfavourable for coagulation;

(5) partial least squares analysis using the data from the TRT, with and without pH correction,
to study the effect of the selected mixed liquor characteristics on the fouling intensity after the
chemical dosing and determine the principal mechanisms of coagulant action;

(6) the determination of the intrinsic coagulant charges and the qualitative analysis of the investigated
prepolymerized aluminium coagulants regarding their molecular weight (MW) distribution;

(7) two-level factorial design of the experiment, applying the selected coagulant of the highest
performance, to determine the optimum levels of factors for the maximum permeability/filtration
time increase, discover the vital factors for the membrane flux enhancement and the tendencies
in their interactions.

2.1. Study Object

Mixed Liquor (ML) for laboratory experiments was supplied by the aerobic BF-MBR pilot system,
described in previous work by this team [42]. This decision was made to ensure high reproducibility
and accuracy of results, which were intended to be further implemented at the mentioned pilot plant



Water 2019, 11, 446 4 of 42

facility and to have a source of representative mixed liquor, since the experimental laboratory setup,
based on TRT, does not reproduce the biodegradation stage (MBBR) of the BF-MBR system.

The pilot system worked at solids retention time (SRT) 20 days, treating daily 0.3 m3 of wastewater
from the source-separated sewer network. The feeding inlet was the mixture of black to grey
wastewater at the ratio 1:9 (MLSS 0.4–1.31 g/L, COD 142–262 mg-O2/L, PO4-P 6.08–10.28 ppm).
Air was continuously supplied at the rate 60 L/min by the air compressor MEDO LA-60E (Nitto
Kohki®, Nitto Kohki Co.,Ltd, Tokyo, Japan). Initial biological activity in the system was provided
by inoculation with sludge from the municipal MBBR wastewater treatment plant (BEVAS, Oslo,
Norway).

Four chemically different Al- and Fe-based membrane flux enhancers (MFEs) were selected for
this study: non-prepolymerized aluminium and iron (III) sulphate and two prepolymerized aluminium
coagulants with different basicity (Table 1). The applied coagulants are available from commercial
suppliers by active compound name and metal content. Products of Kemira Chemicals AS (Helsinki,
Finland) were used in this study.

Table 1. Properties of Membrane Flux Enhancers.

Designation Active Compound Metal Content,
%

Basicity
(OH/Me)

Density (20 ◦C),
g/cm3 pH

PAX18 [AlClOH]n 9.0 ± 0.2% 42.0 ± 2% (1.3) 1.37 ± 0.03 0.6
PAXXL61 Al(OH)xCl(3-x-2y)(SiO2)y 5.4 ± 0.3% 68.0 ± 5 % (1.9) 1.26 ± 0.03 2.7

ALS Al2(SO4)3 4.3 ± 0.1% - (0) 1.33 ± 0.01 1.8
PIX313 Fe2(SO4)3 11.6 ± 0.4% - (0) 1.52 ± 0.06 <0.5

The correction of the pH values in mixed liquor before and during coagulation was performed
with the aid of 0.01N NaOH in the case of aluminium coagulants and 0.1 N NaOH when applying iron
(III) sulphate due to the higher tendency of the system for pH decrease in the latter case.

2.2. Jar Tests

After the selection of the proper chemicals, the adapted jar tests were used to simulate their
application for the coagulation-flocculation in the separation chamber of the BF-MBR. The use of jar
tests helped to accelerate and simplify the determination of the optimum conditions: pH and dosages.
For this purpose, the Flocculator 2000 from Kemira Chemicals AS and 1 L beakers were used.

The following mixing conditions were applied during coagulation: 1 min rapid mixing (400 RPM),
10 min slow mixing (30 RPM), followed by 20 min of sedimentation with no mixing.

2.3. Total Recycle Test

The testing of a batch-type MBR in the total recycle mode for membrane fouling mitigation has
been recently practiced in several studies [43–45]. It implies a continuous recycling of the whole
permeate volume back to the membrane reactor during the experiment. The total recycle test (TRT)
allows the experiment to maintain a stable content and volume of the coagulated mixed liquor during
the filtration cycle, preventing the introduction of raw, untreated portions of mixed liquor into the
system with already added flux enhancers, which could potentially cause high bias in the experiments.
In the studies on the use of quorum sensing and quorum quenching to mitigate membrane fouling,
TRT is also beneficial due to the maintaining of the effective concentration of the active enzyme
throughout the system operation.

Prior to the filtration experiments, the integrity of the membrane sheets was evaluated through
the bubble point test and the vacuum decay test via method F 316-03 (Reapproved 2011) and method
D 6908-03, respectively, according to the American Society for Testing and Materials. Both tests are
based on the determination of the diameter of the pore or defect calculated from its bubble point.

Total recycle tests (TRTs) were conducted in a plastic transparent 2.8 L MBR reactor, where the
flat-sheet ceramic membrane was submerged with a provided cross-flow aeration (Figure 1).
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Figure 2. Experimental conditions of the total recycle test.

Ten minutes after the chemical dosing, the first sampling was performed in a quantity of 200 mL
to keep the membrane fully submerged in the ML solution. 60 mL of this sample were used to measure
MLSS, residual aluminium, PO4-P and the particle size parameters. The rest of the ML was used for
the measurement of electrokinetic potential and turbidity.

When TMP increased to the level of 1.2× TMPin and more than 1010 sec elapsed after the chemical
dosing, the filtration was stopped and the specimens were taken.

Permeability was the other targeted fouling indicator, which was determined using the flux,
normalized to 20 ◦C (Equation (1)).

PN =
J·e(−0.032·(t−20))

TMP
(1)

where J is a membrane flux, LMH; TMP is a transmembrane pressure, bar; t is an actual temperature of
the experiment, ◦C.

The current research uses capillary suction time (CST) to express relative hydrophobicity.
The negative correlation between them is demonstrated in the discussion section of this work.
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At the end of filtration, mixed liquor was used for the measurement of capillary suction time
(CST) and Time-to-Filter (TTF).

2.4. Applied Analytical Techniques

2.4.1. Mixed Liquor Analysis

Mixed liquor suspended solids (MLSS), capillary suction time (CST) and Time-to-Filter (TTF) were
determined via the dry residue test 2540 D, CST test 2710 G and Time-to-Filter test 2710 H, respectively,
according to SMWW (Standard Methods for the Examination of Water and Wastewater, 22nd edition).

Prior to the measurement of turbidity and zeta potential, the supernatant of the mixed liquor
samples was filtered through the quantitative cellulose filter paper with the pore size 8–12 µm (Grade
MN 640 md, Macherey-Nagel™, MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany).

Electrokinetic potential (ζ-potential) was determined through the measurement of electrophoretic
mobility and the automatic derivation of ζ-potential, according to Henry’s equation under Zetasizer
Nano-Z (MalvernTM, Malvern Panalytical Ltd, Malvern, UK).

Turbidity was measured under HACH 2100 N IS Turbidimeter, according to ISO method 7027.
CODdis was measured by the COD-cuvette test (HACH, Manchester, UK), applying the

dichromate method, according to ISO 15705:2002 [46].
Orthophosphates (PO4-P) and residual aluminium were measured using the EasyChem Plus

colorimetric analyser (SysteaTM, Systea S.p.A., Anagni, Italy), in accordance with the automated
colorimetric method, USEPA Method 365.1 and automated colorimetric Eriochrome Cyanine R
method, respectively.

Determination of the particle size distribution was conducted in several steps. First, the acquisition
of the images under a light microscope (Leica DM 6B) was performed with the camera Leica DMC4500
(90× magnification), which transmitted the images to the computer. For every image, the 2544 × 1816
pixel area was cropped by manual investigation of the area, followed by further image processing
using ImageJ software [47] (Figure 3).
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Figure 3. Determination of the particle size by image processing and analysis: (a) the original sample
image, acquired under the light microscope; (b) the sample image after the adjusted threshold; (c) 200%
magnified area in the image after particle analysis.

Then, the acquired particle areas were recalculated to the diameters, which were used as the basis
for the cumulative distribution plot.

The determination of the particle size distribution (PSD) parameters, specified in Table S1 [48–52],
helped to quantify and interpret the image analysis data.

2.4.2. Intrinsic Characteristics of the Coagulants

Potentiometric Titration

A streaming current detector (Micrometrix®, Micrometrix Corporation, Atlanta, Georgia, USA),
connected to the automatic titrator (EasyPlusTM, Mettler Toledo, Columbus, Ohio, USA), was used
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for determination of the charges of the tested coagulants as well as for potentiometric titration of the
mixed liquor samples.

For the coagulant charge determination, Potassium Polyvinyl Sulphate (PVSK) was used as a
standard anionic polymer, while Methyl Glycol Chitosan (MGC)—as a standard cationic polymer.
Both standard polymers were accurately prepared to the concentration 0.0005 N from the commercial
colloidal titration solutions using 0.0025N PVSK and 0.005N MGC supplied by Wako® (FUJIFILM
Wako Chemicals Europe GmbH, Neuss, Germany). PVSK was chosen to be a reference standard
and MGC concentration was adjusted to equate to PVSK at pH 7. The ratio factor of polymers was
determined at pH 7 and the working pH 1.86, 2.12, 2.3 and 2.7, which were selected according to the
intrinsic pH values of the subsequently tested coagulants (Table 1).

Charges of the tested coagulants (1 mmol Me/L) were determined through the potentiometric back
titration. At least two parallel measurements were conducted for every coagulant sample. The cationic
charge concentration of every coagulant was calculated according to the following formula [53]:

Charge concentration =

(
VPVSK·F−VMGC

Valiquot
·0.0005 equiv

L ·106
)

msalt/L
, (2)

where Charge concentration is the determined concentration of the positively charged ions in the
coagulant sample, µequivalent/mgsalt; msalt is mass of the coagulant salt in 1 L, VPVSK is the known
added volume of PVSK, mL; F is correction factor; VMGC is the average volume of MGC, mL; 0.0005 is
normality of the titrant standard equal to the gram equivalent weight of a solute per litre of solution
equiv/L; Valiquot is the aliquot value of the titrated sample, mL.

Potentiometric direct titration of mixed liquor, applying investigated coagulants as titrants, was
performed using the specimens, sampled on the same day for all the coagulants. The coagulants were
applied as titrants with no dilution. A minimum of two parallel measurements were conducted for
every coagulant.

Size Exclusion Chromatography

A total of 25 g of Bio-Gel P-100 Gel (Bio-Rad LaboratoriesTM, Bio-Rad Laboratories, Hercules,
California, USA) (medium polyacrylamide beads with wet bead size 90–180 µm, fractionation
range 5000–100,000 MW) were suspended in 800 mL of distilled water and allowed to swell
overnight. The swollen beads were put into a glass preparative chromatography column (Omnifit®,
Diba Industries Inc., Danbury, CT, USA) (1.5 cm in diameter, 48 cm in length, working volume 78.6 mL),
equipped with a PTFE/polyethylene frits, allowed to settle and washed with five bed volumes of the
eluent–NaCl solution (0.5 mol/L, pH 2–2.7) until a constant height (44.5 cm) was obtained. 1 mL of
the prepolymerized aluminium coagulant (PAXXL61 (2.52 mol Al/L) or PAX18 (4.57 mol Al/L)) were
injected in the gel column and eluted at 0.7 mL/min, using an LC pump Perkin-Elmer Series 410 to
control the elution rate. The fractions were further collected in the disposable sample cuvettes and
assayed for total aluminium according to Eriochrome Cyanine R method [54] at appropriate points,
using EasyChem Plus colorimetric analyser (SysteaTM, Systea S.p.A., Anagni, Italy).

For all separations, the same column was used. Before each experiment, gel was conditioned by
at least 500 mL of the NaCl solution to wash out residual monomeric aluminium.

2.5. Statistical Mining of the Relationships in the System

In the current investigation, multivariate chemometric approach based on partial least squares
analysis (PLS), that is, PLS-regression (PLSR), was applied to distinguish the relationships between
the dose of the coagulant, the mixed liquor parameters and the fouling indicators during the Total
Recycle Test.

PLS analysis is a multiple linear regression technique, which simultaneously models the matrices
of the predictor variables and responses to find the hidden variables in X that will predict the
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latent variables in Y. The creation of new predictor variables and responses, which are the weighted
combinations of the raw variables, is accomplished through the following steps: (1) extraction of
x-scores (t), that are the most correlated to Y; (2) generation of Y-loadings (q) from (t); (3) calculation of
Y-scores (u) from (q); (4) plotting (t) and (u) together with the maximized covariance [55].

Due to the creation of the orthonormal weight loadings and the loadings, which are neither
orthogonal nor normalized, PLS explains the maximum variance in the original data matrix X and
meanwhile provides the maximum correlation between X and the vector of output variables yn [56].
PLS analysis makes it possible to determine the independent influence of each input variable even if
the analysed data is strongly collinear and noisy. Besides, PLS gives an opportunity to model a big
number of X-variables with the simultaneous modelling of several response variables, Y [57,58].

The Unscrambler® X10.3 (CAMO Software AS, Oslo, Norway) was used to analyse the monitored
data. Design-Expert® 10 software (Stat-Ease, Inc., Minneapolis, MN, USA) was used to build and
analyse factorial experimental design.

3. Results

3.1. Jar Tests

Coagulant efficiency highly depends on the pH of the solution. It is the most critical parameter
since it determines the charge of the colloidal impurities and the dominance of certain competitive
hydrolysis reactions and hence, the nature of polymeric hydrolysis species [59–61]. According to
Ratnaweera [60], the hydrolysis reaction is much faster than the pH correction procedure, using
the typical laboratory equipment, which results in the discrepancy between the measured pH after
coagulation and the actual pH of the hydrolysis. Hence, it was decided to adjust the pH of the
mixed liquor solution mainly before the coagulant dosing. However, the pH adjustment during the
coagulation process was also included when the pH decreases during coagulation exceeded 0.5 units.

It was decided to test a different down limit of pH values for PIX313 in comparison to that of the
aluminium coagulants, taking into consideration the following findings by Stumm and Morgan [61],
further developed by Bratby [59]:

(1) The ligands, which are representative of ionogenic functional groups and characteristic of the
hydrophilic colloids (proteins, polysaccharides and humic substances), such as phosphate,
pyrophosphate, oxalate, salicylate (with a carboxyl and an aromatic hydroxyl group), show
the tendency to displace the H2O groups in aquo-metal ions of the coagulant, which satisfies
the coordinative requirements of Fe(III) and Al(III), which results in the formation of the
Me-ligand complexes;

(2) OH− ions have a stronger affinity for the Fe3+ and Al3+ than other ligands, including the
representative of functional groups of colloids; however, the latter may compete with OH−

for the coordinative sites;
(3) When the ratio ligand/OH− increases, which can be reached by pH decrease in the system,

ligands, which originate from the functional groups, may partially or entirely substitute for OH−

in the charge neutralization of the metal cations;
(4) Fe3+ has a higher affinity for OH− than Al3+; thus, lower pH is required for the formation of

ionized function group-Me complexes to limit the statistical opportunity of the complexation
of OH−.

The application of lower pH values for the iron (III) coagulant can also be justified by the diagrams
with equilibrium-solubility domains concerning Fe(OH)3 and Al(OH)3 in water as a result of hydrolysis
of Fe(H2O)6

3+ and Al(H2O)6
3+, which were introduced by Stumm and O’Melia [62]. According to the

diagrams, the iron (III) hydroxo- and polyhydroxy complexes form at lower pH values and wider pH
range compared to their aluminium-based counterparts. As specified by Meyn et al. [63], iron (III)
complexes, formed at a lower pH, provide higher removal of organic matter, than those which occur at
a higher pH.
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It is worth noting that, according to Liang et al. [64], the presence of sulphate ion in the skeleton
of coagulants shifts their applicable coagulation pH towards the acidic regions, which enables
efficient coagulation-flocculation at lower pH than for the species with chloride or nitrate ions in
the coordination sphere.

The determination of the optimum pH for the applied coagulants, using the mixed liquor samples,
was further conducted (Figure 4). The coagulant dosage is expressed by mixed liquor concentration as
µmol Me per mg of suspended solids (SS). It was decided to apply lower dosages: 0.4 µmolAl/mgSS
of aluminium-based coagulants and 0.9 µmolFe/mgSS of iron (III) sulphate, which would not sharply
reduce pH of the solution, consequently, to avoid adding excessive amounts of NaOH and to simplify
the maintenance of the desired pH values.
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Figure 4. Determination of the optimum pH at fixed coagulant dose during the jar tests according to:
(a) zeta potential, capillary suction time (CST); (b) turbidity, the volume moment mean.

Zeta potential profiles demonstrate the nature and intensity of electrostatic interactions between
the flux enhancing additives and the negatively charged foulants in the system [65].

Zeta potential (ζ-potential) is the electrokinetic potential at the slip plane between the Stern Layer
and the diffuse layer, which is related to the electrophoretic mobility of the particle, according to the
Henry equation and is one of the main double layer characteristics in the charged colloid. Zeta potential
characterizes the resistance of the colloidal system to aggregation and provides a quantification of the
double layer capacity.

If |ζ| ≥ 30.0 mV, the disperse system is sufficiently stable and no coagulation is observed.
According to the classification, introduced by American Water College [66], the average zeta
potential equal to −20.0–(−11.0) mV refers to poor coagulation degree, −10.0–(−5.0) mV to fair
coagulation degree,−4.0–(−1.0) mV to excellent coagulation degree and 0.0–3.0 mV refers to maximum
coagulation degree.

According to the represented profiles (Figure 4), the maintenance of pH at 5.5–6.0 during the
application of the prepolymerized aluminium coagulants, characterized by high and medium basicity,
provided the maximum degree of destabilization of the mixed liquor suspension at the selected dosage.
At pH 5.5–6, zeta potential values for PAXXL61 and PAX18 were in the range: −6.9– (−6.3) mV and
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−6.8–(−6.4) mV, respectively, resulting in the lowest residual turbidity among the tested pH values:
2.5–3.9 NTU and 2.0 and 4.6 NTU, respectively, which indicates the highest coagulation efficiency
under the applied conditions. According to the CST plots, pH values 5.5–6.0 also favoured the highest
mixed liquor dewaterability and, hence, the highest relative hydrophobicity of the flocs in this set
of experiments. The results on the volume moment mean particle size showed that the defined pH
range for the prepolymerized aluminium coagulants provided the maximum sizes of the floccules:
53.0–55.0 µm and 78.0–79.8 µm for PAXXL61 and PAX18, respectively.

Meanwhile, the optimum pH values for non-prepolymerized aluminium and iron (III) coagulants
were found to be lower than for the prepolymerized aluminium coagulants; they were equal
to 4.5 and 3.8–4.1, respectively. The defined pH values for ALS and PIX313 provided the
maximum absolute zeta potential levels: −7.4 mV and −5.6–(−5.1) mV, respectively; high extent
of dewaterability—225.0 s and 107.0–117.5 s, respectively; and relatively large volume moment mean
particle size—30.9 µm and 31.4–32.5 µm, respectively, in comparison to the other tested pH values
under the maintained conditions.

More detailed data is provided in Table S2.
The required pH around 3.8–4.1 for iron (III) sulphate coagulant, which is more acidic than for

the aluminium coagulant, is consistent with the findings by other studies [63,67].
To sum up, the determined optimum pH values foster the enhancement of adsorption/charge

neutralization, the increase of relative hydrophobicity of the flocs and the increase of the particle size,
which are assumed to be representative indicators of the fouling potential of mixed liquor, whose
characteristics are modified with the coagulants.

The next stage was the determination of the optimum coagulant dose, maintaining the established
levels of the optimum pH in the system. The obtained results of the relevant jar tests are represented
in Figure 5.
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Figure 5. Influence of the coagulant dose on the monitored parameters at fixed pH during the jar tests:
(a) zeta potential, capillary suction time (CST); (b) turbidity, the volume moment mean.

Jar tests allowed the team to determine the dosage conditions that promoted the maximum
increase of relative hydrophobicity of the flocs, the reduction of the absolute zeta potential value, the
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decrease of turbidity and the increase of the mean particle size (expressed through the volume moment
mean), which is summarized in Table S3.

The acquired zeta potential profiles (Figure 5a) demonstrate that merely prepolymerized
aluminium coagulants provided complete neutralization of mixed liquor, which indicates their
higher charges in comparison to their non-prepolymerized counterparts. Both PAXXL61 and PAX18
assured the maximum coagulation degree (0.0–3.0 mV). It is worth noting that high neutralization
potential of prepolymerized aluminium coagulants can result in their tendency to overcompensate the
particle charges with the subsequent recharging of the system (ζ-potential = 5.0 mV or higher) and
its restabilisation, which is observed at the dosages higher than 4.8 µmolAl/mgSS for PAXXL61 and
3.7 µmolAl/mgSS for PAX18. System restabilisation is undesirable since it worsens flocculation of
the particles, deteriorates the treatment efficiency, entails additional costs of reagents and can have
a detrimental effect on the aquatic fauna after wastewater discharge due to the risk of high residual
aluminium concentrations [68,69].

Therefore, a defined range of optimum dosages should be further applied.
According to the results (Figure 5a) for non-prepolymerized aluminium and iron (III)

sulphate coagulants, zeta potential remains negative over the whole dosage range. Neither of the
non-prepolymerized coagulants was able to reach the maximum degree of coagulation (0.0–3.0 mV) but
attained rather fair (−10.0–(−5.0) mV) and in single cases—excellent (−4.0–(−1.0) mV) degree, which
is an indicator of weaker charge neutralization capacity possessed by these coagulants. As assumed by
Gregory and Duan [37], the coagulation in this region of zeta potential values occurs entirely via the
adsorption of suspended matter on the precipitated Al(OH)3.

Meanwhile, the obtained plots demonstrate, that the overdosing of ALS and PIX313 can still
cause the deterioration of the mixed liquor system, which is observed by the elevated levels of
turbidity, CST and the decrease of the volume moment mean particle size, which is clearly observed at
3.4–4.5 µmolAl/mgSS and 4.8 µmolFe/mgSS.

All of the investigated coagulants are highly efficient with respect to colloidal matter removal,
which is indicated by low values of the final turbidity—0.5–2.6 NTU (Figure 5b). Hence, good
coagulation performance is achieved for every coagulant in the defined optimum dosage regions.

The character of the CST graphs points out that the studied coagulants highly reduce the affinity
of the mixed liquor particles for water, thus increasing their hydrophobicity, the ability to aggregate
and settle [70,71] and decreasing their potential to attach to the hydrophilic membrane surface.

Particle size analysis (Figure 5b) demonstrates that the prepolymerized aluminium chloride
with medium basicity PAX18 exhibited the greatest flocculation ability among all studied coagulants,
which was particularly apparent in the range of dosages 2.0–3.7 µmolAl/mgSS, when the volume
moment mean, D[4,3], reached 56.0–153.7 µm. The second-highest particle size 42.0–68.0 µm was
attained, applying prepolymerized aluminium chloride with high basicity PAXXL61. However, its
increase with the dosage was not as continuous as in the case of its counterpart with lower basicity
and is characteristic merely for the narrow range of dosages 0.1–0.2 µmolAl/mgSS. Concerning
non-prepolymerized inorganic coagulants, their flocculating efficiency was not so pronounced, since
the particle sizes underwent merely minor changes. Better performance of prepolymerized aluminium
coagulants can be explained by their higher charge, which results in enhanced adsorption-charge
neutralization of the mixed liquor particles [36,38] and higher sensitivity of the Al hydrolysis species,
which originated from the non-prepolymerized coagulants, to mixing conditions [72].

According to Figure 5, prepolymerized aluminium coagulants exhibit fairly broad ranges of
optimum dosages in comparison to the non-prepolymerized coagulants, which agrees with the
previous findings [36].

As a result, optimum pH values and the optimum coagulant dosages were determined and
established as the point of reference for the subsequently conducted total recycle test.
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3.2. Total Recycle Test

According to the assessment of the integrity of the membrane sheets, the minimum diameter of
the defects on the membrane surfaces ranged from 10.2 to 17.0 µm. Those sheets, characterized by a
significant difference between the openings in the membranes (∆max = 5.5 µm), were excluded from
further experiments in order to eliminate the membrane factor from the potential influences affecting
the difference in fouling intensity during the experiments.

The TRT was used to estimate the coagulant performance in the BF-MBR system and to validate
the selected fouling indicators as regards their ability to demonstrate the fouling propensity of
mixed liquor.

For every sample, the average normalized permeability values were calculated as follows:

avPN = Pin
N n; Pfin

N m, (3)

where N is the number of values taken into consideration, N = 10; Pin
N n is the mean of the first ten

values (n ≈ 210–400 s from the beginning of the filtration) of the normalized permeability, excluding
the ramp of the peristaltic pump; Pfin

N m is the mean of the ten final values (m ≈ 790–1010 s from the
beginning of the filtration) of the normalized permeability at the end of the filtration cycle.

For this purpose, a steep phase of the normalized permeability (PN) development over time was
chosen, followed by the calculation of the average normalized permeability (avPN) within the range,
that covered the initial rapid flux decline stage—seconds no. 210–1010 (Figure 6a). The selected array
of values is related to conditioning fouling, which is characterized by pore blocking and adsorption of
the SMPs on the membrane [73].
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Figure 6. Average normalized permeability (a) and filtration time (b), determined from the total
recycle test.

Filtration Time (FT) was calculated from the logged TMP = f(time) (Figure 6b).
The steep development of the trend TMP = f(time) in Figure 6b can be explained by the fact,

that the graph represents the data of the raw sludge filtration, characterized by a rapid TMP increase.
It is worth noting that the constant flux of the filtration during all the experiments equal to 80 LMH lies
in the critical flux region, which was intentionally selected after the critical flux experiments, using raw
mixed liquor, based on the flux-step method [74], to estimate the coagulant performance in subsequent
experiments under conditions unfavourable for membrane filtration.

Optimum pH values and dosage ranges, determined during the jar tests (Tables S2 and S3),
were applied during the total recycle tests. The obtained results, related to the monitoring of the
traditional parameters of wastewater treatment quality, are demonstrated in Figure 7.
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Figure 7. Influence of the coagulant dose on the parameters of treatment efficiency at fixed pH
during the total recycle test (TRT): (a) turbidity removal; (b) residual orthophosphates; (c) turbidity,
(d) dissolved COD (CODdis); (e) CODdis removal; (f) residual aluminium.

As shown in the graphs (Figure 7a,b), at 0.6 µmole Me/mgSS all the coagulants provide
high effluent quality with respect to turbidity removal and residual orthophosphate concentration:
85.5–90.5% and 0.01–0.13 mg P-PO4/L, respectively. The maximum permissible limit for total
Phosphorus in the effluent of WWTP is 1.0 mg Ptotal/L [75]. Hence, all the coagulants provide
the effluent quality in compliance with the regulations. The high potential for orthophosphate removal,
exhibited by both prepolymerized and non-prepolymerized coagulants at the selected dosage ranges,
agrees with the results acquired by Ødegaard et al. [36] and Ratnaweera et al. [76].

According to the turbidity removal plot (Figure 7a), the coagulant with high basicity PAXXL61
provides the highest performance, which agrees with previous works [76].

The comparison of turbidity and CODdis profiles (Figure 7c,d) shows that the restabilisation
in the samples applying PAX18 and ALS, which occurs at the dosage 2.6 and 1.9 µmolAl/mgSS,
respectively, is equally pronounced in the CODdis and turbidity analysis. This observation indicates
that the colloidal particles ≤ 0.45 µm were not transferred to the higher size fraction ≥ 1 µm at
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overdosing. In contrast, in the case of PAXXL61, lower residual COD concentration is observed at
the overdosing (2.6 µmolAl/mgSS), even though the turbidity profile shows the tendency to increase,
which apparently is an indicator that PAXXL61 (the coagulant with the highest tested basicity) is
responsible for the enlargement of the fine colloidal particles to the size ≥ 1 µm at high dosages.

The increase of residual CODdis in the overdosing region for PAX18 could be the result of floc
breakage or the formation of some Al-organic complexes and for ALS, probably the Al-organic complex
formation, which corresponds to the findings by Zhang et al. [77].

PIX 313 demonstrated, similar to PAXXL61, behaviour in the overdosing region but with a lower
treatment efficiency with regard to the removal of CODdis and turbidity. At 5.2 µmol Fe/mgSS (not
shown on the graphs) the CODdis removal (δCODdis) increased to 51%, while the residual turbidity
increased by 23% in comparison to the relevant values at the dosage 3.2 µmol Fe/mgSS, which suggests
an improved flocculation of the fine colloids (≤ 0.45 µm).

The maximum CODdis removal in the dosage range 0.6–1.9 µmol Me/mgSS, was observed for
both prepolymerized aluminium coagulants, PAXXL61 and PAX18, being in the range 41–62% and
27–46%, respectively (Figure 7e).

The data-driven sample grouping was manually performed for the dosage range 0.5–3.2 µmol
Me/mgSS by dividing the band of the δCODdis values (Figure 7e) in the whole range between
the upper and lower limits into three groups. As a result, the following ranges were generated:
−51.0–17.0%; 17.0–27.0% and 27.0–62.3%. The range with the highest level of CODdis removal
(27.0–62.3%) was chosen as the target level. This selection agreed with the following mechanism
of fouling control: the reduction of the SMPs level in mixed liquor. Consequently, the ranking trend
among the studied coagulants in decreasing order of dominance of SMP removal mechanism, can
be classified as: PAXXL61 (100% of all PAXXL61 samples) > PAX18 (67.0%) = PIX313 (67.0%) > ALS
(20.0%), which corresponds to the findings in the previous works [30,36,60].

In the BF-MBR pilot system, COD removal due to biodegradation was in the range 67.0–92.0%.
According to the residual aluminium plot (Figure 7f), the application of prepolymerized

aluminium coagulants is the most preferable, since in the range 0.5–1.9 µmol Al/mgSS they provided
the concentrations of soluble Al at the level 0–0.03 mg Al/L, which is well below the regulatory
limits [54,78–80]. Meanwhile, in the case of overdosing of PAX18, its residual aluminium concentration
drastically increased up to 14.5 mg Al/L, which was almost 15 times higher than its content in the
optimum coagulation region. On the contrary, ALS is characterized by incredibly high residual
aluminium levels (starting from the dosage 0.64 µmol Al/L), which are in the range 2.5–9.2 mg Al/L.
Consequently, the use of PAX18 in the overdosing region, as well as ALS at the dosages, higher than
0.5 µmol Al/mgSS, is undesirable from the environmental point of view.

The other monitored characteristics of mixed liquor, obtained during the TRT with the pH
maintenance, are represented in Figure 8.

The zeta potential plot (Figure 8a) demonstrates that in the range 0.6–1.9 µmol Me/mgSS all of the
coagulants provided an “excellent/maximum” coagulation degree, which indicates the achievement
of their full charge neutralization potential under the applied conditions. As in the case of jar tests
(Figure 5a), the prepolymerized aluminium chloride with medium basicity showed a tendency toward
overdosing at a lower dosage than its counterpart with a high OH/Al ratio. Apparently, this is the
result of the higher adsorption/charge neutralization potential of PAX18 in comparison to PAXXL61,
which should be a subject of further investigation. The overdosing of PAX18 is characterized by severe
system recharge, which is demonstrated by the zeta potential plot (Figure 8a), when zeta potential
exceeds +18 mV, indicating system restabilisation.

TTF change profiles (Figure 8b) demonstrated a strong advantageous effect of PAXXL61 and
ALS on the mixed liquor filterability, since they provided the maximum decrease of the filtering time
(time to obtain 100 mL of the filtrate by TTF) by 79.5% and 85.0%, respectively. Meanwhile, PAX18
and PIX313 exhibited a less pronounced performance in affecting the mixed liquor filterability—the
maximum TTF reductions were 59.5% and 63.0%, respectively. The acquired profiles (Figure 8b) also
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show an increasing tendency of time-to-filter in the overdosing region for every one of the coagulants,
which, in practice, can result in the decrease of mixed liquor quality and the deterioration of the
membrane filtration process.

CST change graphs (Figure 8c) indicate the highest efficiency of PAXXL61 among the tested
coagulants in terms of CST decrease and hence, the increase of relative hydrophobicity of the flocs.
PAXXL61 provided a CST reduction equal to 61.0%, while the samples treated with PIX 313, PAX18 and
ALS, were characterized by less significant CST alterations—34.0%, 25.0% and 24.6% CST reductions,
respectively. Thus, it can be concluded that the coagulant with the highest tested basicity, PAXXL61,
exhibited the highest performance with regard to the increase of relative hydrophobicity of the
microbial floccules.

According to the plot of volume moment mean change (Figure 8d), the average particle size of
the coagulated samples decreases in the following order of applied chemicals: PAX18 > PAXXL61 >
PIX313 > ALS. This observation, together with the results of the prior jar tests (Figure 5b), suggests the
dominance of the flocculating ability of the prepolymerized aluminium chloride with medium basicity
over the other tested coagulants.Water 2019, 11, x FOR PEER REVIEW 15 of 42 
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Figure 8. Influence of the coagulant dose on the monitored parameters at fixed pH during the total
recycle test (TRT): (a) zeta potential; (b) TRT change; (c) CST change; (d) volume moment mean change.

The filtration time, required for reaching 1.2 × TMPin and the average normalized permeability
were chosen as the indicators of membrane fouling intensity. The acquired tendencies depending on
the coagulant type and dosage, which were observed during the TRT at the fixed pH, are demonstrated
in Figure 9.
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Figure 9. Relationship between the coagulant dose and the filtration performance according to
normalized permeability, normalized permeability change and filtration time at fixed pH during
the TRT.

According to Figure 9, the prepolymerized aluminium coagulants provided the greatest extent of
fouling inhibition among the studied compounds: the maximum filtration time (F) equal to 120 min
and the maximum increase of average normalized permeability (δ avPN) by 155.0–198.0%.

According to the calculations for the BF-MBR pilot system, the obtained prolongation of the
filtration times in the dosage range 0.6–1.9 µmol Al/mgSS for PAX18 or 1.1–1.9 µmol Al/mgSS for
PAXXL61 (Figure 9) results in a tenfold increase in filtration time of the membrane separation cycle
and 30.0–56.0% higher net flux (depending on the operational period), in comparison to the net flux
in this system without the PACl dosing. Inhibited fouling intensity requires lower frequencies of the
physical cleaning procedures (backwash and relaxation). Consequently, the addition of the studied



Water 2019, 11, 446 17 of 42

prepolymerized aluminium coagulants will highly improve the filtration efficiency of the BF-MBR
pilot system.

Nevertheless, the coagulant with medium basicity, PAX18, demonstrated a superior fouling
mitigation behaviour to PAXXL61, the prepolymerized aluminium chloride with high OH/Al ratio,
since PAX18 has a higher flux enhancing efficiency at lower dosages and a wider range of maximum
performance than PAXXL61 (Figure 9). The highest efficiencies of PAX18 during the filtration
experiments is predominantly attributed to a greater adsorption/charge neutralization potential
of PAX18 over PAXXL61, with subsequent flocculation enhancement, which was indicated by the
relevant zeta potential and the mean particle size profiles.

The results of the total recycle test, conducted at the selected pH values, are summarized
in Table S4.

Since PAX18 has a broader range of optimum dosages and a lower dose is required to reach the
region with maximum values of the response functions, it was decided to apply this coagulant in the
further stages of the research.

3.3. TRT with pH Control vs. TRT with Non-Corrected pH

The examination of fouling mitigation efficiencies of the selected coagulants during the total
recycle tests without the pH adjustment was performed to estimate if it was reasonable to omit the
pH adjustment stage. Such a decision was taken due to the fact that most conventional chemical
wastewater treatment plants operate with no pH maintenance. In this case, the pH of the hydrolysis in
mixed liquor depends on the characteristics of applied coagulants (acidic properties and the dosage)
and the buffering capacity of mixed liquor [36]. The results are demonstrated in Table S5.

The results in Table S5 indicate that the pH of coagulation without the pH correction was the
lowest for non-prepolymerized coagulants. Along with the intensive hydrolysis processes, the reason
for the drastic pH decrease in the system could be the acidic properties of hydrated iron and aluminium
ions, since they belong to Lewis acids, that is, proton donors, which transfer a proton to a solvent
water molecule (Equation (4)).

Fe(H2O)6
3+ + H2O↔ [Fe(H2O)5OH]2+ + H3O;

Al(H2O)6
3+ + H2O↔ [Al(H2O)5OH]2+ + H3O.

(4)

Moreover, the base-10 logarithm of a first acid dissociation constant (pKa) for [Al(H2O)6]3+

is higher than for [Fe(H2O)6]3+, indicating lower acidity of hexa-aquo-aluminium complexes than
hexa-aquo-iron complexes [61]. Hexa-aquo-aluminium complexes tend to decrease the pH of solution
less dramatically, than their iron-based counterparts.

According to the obtained results (Table S5), PAXXL61, PAX18 and ALS provide much higher
fouling mitigation efficiencies during the TRT, with the controlled pH, than without its maintenance.
PIX313 also demonstrates positive tendencies with regard to improvement of membrane filtration.
However, for PIX313 during the TRT at fixed pH, the normalized permeability started to decline at the
dose 0.5 µmol Fe/mgSS, while the fouling rate continued to decrease. The potential reason could be
the tendency of iron (III) coagulant at certain concentrations to trigger the formation of the Fe-rich gel
matrix of polysaccharides on the membrane surface, thus increasing reversible fouling, which was
reported by several studies [8,81,82].

In addition to high improvement of membrane filtration with the pH adjustment, the optimum
filtration parameters are reached at lower dosages in comparison to those obtained during TRT with no
pH correction. Lower coagulant dosages result in lower excess sludge production. Consequently, pH
adjustment is a valuable tool in the optimization of the fouling mitigation based on coagulant dosing.
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3.4. Investigation of the Characteristics of the Coagulants

The investigation of the coagulant characteristics was performed in order to describe the
mechanism of charge neutralization and the extent of its prevalence depending on the coagulant
nature. The results could potentially shed some light on the reason the coagulant with medium basicity,
PAX18, performs more efficiently in respect of fouling mitigation than PAXXL61, of high basicity,
whose potential to adsorption/charge neutralization was expected to be higher.

3.4.1. Coagulant Charges

The results of potentiometric back titration of the investigated coagulants are represented
in Figure 10.
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Figure 10. Charge concentrations of the studied coagulants.

According to the acquired charts (Figure 10), PAX18 and PAXXL61 have the highest charge
concentrations, which correspond to their high efficiency regarding the increase in average normalized
permeability and filtration time (Figure 9). Nevertheless, the charge concentration of PAX18 is
still higher (0.97 µequiv./mgsalt) than the charge concentration of PAXXL61 (0.65 µequiv./mgsalt),
which could be caused by the fact that, except for high basicity, PAXXL61 is characterized by the
incorporation of SiO2 group in its skeleton. As calculated by the authors of the current paper, based on
the patents for similar commercial products [83,84], PAXXL61 has the approximate ratio of Al/Si
of 15–20. The introduction of SiO2 into the prepolymerized aluminium structure increases the
molecular weight (MW) of the coagulant, and, due to the neutrality of silica group, decrements
the coagulant charge concentration, which corresponds to the discoveries by Zouboulis et al. [85]
and Gao et al. [86]. Besides, the interaction of Al with the polysilicic acid during the formation
of polyaluminium silicate chloride species results in the creation of chelate-like bonding between
the aluminium atoms and the polysilicic acid, which entails the hindering of the active polymeric
Al13O4(OH)7+

24 component formation during the subsequent prepolymerization phase. As a result,
the content of monomeric octahedral Al1 species in the final product increases, which reduces its
adsorption/charge neutralization potential [87,88].

The charge concentrations of the non-prepolymerized coagulants, PIX313 and ALS were found to
be much lower and were equal to 0.26 and 0.06 µequiv./mgsalt, respectively. Thus, non-prepolymerized
coagulants tend to have lower charge concentration and less potential to enhance adsorption/charge
neutralization than their prepolymerized counterparts, which confirms the findings of the previous
studies [36].

In order to confirm the strength of investigated coagulants with respect to adsorption/charge
neutralization, a series of experiments, based on direct potentiometric titration of the mixed liquor
samples, was conducted (Figure 11).
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Figure 11. Coagulant dose required for reaching the endpoint during the potentiometric titration of
mixed liquor.

According to the obtained results (Figure 11), the application of PAX18 produces the effect of
reaching the titration endpoint at the lowest dose of 1.5 µmol Al/L. This, together with the acquired
zeta potential profiles (Figures 5a and 8a) and the determined coagulant charges, is strong evidence
for the highest potential to adsorption/charge neutralization of the coagulant with medium basicity,
PAX18, among all the coagulants, studied in this research.

In addition to the determination of coagulant properties, the implementation of the potentiometric
titration of mixed liquor with investigated coagulants, based on the streaming current detection,
demonstrates that this system can be readily scaled up to perform the coagulant dosing and its online
control at industrial BF-MBR. This conclusion refers to the fact that streaming current detectors are
commercially available and appear to be among the key solutions to online control of coagulant dosing
at wastewater treatment plants [89,90].

3.4.2. Chromatographic Separation of Prepolymerized Aluminium Coagulants

The comparative qualitative analysis of the investigated prepolymerized aluminium coagulants as
regards their molecular weight (MW) distribution was performed using size exclusion chromatography.
Figure 12 shows the MW distributions of the aluminium species in the samples of the prepolymerized
aluminium coagulants of medium and high basicity.
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Figure 12. Size exclusion chromatograms of collected prepolymerized aluminium chloride
(PACl) fractions.

According to the obtained chromatograms (Figure 12), the PAXXL61 sample was characterized
by three different peaks, eluted by size exclusion mechanisms. The peaks were observed at elusion
times 60 min, 130 min and 245 min, which refer to high, intermediate and low molecular weight
bands, respectively. According to Brookes et al. [91] and Striegel [92], the retention time of the
molecules in the chromatography column is inversely proportional to their molecular weights. Hence,
the largest molecules are eluted at the lowest elution times, which is called an “inverse-sieving”
mechanism. For PAXXL61, high MW fraction accounts for 39.1% of the total Al, intermediate MW



Water 2019, 11, 446 20 of 42

fraction exhibited 26.0% of the total Al and low MW isolate made up 34.9% of the total Al of the
investigated prepolymerized aluminium coagulant with high basicity.

On the contrary, PAX18 was merely characterized by one broad peak eluted in 96 min.
The obtained chromatography profile (Figure 12) suggests that high MW fraction accounts for about
85% of the total Al of the studied prepolymerized aluminium chloride with medium basicity.

High MW isolate of PAXXL61 was obtained 36 min earlier than for PAX18, pointing out that the
tested prepolymerized aluminium chloride with high basicity and the incorporated SiO2 had higher
MW fractions in comparison to its counterpart with medium basicity. However, high MW isolates
constitute less than half of the total Al in PAXXL61, which suggests they might not be the predominant
contributor to the overall MW of the relevant compound.

3.5. Statistical Analysis

3.5.1. Partial Least Squares Regression Analysis

PLS regression analysis was performed for the ML samples from TRT with and without pH
correction according to the following variables and response functions (Table 2).

Table 2. Model inputs.

Predictors (X) Response (Y)

MLSSin
1, CST 2, turbidity, pH, D[4,3], D[3,2], span,

uniformity, zeta potential, coagulant dosage (Dose)
Average normalized permeability (avPN),

Filtration time (F)

Notes: 1 Initial mixed liquor suspended solids (MLSS of the raw sample); 2 Capillary suction time.

The obtained model was validated by applying random cross-validation in PLS. During the
cross-validation, the dataset was divided into 20 segments. Some elements were taken out of analysis
since they were indicated as potential outliers. The number of PLS components (factors), was chosen
according to the explained variance.

Eventually, the following results were obtained (Figure 13).
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According to the acquired results (Figure 13), the first two factors describe 47.0% and 66.0% of the
variance in the dataset for x and y, respectively.

The scores plot demonstrates the case with four distinctive clusters: the activated sludge samples
treated with PAX18, PAXXL61, ALS and PIX313. Samples within a cluster contain similar samples.
The difference between the clusters is explained by Factor-1 and Factor-2.

According to the PLS loadings plot, Factor-1 clearly describes span, uniformity, CST, zeta potential,
pH, filtration time and the average normalized permeability. Factor-2 apparently accounts for D[4,3],
D[3,2], turbidity, MLSSin and coagulant dose. From the loadings plot, all the variables appeared to be
significant and provided stability and reliability to the model. Span and uniformity are highly positively
correlated with each other and exhibit a positive link to CST, turbidity, D[4,3] and D[3,2]. Such PSD
parameters as D[4,3] and D[3,2], have a positive correlation with each other. However, they show a
negative correlation to coagulant dose and zeta potential. CST and turbidity are negatively linked to
zeta potential and coagulation dose. Meanwhile, the coagulant dose is positively correlated with zeta
potential. CST has a high negative correlation with the response variables and pH along Factor-1.

The total residual variance plot indicates how much of the variation in the data is described by
the different numbers of factors [55,56]. According to the total residual variance plot (Figure 13), the
highest explained Y-variance (76%) is attained while applying four factors and then reaches a plateau.

An analysis of the validation plot shows that the developed model is linear, has a R-squared
value of 0.77 and has a good fit for the majority of data (i.e., slope = 0.75). The Root Mean Square
Error of Cross Validation (RMSEV) and the standard error of cross-validation (SECV) are equal to 1384
and 1395, respectively. However, it is essential to acknowledge that the mentioned errors have the
same units as the reference Y (in this case, the average normalized permeability, avPN). R-squared
(Pearson) is close to R-squared correlation (0.73 vs. 0.85), which indicates the reliability of the model.
The developed model has a relatively low bias equal to 12.3, indicating that it has a low tendency
to over- or underestimate the validation values. Hence, the developed model demonstrates a good
prediction capability, which proves its reliability and high potential to be used during further stages
when the operating conditions applied in this work are replicated.

In order to determine a predominant mechanism, which governs the behaviour of every coagulant,
the data-driven sample grouping was automatically performed by equally dividing the band of the
target parameter values in the whole range between the upper and lower limits into five groups. As a
result, the relevant ranges were generated (Figure 14).
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The target levels of interest (marked with the red rectangles in the legends in Figure 14)
were chosen in accordance with the variables: for zeta potential, the upper limit of values (group
−2.9–3.2 mV); for CST, the lower boundary (group 17.0–95.0 s); and for the volume/mass moment
mean, the range of higher values, including the upper boundary (group 32.5–132.0 µm/21.0–83.0 µm).
This selection was congruent with the main mechanisms of fouling control: adsorption/charge
neutralization (preferential decrease of zeta potential absolute value), the increase of relative
hydrophobicity of the flocs (the decrease of dewaterability) and the increase of the mean particle
size. According to the obtained PLS scores plot (Figure 14), the ranking trend among the studied
coagulants, in decreasing order of dominance of each particular fouling mitigation mechanism, can be
classified as:

• enhanced adsorption/charge neutralization (zeta potential −2.9–3.2 mV): PAX18 (100% of all
PAX18 samples) > PAXXL61 (55.6%) > PIX313 (41.0%) > ALS (36.0%);

• the increase of relative hydrophobicity of the flocs (CST 17–95 s): PAX18 (100%) > PIX313 (82.0 %)
> PAXXL61 (56.0%) > ALS (43.0%);

• the increase in particle size (D[4,3] 32.5–132 µm/D[3,2] 21–83 µm): ALS (100/100%) > PAX18
(78.0/94.0%) > PAXXL61 (78.0/78.0%) > PIX313 (41.0%/53.0%).

It was decided to denominate the mechanism of fouling inhibition as dominant if 55.0% or more
of a total number of the samples of every coagulant is characterized by the above-mentioned ranges of
the monitored parameters. As determined earlier (during the analysis of the TRT with pH correction),
based on Figure 7e, the highest level of CODdis removal (i.e., the reduction of the SMPs content) was
observed for the majority of samples of prepolymerized aluminium coagulants PAXXL61 and PAX18
(100% and 67.0%) and iron (III) sulphate PIX313 (67.0%) for a total number of the samples in the
selected dosage range, respectively. Consequently, the principal mechanism differs depending on the
coagulant nature (Table 3).

Table 3. Prevailing mechanisms of action for the tested coagulants.

Mechanism of Action
Coagulant

Enhanced
Adsorption/Charge

Neutralization

The Increase in Relative
Hydrophobicity of the

Flocs

The Increase
in Particle Size

The Reduction of
the SMPs Level

PAX18 (OH/Al 1.3) + + + +
PAXXL61 (OH/Al 1.9) + + + +

PIX313 (OH/Fe 0) + +
ALS (OH/Al 0) +

3.5.2. Two-Level Factorial Design of the Experiment

A factorial design was built in order to characterize how the selected factors interact and
individually affect the fouling mitigation process and to determine the optimum combination of
factor levels, that simultaneously satisfy the criteria of the maximum permeability/filtration time for
the chosen coagulant.

The Average Permeability

To study the possible options of permeability maximization systematically, a two-level alternative
factorial design was set up on the key factors: pH, temperature, MLSS and coagulant dose with two
replicates (Tables 4 and 5).
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Table 4. Factors and levels for two-level alternative factorial design.

Factor Units Low Level High Level

pH - 5.5 6.5
Temperature ◦C 20 25

MLSS g/L 4.0 6.0
D 1 µmoleAl/mgSS 1.1 1.9

Notes: 1 Coagulant dose.

Table 5. Layout for a designed experiment.

Factor 1 Factor 2 Factor 3 Factor 4 Response 1

Run A:pH B:Temperature, C C:MLSS, g/L D:D, µmolAl/mgSS Permeability, LMH/bar
1 5.5 20 4.0 1.1 8725.6
2 6.5 25 6.0 1.9 6614.1
3 6.5 20 6.0 1.1 2055.5
4 5.5 20 4.0 1.1 8698.6
5 5.5 25 4.0 1.9 12,204.9
6 5.5 25 6.0 1.1 7146.1
7 6.5 20 4.0 1.9 10,020.4
8 6.5 25 6.0 1.9 6578.7
9 6.5 20 4.0 1.9 10,046.9

10 6.5 25 4.0 1.1 11,168.8
11 6.5 20 6.0 1.1 2024.6
12 6.5 25 4.0 1.1 11,196.9
13 5.5 20 6.0 1.9 6827.6
14 5.5 25 6.0 1.1 7169.4
15 5.5 20 6.0 1.9 6859.4
16 5.5 25 4.0 1.9 12,233.0

A preliminary analysis was conducted to understand the general relationships between the factors
and the response function before carrying out an in-depth analysis. The relevant graphs (Figure S1)
represent the impact of every factor on the permeability.

According to the obtained plots (Figure S1), coagulant dose and temperature are positively linked
to the average permeability, while the increase in pH and MLSS cause the permeability to drop.

This analysis was followed by the use of more sophisticated tools.
The values of the response function ranged from 2024.6 to 12,233.0, which results in a ratio of

its maximum to a minimum value of 6.04, which is greater than 3, indicating a high potential for
the model improvement [93,94]. In the current work, a power family of transformations y* = yλ (λ,
the transformation parameter; y, the observed response function; y*, the transformed response function)
was selected. The transformation of the response function was performed in order to increase the fit of
the model to the data. An empirical graphical technique in the form of a Box-Cox plot (the graph is not
presented) was applied to determine the optimum transformation parameter λ of the response function.
As the present study discovered, the value of λ equal to 1.61 resulted in the minimum residual sum
of squares. Therefore, power transformation was chosen at the beginning of the analysis, applying
λ = 1.61.

In order to detect the important effects among the variables and their interactions, the analyses of
a half-normal plot and Pareto chart (Figure 15) were carried out.
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The half-normal plot of effects demonstrates the absolute values of the squares of effects plotted
against their cumulative normal probabilities [93,94]. The terms, which were selected as significant,
that is, included in the model, were C (MLSS), B (temperature), D (coagulant dose), AC (the interaction
effect of pH·MLSS), A (pH) and AD (the interaction effect of pH·coagulant dose). The negligible effects
lined up at the red “error line” close to zero (Figure 15a).

The Pareto chart (Figure 15b) indicates the magnitude of the selected effects. The plot shows that
all the selected effects are higher than Bonferroni limit = 3.46159 and t-value limit = 2.26216 (t value
can be identified as a magnitude of the difference relative to the variations in the data [95]).

Analysis of variance (ANOVA) (Table 6) provides a set of formulas that enable the computation
of test statistics and confidence intervals [96]. It gives the necessary evidence of the overall model
significance, the importance of each coefficient, model accuracy and reliability, the possibility of model
improvement and model application to navigate the design space.

Table 6. Analysis of variance table for the selected factorial model (Partial sum of squares-Type III).

Source Sum of
Squares Df 1 Mean

Square F-Value p-Value
Prob > F

Model 1.89 × 1013 6 3.15 × 1012 50178.2 <0.0001 significant
A-pH 5.06 × 1011 1 5.06 × 1011 8074.3 <0.0001

B-Temperature 2.95 × 1012 1 2.95 × 1012 47019.0 <0.0001
C-MLSS 1.35 × 1013 1 1.35 × 1013 2.154 × 105 <0.0001

D-D 1.16 × 1012 1 1.16 × 1012 18486.6 <0.0001
AC 5.92 × 1011 1 5.92 × 1011 9434.2 <0.0001
AD 1.67 × 1011 1 1.67 × 1011 2659.4 <0.0001

Residual 5.64 × 108 9 6.27 × 107

Lack of Fit 6.05 × 107 1 6.05 × 107 0.96 0.3557 not significant
Pure Error 5.04 × 108 8 6.3 × 107

Corrected
Total 1.89 × 1013 15

Notes: 1 the numerator degrees of freedom.

Fisher’s value (F-value) is the ratio of the “between-group variance” (the variation as a result of
the intentional experimental manipulation) to the uncontrollable “within-group or error variance” [97].
The model’s F-value is equal to 50,178.2, which indicates the significance of the derived model. There
is only a 0.01% chance that an F-value this large could occur due to noise.
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Besides, based on the p-values (<0.05), it can be concluded that the derived model was significant
and all the selected factors, such as pH, temperature, MLSS, coagulant dose and the interaction terms
pH·MLSS and pH·coagulant dose had a significant effect on the model. Otherwise, the p-values greater
than 0.1 would have indicated the insignificance of the model terms.

The model was characterized by R-Squared equal to 1, which indicates its linearity.
The predicted R-Squared of 0.9999 was in reasonable agreement with the adjusted R-Squared

of 1, that is, the difference was less than 0.2. “Adequate Precision,” which measures the signal to
noise ratio, was equal to 685.5, which is the evidence of an adequate signal. Therefore, this model
can be used to navigate the design space. The “Bayes information criterion” (BIC) and the “Akaike
information criterion” (AIC) determine which model from the set of models describes the dataset in
the best way. The criteria take into consideration model complexity and serve as barriers to model
overfitting. The distinctive feature of BIC is its consistency, which helps to select a lower dimensional
model when it is the most accurate. The model, which has the highest BIC or AIC criterion, fits data
best, therefore, should be selected [98,99]. In the current model, BIC and AIC criteria were equal to
342.9 and 351.5, respectively, which indicates a consistent fit of the model with the response data.

After determination of the model coefficients the final equations can be derived (Equation (5)
and (6)).

Final equation in terms of coded factors:

(Permeability)1.61 = 2.100 × 106 − 1.779 × 105·A + 4.292 × 105·B − 9.187 × 105·C + 2.691 ×
105·D − 1.923 × 105·AC − 1.021 × 105·AD,

(5)

where A is a coded value for pH, B is a coded value for temperature, C is a coded value for MLSS, D is
a coded value for the coagulant dose, AC is a coded value for pH·MLSS and AD is a coded value for
pH·coagulant dose.

It is worth noting that the equation with respect to coded or actual factors can be used to make
predictions about the response for given levels of each factor. In the case of coded factors, the high
levels of the factors correspond to +1 and the low levels of the factors are coded as −1. According
to the derived equation, MLSS, temperature and the coagulant dose have the highest impact on the
average permeability.

Final equation in terms of actual factors, which can be applied to make the predictions about the
average permeability for the specified factorial levels:

(Permeability)1.61 = −1.21741 × 107 + 2.33256 × 106·pH + 1.71694 × 105·Temperature +
1.38853 × 106·MLSS + 3.73531 × 106·D − 3.84539 × 105·pH·MLSS − 5.10408 × 105·pH·D,

(6)

where D is a coagulant dose.
The last equation implies that the levels should be specified in the original units for each factor.

This equation is not applicable for the determination of the relative impact of each factor since the
coefficients are scaled to correspond to the units of each factor and the intercept is not at the centre of
the design space [94].

Regression diagnostics provide the validation analysis of the derived model. In the current work,
it includes a normal probability plot, which describes the distribution of model errors; a plot of the
residuals against the fitted values to assess the independence of the error terms and system stability;
and Cook’s distance plot for the identification of the outliers (Figure 16).
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The normal probability plot demonstrates the residuals plotted against the normal scores (expected
residuals values) under the assumption of normality [96]. According to the obtained results (Figure 16a),
there is a clear linear trend between the residual values and normal scores in this model, indicating
that the errors are normally distributed, thus the normality assumption is satisfied.

Residuals versus predicted response values plot (Figure 16b) demonstrates that all the residuals
exhibit a fairly uniform spread along Y-axis, that is, no steady upward/downward trends are observed,
starting from the first residual and ending with the last one. Hence, the size of the residual is
independent of the predicted response value.

Cook’s distance quantifies the regression change, if needed, to exclude any of the samples from
the analysis. It is an overall measure of the distances between the pairs of the regression coefficients:

β̂0 and β̂0
i
, β̂1 and β̂1

i
and so on. β̂i coefficient stands for the estimate of the β̂ coefficient when the ith

sample is removed from the analysis. The calculation of the Cook’s distance is carried out according to
the following equation [96]:

Di =
(yi − ŷi)

2

(k + 1)·MSE
·
[

hi

(1− hi)
2

]
, (7)
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where hi. is leverage; k is the number of β-coefficients in the model, including the intercept; yi − ŷi
(a deleted residual) is a difference between the actual response and the predicted response value which
is obtained when the ith sample is excluded from the analysis; MSE is the mean squared error for the
fitted model [94,96].

According to the obtained graph (Figure 16c), there is no sample that shows a high value of Cook’s
distance: all the samples have Cook’s distance substantially lower than 1. Therefore, one can conclude
that all observed responses have a weak impact on the estimates of the regression coefficients, that is,
neither large leverages nor large residuals can be identified, which is the evidence of the absence of the
outliers in the current model.

The interpretation of the selected model can be made by analysing model graphs (Figure 17).
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Figure 17. Model graphs of the factorial design: (a) predicted vs. reference plot; (b) cube plot, k = 3,
D = 1.5 µmole Al/mgSS.

According to the predicted versus reference plot (Figure 17a), the predicted values fully
correspond to the actual values, which indicates a high accuracy of the derived model.

The cube plot (Figure 17b), demonstrates the average predicted values of the response function
superimposed on the eight corners, of the cube, at the combinations of high and low levels of the three
factors, that have significant effects: MLSS, pH and temperature at the selected actual value of the
coagulant dose (1.5 µmole Al/mgSS in the represented plot) [94,100]. According to the represented
graph, the highest levels of the average permeability 11467.8–11,527.4 LMH/bar can be attained at
minimum MLSS (4 g/L) and maximum temperature (25 ◦C) (values calculated at D = 1.5 µmole
Al/mgSS). Meanwhile, pH has a minor positive effect at the low level of MLSS and an adverse effect at
a high MLSS level.

The optimization analysis determines the settings or values of the significant factors, which
provide the desired values of the response function, based on the placed criteria [100].

In the current work, the optimization is based on the maximization of the desirability function
(D), which is a converted response function. In this case, the overall desirability is equal to the
individual desirability function d since there is just a single response function. In the case of response
maximization, D would equal 1, if the response function is at its target value; D would equal 0 if the
value of the response function is undesirable [93,100].

The determination of the important factorial levels, which provided the maximum permeability
yield was conducted. Two cases were tested, which differed from each other in the requirements,
imposed on the values of the factors. In the first case, the goal was to maximize the response function,
while varying pH, MLSS, temperature and coagulant dose in the relevant ranges, defined by high
and low factorial levels, provided in Table 4. As a result, according to one of 94 possible solutions for
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optimization, the maximum average permeability, equal to 12,222.8 LMH/bar, was attained at pH 5.5,
temperature 25 ◦C, MLSS 4 g/L and coagulant dose 1.9 µmolAl/mgSS (Desirability = 0.999).

In the second case, the purpose remained the same—to maximize the average permeability.
However, under harsher conditions, these parameters were imposed on the factors: temperature and
coagulant dose were kept at a low level, around 20 ◦C and 1.1 µmolAl/mgSS, respectively, while
MLSS was constrained to its maximum tested level of 6 g/L. Consequently, according to one of the 94
possible solutions for optimization, the highest average permeability was equal to 4750.9 LMH/bar at
pH 5.5 (Desirability = 0.707).

Point prediction and confirmation were used to compute a single value for the response function
and interval estimates, using the developed regression model. The estimation procedure establishes
the weights of the regression model to minimize the difference between the predicted and actual
values of the response function. Consequently, the predicted value represents the total of all effects
of the regression model and turns the residuals into a validation measure for the overall model
performance [101]. Confirmation is the second stage of post-analysis; of which the purpose is to
confirm that the model can predict the actual dependent variable at the optimum settings of parameters
determined during the optimization. The results of point prediction and confirmation are represented
in Table S6.

The results of the point prediction and confirmation for the average permeability (avP) function
indicated that at pH 5.5, temperature 25 ◦C, MLSS 4 g/L and Dose 1.9 µmolAl/mgSS the predicted
mean permeability is 12,222.8 LMH/bar with the standard deviation between the predicted and actual
avP value equal to 15.8 LMH/bar at a 95% confidence interval. Meanwhile, (at pH 5.5; temperature
20◦C; MLSS 5.92 g/L; and dose 1.1 µmole Al/mgSS) the predicted mean permeability is equal to
4750.9 LMH/bar with the standard deviation between the predicted and actual avP value equal to 28.1
LMH/bar at a 95% confidence interval.

The obtained values of standard deviation are the indication of high accuracy of the developed
regression model.

Consequently, the developed model can be used to determine the optimum conditions of the
PAX18 application, which would provide the highest yield of the average permeability in accordance
with the desired factor settings.

Filtration Time

The same sequence of analysis procedures was applied to the experimental design with the
filtration time as a response function for the levels of factors, defined in Table 4. During the experiment,
filtration time values were in the range 5–120 min, depending on the levels of the parameters, therefore
it was decided to select power family of transformations as in the case of the average permeability in
order to increase the fit of the model to the data. According to the relevant Box-Cox plot (not shown),
the optimum transformation parameter λ of the response function, which resulted in the minimum
residual sum of squares, was equal to 3. Therefore, power transformation was chosen at the beginning
of the analysis, applying λ = 3.

According to ANOVA, the overall model and every selected factor were found to be significant,
having the p-values < 0.0001. The model F-value was equal to 6.36×106, indicating model significance.
R-squared values > 0.9999 demonstrated model linearity and the signal to noise ratio, equal to 4627,
provided evidence of an adequate signal. Consequently, this model can be used to navigate the
design space.

As a result, the final equation in terms of coded factors for the filtration time was as follows:

(Filtration time)3 = 8.68 × 105 − 3165.47·A − 1144.71·B + 3165.47·C + 1144.71·D
+ 8.598 × 105·AC,

(8)
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where A is a coded value for pH, B is a coded value for Temperature, C is a coded value for MLSS, D is
a coded value for the coagulant dose, AC is a coded value for pH·MLSS.

Equation (8) demonstrates that the interaction factor pH·MLSS has the highest influence on the
filtration time. The other factors have relatively identical impacts on the response function.

Final equation with respect to actual factors:

(Filtration time)3 = 5.25 × 107 − 8.6 × 106·pH − 457.9·Temperature − 1.03 × 107·MLSS +
2861.8·D + 1.72 × 106·pH·MLSS

(9)

According to Equation (9), temperature and coagulant dose have the lowest coefficients; however,
these results cannot serve as a basis for making the conclusion about the magnitudes of the model
coefficients. Equation (9) is applicable merely to making the predictions about the filtration time using
the provided levels of factors.

The results of diagnostics demonstrated the fulfilment of the normality assumption in the current
model and the absence of the outliers.

The interpretation of the factor interactions in the derived model was provided by analysing the
cube plot (Figure 18).
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The cube plot (Figure 18) demonstrates the changes in the filtration time depending on pH, MLSS
and temperature at constant coagulant dose. The obtained results show an ambiguous effect of pH on
the response function, which highly depends on the MLSS. At the low MLSS level 4 g/L the increase
of pH from 5.5 to 6.5 drastically reduces the filtration time from 120 to 9–15 min, whereas at the high
MLSS level—6 g/L, the pH increase exhibits the opposite effect: the increase of filtration time from
23.8–25.1 to 120 min. In addition, a minor negative impact of temperature on the filtration time can
be observed.

According to the represented cube plot, the filtration time is maximum (120 min) at:

(1) A+1 (pH 6.5), B-1 – +1 (T = 20–25 ◦C), C+1 (MLSS 6 g/L) (values calculated at D = 1.5 µmole
Al/mgSS);

(2) A−1 (pH 5.5), B-1 – +1 (T = 20–25 ◦C), C−1 (MLSS 4 g/L) (values calculated at D = 1.5 µmole
Al/mgSS).

The results of the numeric optimization indicated that for the provided upper and lower levels of
factors with no specific requirements, imposed on the factors values, the maximum filtration time yield



Water 2019, 11, 446 30 of 42

equal to 120 min could be attained applying pH 6.5, temperature 20.7, MLSS 5.9, coagulant dose 1.69
(Desirability = 1). If temperature and coagulant dosage are minimized (20 ◦C and 1.1 µmole Al/mgSS),
while MLSS is maximized 6 g/L, the maximum filtration time equal to 120 min is attained at pH 6.5
(Desirability = 1). The provided solutions represent one out of 94 possible solutions for optimization in
each case of the parameter settings.

The results of the post-analysis (point prediction and confirmation) for the filtration time function
indicated that at pH 6.5, temperature 20.7 ◦C, MLSS 5.9 g/L and Dose 1.69 µmol Al/mgSS the
predicted mean filtration time is 118 min with the standard deviation 0.0146 at a 95% confidence
interval. Meanwhile, (at pH 6.5; temperature 20 ◦C; MLSS 6 g/L; and dose 1.1 µmole Al/mgSS)
the predicted mean filtration time is equal to 120 min with the standard deviation 0.0141 at a 95%
confidence interval.

Hence, the developed model can be used to determine the optimum conditions of the PAX18
application, which provide the highest yield of the filtration time in accordance with the desired
factor settings.

4. Discussion

The acquired results demonstrated the importance of the electrokinetic potential, relative
hydrophobicity of the flocs expressed through capillary suction time (CST), the mean particle
size/particle size distribution, chemical oxygen demand (COD) and mixed liquor suspended solids
(MLSS) for the characterization of the biomass fouling propensity.

The influence of MLSS, COD and relative hydrophobicity (RH) on the fouling potential of mixed
liquor in the pilot scale BF-MBR agrees with the findings of our previous work [42]. According to
both studies, the increase in MLSS mainly exhibited a negative influence on the average permeability.
This effect could be explained by the fact that elevated MLSS content tends to induce severe reversible
fouling, high ML viscosity and the production of biopolymers [102–104]. The current research
together with the study by Kulesha et al. [42] also revealed that the reduction of COD positively
contributes to fouling mitigation. The findings corresponded to the conclusions of different research
groups [15,105–108], who identified a positive link between COD levels and irreversible fouling
in MBR, which was induced by the increased production/release of soluble microbial products
(SMPs). RH of the floccules was found to have a minor positive link to permeability slope [42].
However, the present study pointed out a significance of the RH for characterization of the biomass
fouling propensity and its positive correlation with the permeability. These findings agree with
different research works [109–111], where the increased RH had a positive contribution to membrane
fouling mitigation, improved flocculation and dewaterability of activated sludge in the MBR systems.
A greater fouling potential of the hydrophilic organic fractions was admitted by Johir et al. [112],
Qin et al. [113], Shen et al. [114] and Pramanik et al. [115]. Mu et al. [116] used multivariate statistics
to study the relationships between RH, the other physicochemical properties of the mixed liquor
constituents and the fouling rate in MBR with PVDF modules. The analysed substances were classified
as hydrophobic/hydrophilic based on the critical retention factor. Statistical analysis revealed a close
relation of RH to the aromaticity of the organic matter and a strong correlation between the molecular
weight (MW) > 10 kDa of the foulants and the fouling rate. As found out, nominally strong hydrophilic
or strong hydrophobic fractions do not contribute to the membrane fouling but rather “moderately”
hydrophobic/hydrophilic substances with high MW.

The CST parameter indicates the dewaterability of the sludge floccules [24,117] and has been
used as a fouling indicator in MBR systems [118,119]. CST is positively linked to the concentration of
biopolymers in ML and has a negative correlation with the permeability [120–122].

According to the recent findings, CST has an additional valuable property with regard to the
characterization of the biomass fouling propensity, which is its relation to relative hydrophobicity of
the flocs. The negative correlation between these two parameters was confirmed by the analysis of
the data acquired from the previously investigated pilot plant [42] (the loadings shown in Figure S2),
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where relative hydrophobicity was in the range 30.0–67.5%, while CST values were in the range 65.6
–141.2 s.

According to the loadings plot (Figure S2), CST is highly negatively correlated to relative
hydrophobicity. This observation can be explained by the fact that if relative hydrophobicity of
the flocs is high, its free water is less firmly attached to the microstructure of the microbial flocs due to
the low affinity of water for their hydrophobic surface. Consequently, less time is required for water to
be released on the filter paper and to reach the outer circle during the CST measurement.

A significant impact of relative hydrophobicity on the dewaterability of the microbial flocs was
also reported by Jin et al. [123]. However, their findings showed the opposite tendencies, which was,
probably, due to low CST values and their low variance in the experiment (~12.5–17.5 s).

Time-to-Filter (TTF) is a parameter of ML filterability, which is correlated with CST and is
occasionally used in the MBR investigation practice [117,124,125]. In a study by Gkotsis et al. [40],
TTF was used as the indicator of reversible fouling and as a variable for the determination of filterability
enhancement during the batch filtration tests. On the contrary, as admitted by Fan et al. [126], the static
conditions, which were applied during the TTF method, involved different mechanisms of particle
agglomeration on the membrane surface, than those, during the MBR filtration cycle, thus making this
parameter a poor indicator of the critical flux in MBR.

In the current research, the elevated TTF levels in the overdosing regions for TRT applying the
pH adjustment appeared to be a good indicator of the deterioration of the mixed liquor filterability.
However, we incline to the idea that TTF is an auxiliary parameter for the characterization of biomass
fouling potential, which, if necessary, can be determined based on its correlation with CST.

According to different studies [61,127,128], the surfaces of EPSs and SMPs contain ionogenic
functional groups such as –OH; –COOH; –OPO3H2, –OSO3, –OC3H5O3 (glycerate), –OC3H3O2

(pyruvate) and C4H4O4 (succinate), which have a high affinity towards polyvalent metal ions and,
at neutral and slightly alkaline pH, bear negative charges.

The decrease of the absolute value of electrokinetic potential (ζ-potential) of mixed liquor was
among the central tasks of the experiments, conducted in the present study. Electrokinetic potential is
a key parameter for characterization of the interaction between the ML foulants and the membrane
surface, assessment of the biomass fouling propensity and efficiency of chemical flux enhancement via
the charge neutralization mechanism in MBR/BF-MBR systems [15,110,129–132].

The present study assessed the flocculating ability of the flux enhancements based on the
parameters of the particle size distribution. Particle size distribution/mean particle size is another
important characteristic of mixed liquor in MBR/BF-MBR, which was investigated by different
research teams [23,131–135]. The increase in mean particle size can play a crucial role in terms
of fouling mitigation due to the potential shift of the fouling type from irrecoverable or irreversible to
reversible, drastically improving the efficiency of membrane cleaning and fouling mitigation. Besides,
the increase in size of the particles facilitates their back transport (shear-induced diffusion) from the
membrane surface to the bulk solution and surface erosion (scouring of the membrane surface by
flocs), which positively contribute to the flux enhancement [9,33,136]. The decrease in particle size
over time indicates the deflocculation of the formed aggregates due to their inability to resist the
shear forces [137]. Floc breakage can result in the release of SMPs to mixed liquor and, consequently,
more severe membrane fouling.

Partial least squares analysis (PLS) and principal component analysis (PCA) were applied in
different studies on membrane fouling in MBR [57,138–142]. Even though various fields of chemistry
and industrial process control can benefit from the use of these multivariate chemometric analysis [143],
its application for the analysis of the fouling development and mitigation in membrane systems,
particularly in BF-MBR, is still quite limited. In the work by Kulesha et al. [42], PLS-regression analysis
was used for developing the fouling prediction and control strategy based on the interrelation between
the mixed liquor characteristics, fouling indicators and the operating conditions. Average normalized
permeability and its slope were found to be the most reliable fouling indicators. The present study,
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as well as our previous work [42], proved that multivariate chemometric approach based on (PLS),
that is, PLS-regression (PLSR), is a reliable tool for characterization, prediction and control of membrane
fouling in the BF-MBR.

Systematic research, demonstrated in the current work, develops the concept of chemical
flux enhancement in the biofilm membrane bioreactor (BF-MBR) based on an adsorption/charge
neutralization mechanism, revealed from the comparative study of prepolymerized and
non-prepolymerized inorganic coagulants through the chemometric approach to membrane fouling
control and optimization of membrane filtration.

The underlying hypothesis was that prepolymerized aluminium chloride (PACl) coagulants
have a higher potential to improve the filtration performance of the BF-MBR system in wastewater
treatment applications than the non-prepolymerized ones [35]. Neither of the currently found
studies on chemical flux enhancement in BF-MBR could prove this hypothesis [22,35], despite
the fact, that prepolymerized aluminium coagulants were reported to be more efficient than their
non-prepolymerized counterparts in coagulation/flocculation processes with regard to removal of
particulate and colloidal matter [36,144], likewise in membrane flux enhancement in MBRs [38,39].

The current research demonstrated that the general mechanisms of fouling mitigation in BF-MBR,
are almost the same as in MBR systems, defined in our previous study [7], thus the observations on
MBR systems could be continued for BF-MBR systems and the mechanisms of processes were studied
and explained in this work.

Apart from defining the mechanisms of coagulant action, our previous work [7], reported that
different bacterial solid surfaces have readily ionizable functional groups, which are pH dependent,
and, a negative surface charge prevails merely at alkaline pH. The latter part of the statement was not
confirmed in the current work during the analysis of the raw mixed liquor, where the zeta-potential
values of the samples with no coagulant addition or pH adjustment were negative −14.01–(−11.5)
mV at acidic/neutral pHraw 5.1–7.0 and temperature 17.1–23.1 ◦C. The negative charge of the mixed
liquor system at neutral pH corresponds to the previous findings [128], while the presence of the
negative biomass charge under acidic conditions still remains unclear. The potential reasons could
be: (1) a complex composition of the mixed liquor, which consists not merely of the bacteria but also
of the viruses, fungi, single-celled organisms, dead cells and products of their decay; (2) the release
of organically bond nitrogen from the biodegradable organics and its subsequent nitrification in the
MBBR part, entailing its oxidation to nitrites (NO2

−), which are further oxidized to nitrates (NO3
−),

influencing the charge of the system.
The current research defined the necessity of the pH adjustment before and during the coagulant

addition to provide complete coagulation of the mixed liquor according to Le Chatelier’s principle.
The efficiency of the studied coagulants was highly improved by pH adjustment, conducting
coagulation at optimum pH levels: 5.5–6.0 for prepolymerized aluminium chloride coagulants, 4.5 for
aluminium sulphate and 3.8–4.1 for iron (III) sulphate.

The observations of the superior performance of prepolymerized coagulants regarding fouling
mitigation in the current research agree with the studies by Wu et al. [38] and Chen and Liu [39].
However, Ivanovic and Leiknes [22,35] made the conclusions, which contradict to Wu et al. [38] and
Chen and Liu [39], as well as with the results of our work.

The concept, presented in the current work, is advantageous, since it serves as a bridge between
the flux enhancement mechanisms, mixed liquor fouling propensity, filtration parameters and
characteristics of the tested coagulants, employing the statistical approaches, which helps to create a
more comprehensive picture of fouling mitigation and prediction to solve the existing dilemma.

According to the obtained results, the extent of chemical flux enhancement in the BF-MBR system
highly correlated with the resulting system charge, being strongly affected by the intrinsic charge
concentration of the coagulants and their basicity. The ranking trend among the studied coagulants
in decreasing order of fouling mitigation can be classified as: PACl with medium basicity (OH/Al
1.3, 0.97 µequiv./mgsalt) > PACl with high basicity (OH/Al 1.9, 0.65 µequiv./mgsalt) > Fe2(SO4)3
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(OH/Fe 0, 0.26 µequiv./mgsalt) ≈ Al2(SO4)3 (OH/Al 0, 0.06 µequiv./mgsalt). One can assume
that there is a critical basicity and charge concentration level (OH/Al > 1.3, charge concentration
≤ 0.26 µequiv./mgsalt) at which the coagulant is not able to sufficiently destabilize the disperse
system in BF-MBR. Apparently, the function of filtration enhancement versus the coagulant basicity
has a quadratic polynomial character with the maximum reached at the medium basicity level,
which requires further investigations.

Prepolymerized aluminium chloride of medium basicity demonstrated the greatest extent of
membrane fouling reduction, which can be explained by its highest bearing charge, and, hence the
highest potential to neutralize the oppositely charged foulants. In addition, prepolymerized aluminium
chloride of medium basicity alleviated fouling by the increase of foulant relative hydrophobicity,
reduction of the concentration of soluble microbial products and the increase of the size of particulate
matter. However, we attribute its outstanding efficiency mainly to the dominance of a complex
adsorption/charge neutralization mechanism since, in case of non-prepolymerized aluminium or iron
(III) sulphate, neither the increase of the particle size nor the combination of the SMPs removal with
the increase of floc relative hydrophobicity alone could provide a sufficient level of flux enhancement.

Thus, the conclusions by Ivanovic and Leiknes [22,35], that flux enhancement occurs merely
through the increase of the particle size and reduction of the content of submicron particles with
practically no role of charge neutralization mechanism cannot be supported without going into the
conflict. However, their results might be explained by the applied pH of coagulation, which apparently
was unfavourable for coagulation (below the optimum levels). Thus, this entails the incomplete
hydrolysis of Fe(H2O)6

3+ and prepolymerized aluminium species (like Al13O4(OH)7+) and, hence,
the incomplete destabilization of the disperse system. As shown in the current work, Fe-based
coagulants can work at a more acidic pH, than Al-based coagulants and therefore can provide better
coagulation and fouling mitigation, which was observed in the mentioned studies [22,35].

Since adsorption/charge neutralization was found to be the principal mechanism during chemical
flux enhancement in BF-MBR system, no additional testing is required to evaluate the fouling
alleviation propensity of the new inorganic coagulants in this system, which will help to simplify the
testing procedure and bring the technology to the next level.

The optimization analysis revealed the significance of MLSS, coagulant dose, temperature and pH
in the filtration processes. It is noteworthy that the developed optimization approach can be applied to
predict the filtration performance, specifying the factorial levels for a single variable outside the defined
factorial settings, since the valid range for coded values is −5–+5. This can be very useful during
the operational routine, taking into account the fluctuations in the characteristics of the incoming
wastewater. While wastewater temperature is barely controllable in practice and mostly varies with the
season (warm/cold) [145] and the intensity/frequency of the storm events [146], its potential impact
on the BF-MBR system can be predicted, applying the derived models. The adverse effect of the low
temperatures can be minimized by adjusting the levels of the other parameters in the system, according
to the presented optimization analysis. As shown in our previous work [42], MLSS can be regulated by
adjusting sludge retention time in the decentralized BF-MBR systems. Meanwhile, the coagulant dose
and pH of mixed liquor are readily adjustable by changing the settings of the relevant dosing stations.

Different future research directions can be singled out. The developed multivariate chemometric
approach can be used for the development of the sensors for fouling monitoring and prediction based
on the biomass properties in BF-MBR.

In this work, mixed liquor was considered as substrate and all the mechanisms of fouling
mitigation in BF-MBR were studied in relation to the substrate. However, further studies in this
area can focus on the composition of the biocoenosis in BF-MBR to develop a targeting chemical
influence on its fouling propensity, depending on the content.

The current research was focused on the use of individual inorganic coagulants in the separation
chamber of BF-MBR; however, they can be applied in pairs with organic flocculants and the potential
of their dosing in MBRR part should be checked.
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If the BF-MBR is designed to biologically remove phosphorus and nitrogen in MBBR part, with
the use of anaerobic and anoxic stages, it might affect fouling intensity and mitigation in the BF-MBR,
which also requires further investigation.

5. Conclusions

The current research conducted the comparative study of prepolymerized and
non-prepolymerized inorganic coagulants through the chemometric approach to membrane
fouling control and optimization of membrane filtration, resulting in the development of the concept
of chemical flux enhancement in the biofilm membrane bioreactor based on the adsorption/charge
neutralization mechanism.

Introduction of prepolymerized aluminium chloride of medium and high basicity, as well
as aluminium or iron (III) sulphate to the membrane separation stage of the biofilm membrane
bioreactor, provides equally high turbidity removal and residual orthophosphate concentration below
the allowable limits. Two prepolymerized aluminium coagulants and iron (III) sulphate provided the
highest removal of dissolved organic matter. Application of prepolymerized aluminium coagulants in
the optimum dosage region resulted in the residual aluminium concentrations below the allowable
limits (0–0.03 mgAl/L), which is favourable for the environment.

In contrast to the non-prepolymerized coagulants, prepolymerized aluminium coagulants were
much more efficient with respect to flux enhancement. They demonstrated the greatest fouling
mitigation extent: 120.0 min of filtration time and the maximum increase of the average normalized
permeability by 155.0–198.0%, which corresponds to a tenfold increase in filtration length of the
membrane separation cycle and 30.0–56.0% increase in net flux (depending on the operational period)
of the BF-MBR pilot system.

The prepolymerized aluminium chloride of medium basicity had the highest bearing positive
charge and demonstrated the greatest extent of fouling alleviation, which suggests the significance
of the adsorption/charge neutralization mechanism in the flux enhancement in biofilm membrane
bioreactor, while in case of non-prepolymerized iron (III) or aluminium sulphate the combination of
the dissolve organic matter removal with the increase of floc relative hydrophobicity or the increase in
particle size were not enough.

The efficiency of the studied coagulants can be improved by applying optimum pH levels of
coagulation: 5.5–6.0 for prepolymerized aluminium chloride coagulants, 4.5 for aluminium sulphate
and 3.8–4.1 for iron (III) sulphate.

The developed PLS-regression model demonstrated the significance of the selected mixed
liquor parameters and the response functions for estimation and prediction of fouling intensity.
The cross-validation of the derived model indicated low uncertainty and negligible bias of the
predictions; and hence, high reliability of the model, allowing its further implementation.

The analysis of the two-level factorial design of the experiment provided the models for estimation
and prediction of the fouling intensity and the levels of the factors for optimization of membrane
filtration using the prepolymerized aluminium chloride with medium basicity. The validation analysis,
point prediction and confirmation for the defined factor settings proved the absence of outliers, stability
and reliability of the derived optimization models.

The models can be used to adjust operational parameters of the BF-MBR pilot system according
to the characteristics of biomass, which will improve filtration efficiency and stability in the system.

The results of this research will simplify the evaluation of the flux enhancers in decentralized
BF-MBR systems and can serve as the basis for the automated process control of BF-MBR, which is
another step towards the increase of filtration efficiency, operation improvement and the reduction of
maintenance costs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/3/446/s1,
Figure S1: Preliminary examination of the influence of: (a) coagulant dose; (b) pH; (c) temperature on the
average permeability, coloured by MLSS, Figure S2: A negative correlation between capillary suction time (CST)
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and relative hydrophobicity (RH) earlier obtained for BF-MBR mixed liquor by Kulesha et al. [42], Table S1:
Characterization of particle properties by particle size distribution [48–52], Table S2: Optimum pH ranges and the
corresponding parameters of the system, Table S3: Optimum dosages at the corrected pH values applying tested
coagulants, Table S4: Optimum dosages and the corresponding levels of the monitored parameters during TRT
with pH adjustment, Table S5: The obtained optimum concentration ranges of the added coagulants with and
without the pH correction, Table S6: Point prediction and confirmation for the tested factor settings.
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