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Abstract 

Conventional wastewater treatment technologies are not able to keep up with the 

population growth and new challenges and restrictions, induced by climate change. 

Membrane bioreactor (MBR) technology has a high potential to become a solution of choice 

when implementing the concepts of minimal/zero liquid discharge and 100% recycling. 

However, membrane fouling highly inhibits the expansion of MBR technology.  

Among the variety of methods to fouling mitigation, the integration of the biofilm 

membrane bioreactor technology (BF-MBR), which is the advancement of the MBR, with the 

coagulation approach into a concept of flux enhancement has been showing high potential. 

Due to the complexity of the fouling phenomenon and underlying mechanisms of its 

mitigation, process control in coagulant-assisted BF-MBR remains a major gap in its 

investigation. The development of the universal strategy for real-time fouling control and 

prediction in coagulant-assisted BF-MBR requires the comprehension of the membrane 

fouling patterns, determination of the underlying mechanisms of coagulant action, and system 

optimisation.  

According to the analysis of the latest studies, performed in Paper I, membrane fouling 

phenomenon is primarily caused by floc-bound extracellular polymeric substances (EPSs) and 

soluble microbial products (SMPs), whose accumulation causes pore blockage and cake and 

gel layer formation, resulting in reversible, irreversible and irrecoverable fouling. 

Polysaccharides of the SMPs were identified as the primary foulants in MBR. Among the 

most efficient approaches to flux enhancement, the use of coagulants was recognized as one 

of the most promising directions. The outlined mechanisms of fouling mitigation during 

chemical flux enhancement in MBR became the instrument of “navigation” in the 

development of an advanced fouling mitigation strategy with regard to BF-MBR at the further 

stages of the present research.  

Paper II was focused on the identification of membrane fouling patterns in the BF-MBR. 

During 114 days of system performance, a large representative, with regard to the application 

of the variety of operational conditions in BF-MBR, data array was analysed. One of the main 

contributions of this work was the development of the multivariate chemometric approach to 

fouling monitoring and control in BF-MBR based on the interrelation between the 

characteristics of the mixed liquor fouling propensity, membrane fouling indicators, and 

operational conditions. The introduction of the term “critical solids retention time” (SRT) 

allowed for determining SRT operational window with regard to the absence of severe 
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fouling, which was less than 31 days for the investigated BF-MBR. The automated monitoring 

of the MLSS concentration in the moving bed biofilm (MBBR) and the separation chambers 

was implemented. The developed partial least squares (PLS) models were used to adjust the 

operational conditions (SRT, permeate flux, and sludge recirculation intensity) according to 

the characteristic of mixed liquor, which enabled the system to work below the critical fouling 

levels.  

In Paper III, the comparative analysis of the prepolymerized and non-prepolymerized 

coagulants with regard to flux enhancement in BF-MBR revealed that the extent of chemical 

flux enhancement via floc-bound EPSs removal highly correlated with the intrinsic charge 

concentration of the coagulants and their basicity. pH correction was shown to have a 

tremendous influence on fouling mitigating performance of every coagulant. The operational 

settings in the pilot system, which was the source of mixed liquor, were kept at the optimum 

levels, determined in Paper II. Paper III addresses one of the main concepts of the thesis, 

i.e., the development of the core model for the soft sensor for fouling control and prediction 

based on the electrostatic mechanism of the floc-bound EPSs removal during coagulation. 

The optimisation analysis applying the most effective coagulant revealed the significance of 

mixed liquor suspended solids (MLSS), coagulant dose, temperature, pH, and the interaction 

factors in the filtration processes. The derived optimisation models allow for minimising the 

adverse effects of low temperatures on the membrane filtration process by adjusting the 

operational conditions in BF-MBR. 

Paper III allowed for the determination of the most efficient coagulant with respect to 

flux enhancement and the optimum pH of its performance in BF-MBR. Based on these 

findings and according to the literature analysis, conducted in Paper IV, the active hydrolysis 

species of the optimum coagulant (i.e., Al13
2+ complex of the prepolymerized aluminium 

chloride with medium basicity) and the dominant carbohydrates in the structure of SMPs in 

MBR and BF-MBR systems were identified. By applying the quantum chemical and 

thermodynamic calculations, and multivariate chemometric analysis, the other main concept 

of the thesis was addressed, i.e., the deriving of the core model for the soft sensor for 

membrane fouling estimation and prediction based on the chemical coordination of the 

carbohydrates of SMPs to the Al13
2+ complex. In Paper IV, a two-stage supervised classifier 

was developed based on data mining and cluster analysis of the PLS Y-scores. The results of 

this study served as a basis for developing an unsupervised hierarchical classifier for online 

monitoring of the reduction of the mixed liquor fouling propensity during coagulation in BF-

MBR based on the thermodynamic parameters of the system.  
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Sammendrag 

Konvensjonelle teknologier for rensing av avløpsvann klarer ikke å følge med 

befolkningsveksten og nye utfordringer og restriksjoner, drevet frem av klimaendringer. 

Membran-bioreaktor (MBR) - teknologi har et stort potensial til å bli den foretrukne løsningen 

når man skal oppnå minimale/null utslipp av avløpsvann og 100% resirkulering. Gjentetting 

av membraner hindrer imidlertid utbredelsen av MBR-teknologien.  

Kombinasjonen av biofilm-membran-bioreaktor (BF-MBR) – teknologi, som er en 

videreutvikling av MBR, og koagulering i et konsept for fluksforbedring har vist et stort 

potensial blant de mange metodene for å begrense gjentetting av membraner. På grunn av 

kompleksiteten i gjentettingssfenomenet og de underliggende mekanismene for å forebygge 

gjentetting, utgjør prosesskontroll i koagulant-assistert BF-MBR fortsatt et kunnskapshull. 

Utvikling av en universell strategi for sanntids kontroll og prediksjon av gjentetting i 

koagulant-assistert BF-MBR krever forståelse av gjentettingsmønstre, klarlegging av de 

underliggende mekanismene for koagulantenes virkning samt systemoptimalisering. 

I følge en gjennomgang av de nyeste studiene, gjennomført i Artikkel I, er 

membrangjentettingsfenomenet primært forårsaket av fnokkbundne ekstracellulære polymere 

stoffer (EPS) og løselige mikrobielle produkter (SMP), hvis akkumulering forårsaker 

blokkering av porene og dannelse av slamkake og gel, noe som resulterer i reversibel, 

irreversibel og uopprettelig gjentetting. Polysakkarider av SMPene ble identifisert som de 

viktigste stoffene som bidrar til gjentetting i MBR. Blant de mest effektive tilnærmingene til 

fluksforbedring ble bruken av koagulanter anerkjent som en av de mest lovende retningene. 

De skisserte mekanismene for forebygging av membrangjentetting ved kjemisk 

fluksforbedring i MBR utgjorde veikartet for de videre stadier av denne avhandlingen i 

utviklingen av en avansert strategi for forebygging av gjentetting ved BF-MBR. 

Artikkel II fokuserte på identifisering av gjentettingsmønstre for membraner ved BF-

MBR. Med 114 dagers driftstid ble en stor representativ datasamling – med hensyn til 

forskjellige driftsforhold i BF-MBR – analysert. Et av hovedbidragene i dette arbeidet var 

utviklingen av en multivariat kjemometrisk tilnærming til overvåkning og kontroll av 

membrangjentetting i BF-MBR, basert på sammenhengen mellom egenskapene til 

slamsuspensjonen og dens gjentettingspotensiale, gjentettingsindikatorer for membranen 

samt driftsforhold. Innføringen av begrepet "kritisk slamalder" (SRT) tillot å bestemme et 

driftsvindu for SRT med hensyn til fravær av alvorlig gjentetting, som var mindre enn 31 

dager for den undersøkte BF-MBR. Automatisert overvåkning av slam-konsentrasjonen i 
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"moving bed" bioreaktoren (MBBR) – og separasjonskamrene ble implementert. De utviklede 

PLS-modellene (PLS er delvis minste kvadraters metode) ble brukt til å justere 

driftsforholdene (SRT, permeatfluks og slamresirkuleringsintensitet) i henhold til 

egenskapene til slamsuspensjonen, noe som gjorde det mulig for systemet å holde seg under 

kritiske nivåer for gjentetting. 

I Artikkel III avdekket en sammenlignende analyse av de prepolymeriserte og ikke-

prepolymeriserte koagulantene med hensyn til fluksforbedring i BF-MBR at graden av 

kjemisk fluksforbedring via fjerning av fnokkbundet EPS korrelerte sterkt med 

ladningskonsentrasjonen til koagulantene og deres basisitet. Korrigering av pH viste seg å ha 

en enorm innflytelse på evnen til å forebygge gjentetting for hver koagulant. 

Driftsinnstillingene for pilotsystemet som var kilden til slamsuspensjonen, ble holdt på 

optimale nivåer bestemt i Artikkel II. Artikkel III tar for seg en av hovedideene i 

avhandlingen, nemlig utviklingen av selve modellen for en virtuell sensor for kontroll og 

prediksjon av gjentetting basert på den elektrostatiske mekanismen for fjerning av EPS-

fnokker ved koagulering. En optimaliseringsanalyse der den mest effektive koagulanten ble 

brukt, avslørte betydningen av slamkonsentrasjon (MLSS), koagulantdose, temperatur, pH og 

samvirkningseffekter i filtreringsprosessene. De avledede optimaliseringsmodellene gjør det 

mulig å minimere ugunstige effekter av lave temperaturer på membranfiltreringsprosessen 

ved å justere driftsforholdene i BF-MBR. 

I Artikkel III ble den mest effektive koagulanten identifisert med hensyn til 

fluksforbedring og dens optimale pH i BF-MBR. Basert på disse funnene og i henhold til 

litteraturgjennomgangen utført i Artikkel IV, ble den aktive hydrolyserte formen av den 

optimale koagulanten (dvs. Al13
2+-komplekset av prepolymerisert aluminiumklorid med 

middels basisitet) og de dominerende karbohydratene i strukturen til SMP-er i MBR- og BF-

MBR-systemer identifisert. Ved å anvende kvantekjemiske og termodynamiske beregninger 

og den multivariate kjemometriske analysen, ble den andre hovedideen i avhandlingen 

behandlet, det vil si utviklingen av selve modellen for den virtuelle sensoren for estimering 

og prediksjon av membrangjentetting basert på den kjemiske koordineringen av 

karbohydrater i SMP til Al13
2+-komplekset. I Artikkel IV ble en to-trinns overvåket 

klassifikator utviklet basert på data mining og clusteranalyse av PLS Y-scoreverdier. 

Resultatene fra denne studien utgjorde et grunnlag for å utvikle en ikke-overvåket hierarkisk 

klassifikator for online overvåking av reduksjonen i gjentettingspotensialet til 

slamsuspensjonen ved koagulering i BF-MBR basert på de termodynamiske parametrene til 

systemet. 

https://kurs.norskvann.no/mod/glossary/showentry.php?eid=1569&displayformat=dictionary
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 1 

 

1. Introduction 

Nowadays water scarcity is no longer the probability but the reality for many regions in 

the world. Climate change with its detrimental environmental and economic consequences, 

along with demographic growth and economic development, is putting tremendous pressure 

on water resources. And by 2050, demand for water is expected to increase approximately by 

one-third [1–3]. In 2018, more than 2 billion people had limited access to safe drinking water 

and more than 4 billion people lacked access to safe sanitation [2]. According to the 

estimations, by 2050, at least 25% of the entire world population is likely to live in the area, 

affected by chronic or recurring shortages of fresh water [4].  

Therefore, a substantial increase in water recycling and safe water reuse on a global scale 

by 2030 are among the main targets of the sustainable development goal 6, set by the United 

Nations [2,5]. As emphasized by the European Commission [6], wastewater treatment and 

reuse remain among the top priority areas in the strategic plans for sustainable water 

management. Besides, more attention is being paid to the concepts of minimal/zero liquid 

discharge and 100% recycling of wastewater as a new priority [7–10].  

In light of increasing demand for water recycle and reuse and strengthening requirements 

for reclaimed water quality, a fast-emerging membrane bioreactor technology (MBR) is 

gaining momentum worldwide. MBR is a highly competitive technique when applied in water 

reuse systems. The expected growth of the MBR market is estimated to be around USD 8.27 

billion by 2025 [11,12]. The main advantages of MBR, which contributed to its expansion 

are: compactness, complete retention of suspended solids, the absence of secondary clarifier, 

small footprint, consistency of the permeate quality independently of the fluctuations in the 

feed water characteristics, modular design with a potential for future expansion of the system, 

and disinfection capability with regard to retention of pathogenic bacteria [13–18].  

Further expansion of MBR technology is, however, hampered due to the occurrence of 

unplanned high operating costs, decrease of system performance (permeate yield), 

compromising of the system operability, the use of the environmentally harmful aggressive 

compounds for chemical cleanings and the possible generation of the relevant by-products, 

and disturbance of the remote monitoring and control [19–22]. Membrane fouling poses to be 

the most serious challenge in this context. Membrane fouling is attributed to the deposition of 

such biopolymers of mixed liquor as soluble microbial products (SMPs) and extracellular 

polymeric substances (EPSs) on the membrane surface and its pores [20,23].  
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One of the potential ways to mitigate fouling is to modify the MBR design, which was 

achieved by introducing the moving bed biofilm process prior to membrane filtration. The 

developed system, called biofilm membrane bioreactor (BF-MBR), is an advanced innovation 

in the evolution of MBR technology. BF-MBR is characterised by reduced membrane fouling 

and the ability to work at higher operational fluxes [24,25]. Since the biomass on the 

suspended carriers in the moving bed biofilm (MBBR) part is primarily responsible for the 

biodegradation, much lower concentrations of the mixed liquor suspended solids are required 

in the membrane separation chamber. This feature brings such positive outcomes as the 

reduction of the mixed liquor fouling propensity and lower excess sludge production [19,26]. 

Meanwhile, the tendency of BF-MBR system to floc breakage, which is induced by the 

biofilm carriers and intense aeration, entails a higher content of submicron particles and SMPs 

in mixed liquor, responsible for more severe membrane fouling [19,27,28].  

Therefore, membrane fouling remains a critical issue for BF-MBR, as is the case in MBR 

systems. 

The absence of universal procedure/standard protocol for fouling monitoring in MBR and 

BF-MBR is among the main gaps in the investigation of these systems. Thus, the membrane 

fouling patterns are still being poorly investigated, especially in the case of the recently 

developed BF-MBR technology. In addition, according to Meng et al. [29], a more detailed 

study on the foulants is required to provide new insight into the membrane fouling issues and 

to illuminate the “black box”. 

A different way to mitigate fouling is to combine BF-MBR with another approach to 

fouling alleviation, the modification of the mixed liquor characteristics by adding chemical 

flux enhancers, specifically the coagulants, which were proven to be highly effective with 

respect to fouling mitigation in MBR and BF-MBR systems [30–32]. Since the attached 

growth part is decoupled from the MBR chamber and there is a minimum demand on biomass 

recirculation in the BF-MBR system [31,33], the application of BF-MBR allows for using the 

chemical flux enhancement with no concern about reducing the potential of active microbial 

communities to biodegradation of the organic material. 

Despite the advantages of prepolymerized aluminium coagulants, there is a controversy 

in the literature over their superior performance with regard to flux enhancement in MBR and 

BF-MBR systems in comparison to the non-prepolymerized coagulants. Better performance 

of the prepolymerized aluminium chloride (PACl) with respect to membrane flux 

enhancement was observed by different studies [32,34]. In contrast, other research works 

reported a superior flux enhancement potential of non-prepolymerized Me-based coagulants 
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in comparison to their prepolymerized counterparts [31,35]. 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 

is essential 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). Besides, the lack of the optimization of the 

coagulant addition in BF-MBR makes it impossible to conduct a trustworthy comparative 

analysis of the coagulants with regard to their fouling mitigation efficiencies.  

It is worth noting, that the traditional time- and resource-demanding experiments for 

coagulant testing are becoming quite outdated and are limiting the development of the flux 

enhancing strategy in MBR and BF-MBR. The search for a more effective alternative to 

reduce the amount of the required experiments should be conducted to bring the technology 

to the next level.  

Another major gap in the investigation of the flux enhancement in BF-MBR is the lack 

of implementation of the automated process control in this system, despite the fact that it is a 

promising approach to reduce the operating costs [17]. This can be overcome by the 

application of the multivariate chemometric analysis resulting in the development of the 

validated models of the chemical flux enhancement, which allow for the assessment and 

prediction of the reduction of the mixed liquor fouling propensity. These models will serve as 

an early warning tool for fouling development, so that the operator can make an instant 

decision on the adjustment of the operating conditions, affecting fouling intensity in the 

coagulant-assisted BF-MBR, based on the membrane fouling indicators.  

In order to develop an accurate model, which would be suitable for other BF-MBR 

systems, it is not enough to consider mixed liquor as a “black box”, due to the system 

complexity, but to conduct the mechanistic investigation of the underlying pathways of 

chemical flux enhancement applying the coagulants. This approach, however, has not yet been 

exploited for process control in coagulant-assisted BF-MBR.  

Based on the study by Stumm and Morgan [36] and the evidence on the major role of the 

floc-bound (particulate) extracellular polymeric substances and soluble microbial products 

(solutes, macromolecular soles) in membrane fouling [12,20], both the electrostatic double-

layer interactions and purely chemical coordination must be considered to comprehensively 

explain the coagulation processes occurring during the addition of the chemical flux 

enhancers in BF-MBR.  
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As briefly laid out below, the current thesis aims to contribute to filling the knowledge 

gaps with respect to (1) identification of the membrane fouling patterns, fouling prediction 

and control in BF-MBR; (2) identification of the predominant mechanisms of coagulant action 

during chemical flux enhancement in BF-MBR; (3) optimisation of the work of the coagulant-

assisted BF-MBR system; (4) introduction of a more advanced way of assessment of the flux 

enhancing capacity of the coagulants in order to reduce the number of the required 

experiments; (5) development of the models for the prediction and control of chemical flux 

enhancement based on the mechanisms of removal of extracellular polymeric substances 

(EPSs) and soluble microbial products (SPMs) during the addition of coagulants as flux 

enhancers in BF-MBR. More details on each of these topics are provided in the respective 

chapters of this thesis. 
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2. Objectives and Scopes of the Study, Thesis Structure 

2.1 Objective of this research 

The overall objective of this work is to develop the multivariate models for membrane 

fouling assessment, control, and prediction, based on the mechanisms of flux enhancement in 

the coagulant-assisted BF-MBR system.  

This was achieved through the interconnection of the multivariate chemometric analysis, 

quantum chemical modelling, thermodynamic analysis, cluster analysis, and experimental 

design techniques, which evolved into the development of the mechanistic-statistical 

approach to process control in BF-MBR systems. 

A better understanding of the mechanisms of membrane flux enhancement will lead to a 

targeted fouling control, shifting the paradigm of the coagulant assessment with regard to its 

flux enhancing capacities in BF-MBR from the time- and resource-demanding experiments 

towards more accurate statistical and quantum chemical modelling.  

The overall objective of the thesis is achieved through four sub-objectives, each of which 

is the focus of the relevant appended paper: 

Paper I: identification of the potential flux enhancers and mechanisms of their action 

with regard to the removal of typical foulants in MBR. 

Paper II: identification of membrane fouling patterns in the BF-MBR pilot system and 

their use for fouling prediction and control based on the validated mixed liquor parameters, 

fouling indicators, and operational conditions. 

Paper III: development of the model for membrane fouling assessment, prediction, and 

control based on the electrostatic interactions between the floc-bound extracellular polymeric 

substances and the coagulant during the chemical flux enhancement in BF-MBR; optimization 

of membrane filtration. 

Paper IV: development of the model for membrane fouling assessment and prediction 

based on the thermodynamic properties and mechanisms of the removal of the soluble 

microbial products (i.e, carbohydrates) by applying Al-based prepolymerized coagulant 

during chemical flux enhancement in the BF-MBR system. 

Synopsis of the appended papers is provided in Appendix A, the post-print versions of 

the papers are given in Appendix B. 
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2.2 Structure of the research and thesis 

The research was organized into four stages, presented by four papers published in the 

peer-reviewed journals. The interconnection between the appended papers and the relevant 

studied areas is illustrated in Figure 2.1. 

 

Figure 2.1 The structure of the doctoral thesis. (Notes: SMPc is the carbohydrate fraction of soluble microbial 

products.). 

The specific scopes of the research stages and the relevant publications are as follows: 

Paper I: membrane fouling mechanisms, the main foulants, contemporary approaches to 

membrane flux enhancement in MBR and BF-MBR systems. 

Paper II: interconnection between the characteristics of the mixed liquor fouling 

propensity, fouling indicators, and the operating conditions in the membrane separation 

chamber of the BF-MBR pilot-scale system with the submerged ceramic membrane elements. 

Paper III: the comparative analysis of the inorganic prepolymerized and non-

prepolymerized coagulants as membrane flux enhancers in the lab-scale MBR system using 

mixed liquor from the BF-MBR pilot plant, the optimum coagulant and conditions for flux 

enhancement; the mechanisms of removal of floc-bound EPSs during chemical flux 

enhancement in the coagulant-assisted BF-MBR. 

Paper IV: a computational analysis (case study) on the thermodynamically favourable 

pathways of the formation of inorganic-organic complexes during the application of the 

optimum coagulant as a flux enhancer in BF-MBR; membrane fouling as a function of the 

standard Gibbs energy change; removal mechanisms of SMPc (carbohydrate fraction of 

SMPs) during chemical flux enhancement in the coagulant-assisted BF-MBR.  
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3. Methods and materials  

3.1 Study objects 

Mixed liquor, analysed in Paper II, was collected from the aerobic submerged BF-MBR 

pilot system, which was operated under constant flux conditions, controlled through the 

programmable logic controller (PLC) (MoreControl, Aas, Norway).  

The sampling from the constantly aerated MBBR and MBR chambers was performed 

through the relevant sampling valves mounted on the walls of the reactor. A sampling of 

mixed liquor, raw wastewater, and the permeate was organized on a daily basis. The 

subsequent analytical analysis was conducted within the first 6-8 hours after the sampling 

(Paper II). 

The pilot BF-MBR system was fed with the wastewater, supplied at 0.3 m3/day through 

the screens to the equalization tank from the source-separated sewer network, keeping the 

ratio of black to grey water at 1:9. Black water was collected from the toilets and grey water 

from all other discharge points of the households around the pilot site. The influent quality 

was kept at 1–1.3 g/L by suspended solids and 100–350 mg-O2/L by chemical oxygen demand 

of dissolved organics, CODdis.  

Initial biological activity in the system was provided by inoculation with activated sludge 

without the coagulant addition, which was obtained from the municipal wastewater treatment 

plant (BEVAS, Oslo, Norway). 

The abovementioned BF-MBR pilot system was used as a source of mixed liquor for the 

jar tests and total recycle tests (the latter ones were conducted in the laboratory scale MBR) 

described in Paper III. The BF-MBR pilot system worked at solids retention time (SRT) 20 

days. The feeding inlet was the mixture of black to grey wastewater at the ratio 1:9 (MLSS 

0.4–1.31 g/L, CODdis 142–262 mg-O2/L, PO4-P 6.08–10.28 ppm).  

In Paper III, the following Al- and Fe-based flux enhancers were selected for the study: 

prepolymerized aluminium chloride with medium and high basicity and non-prepolymerized 

aluminium and iron (III) sulphate (Table 3.1). 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 3.1 Properties of the tested 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 

Table 3.1 Cont. 



 8 

 

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.  

The study objects of Paper IV are the modelled solvated molecules of the following 

compounds: the typical for MBR and BF-MBR monosaccharides, which are the building 

blocks of the major membrane foulants; the open structure [Al13O4(OH)29]
2+ complex, which 

was found to be the dominant hydrolysis species with regard to the prepolymerized aluminium 

chloride with medium basicity; and the relevant Al13-monosaccharide complexes, which are 

the product of the interactions between the Al13
2+ complex and the selected foulants. 

3.2 Jar tests 

In Paper III, the adapted jar tests allowed for simulating the application of the selected 

prepolymerized and non-prepolymerized Me-based coagulants for the coagulation-

flocculation in the separation chamber of the BF-MBR. One of the main advantages of this 

method is the acceleration and simplification of the determination of the optimum pH and 

dosages during the testing of coagulants. 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.  

3.3 Membrane filtration experiments 

Prior to the membrane filtration experiments, described in Paper II and Paper III, the 

integrity of the membrane sheets was evaluated through the bubble point test and the vacuum 

decay test by following the procedures described by 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.  
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3.3.1 BF-MBR pilot system 

The BF-MBR pilot plant, which was set up for the study described in Paper II, had a 

four-stage design and consisted of the equalization (I), MBBR (II), separation (III), and 

permeate (IV) compartments (Figure 3.1). 

 

Figure 3.1 The BF-MBR pilot plant: Schematic diagram (left) and the photo of installation (right). Figure from 

Paper II. 

As shown in Figure 3.1, compartments I, II and III were interconnected through the 

overflow. The submerged flat-sheet membrane modules were in contact with suspended 

biofilm carriers in the separation chamber III, where the separation process was driven by a 

reversible peristaltic pump (Verderflex, Castleford, UK), controlled from the PLC. A return 

activated sludge (RAS) line was incorporated into the system between chambers III and II, 

controlled by the adjustment of the RAS pumping intervals (i.e. pulse length and frequency). 

Flat sheet silicon carbide (SiC) microfiltration membranes with 0.1 µm pore size 

(Cembrane, Lynge, Denmark) were used in the separation chamber III, providing a total 

filtering area of 0.828 m2. Aeration was provided in chambers II and III by a MEDO LA-60E 

(Nitto Kohki®, Nitto Kohki Co., Ltd, Tokyo, Japan) air compressor at 60 L/min.  

Plant operation data was continuously recorded every 3 s to the data-logger, in-built in 

the PLC. Flow in the permeate line and transmembrane pressure (TMP) were measured 

through the flow (Krohne OPTIFLUX 5100, Krohne Ltd., Duisburg, Germany) and pressure 

(Klay 8000 series, Klay Instruments B.V., Dwingeloo, Netherlands) sensors, respectively, and 

logged every second to the PLC together with filtration cycle settings. Values of system 

inflow, level in the separation chamber, TMP, and permeate flow were stored and recalculated 

further to analytical values. 

The initial filtration settings were: 300 s of filtration at net-flux 8.2 LMH, 60 s relaxation, 

15 s backwash with permeate at net-flux 180 LMH, and 120 s relaxation. Further changes 

were introduced into the plant operation resulting in 8 periods, characterised by different 

operational settings during the operation time of 114 days, described in Paper II.  
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In order to avoid a severe membrane fouling, entailed by permeate flux, all the 

operational fluxes were kept below the critical flux values 12–15 LMH, which were 

determined by the flux-step method, described by Miller et al. [37]. 

3.3.2 Total recycle test in the laboratory MBR system 

In Paper III, 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 3.2). 

 

Figure 3.2 The total recycle test system, adapted from [38]. Figure from Paper III. 

SiC microfiltration membrane sheets with 0.1 µm nominal pore size and surface area of 

0.0355 m2 were used for these studies (Cembrane, Lynge, Denmark). The filtration was 

provided by the vacuum in the permeate line, applied to the submerged membrane using a 

peristaltic metering pump (Qdos30, Watson-Marlow, USA). The separation process was 

carried out under constant flux conditions (80 LMH) with the recycling of all the filtrate back 

to the mixed liquor container. The pressure in the vacuum line was measured with an 

electronic pressure transducer (Klay 8000 series, Klay Instruments B.V., Dwingeloo, 

Netherlands) and, together with the permeate flow values from the peristaltic metering pump, 

recorded into the laboratory data-logger.  

Coagulants were added to mixed liquor (ML) before membrane filtration and intensively 

mixed, applying aeration during 30 s. After this time, the aeration was turned off and the 

membrane system remained in the relaxation mode for 90 s more. Then, the aeration was 

turned on and the filtration started. Ten minutes after the dosing of flux enhancer, 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. 
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When TMP increased to the level of 1.2·TMPin (TMPin is the initial TMP) and more than 

1010 s elapsed after the dosing of flux enhancer, the filtration was stopped and the specimens 

for capillary suction time (CST) and Time-to-Filter (TTF) analyses were taken.  

3.4 Applied analytical techniques  

3.4.1 Mixed liquor analysis 

Mixed liquor suspended solids (MLSS), capillary suction time (CST), Time-to-Filter 

(TTF), turbidity, CODdis, orthophosphates (PO4-P), residual aluminium, and diluted sludge 

volume index (DSVI) were determined according to the standard methods, specified in 

Paper II and Paper III. 

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).  

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).  

Relative hydrophobicity (RH) was determined by the MATH (microbial adherence to 

hydrocarbons) method [39,40].  

3.4.2 Methods for determination of the intrinsic characteristics of the coagulants 

In Paper III, potentiometric back and direct titration and size exclusion chromatography 

were conducted in order to investigate the properties of the applied coagulants such as charge 

concentration and the dominant molecular weight fractions, respectively.  

Potentiometric titration 

The efficiency of the chemically enhanced membrane filtration is affected by intrinsic 

charges of the coagulants. The streaming current potential indicates the colloidal and net ionic 

charge in the stream of the analysed solution [41].  

The work of the streaming current detector is based on the following principle: the 

analysed solution, which enters the contact cell, is drawn into the bore of a piston, which 

moves vertically in a reciprocating motion, during the upstroke, and is then expelled during 

the downstroke. Meanwhile, the ions and particles contained in the analyte solution get 

adsorbed on the surfaces of the piston and measurement cell. During the back and forth flow 

of the analysed solution, the ions and charged particles move past the electrodes in the wall 
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of the measurement cell, generating a small current, called the streaming current [42,43]. The 

schematic representation of the main components of the streaming current detector and the 

mathematical description of its work are provided by different studies [43–46]. 

During the potentiometric titration, the streaming current potential demonstrates the 

relative degree of neutralization as the oppositely charged titrant is added to the sample. The 

theoretical optimum endpoint is the point of zero charge (isoelectric point) (Figure 3.3).  

 

Figure 3.3 The form of the curve typical for the streaming current titration, using strong poly-base (for example, 

MGC) as the titrant and strong poly-acid (PVSK) as the titrated solution: Δφs on the y-axis is a streaming 

potential, V on the x-axis stands for the volume of the titrant spent on the titration, adapted from Hubbe et al. [47] 

(Notes: “pzc” stands for the point of zero charge.). 

Prior to the back titration, conducted in Paper III, the ratio factor of the selected 

polymers (potassium polyvinyl sulphate (PVSK) and methyl glycol chitosan (MGC)), i.e. the 

correction factor FpH, was determined at pH 7 and the working pH values selected according 

to the intrinsic pH of the subsequently tested flux enhancers (Table 3.1) during the 

polyelectrolyte titration. PVSK was chosen to be a reference standard (titrant) and MGC 

concentration was adjusted to equate to PVSK at the selected pH. As a result of the 

polyelectrolyte titration, at pH 7, 2.7, and 2.12 the correction factor FpH was equal to 1.0023, 

1.0339, and 1.3266, respectively. Schematic representation of the polyelectrolyte complex, 

formed in the system of methyl glycol chitosan–polyvinyl sulphate is provided by Kikuchi 

and Kubota [48]. 

Then, back potentiometric titration of the coagulant samples was conducted using PVSK 

as a standard anionic polymer, which in the known volume was added to the coagulant sample; 

the extent of the PVSK, which did not react with the coagulant, was further back titrated with 

MGC — a standard cationic polymer, used as a titrant.  

Based on the volume of the titrant of the known concentration, used for the titration until 

reaching the endpoint, and the correction factor at the relevant pH, the charge concentration 

of the analysed coagulants was calculated (Equation (2), Paper III).  
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In order to confirm the ranking trend among the studied coagulants with regard to their 

charge neutralization potential, 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 selected coagulants were applied as titrants with no dilution. 

During the determination of the correction factor, back titration of the coagulants, and 

direct titration of mixed liquor, a minimum of two parallel measurements were conducted for 

every sample. 

Size Exclusion Chromatography  

A comparative qualitative analysis of the investigated prepolymerized aluminium 

chloride (PACl) of the medium and high basicity with respect to the molecular weight 

distributions via size exclusion chromatography (SEC) was conducted in Paper III. The 

purpose of this analysis was to identify if the molecular weight difference was high enough 

to substantially influence the difference in charge concentration between two prepolymerized 

coagulants.  

SEC is an analytical gel column chromatographic technique, which fractionates 

molecules according to their size in the solution. The size exclusion chromatography column 

is filled with the gel-like porous polymeric spheres of the rigid structure (stationary phase) 

and the mobile phase (solvent), where the latter transports the analysed sample solution 

through the column. The size fractionation occurs as a result of the repeated exchange of the 

solute molecules between the mobile phase and the stagnant liquid phase within the pores of 

the porous polymeric particles. The pore size of the beads, which make up the stationary 

phase, determine the molecular size range, within which exclusion takes place [49]. The 

polymeric constituents of the analysed solution, which have the higher molecular weight, due 

to their molecular size, occupy a smaller number of pores or a lower volume within a single 

pore than those of the lower size. As a result, the compounds of the highest molecular weight 

are eluted first from the column, whereas the smaller components are eluted later [50]. It is 

worth noting that, according to the study by Sun [51], during the separation of the linear and 

branched polymer molecules, their shape, expressed through the span dimension, should be 

considered as the influencing factor in addition to their radius. 

In general, SEC is typically used for fractionation of the molecules of the polymeric 

sample according to the differences in their sizes, resulting in the acquisition of (1) the 

molecular weight averages; or (2) the molecular weight distribution of the polymeric 

substances [49]. 
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Since the flow rates in the chromatography experiments are generally quite low 

(0.7 ml/min in the research described in Paper III), SEC is controlled by equilibrium 

thermodynamics, while the hydrodynamics has a little effect on the molecular fractionation; 

in particular, the retention in SEC is thought to be an entropy-governed size exclusion process 

[50–52].  

The details on the SEC experimental setup and the conditions of the SEC fractionation 

were provided in Paper III.  

3.5 Statistical mining of the investigated relationships  

3.5.1 Multivariate statistics 

In order to better comprehend the basics of the projection to latent structures (PLS) 

method, which was used in Paper II, Paper III, and Paper IV, it is essential to give details 

of the principal component analysis (PCA) and principal component regression (PCR) 

techniques.  

It is worth noting that the PCA, PCR, and PLS analyses have one highly significant 

advantage in common: the orthogonality of the latent variables, which makes these techniques 

robust to the collinear variables. 

According to CAMO Analytics AS [53], PCA is used for the exploratory data analysis 

(i.e. visual approaches to find the pattern in data), extraction of the necessary information and 

its separation from noise, and the reduction of the data dimensionality. It is particularly useful 

for the detection of the outliers, revealing of the hidden structures in the large sets of data, 

visual interpretation of the relationships between the samples and variables, and indicating of 

how the monitored variable causes the similarities or dissimilarities between the samples [54].  

PCA is based on the principle of finding the directions in the space of samples, called 

principal components, along which the dispersion of the data points is the highest [54] 

(Figure 3.4).  

 

Figure 3.4 The principle of the dimension reduction into principal components, scores, and loadings, adapted 

from CAMO [54] and Torgersen [55]. 
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Figure 3.4 represents the principles of projection applied in PCA for the dataset with three 

variables. The axes x, y, and z stand for variable 1, variable 2, and variable 3. The purple 

points designate the samples. PC1 and PC2 stand for the first and second principal component, 

respectively. The distance n from the mean value to the sample along the relevant PC is called 

the score. Samples with the close scores are similar with regard to the corresponding variable. 

Meanwhile, the loadings provide the link between the real and latent variables and describe 

the data with regard to variable contribution and correlations [54,56]. In geometrical terms, 

the loading is the cosine of the angle between the original variable and the selected latent 

variable: the decrease of this angle entails the increase of the correlation between the original 

and latent variable, expressed by the larger loading value. Principal components are the 

loading-score pairs, where each loading and score are mutually associated [54,56].  

Generally, the number of variables is greater than three shown in Figure 3.4. For the 

dataset in the form of matrix Xm×k, with m rows and k variables, PCA provides the smaller set 

with n latent variables (n < k), which thoroughly explains the variance of the original dataset.  

According to PCA, an array of the predictors can be expressed by the empirical 

mathematical model, as specified by Equation (3.1). 

𝑋 = 𝑇𝑘 ∙ 𝑃𝑘
𝑇 + 𝐸 (3.1) 

where X is the original data matrix; Tk is the principal component scores matrix of the size n 

× k, whose columns are mutually orthogonal, Pk the matrix of eigenvectors – loadings, E is 

the error matrix, which contains unexplained variance. 

The first column of scores and the first eigenvector (column in the matrix of loadings P) 

correspond to the first principal component. The first eigenvector corresponds to the one with 

the largest eigenvalue, and hence explains the maximum amount of variance in the original 

dataset. The second principal component (PC2) carries the maximum proportion of the 

residual variance [57]. 

Hence, the data matrix can be partitioned in a sum of k “rank one” n × m data matrices: 

𝑋 = 𝑡1 ∙ 𝑝1
𝑇+𝑡2 ∙ 𝑝2

𝑇 +⋯+ 𝑡𝑘 ∙ 𝑝𝑘
𝑇 + 𝐸 (3.2) 

where the outer vector, 𝑡1 ∙ 𝑝1
𝑇, is the variance explained by the first principal component. 

In order to perform the PCA, it is necessary to complete a set of eigenvectors, P, and 

eigenvalues, D, that diagonalize the square symmetric variance-covariance matrix, C [57]. 

The calculation of the covariance matrix is conducted according to: 

𝐶𝑚×𝑚 = 𝑋
𝑇 ∙ 𝑋 (3.3) 
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where T is the transpose of the matrix X. 

The computation of the eigenvectors and eigenvalues of the covariance matrix is 

conducted according to Equation (3.4). 

𝑃𝑇 ∙ 𝐶 ∙ 𝑃 = 𝐷 (3.4) 

where D is the diagonal matrix of eigenvalues of C, λi (i = 1…k), along the diagonal; P is the 

matrix of eigenvectors, which diagonalizes the covariance matrix C.  

The defining of the Pk and Tk, where Pk contains the selected k columns from the matrix 

P, enables the construction of the model defined by Equation (3.1): 

𝑃𝑘 = [𝑝1|𝑝2|… |𝑝𝑘−1|𝑝𝑘] (3.5) 

𝑇𝑘 = 𝑋 ∙ 𝑃𝑘 (3.6) 

The variance, explained by the principal component model, which encompasses 

PC1…PCj, —cumulative variance, can be expressed as [57,58]: 

𝐶𝑃𝑉𝑗 =
∑ 𝜆𝑖
𝑗
𝑖=1

∑ 𝜆𝑖
𝑙
𝑖=1

 
(3.7) 

where CPV stands for the cumulative percent variance; l =min (n,m). 

Principle component regression is a two-stage procedure. First, it conducts the principal 

component analysis on the original X variables to reduce the dimensionality of the data and 

to take into account their structure. Then, PCR uses the principal component scores from PCA, 

which are orthogonal, instead of the original X-variables, as predictors in the multiple linear 

regression model, i.e. relates the principal components to the response function, Y. The 

obtained model is stable and can be used when the X-variables are characterised by a large 

amount of correlation, or collinearity [54,59]. The mathematical description of PCR can be 

found in the work by Gemperline [57]. The disadvantage of PCR lies in the fact that it employs 

the latent variables that are response-independent [56].  

This weakness is overcome by PLS analysis (projection to latent structures), which 

applies the PCA on both the predictor variables, X, and the response functions, Y [59]. PLS 

simultaneously models the matrices of the predictor variables and responses to find the hidden 

variables in X that will predict the latent variables in Y; i.e, the latent variables are response-

dependent, in contrast to PCR. Collinearity and noise are eliminated through the creation of 

new predictor variables and responses that are weighted combinations of the raw variables 

[40,54,60], which is accomplished through the steps, demonstrated in Figure 3.5.  
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Figure 3.5 The idea behind the PLS technique, adapted from CAMO [54]. 

According to Figure 3.5, the original dataset of predictor variables, X, is regressed into t-

scores (T), which are the most correlated to the response function, Y. The t-scores, T, in turn, 

are used to predict the Y-scores, U. Eventually, the u-scores, U, are used to predict the 

response function, Y. The process of decomposition of the X and Y matrices into the matrices 

of scores and loadings is finalized, when the linear combination of the predictors attains its 

maximum covariance with the response functions [55]. Hence, PLS generates orthogonal 

score vectors by maximizing the covariance between different sets of variables [61].  

The scores T and U contain the information about the samples, their similarities, and 

dissimilarities with regard to the model. The model also contains the weights, which give the 

interpretation of the scores, thus contributing to the understanding of which predictor 

variables are significant [62].  

In general, in PLS, the matrix of the predictor variables (X) consists of the components, 

which are similar to those in PCA, being characterized by the matrix of scores, T, loadings, 

P, and the error component, E. The response function undergoes similar analysis, as shown 

in Figure 3.4, thus it also contains the matrix of scores U, loadings Q, and the matrix of 

unexplained variance, E [57]: 

𝑋 = 𝑇 ∙ 𝑃𝑇 + 𝐸 (3.8) 

𝑌 = 𝑈 ∙ 𝑄𝑇 + 𝐸 (3.9) 

In comparison to multiple linear regression (MLR), PLS has such advantages as: more 

accurate calibration models and analytical predictions, lower influence of noise, higher 

sensitivity, orthogonality of the scores, visualization of the relationship among the samples 
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and variables, toleration of the moderate amount of the missing data with respect to both the 

predictor and response variables [56,62].  

PLS uses simultaneous information from the predictor and the response variables, which 

makes it a more complex technique than PCR. As a result, the regression vectors, which are 

more harmonious with respect to the bias/variance balance, are generated. In contrast to PCR, 

PLS employs the analyte-specific latent variables, which are more adapted to the requirements 

of each analyte of interest; and typically provides lower root mean square errors of calibration. 

In addition, PLS uses fewer factors than PCR, which results in the generation of the less 

complex model [57].  

There are two versions of PLS ― PLS-1 and PLS-2. The principal difference between 

PLS-1 and PLS-2 is that PLS-1 employs the modelling of one response function at a time ― 

the building of specific models adapted for the needs of each response function; whereas PLS-

2 provides the simultaneous modelling of all response functions. During PLS-1, in the 

calibration phase, the correlation of the X-data matrix with the vector of the response function 

is conducted. Meanwhile, PLS-2 correlates the X data matrix with all the calibration matrices 

Y. At the regression stage, PLS-2 replaces Y by a Y-scores matrix [56]. The principles of PLS-

1 and PLS-2 are described in a more detailed way by Brereton [63] and Olivieri [56]. 

Paper II and Paper III applied PLS-2 as the multivariate chemometric tool for fouling 

prediction and control in the BF-MBR without the chemical dosing and the coagulant-

assistant BF-MBR, respectively. In these cases, PLS-2 was used in order to analyse all the 

response functions, i.e., their relationships with each other and the predictors, at the same 

time. In addition, in Paper II, there was a positive correlation between the response functions, 

average normalized permeability (avPn) and average normalized permeability slope (avPn/dt), 

therefore the use of the PLS-2, which uses the orthogonal Y-scores, alleviating the correlation 

issues, is more preferable [56].  

On the contrary, Paper IV used PLS-1 in the statistical analysis for the distinguishing of 

the thermodynamic patterns of the interactions between the Al13
2+ complex and selected 

monosaccharides of SMPc, where a single response function, Gibbs energy change, was in the 

focus of interest.  

In all the models, the Kernel PLS algorithm was used for the model calibration, which is 

beneficial when the number of observations substantially differs from the number of variables. 

Kernel PLS algorithm is characterised by computation and implementation simplicity and 

capability of modelling complex non-linear aspects of measured data [61,62]. The 
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comparative analysis of the PLS algorithms is provided by Andersson [64] and Björck and 

Indahl [65]. 

3.5.2 Cluster analysis 

Cluster analysis was used in Paper IV in order to understand the structure of the complex 

multivariate dataset, which was generated during the quantum chemical, thermodynamic, and 

the PLS analyses. The complexity of the analysed dataset was indicated during the PLS 

sample grouping, which revealed no distinctive clusters, i.e. the scattered nature of the scores, 

which can be explained by a peculiarity of every investigated process of formation of the 

individual Al13-monosaccharide complexes.  

Apart from the advantages of using preprocessed data (PLS scores) rather than the raw 

dataset, underlined in Paper IV, the application of the PLS analysis prior to cluster analysis 

helped to comprehend the nature of the generated clusters, giving the necessary preliminary 

knowledge about the problem and the pursued goals. This outcome was essential due to the 

intuitiveness of the process of cluster definition [57]. 

The idea of the cluster analysis is the inverse relation of the distances between the samples 

and the degree of their affinity.  

Hierarchical clustering method, which was used in Paper IV, is the most widespread 

clustering method. The computation of the similarity matrix, formed by calculating the 

distances between all pairs of points in the dataset, converting them into similarity values 

(Equation (3.10)), and arranging the similarity values into the matrix, is the starting point for 

hierarchical clustering method [57]. 

𝑠𝑖𝑘 = 1 −
𝑑𝑖𝑘
𝑑𝑚𝑎𝑥

 
(3.10) 

where sik is the similarity between the samples i and k, 0 ≤sik ≤ 1; dik is the Euclidean distance 

between these samples; and dmax is the distance between two the most diverse samples, which 

is the largest distance in the dataset.  

The similarity matrix undergoes scanning for the largest value, which corresponds to the 

most similar point pair. Two samples from the original dataset, which make up this point pair, 

are then combined into the new point, located in the middle between them. This process 

continues until there are no pairs of samples left from the original dataset. Then, the symmetry 

matrix is updated to include the information about the similarity between the new point and 

every other point in the dataset. The matrix is scanned and recomputed again according to the 

same principle, which is repeated until all points are linked [57]. Consequently, a diagram, 



 20 

 

i.e. dendrogram, is generated, which visually represents the relationships between the sample 

points. The procedure for hierarchical cluster analysis is described in detail by Wang [66]. 

The iteration procedure, applied during the hierarchical clustering, can be carried out using 

any programming language [66], thus it can be easily implemented in any PLC.  

Euclidean distance is the most useful and common for defining the distances between the 

samples. In the case of using the PCA/PLS scores, the distance between the samples Xi and 

Xk with scores ti and tk, respectively, is defined according to [67]:  

𝑑𝑖𝑘 = √(𝑡𝑖 − 𝑡𝑘) ∙ (𝑡𝑖 − 𝑡𝑘)
𝑇 (3.11) 

where ti and tk are the vectors, which contain the scores on all latent variables of the model 

for the samples Xi and Xk.  

In Paper IV, the squared Euclidean distance was used, which is useful in cases, where 

some variables may dominate the distance between groups, serving as a tool for data 

normalization [54]. 

The complete linkage, which is characterised by more compact and rounded clusters than 

the analogues [54], was used in Paper IV. The principle of computation of the complete 

linkage method, as well as the other linkage methods of the hierarchical cluster analysis, is 

represented by Gemperline [57] and King [68].  

3.5.3 Two-level fractional factorial design of the experiment 

A factorial design was defined as the method of designing the profile of the experiment 

by generating all possible combinations of levels [69]. 

Full factorial designs of the type 2k, where k is the number of factors, are characterised 

by the exponential increase of the number of experiments with the increase of the number of 

factors. For example, for 9-factor design at two levels, 512 experiments are required. The 

extra experiments are usually wasteful with regard to time and resources since they do not 

typically result in useful or interesting extra information. In other words, there is a large 

redundancy, which can be omitted by running the fractional designs [63,70].  

The fractional design merely employs a special carefully chosen subset of the 

experimental conditions from the complete factorial design, which are required to estimate 

the results, based on the assumptions, being followed. It is focused on the reduction of the 

number of experiments with the simultaneous maintaining of orthogonality of the levels and 

the estimates [69,71]. Orthogonality assures that the effect of one factor or factor interaction 

is estimated separately from the effect of any other factor or factor interaction in the 

model [72]. 
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The following peculiarities of the fractional design makes it an attractive option for the 

researchers: (1) in the presence of several variables, the process, which is designed, can be 

controlled by some of the main effects and low-order interactions; (2) the ability to be 

projected into larger designs; (3) the possibility of a combination of runs of several fractional 

designs to estimate the effects and interactions of interest [73].  

One of the examples of the fractional designs is the design based on the one-half fraction 

of the 2k design, i.e., 24-1, which was used in Paper III. It described the experiment with four 

factors, of two levels each. The design contained eight treatment combinations and two 

replicates of each experiment. This design belongs to the resolution IV designs, where two-

factor interactions are aliased with each other, while no main effect is aliased with any other 

main effect or with any two-factor interaction [71,73]. Resolution indicates how clearly the 

sample points can be separated in a design.  

After selecting the factors and their levels and building the layout for the designed 

experiment based on the performed experiments at the relevant conditions, the development 

of the factorial design consisted of the following stages, described in Paper III: 

(1) preliminary analysis of effects through the correlation grid and the scattered plots; (2) 

analysis of the results (selection of the transformation and significant effects to the model, 

analysis of variance (ANOVA), diagnostics, interaction graphs); (3) numerical optimization 

(criteria and solutions); and (4) post analysis (point prediction and confirmation).  

3.6 Image acquisition, analysis, and particle size distribution 

Image acquisition and analysis were applied for characterization of the particle size 

distribution conducted in Paper III. First, the acquisition of the images under a light 

microscope (Leica DM 6B) was performed with the camera Leica DMC4500 (90× 

magnification) at exposure time 70 ms, gain 2.2–2.3, and intensity 54–55. The contrast 

technique, transmitted light–bright field (TL–BF), was applied, using the objective HC1 PL 

FLUOTAR 10×/0.32 Dry: magnification 10×/numerical aperture 0.32 (objective 

class―Semi-Apochromats, for applications in the visual spectral range with higher 

specifications [74]). The acquired at 90× magnification images (Figure 3.6a) were transmitted 

from the camera to the computer.  

For every image, the original scale in pixels was converted to microns 

(~ 3 pixels/micron), followed by the cropping of the 2544 × 1816 pixel area after its manual 

                                                                    
1 HC-objective is included into harmonic compound system 
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investigation, and conversion of the image into the 8-bit type (Figure 3.6b). Then, the 

threshold was adjusted applying black foreground and white background (Figure 3.6c). 

Subsequently, analysis of the particles was conducted, which resulted in the generation of the 

image, which contained the numbered outlines of the measured particles (Figure 3.6d), and 

the table of the measured particle areas in microns. ImageJ software [75] was used throughout 

image analysis. 

    

(a) (b) (c) (d) 

Figure 3.6 Determination of the particle size by image processing and analysis: (a) the original sample image, 

acquired under the light microscope; (b) the cropped image with the scale in microns converted to the 8-bit type; 

(c) the sample image after the adjusted threshold; (d) 150% magnified area in the image after particle analysis. 

The acquired areas of every recognized particle were recalculated to the diameters, which 

were used as the basis for the pivot table in Excel. The pivot table consisted of the columns 

of particle size ranges, frequency of their occurrence, and the percentage of these sizes out of 

total. Then, the percentage of each size out of total was recalculated to the cumulative 

probabilities (in decimals) with regard to the upper limit of every particle size range. Based 

on this data, the cumulative distribution plot was built (Figure 3.7). 

 

Figure 3.7 Cumulative distribution plot of the sizes of suspended solids in the analysed mixed liquor sample. 

As demonstrated in Figure 3.7, based on the cumulative distribution plot, D10, D50, D90, 

the diameters where 10%, 50%, and 90% of the sample’s population lie below this value, 

respectively, where determined. D10, D50, D90 were used to calculate volume/mass moment 

mean (the De Brouckere mean diameter), D[4,3]; surface area moment mean (the Sauter mean 

diameter), D[3,2]; and span (the distribution width) according to the formulas provided in 
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Paper III. The volume mean diameter, D[4,3], expresses the weighted average volume 

diameter, whereas the surface area mean, D[3,2], is the weighted average surface diameter of 

the sphere, which has the same physical properties as the actual particle, i.e., D[4,3]/D[3,2] is 

calculated under the assumption that spherical particles are of the same volume/surface area 

as the actual particles [76,77]. D[4,3] and D[3,2] helped to quantify and interpret the image 

analysis data and were further used for the PLS analysis and characterization of the 

flocculation mechanism of the membrane flux enhancement by studied coagulants in 

Paper III.  

In addition to the above-mentioned characteristics, the uniformity parameter was also 

added as the predictor variable to the PLS model. Uniformity was determined as the absolute 

deviation from the median, using the whole spectrum of particle sizes for every sample. 

3.7 Quantum chemical and thermodynamic calculations 

In Paper IV, the assessment of the spontaneity of the potential interactions between the 

selected monosaccharides of SMPc and Al13
2+ complex was performed through two steps. 

First, the series of quantum chemical simulations were conducted, focused on the 

determination of the thermodynamic parameters of the formation of the individual reactants 

and the relevant complexes — standard enthalpy change (ΔH
o
f), standard entropy (S

o
f), and 

standard Gibbs energy change (ΔG
o

f), applying the semi-empirical quantum-mechanical 

computational molecular orbital method — Parameterized Model number 3 (PM3). The 

quantum chemical calculations were performed using HyperChemTM 8.0.6 software 

(Hypercube Inc., Waterloo, Canada). 

By applying certain approximations, semi-empirical calculations solve the partial 

differential Schrödinger equation, which describes the wave function ψ (q, t) (where q is the 

set of coordinates, necessary to describe the system; t is time) of a quantum-mechanical 

system: 

ℋ𝑖 ∙ 𝜓𝑖 = 𝐸𝑖 ∙ 𝜓𝑖,  
(3.12) 

where ℋ is the Hamiltonian operator; E is a scalar quantity (constant), which corresponds to 

the energy of the system; 𝜓 is the wave function, which is called the eigenfunction of the 

Hamiltonian operator; E is called the eigenvalue; i is the subscript related to the analysed 

unit [78]. 

ℋ = −
ℏ

2𝑚
∙ (
𝜕2

𝜕𝑥2
∙
𝜕2

𝜕𝑦2
∙
𝜕2

𝜕𝑧2
) + 𝑈(𝑥, 𝑦, 𝑧) = −

ℏ

2𝑚
∙ ∇2 + 𝑈(𝑥, 𝑦, 𝑧) 

(3.13) 
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where ℏ =
ℎ

2𝜋
 is the reduced Planck’s constant; ∇2 is the Laplacian; 𝑚  is mass of the 

subatomic particle; −
ℏ

2𝑚
∙ (

𝜕2

𝜕𝑥2
∙
𝜕2

𝜕𝑦2
∙
𝜕2

𝜕𝑧2
)=−

ℏ

2𝑚
∙ ∇2 is the kinetic energy; 𝑈(𝑥, 𝑦, 𝑧) is the 

potential energy [78]. 

The Schrödinger equation and its derivatives describe the behaviour of electrons and 

nuclei, and thus the behaviour of atoms and molecules. Hence, semi-empirical calculations 

describe the electronic properties of atoms and molecules. Semi-empirical calculations 

employ the simplification of the described calculations to speed them up by addressing only 

the valence electrons in the Schrödinger equation, neglecting the integrals for certain 

interactions, and by using standard electron orbital basis functions and experimentally derived 

parameters. The application of the empirical data helps to reduce certain calculations and to 

avoid the error correction of some approximations [79]. More details on the quantum 

mechanics and mathematical description of the semi-empirical methods are provided in 

different studies [78,80,81]. 

PM3 is based on the neglect of diatomic differential overlap (NDDO) approximation. 

PM3 is used for describing the elements of the main group in the periodic table (s-block and 

p-block elements), particularly the organic molecules (C, H, N, O). Among the parameters, 

determined through the PM3 parametrization procedure, the following ones can be singled 

out: the enthalpies of formation, dipole moments, ionization potentials, and molecular 

geometries [79,82]. Besides, PM3 enables the option of including solvation effects of the 

molecules in the analysis [83]. The settings for the PM3 calculations, which were used in the 

present study, and the accuracy of this method with regard to the enthalpies of formation were 

provided in Paper IV.  

Then, the calculation of the main thermodynamic parameters of the reaction between the 

selected monosaccharides of SMPc and Al13
2+ complex, i.e. the process of formation of Al13-

monosaccharide complex, — standard enthalpy change (ΔH
o
), standard entropy change (ΔS

o
), 

and standard Gibbs energy change (ΔG
o
) was performed according to Hess’s law (Equation 

(3.14)), its extension to entropy (Equation (3.15)) and Gibbs energy (Equation (3.16)), and 

the Gibbs-Helmholtz equation (Equation (3.17)).  

∆𝐻𝑜 =∑(𝑛𝑖 ∙ ∆𝐻𝑓,𝑖
𝑜 )𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 −∑(𝑛 ∙ ∆𝐻𝑓,𝑖

𝑜 )
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 (3.14) 

∆𝑆𝑜 =∑(𝑛𝑖 ∙ 𝑆𝑓,𝑖
𝑜 )𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 −∑(𝑛 ∙ 𝑆𝑓,𝑖

𝑜 )
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 (3.15) 

∆𝐺𝑜 =∑(𝑛𝑖 ∙ ∆𝐺𝑓,𝑖
𝑜 )𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 −∑(𝑛 ∙ 𝛥𝐺𝑓,𝑖

𝑜 )
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 (3.16) 

∆𝐺𝑜 = ∆𝐻𝑜 − 𝑇 · ∆𝑆𝑜 
(3.17) 

https://en.wikipedia.org/wiki/Laplacian
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4. Results and discussion 

4.1 State of the art of membrane flux enhancement in a membrane 

bioreactor: Paper I 

Membrane bioreactor is a highly competitive technology, however, membrane fouling 

restrains the MBR expansion. The same problem is relevant to the advanced innovation in the 

development of MBR, i.e., biofilm membrane bioreactor (BF-MBR) technology. 

According to the literature findings [15,84,85], membrane fouling occurs through 

membrane pore blockage and cake and gel layer formation, caused by soluble microbial 

products (SMPs) and floc-bound extracellular polymeric substances (EPSs). The 

accumulation of the solutes and colloids in the membrane pores and on the membrane surface 

is primarily responsible for membrane pore blockage, which comprises complete, internal, 

and intermediate pore blocking mechanisms. Membrane pore blockage, altogether with the 

cake filtration during the dead-end membrane filtration, was comprehensively described by 

Hermia’s pore-blocking models. Hermia’s pore-blocking models are the fundamental unified 

analytical description of the blocking mechanisms, which were formulated with regard to 

power-law non-Newtonian (further extended to Newtonian) fluids [86–89]. 

Concerning the cake layer, its formation is entailed by the deposition of suspended solids 

onto the sealed pores with a subsequent stacking. The gel layer is the matrix, which consists 

of highly concentrated solutes and macromolecular species, deposited at the membrane 

surface. This gel layer is usually incorporated into the cake matrix, therefore it is highly 

complicated to distinguish either of them [90]. The formation of the cake layer and the gel 

matrix at the membrane surface are governed by the pressure-driven convective flow from the 

bulk mixed liquor solution to the membrane during filtration [15,90,91]. 

Polysaccharides were identified as the primary foulants in MBR and BF-MBR 

systems [92–95]. Apart from their prime role in the formation of the gel and cake layer on the 

membrane surface (Paper I), polysaccharides are principally responsible for complete, 

intermediate, and internal pore-blocking [29,96,97]. 

The second important group of foulants is the proteins, which contribute to membrane 

fouling mainly through the interactions with the polysaccharides [98,99]. In the studies by 

Choi and Ng [100] and Zhou et al. [101], the proteins exhibited high fouling propensity in the 

submerged MBR. In the studies by Bowen et al. [89] and Soler-Cabezas et al. [102], the 

proteins were responsible for the complete, internal, and intermediate pore blocking, as well 

as for cake filtration. Miyoshi et al. [103] indicated the dominance of proteins in the foulant 
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deposits inside the membrane fibers (irreversible fouling), extracted from the membrane of 

the MBR, and identified the amino acid sequences of the relevant proteins. In contrast, other 

studies [20,95,104–106] pointed out that the proteins demonstrated occasional or no 

quantitative relationship with the fouling extent, while the carbohydrates were found to be 

responsible for the reversible, irreversible, and irrecoverable fouling in MBR and BF-MBR. 

Hence, the role of the proteins in membrane fouling still remains controversial and needs 

further investigations.  

Humic substances is another organic component of mixed liquor, which is associated 

with membrane fouling [107]. As reported by Kimura et al. [108], humic substances are 

hydrophobic small molecules in contrast to the polysaccharides, which are the hydrophilic 

macromolecules. The same team reported two-stage fouling for the hydrophobic 

polyvinylidene fluoride (PVDF) membranes: adsorption of the humic substances on the 

membrane surface followed by the gradual accumulation of polysaccharide molecules. 

However, in the case of ceramic silicon carbide (SiC) membranes, used in the present 

research, the adsorption of humic substances is less likely to occur due to the hydrophilic 

nature of the applied membranes.  

Among all of these foulants, carbohydrates (polysaccharides) were found to be the major 

contributor to SMPs in mixed liquor, which was characterised by elevated fouling propensity, 

whereas the fractions of proteins and humic substances were relatively low [20,109]. 

According to the recent study by Gkotsis and Zouboulis [110], the content of the carbohydrate 

(polysaccharide) fraction of SMPs (SMPc) is the main contributor to membrane fouling in 

contrast to the protein fraction of SMPs (SMPp), which was explained by the hydrophilic 

nature and the gelling properties of the polysaccharides. These conclusions, together with the 

results of the study by Ivanovic and Leiknes [95], suggest that the dominant role of SMPs in 

membrane fouling in MBR and BF-MBR is primarily attributed to their polysaccharide 

fraction (SMPc). 

Based on all aforementioned and on the finding by Jørgensen et al. [20] and Neeman et 

al. [98], the role of the components of the soluble microbial products in the membrane fouling 

in MBR and BF-MBR and the characteristic fouling types, presented in Paper I, were 

reconsidered accordingly and are summarised in Figure 4.1 and Table 4.1. 
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Figure 4.1. The role of the different SMP fractions in membrane fouling. Adapted from Paper I. 

As previously mentioned, floc-bound extracellular polymeric substances (EPSs) also play 

an important role in membrane fouling in MBR and BF-MBR [19,111]. EPSs primarily 

contribute to the formation of the cake layer, by “triggering the process of colonization and 

biofilm development” on the membrane surface [112], and are responsible for the excretion 

of the SMPs into the bulk mixed liquor [84,113,114].  

Fouling types can be categorized with regard to membrane permeability recovery as 

reversible, irreversible, and irrecoverable fouling. Reversible fouling is caused by deposition 

of the foulants on the membrane surface, leading to the formation of the cake layer and gel 

matrix. It can be removed by physical cleaning (back-flushing, air injection, relaxation, the 

addition of the biomass carriers). However, irreversible and irrecoverable fouling are 

associated with internal pore blockage. Irreversible membrane fouling can be removed by a 

more aggressive cleaning method — chemically enhanced backwash (CEB), applying NaOCl, 

NaOH, H2O2, and biocides; cleaning in place (CIP) or “cleaning in air” (CIA) via soaking the 

membranes in NaOCl and NaOH solutions. On the contrary, no techniques that could cope 

with the irrecoverable fouling have been developed [16,115–118].  
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Table 4.1 Types of membrane pore blocking in terms of Hermia's pore blocking models, 

characteristic pore-blocking patterns for the typical foulants, and the corresponding fouling 

types in membrane systems, MBR, and BF-MBR [21,24,87,89,119–123]. Adapted from 

Paper I. 

Pore blocking 

model 
Schematic 

illustration 

Relation to 

the pore size 

Physical concept Foulants Fouling type, 

References 

Complete pore 

blocking 

 

dfoulant > dpore the sealing of the membrane 

pores, no superimposing with 

other particles 

 

 

 

 

 

 

Polysaccharides, 

Proteins  

Irreversible 

[124] 

Standard (internal) 

pore blocking or 

pore constriction 
 

dfoulant < dpore deposition onto the internal 

pore walls, the pore volume 

decreases proportionally to the 

volume of deposited particles 

Irreversible and 

irrecoverable  

[49,50] 

Intermediate pore 

blocking 

 

dfoulant ≈ dpore pore sealing and deposition on 

other particles accumulated on 

the surface (formation of 

multilayers) 

Irreversible 

[87] 

Cake formation 

 

dfoulant > dpore accumulation of the foulant on 

the surface/sealed pores with 

the subsequent stacking  

Reversible, 

irreversible 

[123–125] 

 

Among all the strategies to flux enhancement via the modification of the mixed liquor 

characteristics, described in Paper I, coagulation is one of the most promising techniques.  

According to the report by Ratnaweera [126], more than 70% of the whole volume of 

wastewater, produced in Norway, is treated by coagulation applying Al- and Fe-based salts in 

the municipal wastewater treatment plants (WWTPs). For example, the wastewater treatment 

plant in Oslo, BEVAS, seasonally applies prepolymerized aluminium chloride of medium 

basicity and iron (III) sulphate for the removal of suspended solids and phosphorus [127]. 

Therefore, the advancement of the existing WWTP plants by the incorporation of the 

membranes with the coagulant dosing will not disturb the operation and maintenance routine, 

omitting the need for the new dosing equipment and search for the new suppliers of reagents.  

Membrane flux enhancement via coagulation can be performed by using prepolymerized 

and non-prepolymerized inorganic coagulants. A positive effect of prepolymerized coagulants 

such as prepolymerized aluminium chloride (PACl) and prepolymerized ferric sulphate (PFS) 

on fouling reduction in MBR due to their higher intrinsic charges and greater flocculating 

ability than of their non-prepolymerized counterparts was admitted by different studies 

[30,34]. Prepolymerized ferric coagulants will not be investigated at the further stages of the 
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present research since it is very difficult to produce stable prepolymerized coagulant based on 

iron, therefore these coagulants are rarely marketed [128].  

However, according to other studies, non-prepolymerized flux enhancers, particularly 

iron-based coagulants, also exhibited high efficiency with regard to fouling mitigation in 

MBR and BF-MBR systems [31,95,129], which was further explained in Paper III of the 

present research. As a result of comparative analysis of non-prepolymerized aluminium and 

iron coagulants, Song et al. [130] concluded that the Al-based coagulant was more 

advantageous than its Fe-based counterpart due to a less drastic pH decrease, which was also 

elucidated in Paper III.  

The mechanisms of interaction between the coagulants and the foulants in MBR and BF-

MBR systems are the key to the prediction and intelligent optimization of the membrane 

filtration performance, which still remains poorly studied.  

According to the study by Malamis and Andreadakis [109], polysaccharides were found 

to be the dominant species in the soluble microbial products (SMPs), while the proteins were 

found to be the major component of the extracellular polymeric substances (EPSs). It is 

necessary to differentiate that EPSs are in the form of the floc-bound/particulate matter, 

whereas SMPs are soluble, being the product of the dissolution of EPSs [109].  

According to the evidence, presented by Bratby [131] and Stumm and Morgan [36], 

bacterial solid surfaces contain readily ionizable functional groups, such as: –OH, –COOH, –

OPO3H2, and –NH2. However, the amine groups/the protonated amine groups are typically 

characteristic for the amino acids, the building blocks of proteins, which generally bear a 

positive charge at acidic pH. Therefore, the structure of the bacterial surfaces depending on 

pH conditions, presented in Paper I, is rather relevant for the description of proteins than 

carbohydrates/polysaccharides (except for glucosamine). Therefore, due to the dominance of 

the carbohydrates/polysaccharides in the SMPs and their major role in membrane fouling, the 

functional groups of SMPs should be illustrated as 𝑅 − 𝐶𝑂𝑂𝐻 (pH <  5) ↔ 𝑅 − 𝐶𝑂𝑂−(pH 

5–7); whereas, due to the prevalence of proteins, and thus amino acids in the EPSs, the 

bacterial surface of EPSs at different pH is described as 𝑅 < 𝐶𝑂𝑂𝐻
𝑁𝐻3

+ (𝑝𝐻 < 4.0) ↔ 𝑅 <

𝐶𝑂𝑂−

𝑁𝐻3
+ (𝑝𝐻 4.0―5.5) ↔ 𝑅 < 𝐶𝑂𝑂−

𝑁𝐻2
 (pH > 5.5) (the information on the isoelectric point of the 

proteins is provided in subchapter 4.4 of this work).  

According to Zhou et al. [101], the SMP proteins have the isoelectric point at pH 5.5–7, 

while the EPS proteins ― at pH 4.0–5.5. Zhang at el. [132] discovered, that the majority of 

the identified proteins in the aerobic sludge have the isoelectric point of pH 5–6, which agrees 

with the findings reported by Rijnaarts et al. [133]. According to the latter team, COO- and 
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PO4
3- groups determine the anionic nature of polysaccharides. Meanwhile, as reported by 

She et al. [134], during the colloidal and organic fouling, polysaccharides generally bear 

negative charge at pH 5–8, while proteins are characterised by the isoelectric point of pH 5–

11. Even at pH 7, activated sludge with the higher ratio of polysaccharides to proteins has a 

higher negative charge concentration than the one with the higher protein fraction [135]. 

Therefore, in Paper III, the zeta-potential values of the filtrates with no coagulant addition 

or pH adjustment equal to -14.01 – (-11.5) mV at acidic/neutral pHraw 5.1– 7.0 and 

temperature 17.1– 23.1oC can be attributed to the dominance of polysaccharides in the SMPs, 

apart from the hypotheses on the origin of the negative charge, suggested earlier.  

According to Stumm and Morgan [36], the fixation of the multivalent cations onto the 

deprotonated group of macromolecular sol (carbohydrates, proteins, and their derivatives), is 

an electrostatic or chemical interaction. This fixation is accompanied by the charge 

neutralizing process.  

Since the isoelectric point of the floc-bound/particulate proteins, which originate from 

EPSs, was found to be at pH 4.0–5.5 [101], at pH > 5.5 the charge of the amino acid residues 

of the floc-bound EPS can be neutralized by the micelles, formed during the hydrolysis of 

coagulant, via the electrostatic interaction, resulting in the formation of organic-inorganic 

solid complexes according to the theories of double layer and electrostatic 

interactions (Figure 4.2).  
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Figure 4.2 The formation of organic/inorganic solid complexes by the interaction of: (a) aluminium coagulants; 

(b) iron (III) coagulants with the amino acid residues of the bound EPSs. From Paper I.  

Meanwhile, the process of SMPs removal can be described by the chemical coordination 

of the polysaccharides of SMPs (i.e., SMPc) to the soluble Al13
n+ complexes, which was 

investigated in Paper IV.  

Due to the gap in process control approaches for the application of the chemical flux 

enhancement in MBR and BF-MBR systems, there is a need for the development of the 

models for membrane fouling assessment, prediction, and control.  
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According to the above-mentioned findings, the development of the fundamental models 

of the two soft sensors: one, which can describe/predict the removal of floc-bound EPSs by 

the Me-based micelles (investigated in Paper III); and the other one, which is based on the 

chemical interaction of the SMPc to the Al13
n+ complex (a research focus of Paper IV) should 

be considered to fill the existing gap. 

The intrinsic mechanisms of coagulant performance with regard to fouling mitigation in 

the MBR (Table 4.2) allow for selecting the representative characteristics of the mixed liquor 

fouling propensity (CODdis, relative hydrophobicity/capillary suction time, particle size 

distribution parameters, zeta potential), which were validated in relation to the advanced BF-

MBR technology in Paper III.  

Table 4.2 Intrinsic mechanisms of coagulant action with regard to membrane flux 

enhancement in MBR [30,34,130,136–140]. Fragment of the table from Paper I.  

Mechanisms of membrane flux 

enhancement in MBR 

Non-prepolymerized coagulants Prepolymerized coagulants 

FeCl3 Al2 (SO4)3 ·xH2O 
Polymeric ferric sulfate 

(PFS) 

Polyaluminium 

chloride (PACl) 

The reduction of SMP level in 

mixed liquor 
+ 1 + + + 

Increasing mean sludge floc size, 

drop fractal dimension 
+ + + + 

Enhancing charge neutralization +  + + 

Increasing sludge relative 

hydrophobicity 
+ + + + 

Lowering gel layer formation, 

cake porosity increase, specific 

cake resistance reduction 

+ + + + 

Notes: 1 “+” stands for the presence of the selected mechanism during flux enhancement action of the particular coagulant. 

Besides, the addition of the flocculants/bio-flocculants can be considered in order to 

enhance fouling mitigation by the application of the coagulant-flocculant pairs. In this case, 

the selection of the appropriate flocculant/bio-flocculant can be conducted based on the 

assessment of its mechanisms according to Table 7 in Paper I, extended to the organic 

flocculants and bio-flocculants, to provide the combination of flocculant’s fouling reduction 

pathways with those of the validated optimum coagulant (Table 4.2).  

The statement in Paper I, on the uncertainty, whether the cost of coagulants is justified 

by membrane fouling decrease, was refuted in Paper III, which proved that that the use of 

the most efficient coagulant under the optimum conditions resulted 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 the BF-MBR pilot system, in comparison to this system without 

the coagulant dosing. The obtained flux enhancement will reduce the frequency of the regular 

backwashes by ten times and the number of resource-demanding chemical cleanings, and 
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hence the operational costs. In addition, as shown in Paper III, coagulant dosing allows the 

studied system to cope with the requirements on phosphorus discharge, which biological 

treatment alone couldn’t achieve.  

4.2 Identification of membrane fouling patterns in Biofilm Ceramic 

Membrane Bioreactor applying multivariate chemometric analysis: 

Paper II 

Understanding, detection, and control of membrane fouling via advanced statistics and 

mathematical modelling represents a significant potential for improvement of the cost-

efficiency of the BF-MBR process and provides the instruments for dynamic and real-time 

process control. Their implementation requires the determination of the representative 

variables, which could accurately indicate the mixed liquor fouling propensity, and the 

instruments of influencing it; and the response functions, which would precisely and quickly 

indicate fouling intensity for the effective and well-timed process control. However, in the 

case of BF-MBR systems, this subject still needs holistic investigation.  

In the research, reported by Paper II, the BF-MBR pilot plant was monitored during 114 

days, when transmembrane pressure and average normalized permeability were selected as 

the membrane fouling indicators, while MLSS, diluted sludge volume index (DSVI), floc 

relative hydrophobicity (RH), and CODdis were the monitored parameters of mixed liquor. 

The acquired operation profile, which demonstrates the development of the monitored 

parameters in the system, is represented in Paper II.  

The operating conditions in BF-MBR underwent considerable changes throughout the 

whole filtration period (114 days) in order to acquire a large representative (with regard to the 

application of the variety of operational modes) data array. Since these changes influenced 

both the mixed liquor parameters and the membrane fouling indicators, it was decided to split 

the whole data range into its characteristic phases and statistically analyse them separately 

from each other, excluding the data, which covered the chemical cleanings and TMP jumps. 

In general, three basic periods were established: period A (days 3–34), period B (days 49–

77), and period C (days 86–114). 

Period A encompassed biological adaptation and biomass development and the 

subsequent steady fouling. The biological adaptation and biomass development was 

characterized by moderate growth of biomass up to MLSS-III 5–6 g/L and increased 

biodegradation of organics in the range of 67–81%, together with a steep TMP growth and a 

respective decrease of permeability at a relatively high rate of 0.35–0.47 LMH/bar/s. This 
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state can be identified as conditioning fouling. After reaching the conditionally critical value 

of 1.7 times permeability decrease, the return of suspended solids from separation chamber 

(III) to MBBR chamber (II) (Figure 3.1) was doubled, leading to stabilization of permeability 

and MLSS-III (MLSS in the separation chamber) in the next sub-period (21–34 days) and 

decreasing the membrane fouling rate to 0.25–0.27 LMH/bar/s by permeability, which is 

considered as steady fouling. Fouling stages in the MBR, operated at a constant flux (i.e., 

conditioning fouling, steady fouling, and TMP jump), are described by Judd [15]. 

Period B covers the filtration phase after the increase of the permeate flux, prolongation 

of the backwash and relaxation, and the subsequent chemical cleaning. This period is 

characterised by another steady fouling state. It reproduced the same trends from the period 

A (21–34 days), except for a more stable COD degradation due to well-developed biofilms in 

the MBBR part and on the carriers in the separation chamber (III).  

Period C (86–114 days) of system operation, which followed the chemical cleaning after 

period B, is a control period, which is characterized by both conditional and steady fouling in 

the permeability pattern.  

The mixed liquor characteristics and membrane filtration performance in the separation 

chamber and their variation over time in the investigated system were monitored and 

statistically processed to gain a deeper understanding of their role in the studied BF-MBR. 

The ranges of the variation of the mixed liquor parameters are represented in Table 4.3. 

Table 4.3 Parameters of mixed liquor in the separation chamber. 

Parameter Value 

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

DSVI, mL/g 118–272 

dDSVI/dt, (mL/g)/day −91–57 
RH, % 20.5–61.5 

dRH/dt, %/day −27–35 

CODdis, mgO2/L 38–134 
dCODdis/dt, mgO2/L/day −35–27.5 

 

PLS analysis was used as a multivariate statistical tool to model the relations between the 

predictor variables (the parameters of mixed liquor) and response functions (membrane 

fouling indicators) within every selected period (Table 4.4). 

Table 4.4 Model inputs. 

Period Predictors Responses 

A MLSS, dMLSS/dt, DSVI dDSVI/dt, RH, dRH/dt, CODdis, dCODdis/dt TMP, Pn, dPn/dt 2 

B MLSS, dMLSS/dt, DSVI dDSVI/dt, CODdis, dCODdis/dt TMP, Pn, dPn/dt 

C MLSS, dMLSS/dt, DSVI dDSVI/dt, CODdis, dCODdis/dt TMP, Pn, dPn/dt 

                                                                    
2 Hereafter, in this sub-chapter, dPn/dt stands for the average dPn/dt 
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In order to give all variables the same variance, the weighting option 1/(SDev), which is 

called standardization, was used during the analysis. This option provides all variables with 

the same influence on the estimation of the components, and is used if the variables are 

measured with different units; have different ranges; are of different types [54].  

After the weighting, the models obtained for period A and B underwent random cross-

validation in PLS, during which the dataset was divided into 20 and 15 segments, respectively, 

with 1–2 samples per segment. With regard to the model, which describes period C, it 

underwent full cross-validation so as to further apply the model for the prediction of the new 

data. Certain samples were taken out of analysis since they were indicated as potential outliers. 

The number of PLS factors was chosen according to the explained variance. 

The results of the performed analyses of the data from period A of the system 

performance (biological adaptation, biomass development, and steady fouling) are shown 

below (Figure 4.3). 

  

(a) (b) 

  
(c) (d) 

Figure 4.3 Results of PLS of the data from the period A of the filtration performance monitoring: (a) Bi-plot; 

(b) correlation loadings plot; (c) explained variance plot; (d) fouling intensity prediction model. From Paper II. 

The analysis of the scores and correlation loadings plot and the bi-plot demonstrates that 

the samples from days 1–23 are mostly characterized by higher RH, dRH/dt, MLSS, 

dMLSS/dt, COD 3, and dCOD/dt, while the samples taken during the period 26–34 day have 

higher DSVI and dDSVI/dt values. 

                                                                    
3 Hereafter, in this sub-chapter, COD stands for CODdis 
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According to the correlation loadings plot, Factor-1 clearly describes DSVI, dDSVI/dt, 

TMP, COD, dMLSS/dt, dCOD/dt, average normalized permeability (avPn), and its slope 

(dPn/dt). Meanwhile, MLSS, RH/dt, and dRH/dt mainly contribute to Factor-2. According to 

the PLS correlation loadings plot, COD and DSVI explain more than 50% of the variance and 

are apparently the most important variables. The rest of the variables explain less than 50% 

of the explained variance; however, it was decided to keep them to make the model more 

reliable. 

DSVI has a negative correlation with both permeability parameters (avPn and dPn/dt) but 

is positively linked to TMP along Factor-1. COD has a negative correlation with the variables 

DSVI, dDSVI/dt, MLSS, and dMLSS/dt and is negatively linked to the average normalized 

permeability (avPn). This means, that the increase in DSVI and COD over time triggers fouling 

development. 

As demonstrated by the graph of explained variance (Figure 4.3c), it is preferable to use 

five latent variables in the model since this number gives a higher explained variance. 

According to the validation plot in Figure 4.3d, the R-squared of the developed model is 

0.73, which indicates its linearity. The model is characterised by a reasonable fit to the 

majority of data: Slope = 0.81, offset 0.07 with the dispersion of the validation samples around 

the regression line (Root Mean Square Error of Cross-Validation–RMSEV) and the standard 

error of cross-validation (SECV) of approximately 0.036. Consequently, the model is reliable 

and can be used for future predictions for the defined number of factors under the operational 

conditions applied during period A. 

It was decided to exclude RH and dRH/dt from further monitoring and analysis due to 

their low significance in the model, described in Paper II, and time- and effort-consuming 

determination procedure. 

The results of the PLS analysis of Period B, which encompasses another steady fouling 

state but at increased permeate flux (18% higher than during days 1–20, and 47% higher than 

during the days 21–34) and prolonged backwash and relaxation, are represented below 

(Figure 4.4). 

 



 36 

 

  

(a) (b) 

  

(c) (d) 

Figure 4.4 Results of PLS of the data from the period B of the filtration performance monitoring: (a) Bi-plot; (b) 

correlation loadings plot; (c) explained variance plot; (d) fouling intensity prediction model. From Paper II. 

According to the bi-plot (Figure 4.4b), the majority of the samples within period B are 

characterized by higher dCOD/dt values. Meanwhile, the samples taken on days 49–50 are 

characterized by higher COD values; on days 51, 57 and 68 by relatively high dMLSS/dt, 

DSVI, and dDSVI/dt values; on day 72 by comparatively high dCOD/dt values; and on days 

76 and 77 by more significant MLSS values. 

According to the correlation loadings plot, Factor-1 clearly describes TMP, MLSS, COD, 

average permeability (avPn), dPn/dt, DSVI and dDSVI/dt. Factor-2 is related to dCOD/dt and 

dMLSS/dt. All the variables were marked as significant according to the plot of correlation 

loadings, even though the dMLSS/dt variable gives slightly less than 50% of the explained 

variance. MLSS and dCOD/dt are positively linked to the TMP response. dMLSS/dt, DSVI, 

and dDSVI/dt have a negative correlation with TMP and the permeability slope (dPn/dt). The 

COD variable has a high positive correlation with dPn/dt and is positively linked to the average 

permeability (avPn), which might be entailed by the presence of SMP proteins with increased 

hydrophobicity (higher positive charge of the amino acid residues), which facilitate 

flocculation in mixed liquor [20] (pH in the separation chamber was equal to 3.9–4.5). 

Meanwhile, the rate of CODdis change (dCOD/dt) positively correlates with fouling intensity.  

Figure 4.4 demonstrates that the optimum number of factors is five, which provides 

57.4% of the explained Y-variance. 
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An analysis of the validation plot shows that the resulting cross-validation R-squared was 

0.71 and with a good fit to the majority of data (i.e., slope = 0.64). RMSEV and SECV were 

approximately 10. R-squared (Pearson) is close to R-squared correlation (0.68 vs. 0.82), 

which indicates the reliability of the model. A relatively low bias (1.70 LMH/bar) shows that 

the model has a low tendency to over- or underestimation of the validation values. 

Consequently, a good prediction is attained, which proves that the model is reliable and can 

be used during further stages when the operating conditions applied in period B are replicated. 

Figure 4.5 demonstrates the results of the PLS analysis of the data from the last monitored 

period, characterised by both conditional and steady fouling (Period C), acquired after the 

second CIP (86–114 days). 

  
(a) (b) 

  
(c) (d) 

Figure 4.5 Results of PLS of the data from the period C of the filtration performance monitoring: (a) Bi-plot; (b) 

correlation loadings plot; (c) explained variance plot; (d) fouling intensity prediction model. From Paper II.  

According to the obtained bi-plot (Figure 4.5a), the samples from day 89 are characterised 

by a higher DSVI value, while the days no 91 and 96 have a higher dMLSS/dt and dCOD/dt. 

Days 100, 107, and 110 are characterized by higher COD content, whereas days 103, 105, and 

114 have higher MLSS values. Day 112 is characterized by a higher dDSVI/dt. 

The correlation loadings plot (Figure 4.5b) shows, that COD, MLSS, TMP, dDSVI/dt, 

DSVI, avPn, and dPn/dt contribute to Factor-1, while Factor-2 accounts for dMLSS/dt and 

dCOD/dt. All the specified variables explain more than 50% of the variance, and thus have 

high importance in relation to Factor-1 and Factor-2. MLSS, COD, and dDSVI/dt are 

positively linked to TMP and have a negative correlation with the permeability indicators, 
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avPn, and dPn/dt, meaning, that the increase in dDSVI/dt, COD, and MLSS causes more intense 

fouling. DSVI is positively correlated to dPn/dt, while dMLSS/dt and dCOD/dt have a 

negative correlation with the permeability slope. 

The explained variance plot (Figure 4.5c) indicates that the optimum number of factors 

is four, which provides more than 70% of explained Y-variance. 

The validation graph in Figure 4.5d has a linear trend (R-squared = 0.8), having a good 

fit to the majority of data (slope = 0.93). R-squared (Pearson) is close to R-squared correlation 

(0.79 vs. 0.89), which indicates the reliability of the model. RMSEV and SECV are 28.7 and 

29.6, respectively. 

The last model was also tested for the prediction of the new data (Table 4.5) in order to 

check its applicability in the real-life conditions. 

Table 4.5. Mixed liquor characteristics and fouling indicators during period C (new data). 

From Paper II. 

 TMPav 
1, 

bar 
av dPn/dt 2 avPn 

3, 

LMH/bar 

DSVI 4, 

mL/g 
dDSVI/dt 5 MLSS 6, 

g/L 
dMLSS/dt 7 CODdis 

8, 
mgO2/L 

dCODdis/dt 9 

max. 266.16 0.26 125.45 185.41 5.52 5.74 0.35 69.80 5.00 

min. 232.30 0.23 112.98 142.60 −7.79 5.32 −0.17 45.40 −3.83 

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

Notes: 1 Average transmembrane pressure; 2 Average normalized permeability slope; 3 Average normalized permeability; 4 

Diluted sludge volume index; 5 Diluted sludge volume index slope; 6 Mixed liquor suspended solids; 7 Mixed liquor 

suspended solids slope; 8 Chemical oxygen demand (filtered); 9 Chemical oxygen demand slope. 

Full prediction with the identification of outliers was used. The X-matrix included DSVI, 

MLSS, COD, and their slopes; whereas the response Y was the rate of the average normalize 

permeability change. The following results were obtained (Figure 4.6). 

 

 

Figure 4.6 Prediction results for the new data from Period C for four factors using the derived PLS model for 

the relevant period. From Paper II. 
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The deviation between the predicted and the reference values is in the range 0.01–0.034, 

which demonstrates a good prediction ability of the developed model and its reliability under 

the operating conditions, that were applied during period C. 

The multiple linear regression (MLR) analysis was also performed for the obtained 

dataset, however, due to the superiority of the PLS method, the first one was excluded from 

further consideration. More details on this topic were provided in Paper II.  

Solids retention time (SRT) was found to be among the key operational parameters, 

which control membrane fouling in the MBR and BF-MBR systems [23,141,142]. In order to 

estimate the influence of SRT on the analysed BF-MBR pilot system, this parameter was 

included as a predictor variable into the models, which describe every one of the investigated 

periods (Figure 4.7).  

 

  
 

 

   

(a) (b) (c) 

Figure 4.7. Results of PLSs of the data from all the periods of the filtration performance monitoring, including 

SRT: (a) period A (SRT = 20 days); (b) period B (SRT = 31 days); (c) period C (SRT = ∞). (Notes: SRT is the 

solids retention time in the relevant period, ∞ stands for no sludge discharge.). From Paper II. 

According to the correlation loadings plot related to period A (Figure 4.7a), SRT explains 

less than 50% of the variance, and thus has relatively lower significance. SRT exhibits an 

independent variation in relation to other variables, except for COD and TMP. COD has a 

weak positive link with SRT along Factor-2, whereas SRT exhibits a slight positive 

correlation with TMP.  

The results related to period B (Figure 4.7b) demonstrate that for the system at the applied 

operation settings, SRT is a significant variable, which explains more than 50% of the 

variance in the dataset. It has a strong negative correlation with COD and the normalized 

permeability and its slope along Factor-1. In addition, SRT is positively correlated with MLSS 
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and TMP along Factor-1. The negative correlation between SRT and COD during this period 

can be attributed to the higher treatment performance of the biomass, which becomes well-

developed at SRT up to 40 days, and thus is capable of a more efficient biodegradation of 

organic contaminants, reduced microbial death, and less production of SMPc 

(polysaccharides), causing the decrease of COD values [143]. Meanwhile, the increase in SRT 

promotes the development of higher MLSS concentrations and the increase in TMP, hence 

indicating fouling triggering through the increase of MLSS at higher SRTs. 

Concerning the validation plots for the models, which describe period A and period B 

(Figure 4.7a,b), the introduction of the new variable did not entail any significant 

improvement; moreover, it slightly weakened the prediction accuracy of the selected models, 

which was reported in detail in Paper II. 

The PLS analysis of the dataset from period C demonstrates the SRT variable explains 

more than 50% of the variance, and thus is significant (Figure 4.7c). SRT is highly positively 

correlated with MLSS, dDSVI/dt, COD, and TMP and is negatively linked to normalized 

permeability and its slope. Thus, the increase in SRT to the infinite values (no sludge 

discharge) promotes the development of higher MLSS and COD, and worsens bioflocculation 

(expressed through dDSVI/dt) [142], hence inducing membrane fouling.  

Based on the developed PLS models, starting from 31 days of SRT, a high negative 

correlation between SRT and the permeability indicators and high positive link between SRT 

and TMP were observed (Figure 4.7b,c). Hence, SRT equal to 31 days was found to be the 

critical SRT, which designated the phase of the severe membrane fouling, whereas SRT of 20 

days was identified as optimum for the stable work of the studied system. Apart from SRT, 

the permeate net flux was kept below its critical value (12–15 LMH). The return activated 

sludge (RAS) pumping intensity was also adjusted to control MLSS and to assure the 

sufficient level of COD and NH4
+ removal. More details on the control of operational 

conditions in the studied system are provided in Paper II. 

In order to automate the monitoring of the MLSS concentration, it was decided to 

establish the correlation between the experimental measurements of MLSS according to the 

dry residue test 2540 D [144] in the membrane separation (which were used for development 

of the PLS models) and MBBR chambers (MLSS-II); and the values obtained using the 

suspended solids/turbidity sensor Ponsel MES5 (AQUALABO, France) mounted in the 

MBBR chamber. After excluding the outliers, the correlations, represented in Figure 4.8, were 

obtained. 
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(a) 

 
(b) 

Figure 4.8 The correlation curves between the MLSS values in the MBBR chamber obtained through the sensor 

and experimentally determined MLSS values in: (a) MBBR chamber, (b) separation chamber. 

According to the obtained correlation models, the measurements of the sensor for the 

detection of the MLSS in the MBBR chamber are the most reliable in the range 1.5–3 g/L 

(Figure 4.8a), whereas the indication of the MLSS values in the separation chamber is the 

most accurate in the range of MLSS 2.7–5.8 g/L (Figure 4.8b) since there is a sufficient 

amount of data in the selected areas. These models were further used for the automated 

monitoring of the MLSS levels in the MBBR and MBR chambers of the BF-MBR pilot system 

based on the measurements of the sensor Ponsel MES5, using the query in MS Access, 

established by Dr. Daniel Todt.  

Discussion 

By using multivariate chemometric analysis, the current work encapsulates the 

relationship between the mixed liquor characteristics, membrane fouling indicators, and the 

operational conditions in the BF-MBR pilot system with ceramic modules, and thus provides 

a comprehensive analysis of the system performance and the mechanisms for influencing it. 

It is worth noting that no precedent in literature with regard to this type of approach to the 

investigation of fouling mitigation in the BF-MBR system was found.  

COD, MLSS, and SVI were identified as the representative parameters of mixed liquor 

fouling propensity, while the relative hydrophobicity parameter should be replaced with a 

more accurate and less time-/recourse demanding alternative. The average normalized 

permeability was identified as the most reliable membrane fouling indicator. The validated 

mixed liquor parameters, except for DSVI, and membrane fouling indicator were used at the 

further stages of this research to assess and predict biomass fouling propensity and membrane 

fouling extent in the BF-MBR system with chemical flux enhancement. 

The introduction of SRT to the models helped to understand its influence on the mixed 

liquor fouling propensity. A positive correlation between SRT and MLSS in the models for 
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period B and period C agrees with the previous findings by Le-Clech et al. [145], Van den 

Broeck et al. [142], Yigit et al. [146]. During period C, the positive link between SRT and 

COD can be attributed to the release of small microbial SMPs, i.e., polysaccharides (SMPc), 

at high SRTs (>31 days) [109,114,146]. The value of the optimum SRT of 20 days agrees 

with the previous studies [109,143].  

The automation of the MLSS measurements in both MBBR and separation chambers 

helped to advance the monitoring process of suspended solids concentration.  

The obtained results allowed for adjusting the operational parameters of the BF-MBR 

pilot system according to the characteristics of biomass, keeping the system running below 

critical transmembrane pressure (500 mbar), with 67–90% removal of chemical oxygen 

demand, 100% retention of suspended solids, and permeate turbidity 0.1–1.1 NTU. Besides, 

a good recovery of membrane permeability, and thus efficient removal of irreversible fouling, 

was attained after chemical cleanings. 

4.3 The concept of the chemical flux enhancement based on the comparative 

mechanistic assessment of the Al- and Fe-based coagulants, multivariate 

chemometric approach, and optimisation analysis: Paper III 

The main motivation to conduct this study was a huge potential of BF-MBR technology 

coupled with chemical flux enhancement, which still remained beyond the comprehensive 

investigation due to the complexity of the underlying processes. In order to develop a stable 

and robust system, the prediction of the reduction of the mixed liquor fouling propensity and 

optimization of the coagulant dosing were required. This could be achieved only after the 

identification of the mechanisms of the fouling mitigation by the applied coagulants. The 

parameters of mixed liquor, which are representative with regard to the demonstration of its 

fouling propensity (MLSS, CODdis), as well as the most reliable fouling indicator (average 

normalized permeability), identified in Paper II, were used in the current study. Besides, the 

BF-MBR pilot system, which was used as the source of mixed liquor for the current study, 

was operated at the levels of the operational parameters (SRT, permeate flux, the intensity of 

sludge recirculation), which facilitate lower fouling intensity, adjusted according to the results 

of Paper II.  

During the investigation, conducted in Paper II, the floc relative hydrophobicity (RH) 

parameter, determined through the MATH method, was considered as time- and effort-

demanding procedure. And according to PLS analysis, RH appeared to be a weak indicator of 

the mixed liquor fouling propensity, explaining less than 50% of the variance in the dataset, 
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in contrast to the evidence of the tight link between the relative hydrophobicity of the floccules 

and membrane fouling from the literature. During the analysis of the data acquired from the 

investigated in Paper II BF-MBR pilot plant, the study in Paper III identified, that CST 

parameter, except for its link to dewaterability of the sludge floccules, is characterised by high 

negative correlation with their relative hydrophobicity (the loadings plot in Figure 4.9). 

 

Figure 4.9 A negative correlation between capillary suction time (CST) and relative hydrophobicity (RH) earlier 

obtained for BF-MBR mixed liquor studied in Paper II. From supplementary material of Paper III. 

This additional valuable property of CST allowed for using this parameter as the indicator 

of the relative hydrophobicity of floccules in Paper III. 

In Paper III, 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 (Figure 4.10). 

First, the jar tests were conducted to identify the optimum pH for every coagulant with 

regard to flux enhancement and then the optimum dosage range. The jar tests were followed 

by the total recycle test with pH correction, in order to identify the most efficient coagulant 

with regard to flux enhancement and to determine its concrete optimum dose. Then, the total 

recycle tests without the pH adjustment were performed so as to compare the obtained results 

with the pH-controlled process and justify/refute the need for the pH control during chemical 

flux enhancement. The results of both stages of total recycle test were used as the raw dataset 

for the PLS analysis, which helped to identify the significant variables, build the model for 

the prediction of fouling mitigation, and determine the governing mechanisms of action of 

every studied flux enhancer. The reasons for the observed performance of flux enhancers were 

explained by the determination of their intrinsic properties. Eventually, the most efficient flux 

enhancer was selected and used for the two-level factorial design of experiment for the 

identification of the factors with the most significant effects, the tendencies in their 

interactions, and optimization of the filtration process. The whole procedure is described in a 

more detailed way in Paper III. 
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Figure 4.10 The stepwise strategy for the assessment of the selected flux enhancers (Notes: “Dose” stands for 

coagulant dose, the subscript “opt” means optimum, “MW” stands for molecular weight, TRT means total recycle 

test, PACl is prepolymerized aluminium chloride.). 

Based on the literature findings, reported in Paper III, it was decided to choose zeta 

potential, turbidity, capillary suction time as the indicator of relative hydrophobicity of the 

flocs, and the mean particle size (expressed through the volume moment mean) as the basic 

indicators for the mixed liquor fouling propensity during the jar tests. Meanwhile, these 

parameters, altogether with the parameters of wastewater treatment quality and the auxiliary 

time-to-filter indicator, were used for a more comprehensive assessment of the coagulant 

performance during the targeting total recycle tests.  

Coagulant action is pH dependent, therefore the determination of the optimum pH of 

every tested coagulant with regard to flux enhancement is required prior to the comparative 

analysis. The relevant analysis was conducted by varying the pH conditions while applying a 

constant dose of the coagulant ― 0.4 ������������ ���� ������-based coagulants and 0.9 

��������������������non-prepolymerized iron (III) �����������������������������������������

5.9–������������������11).  

Jar tests: the 
determination of pHopt at 

Dose=const 
(every coagulant)

Jar tests: the 
determination of the 
range of Doseopt at 

pHopt=const
(every coagulant)

TRT: identification of the 
most efficient coagulant 

and Doseopt at pHopt=const 
and the range of Doseopt

(every coagulant)

TRT with no pH correction,

(every coagulant)

PLS: fouling intensity=f(ML 
parameters after 

coagulant dosing), the 
mechanisms of coagulant 

action
(every coagulant)

Intrinsic coagulant 
properties: charge 

concentration (every 
coagulant) and MW 
distribution (PACl)

Two-level factorial design 
of the experiment: 

filtration optimisation
(optimum coagulant) 



 45 

 

  

  
(a) (b) 

Figure 4.11 Determination of the optimum pH with regard to flux enhancement at fixed coagulant dose during 

the jar tests according to: (a) zeta potential, CST; (b) turbidity, the volume moment mean. From Paper III. 

According to the obtained graphs, the optimum pH values with regard to flux 

enhancement (those, which resulted in the lowest residual turbidity, highest floc relative 

hydrophobicity (lowest CST), the maximum reduction of the absolute zeta potential values, 

and the highest increase of the mean particle size (D[4,3])) were the following (marked with 

the dashed lines in Figure 4.11 for every flux enhancer): pH 5.5 – 6.0 for two prepolymerized 

aluminium chloride coagulants; pH 4.5 for aluminium sulphate; and pH 3.8 – 4.1 for iron (III) 

sulphate. 

Then, the determination of the optimum dosage range for flux enhancement at the 

constant optimum pH levels with regard to every coagulant was performed. The results are 

presented in Table 4.6.  

According to the obtained results (Table 4.6), prepolymerized aluminium coagulants 

were characterised by broader dosing ranges, higher degree of charge neutralization, less 

turbid effluents, and relatively higher degree of flocculation than their non-prepolymerized 

counterparts.  
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Table 4.6 Optimum dosages with respect to flux enhancement obtained at the corrected pH 

values applying tested coagulants during the jar tests (MLSSraw 5.8-6.2 g/L). From 

supplementary material of Paper III. 

Chemical 
Maintained 

pH 

Parameters Optimum dosage 

ranges, µmole 

Me/mgSS 
CST, sec 

Zeta potential, 

mV 

Turbidity, 

NTU 
D [4,3] 

PAXXL61 (OH/Al 1.9) 5.5 – 6.2 45.8 – 60.7 -1.1 – 3.7 0.5 – 1.8 25.6 – 32.6 1.1 – 2.6 

PAX18 (OH/Al 1.3) 5.5 – 6.0 75.1 – 77.7 -3.7 – (-2.5) 0.5 – 1.1 37.5 – 67.4 1.3 – 2.6 

ALS (OH/Al 0) 4.4 – 4.5 81.2 – 103.0 -4.6 – (-3.7) 1.8 – 2.5 21.0 – 34.3 0.5 – 1.2 

PIX313 (OH/Fe 0) 4.0 – 4.1 130.0 – 150.0 -3.9 – (-3.5) 2.0 – 2.6 16.4 – 24.9 2.2 – 3.2 

 

In order to avoid under- or overdosing, which can deteriorate the treatment efficiency, 

the determined ranges of optimum dosages were further applied during the TRT experiments. 

The results of the monitoring of wastewater treatment quality during the TRT are represented 

in Figure 4.12.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.12 Influence of the coagulant dose on the monitored parameters at fixed pH during the TRT: (a) 

turbidity; (b) residual orthophosphates; (c) CODdis removal, (d) CODdis. From Paper III. 

The graphs, represented above, demonstrate, that with respect to the wastewater treatment 

quality, the use of coagulants provides the compliance of the system with the regulations on 

the residual phosphorus and CODdis. It is worth noting that CODdis in the raw mixed liquor 

was the residual CODdis concentration after the biological treatment at the MBBR stage of the 
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BF-MBR pilot system when the latter one provided the treatment efficiencies in terms of 

CODdis removal equal to 67.0–92.0%. The detailed description and analysis of the represented 

plots (Figure 4.12) are provided in Paper III.  

Another valuable property of CODdis parameter in relation to MBR and BF-MBR is that 

it is an indicator of the SMPs content in mixed liquor based on the literature, represented in 

Paper II and Paper III. Hence, CODdis also indicates the fouling propensity of mixed liquor, 

and with regard to chemical flux enhancement, the ability of the coagulants to reduce fouling 

intensity. According to obtained results (Figure 4.12c), the ranking trend among the studied 

coagulants in decreasing order of dominance of SMPs removal mechanism based on CODdis 

removal, can be classified as: PAXXL61 > PAX18 = PIX313 > ALS, which corresponds to 

the findings of the previous works [128,136,147]. A more detailed description of the manual 

data-driven sample grouping regarding CODdis removal is provided in Paper III. 

In addition to the results, demonstrated above, the experiments on the residual aluminium 

concentration after using Al-based coagulants were performed (not shown here). According 

to the obtained results (described in Paper III), the use of aluminium sulphate at the dosages, 

higher than 0.5 µmolAl/mgSS, as well as the use of the prepolymerized aluminium chloride 

of the medium basicity in the overdosing region (2.6 µmolAl/mgSS), generates supernatant, 

whose characteristics do not comply with the regulations on the permissible aluminium in the 

drinking water and the criteria for water reuse [144,148–150]. Thus, the discharge of this 

supernatant is undesirable from the environmental point of view. The best results, which were 

below the regulatory limits, were provided by both prepolymerized aluminium coagulants in 

the range 0.5–1.9 µmolAl/mgSS.  

The detailed description of the determination of the membrane fouling indicators 

(average normalized permeability, avPN, and filtration time, F) during TRT is provided in 

Paper III. 

The development of fouling intensity depending on the coagulant type and dose at the 

fixed pH (optimum for every coagulant) is demonstrated below (Figure 4.13).  
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Figure 4.13 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. From Paper III. 

According to the graphs above (Figure 4.13), the prepolymerized aluminium coagulants 

provided the greatest extent of fouling mitigation among the studied flux enhancers: the 

maximum filtration time (F) equal to 120 min and the maximum increase of average 

normalized permeability (δ avPN) by 155.0–198.0%. In relation to the BF-MBR pilot system, 

these results correspond to 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.  
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The broader range of optimum dosages and a lower dose, required to reach the region 

with maximum values of the response functions (Figure 4.13), indicated that prepolymerized 

aluminium chloride with medium basicity (PAX18) is superior with respect to fouling 

mitigation than its counterpart with high basicity (PAXXL61). Therefore, it was decided to 

use prepolymerized aluminium chloride with medium basicity for the two-level factorial 

design of the experiment and at the further stages of this research. 

The demonstrated in Figure 4.12 results suggest that with regard to removal of CODdis, 

orthophosphates, and turbidity, ― the parameters, which are commonly considered as the 

basic monitored parameters at the wastewater treatment plants and during the standard 

procedure of the jar tests, all four coagulants provide a sufficient quality of wastewater 

treatment. However, during the comparison of the above-mentioned results of wastewater 

treatment quality with the fouling mitigation capacity of every coagulant (Figure 4.13), it is 

apparent that merely the first ones are not sufficient for the comprehensive evaluation of the 

coagulants as flux enhancers. Therefore, there was a need to identify and monitor the reliable 

parameters of the mixed liquor fouling propensity.  

The highest efficiency of the prepolymerized aluminium chloride with medium basicity 

during the filtration experiments is predominantly attributed to a greater adsorption/charge 

neutralization potential of this species over its counterpart with high basicity, expressed 

through a more rapid increase of zeta potential in the overdosing region (Figure 4.14a); and 

enhanced flocculation, which was indicated by the mean particle size profile (Figure 4.14d).  

 

(a) 

 

(b) 

 

Figure 4.14. Cont. 
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(c) (d) 

Figure 4.14. Influence of the coagulant dose on the monitored parameters at fixed pH during the TRT: (a) zeta 

potential; (b) TRT change, (c) CST change; (d) volume moment mean change. From Paper III. 

According to Figure 4.14b, prepolymerized aluminium chloride with high basicity 

(PAXXL61) as well as the non-prepolymerized aluminium sulphate (ALS), exhibited the 

highest potential for improving mixed liquor filterability, expressed through the TTF 

parameter.  

With regard to the increase of the mixed liquor relative hydrophobicity, expressed via the 

decrease of the capillary suction time (Figure 4.14c), prepolymerized aluminium chloride of 

high basicity provided the most significant changes.  

The TRT experiments without pH correction resulted in higher coagulant doses, required 

for the achievement of the optimum filtration; and relatively low improvement of membrane 

filtration, in comparison to the results of TRT with pH correction. Higher coagulant dosages 

entail higher operational costs and excess sludge production. Consequently, pH adjustment is 

considered a valuable tool in the optimization of the fouling mitigation in BF-MBR based on 

the addition of coagulants as flux enhancers. 

A more thorough analysis of all acquired plots, as well as the comparison of the results 

of TRT applying pH control with TRT with non-corrected pH, is given in Paper III.  

The investigation of the coagulant characteristics, i.e., charge concentration and 

molecular weight distribution, was performed in order to identify the prerequisites for the 

dominance of charge neutralization mechanism in studied coagulants. The results of the 

potentiometric back titration of the studied coagulants and potentiometric direct titration of 

mixed liquor are represented below (Figure 4.15). 
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(a) 

 
(b) 

Figure 4.15 The results of the potentiometric titration experiments: (a) charge concentrations of the studied 

coagulants determined during their back titration; (b) coagulant dose, required for reaching the endpoint during 

the direct titration of mixed liquor. From Paper III. 

According to the acquired charts (Figure 4.15), prepolymerized aluminium chloride 

coagulants have the highest charge concentrations, which correspond to their high efficiency 

regarding the increase in average normalized permeability and filtration time (Figure 4.13). 

Meanwhile, the charge concentration of prepolymerized aluminium chloride with medium 

basicity (PAX18) is higher than the charge concentration of its counterpart with high basicity 

(PAXXL61). This effect can be entailed by the incorporation of SiO2 group in the skeleton of 

prepolymerized aluminium chloride with high basicity. Due to its neutrality, silica group 

potentially decrements the coagulant charge concentration and results in the reduced content 

of the active polymeric Al13
n+ component and increased concentration of monomeric 

octahedral Al1 species in the coagulant structure, which decreases its adsorption/charge 

neutralization potential [151–154].  

The charge concentrations of the non-prepolymerized coagulants were significantly 

lower, in comparison to the prepolymerized coagulants, which correlates with the character 

of the fouling mitigation profiles of the selected coagulants according to Figure 4.13. 

With regard to the molecular weight distributions of the collected fractions of the studied 

prepolymerized aluminium coagulants, the relevant size exclusion chromatograms are 

represented and analysed in detail in Paper III. According to the obtained chromatography 

profiles, high MW isolate of the prepolymerized aluminium chloride (PACl) with high 

basicity was obtained 36 min earlier than the respective isolate of its counterpart with the 

medium basicity, (i.e., the first coagulant had higher MW fractions in comparison to the latter 

one). Nevertheless, high MW isolates constituted less than half of the total Al concentration 

in the prepolymerized aluminium chloride with high basicity, which suggests they might not 

be the predominant contributor to the overall MW, and hence to the charge concentration of 

the relevant compound. Meanwhile, the constituents with the low molecular weight constitute 

0.06

0.26

0.65

0.97

0.00

0.20

0.40

0.60

0.80

1.00

1.20

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

PAXXL61
(OH/Al 1.9)

PAX18
(OH/Al 1.3)

C
h

ar
ge

 c
o

n
ce

n
tr

at
io

n
, 

µ
e

q
u

iv
./

m
g 

sa
lt

Coagulant

1.5

2.8

4.8

469.1

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

PAX18 (OH/Al
1.3)

PAX XL61
(OH/Al 1.9)

PIX313 (OH/Fe
0)

ALS (OH/Al 0)

D
o

se
, µ

m
o

l M
e

/L

Coagulant



 52 

 

35% of the total aluminium in the structure of PACl with high basicity. This evidence 

confirms the hypothesis on the elevated concentration of the monomeric Al1 species in the 

structure of PACl with high basicity, and hence its lower adsorption/charge neutralization 

potential. This effect potentially results from the partial hindering of the formation of the 

active polycation Al13
n+ in the coagulant structure by SiO2 groups during its prepolymerization 

phase, which should be the subject of further investigations.  

The partial least squares analysis was performed based on the data from the total recycle 

tests with and without pH correction. The variable dataset consisted of the information on the 

MLSS of mixed liquor before the chemical dosing (MLSSin), pH, zeta potential, coagulant 

dose (Dose), turbidity, CST, and the parameters of the particle size distribution (i.e., D[4,3], 

D[3,2], span, uniformity). The average normalized permeability (avPN) and filtration time (F) 

were selected as the responses in the model. 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. The obtained results are demonstrated below (Figure 4.16). 

 

(a) 

 

(b) 

 

(c) 

  

(d) 

Figure 4.16 Results of PLS of the data from the TRT - regression overview: (a) scores plot; (b) loadings plot; 

(c) total residual variance plot; (d) fouling intensity prediction model. From Paper III. (Notes: PAX18 and 

PAXXL61 stand for the prepolymerized aluminium chloride with medium and high basicity, respectively; A0 

stands for the raw mixed liquor samples without coagulant dosing; PIX313 is iron (III) sulphate; ALS is 

aluminium sulphate.).  
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The scores plot revealed four distinctive clusters: the mixed liquor samples treated with 

the prepolymerized aluminium chloride of medium (PAX18) and high (PAXXL61) basicity, 

non-prepolymerized aluminium (ALS) and iron (III) sulphate (PIX313). Samples within a 

cluster contained similar samples. The difference between the clusters is explained by Factor-

1 and Factor-2. According to the PLS loadings plot (Figure 4.16b), Factor-1 clearly describes 

span, uniformity, CST, zeta potential, pH, filtration time (F), and the average normalized 

permeability (avPN). 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. Span, uniformity 

D[4,3], D[3,2], CST, and turbidity are positively correlated with each other. These 

correlations give a promising prospect of the future CST determination via the soft sensor 

based on the automated monitoring of particle size distribution parameters (which can be 

measured online using laser diffraction particle size analyzer) and turbidity. Meanwhile, span, 

uniformity D[4,3], D[3,2], CST, and turbidity exhibit a negative correlation to zeta potential, 

coagulation dose, pH, and the response functions along Factor-1 and Factor-2. The coagulant 

dose is positively correlated with zeta potential, whereas pH is positively linked to the 

response functions.  

According to the total explained variance plot (Figure 4.16c), the highest explained Y-

variance (76%) is attained while applying four factors and then reaches a plateau.  

The validation plot (Figure 4.16d) indicates the linearity of the developed model (i.e., R-

squared value of 0.77) and its good fit for the majority of data (i.e., slope = 0.75). The 

developed model has a relatively low bias equal to 12.3 LMH/bar, indicating that it has a low 

tendency to over- or underestimate the validation values, which is highly essential during the 

further implementation of the model. If the model had high bias, the overestimation of the 

response functions would cause severe fouling development (which is detrimental for the 

equipment since the BF-MBR pilot system works at constant permeate flux); whereas the 

underestimation of the response functions would result in the unnecessary increase of 

coagulant dosing (entailing the shift of the system to the overdosing region). Hence, the 

developed model demonstrates a good prediction of the bound EPSs removal during the 

addition of the selected flux enhancers. The obtained results prove reliability and high 

potential of this model to be used during further stages when the operating conditions applied 

in this work are replicated. 

The data-driven sample grouping, focused on the determination of the prevailing 

mechanisms of the floc-bound EPSs removal, which govern the behaviour of every coagulant, 



 54 

 

was automatically performed by equally dividing the band of the targeted parameter values in 

the whole range between the upper and lower limits into five groups. As a result, the relevant 

ranges were generated (Figure 4.17). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.17 Results of PLS for the tested membrane flux enhancers – scores plot with the sample grouping 

according to: (a) zeta potential; (b) CST; (c) D[4,3]; (d) D[3,2]. From Paper III. 

The selection of the targeted levels of interest (marked with the red rectangles in the 

legends in Figure 4.17) 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 4.17), 

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 sec): 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-
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mentioned ranges of the monitored parameters. As determined earlier (during the analysis of 

the TRT with pH correction), based on Figure 4.12c, the highest level of CODdis removal 

(which is linked to the reduction of the SMPs content) was observed for the majority of 

samples of prepolymerized aluminium coagulants (PAXXL61 and PAX18) and iron (III) 

sulphate (PIX313). Consequently, the principal mechanism differs depending on the nature 

of flux enhancer (Table 4.7). 

Table 4.7 Prevailing mechanisms of action for the tested coagulants. From Paper III. 

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)   +  

Notes: 1 “+” stands for the dominance of the selected mechanism during flux enhancement action of the particular coagulant. 

The optimisation analysis was performed applying the prepolymerized aluminium 

chloride with medium basicity, which was the most effective flux enhancer among the studied 

compounds. Two two-level fractional factorial designs of the experiments were built with 

respect to the average permeability and filtration time as a response function. The main 

purpose was to determine the optimum combination of factor levels, that simultaneously 

satisfy the criteria of the maximum average permeability or filtration time for the chosen 

coagulant (i.e., optimisation of flux enhancement in BF-MBR). In addition, the analysis, of 

the factorial design of the experiment allows for the identification of how the selected factors 

interacted and individually affected the flux enhancement process. 

To study the possible options of maximization of the average permeability and filtration 

time systematically, two separate two-level fractional factorial designs were set up on the key 

factors: pH, temperature, MLSS, and coagulant dose with two replicates (Tables 4.8 and 4.9). 

Table 4.8 Factors and levels for two-level alternative factorial design. From Paper III. 

 Factor Units Low level High level 

pH - 5.5 6.5 

Temperature oC 20 25 

MLSS g/L 4.0 6.0 

D µmolAl/mgSS 1.1 1.9 
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Table 4.9 Layout for a designed experiment. Adapted from Paper III. 

 Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 

Run  A:pH B:Temperature, C C:MLSS, g/L D:D, µmolAl/mgSS avP, LMH/bar F, min 

1 5.5 20 4.0 1.1 8725.6 120 

2 6.5 25 6.0 1.9 6614.1 120 

3 6.5 20 6.0 1.1 2055.5 120 

4 5.5 20 4.0 1.1 8698.6 120 

5 5.5 25 4.0 1.9 12204.9 120 

6 5.5 25 6.0 1.1 7146.1 23.33 

7 6.5 20 4.0 1.9 10020.4 15.2 

8 6.5 25 6.0 1.9 6578.7 120 

9 6.5 20 4.0 1.9 10046.9 16.4 

10 6.5 25 4.0 1.1 11168.8 5 

11 6.5 20 6.0 1.1 2024.6 120 

12 6.5 25 4.0 1.1 11196.9 5.5 

13 5.5 20 6.0 1.9 6827.6 25.5 

14 5.5 25 6.0 1.1 7169.4 22.5 

15 5.5 20 6.0 1.9 6859.4 26.3 

16 5.5 25 4.0 1.9 12233.0 120 

 

The preliminary analysis of the influence of the selected factors on the response functions 

was followed by the detection of the important effects among the variables and their 

interactions via a half-normal plot and Pareto chart. Then, the inspection of the ANOVA 

(analysis of variance) results was conducted and the following significant models were 

derived (Table 4.10). 

Table 4.10 The final equations in terms of coded and actual factors used for the optimization 

of the selected response functions. 

 Response 

function 

Model 

Coded factors 1 

avP, LMH/bar (avP)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 

F, min (F)3 =8.682·105 – 3165.47·A – 1144.71·B + 3165.47·C + 1144.71·D +  8.598·105·AC 

 Actual factors 2 

avP, LMH/bar 

(avP)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,  

F, min 

(F)3= 5.24848·107 – 8.60441·106·pH – 457.88285·Temperature – 1.03145·107·MLSS + 2861.76781·D  + 

1.71962·106·pH·MLSS 

Notes: 1 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; 2 D is a coagulant 

dose; avP stands for the average permeability; F is the filtration time required for reaching 1.2·TMPin. 

According to the obtained model for the prediction of the average permeability expressed 

through the coded factors, pH, MLSS, temperature, and coagulant dose (D) have the highest 
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impact on the average permeability. With regard to the model for the prediction of the 

filtration time, the interaction factor pH·MLSS has the highest influence on the response 

function, whereas the other factors have relatively identical impacts. It is worth noting that 

the equations expressed through the actual factors are only valid for making the predictions, 

while being 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 [155]. 

Regression diagnostics, described in Paper III, was further performed to validate the 

derived models.  

The interpretation of the derived models can be made by analysing the model graphs 

(Figure 4.18). 

 

(a) 

 

(b) 

Figure 4.18 Model graphs (cube plots) of the analysed factorial designs (k=3, D=1.5 µmolAl/mgSS) for the 

estimation of: (a) the average permeability, (b) the filtration time.  

The cube plots (Figure 4.18) demonstrate the average predicted values of the response 

functions 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 µmolAl/mgSS in the represented 

plots) [73,155].  

With respect to the average permeability (Figure 4.18a), its highest levels 11467.8–

11527.4 LMH/bar can be attained at the low level of MLSS (4 g/L) and high level of 

temperature (25 ◦C) (values calculated at D = 1.5 µmolAl/mgSS). Meanwhile, pH has a minor 

positive effect on average permeability at the low level of MLSS and an adverse effect at a 

high MLSS level.  
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Concerning the filtration time (Figure 4.18b), an ambiguous effect of pH on the response 

function, which highly depends on the MLSS, was observed. 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) in two scenarios (at the coagulant dose D = 1.5 

µmolAl/mgSS): (1) pH 6.5, T = 20–25 ◦C, MLSS 6 g/L; (2) pH 5.5, temperature (T) = 20–25 

◦C, MLSS 4 g/L. 

The results of the numeric optimization, point prediction and confirmation are 

represented in Paper III. 

Hence, the developed models can be used to determine the optimum conditions of the 

application of the prepolymerized aluminium chloride with medium basicity, which provide 

the highest yield of the average permeability and filtration time in accordance with the desired 

factor settings. 

Discussion 

The current part of the research demonstrates a great flux enhancing potential of the 

coagulants in the biofilm membrane bioreactor (BF-MBR).  

The research was focused on the development of the concept of chemical flux 

enhancement in BF-MBR based on 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.  

In the present study, the pH-controlled flux enhancement allowed for attaining efficient 

fouling mitigation with regard to the development of filtration indicators, i.e., average 

normalized permeability and filtration time (time, which is required for reaching 1.2·TMPin). 

Besides, in the system with pH adjustment, the optimum values of the filtration indicators 

were obtained at lower coagulant dosages in comparison to those, which were obtained during 

TRT with no pH correction (Table 5 in the supplementary material for Paper III). The 

following pH levels were identified as optimum with regard to flux enhancement during 

coagulant addition in BF-MBR: 5.5 – 6.0 for prepolymerized aluminium chloride coagulants, 

4.5 for aluminium sulphate and 3.8 – 4.1 for iron (III) sulphate. 

The investigation of the flux enhancing efficiency of aluminium sulphate in the BF-MBR 

without pH correction was also conducted by Maletskyi et al. [156] (who, however, expressed 
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their results with regard to filtration time required for reaching 1.5·TMPin). In the range of 

dosages, 0.95–1.5 µmolAl/mgSS, the recalculated filtration time required for reaching 

1.2·TMPin was equal to 3.17–3.83 min [156]. These values are almost three times lower than 

the corresponding filtration times in the system with pH correction obtained in the current 

research ― 9.33–10.17 min (dosage range 1.1–1.5 µmolAl/mgSS for ALS in Figure 4.13), 

which also supports the aforementioned conclusions on the beneficial impact of pH control 

on the chemical flux enhancement in BF-MBR. 

In general, the results of the current research substantiate the need for pH-controlled flux 

enhancement in BF-MBR depending on coagulant type to provide a more complete 

coagulation according to Le Chatelier's principle, which influences charge, hydrophobicity, 

and size of flocs, the organic content of the system, and hence the filtration performance.  

According to the calculations, the application of the non-prepolymerized aluminium and 

iron (III) coagulants during the total recycle tests in the present work was in the area of pH 

and coagulant dose (regions, coloured in red in Figure 4.19), where the system is oversaturated 

with regard to metal hydroxide [157].  

 

(a) (b) 

Figure 4.19 The applied concentrations of non-prepolymerized Fe and Al coagulants during TRT (regions, 

coloured in red) at the angle of the equilibrium-solubility domains with regard to: a) iron hydroxide, (b) aluminum 

hydroxide in water, as a result of hydrolysis of Fe(H2O)6 3+ and Al(H2O)6 
3+ (Notes: shaded areas show the 

operational conditions, which are typically applied in practice during water and wastewater treatment.). From 

Bratby [131], Stumm and O’Melia [157] (with the permission). 

In addition, the represented diagrams (Figure 4.19) justify the application of the lower 

down limit of pH values for the iron (III) sulphate, in comparison to that of the aluminium 

sulphate used in Paper III, since the iron (III) hydroxo- and polyhydroxy complexes are 

formed at lower pH values and wider pH range compared to their aluminium-based 

counterparts.  

Partial least squares analysis allowed for selecting the significant variables with regard 

to the prediction of membrane fouling and interpreting their interrelationship. However, the 
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main outcome of the PLS analysis is the development and validation (via cross-validation) of 

the model for the assessment, prediction, and control of membrane fouling in the coagulant-

assisted BF-MBR based on the theories of double layer and electrostatic interactions as the 

mechanism of the floc-bound EPSs removal during the application of the selected flux 

enhancers. This PLS model is the core of a soft sensor, which can be used for the prediction 

tasks [158].  

The current research demonstrated that the general mechanisms of fouling mitigation in 

BF-MBR were almost the same as in MBR systems outlined in our earlier study, which were 

described in Paper I, 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. The 

dominant mechanisms of flux enhancement with regard to the studied coagulants were 

revealed from the automatic data-driven sample grouping in the obtained scores plot of the 

derived PLS model and during the analysis of the profiles of the monitored mixed liquor 

parameters in the coagulant-assisted BF-MBR system.  

In contrast to the non-prepolymerized coagulants, prepolymerized aluminium coagulants 

were much more efficient with respect to flux enhancement. This observation was primarily 

attributed to the dominance of complex adsorption/charge neutralization mechanism in 

membrane flux enhancement in BF-MBR. The prepolymerized aluminium chloride of 

medium basicity demonstrated the greatest extent of membrane flux enhancement, which can 

be explained by its highest bearing charge, and hence the highest potential to neutralize the 

oppositely charged foulants.  

The observations of the superior performance of prepolymerized coagulants as flux 

enhancers in the current research are in agreement with the studies by Wu et al. [34] and Chen 

and Liu [32], however, contradict to the conclusions by Ivanovic and Leiknes [31,95]. The 

latter team reported that membrane 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. These conclusions by Ivanovic and Leiknes [31,95] 

cannot be supported without going into the conflict. However, their results might be explained 

by the applied pH of coagulation, which apparently was below the optimum levels, resulting 

in the incomplete hydrolysis of Fe(H2O)6
3+ and prepolymerized aluminium species 

(Al13O4(OH)7+), and hence the incomplete destabilization of the disperse system. As shown 

in Figure 4.19 and Paper III, Fe-based coagulants can work at a more acidic pH than Al-

based coagulants, and therefore can provide better coagulation and fouling mitigation, which 

apparently was the reason for the observations obtained in the mentioned studies [31,95]. 
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In addition, prepolymerized aluminium chloride of medium basicity alleviated fouling by 

the increase of floc relative hydrophobicity, reduction of the concentration of soluble 

microbial products (SMPs), and the increase of the size of particulate matter. In Paper III, its 

efficiency was mainly attributed 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.  

However, the role of the mechanism of removal of SMPs, particularly SMPc, still remains 

unclear since SMPc are the dominant foulants in MBR and BF-MBR systems, which were 

found to contribute to the membrane fouling more than the colloidal matter or the SMPp 

(protein fraction of SMPs) [104]. The obtained in the current study results might be caused 

by the inability of the “mixed liquor as the substrate” approach to comprehensively and 

accurately describe the mechanism of SMPs (i.e., SMPc) removal, and hence estimate its 

importance in the fouling prediction. Besides, the electrosurface phenomena, described by the 

theories of double layer and electrostatic interactions, are not applicable to the explanation of 

the interactions between the solutes/macromolecular sols and the soluble hydrolyzed 

coagulant species. Consequently, in further studies, it is necessary to focus on the composition 

of mixed liquor, its fouling potential, and interaction of the foulants with the coagulant active 

species. Therefore, further mechanistic investigations of the SMPc removal are necessary.  

Hence, as mentioned above, the obtained results are the basis for development of a soft 

sensor based on the electrostatic interactions as the main mechanism of the floc-bound EPSs 

removal by coagulation in BF-MBR; while the development of the model for a soft sensor, 

which considers the mechanisms of the SMPc removal in coagulant-assisted BF-MBR, still 

requires further investigation, which was conducted in Paper IV.  

The application of prepolymerized aluminium chloride with medium basicity in the 

dosage range 0.5 – 1.9 µmolAl/mgSS provided the residual aluminium concentration below 

the detectable limits (< 0.01 mg Al/L), which suggest that it can be used for fouling mitigation 

not merely in the BF-MBR, treating domestic/municipal wastewater, but also in the MBR/BF-

MBR systems for dairy wastewater treatment and recycle [32].  

The optimization analysis revealed the significance of MLSS, coagulant dose, 

temperature, pH, and the interaction factors 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 
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the valid range for coded values is -5 – +5. This feature can be practically 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) [159] and the intensity/frequency of the storm events [160], its 

potential impact on the BF-MBR system can be predicted, applying the derived models. The 

adverse effect of the low influent sewage temperatures entailed by climate change [160] can 

be minimized by adjusting the levels of the other parameters in the membrane separation 

chamber of the BF-MBR system, according to the presented optimization analysis. As shown 

in Paper II, 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. 

4.4 Development of the model for continuous classification of 

thermodynamically stable and less stable complexes after coagulant dosing 

in BF-MBR: Paper IV 

The carbohydrates (polysaccharides) of SMPs, i.e., SMPc, are the key foulants in MBR, 

demonstrated by different studies [29,110,161]. Monosaccharides (CnH2nOn, n = 3–6) and 

their derivatives are the main building block molecules of polysaccharides, which determine 

the characteristics of the latter ones.  

Based on the literature evidence on the composition of mixed liquor, gel and cake layer 

in MBRs, and the biofilms with respect to the monosaccharides [162–167] and according to 

the studies on the prevalence of the cyclic form of the selected monosaccharides and their 

characteristic anomeric forms, which were referred to in Paper IV, the following compounds 

are further considered as the targeted foulants in MBR and BF-MBR systems: β-D-

glucopyranose (Glc), β-D-galactopyranose (Gal), β-D-mannopyranose (Man), α-D-

glucopyranuronic acid (GlcUA), β-L-rhamnopyranose (Rha), β-L-fucopyranose (Fuc), α-L-

arabinofuranose (Ara), and β-D-glucosamine (GlcN). In addition, in Paper III, the general 

mechanisms of fouling mitigation in BF-MBR were proven to be almost the same as in MBR 

systems, reported in Paper I, which in Paper IV also allowed for assuming that the above-

mentioned targeted foulants in MBR are also valid for the BF-MBR. 

Monosaccharides in the cyclic form are characterised by an active centre, which is called 

the glycosidic hydroxyl group. The higher reactivity of glycosidic hydroxyl group can be 

explained by the influence of the ether-type oxygen atom (between C1 and C5) (Figure 4.20a), 

which partially shifts the electrons from the contiguous С—O bond (in the C1 position) to its 
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own orbitals. Hence, the shift of electron density increases the polarity between the C1 carbon 

and the OH group, making this hydroxyl group more chemically active [168]. 

 

(a) 

 

(b) 

Figure 4.20 Molecular structure of β-D-glucopyranose with the numerated carbon atoms (based on their position 

in the structure): (a) the glycosidic hydroxyl group located at C1 atom (marked with the red oval); (b) electrostatic 

potential (e/a0), mapped onto an isosurface of total electron density of 0.13 e/a0
3 (Notes: 1 the numerator stands 

for the electron charge “e” (1.6022×10-19 coulombs), and the denominator is the first Bohr radius “a0” 

(5.62918×10-11 m).). From Paper IV. 

Figure 4.20b demonstrates the computationally generated electrostatic potential map of 

the β-D-glucopyranose molecule, which visualises the charge/electron density distribution 

within the molecule represented as the isosurface. The bright and dark green colours indicate 

the areas with low electron density, and hence net positive charge and positive electrostatic 

potential (the hydrogen and carbon atoms); whereas, the deep purple colour shows the regions 

of high electron density, and thus net negative charge and negative electrostatic potential (the 

oxygen atoms). According to Figure 4.20b, the shift of the electrons from the carbon atom in 

position 1 (atom C1) to the ether-type oxygen atom in the structure of β-D-glucopyranose is 

clearly indicated by the area of the relatively higher electrostatic potential (around 1.25 e/a0)
 

and increased net positive charge of C1 (+0.194) in comparison to the other present carbon 

atoms. 

The electrostatic potential map (Figure 4.20b) indicates a significant part of intermediary 

electrostatic potential regions, whose colours are not completely green or completely purple, 

in the structure of the investigated molecule. This effect is explained by the nature of observed 

bonds in the structure of β-D-glucopyranose as well as in the structure of the other selected 

monosaccharides, which is covalent polar. Meanwhile, the polarity of the O—H bonds is 

higher than the polarity of C—O bonds – Δχ
OH = 1.4 > Δχ

CO = 1.0. 
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The total dipole moment of the β-D-glucopyranose molecule is 1.639 D, with the highest 

contribution from the X and Z vector components (Figure 4.20a). 

The electrostatic potential surfaces of the other investigated monosaccharides have the 

character similar to the one of β-D-glucopyranose and are demonstrated in the supplementary 

material of Paper IV. 

With regard to the coagulant, according to Paper III, prepolymerized aluminium 

chloride with the medium basicity (OH/Al 1.3) exhibited the best potential to mitigate fouling 

in BF-MBR system at the optimum pH range 5.5–6, which was mainly attributed to the 

highest bearing charge concentration among the studied species.  

Based on the discoveries by Sarpola [169,170] and the findings of different research 

teams [171–176], described in detail in Paper IV, the present study assumed that during 

coagulation applying the prepolymerized aluminium chloride with medium basicity the open 

structure of Al13 complex in the form of [Al13O4(OH)29]
2+ plays the most crucial role in the 

reactions with the oppositely charged foulants. 

The planar open structure of the Al13
3+ complex, introduced by Sarpola [169], was taken 

as the basis for building Al13
2+. Meanwhile, the geometry optimisation analysis conducted in 

the present work indicated, that the minimum of potential energy can only be reached if the 

molecule has a non-planar conformation, as represented in Figure 4.21. 

 

(a) 

 

(b) 

Figure 4.21 Molecular structure of the Al13
2+ complex: (a) electrostatic potential (e/a0), mapped onto an 

isosurface of total electron density of 0.018 e/a0
3; (b) the marked aluminium atoms and their corresponding 

numbers, which were chosen for the simulations. From Paper IV. 
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According to the electrostatic potential map, represented as the isosurface of the Al13 

complex (Figure 4.21a), the bright green colour indicates the regions of low electron density, 

net positive charge, and positive electrostatic potential (the aluminium atoms); whereas the 

bright purple colour points to the areas of high electron density, and thus net negative charge 

and negative electrostatic potential (the oxygen atoms). The entirely green and entirely purple 

regions, with no regions of intermediary electrostatic potential on the electrostatic potential 

map, indicate a significant differences in the electron density at the aluminium and oxygen 

atoms, and hence the ionic nature of observed bonds in the structure of Al13 complex, which 

is confirmed by the polarity of the O—Al bonds (Δχ
AlO

) equal to 2 (χ
O
=3.5, χ

Al
=1.5 on the 

Pauling scale).  

As shown in Figure 4.21a, all aluminium atoms, except for the central tetrameric 

aluminium, are the potential active centres during the interaction with the foulants. However, 

based on the charge balance calculations, Al no 64 (Figure 4.21b) has a slight net negative 

charge (-0.023), and Al no 67 has almost no charge (0.004); thus, both are less likely to 

participate in the reactions. Hence, the aluminium atoms, highlighted with the light green 

colour in Figure 4.21b, are the potential active centres of the Al13 complex.  

The total dipole moment of the Al13 complex is 7.25 D. The analysis of the components 

of the total dipole moment demonstrates the maximum contribution from the Z vector 

component (Figure 4.21b).  

It was decided to investigate the Al13-monosaccharide complex formation through the 

double-O-ligand coordination since the formed structure would contain an additional ring 

system with the delocalised π-electrons, that would potentially contribute to its stabilisation. 

Based on the structural peculiarities of the selected monosaccharides, the formation of the 

Al13-monosaccharide complexes can occur through the following pairs of the carbon atoms 

with the adjacent oxygen atoms:  

1) C1-C2, C1-C6, C4-C6, C1-C3 for the aldoses and uronic acid (β-D-glucopyranose, β-D-

galactopyranose, β-D-mannopyranose, and α-D-glucopyranuronic acid); 

2) C1-C2, C1-C4, C2-C3, C1-C3 for the deoxy sugars (β-L-rhamnopyranose and β-L-

fucopyranose); 

3) C1-C2, C2-C3, C3-C5, C1-C3 for the pentose (α-L-arabinofuranose); 

4) C1-C6, C1-C4, C4-C6, C1-C3 for the aminosugar (β-D-glucosamine).  

The aluminium atoms in the Al13
2+ complex, which can potentially participate in the 

interaction with the listed active centres of monosaccharides, are marked in green in 

Figure 4.21b. 



 66 

 

The Gibbs energy change is the main indicator of the spontaneity in chemical reactions, 

i.e., the criterion for the direction of the spontaneous processes, at constant pressure and 

temperature [177].  

The thermodynamic parameters of formation of the individual monosaccharides, Al13
2+ 

complex, and the relevant products of the reaction between them (i.e., Al13-monosaccharide 

complexes) ― standard enthalpy change (∆Ho
f), standard entropy (So

f), and standard Gibbs 

energy change (∆Go
f) were determined through the series of quantum chemical calculations 

by using semi-empirical PM3 method. This analysis was followed by the calculation of the 

standard enthalpy change (ΔHo), standard entropy change (ΔSo), and standard Gibbs energy 

change (ΔGo) of the reaction between the selected monosaccharides and Al13
2+ complex, 

performed according to Equations (3.14)–(3.17). The obtained results with regard to the 

standard Gibbs energy change of the process are represented in Figure 4.22.  

 
(a) 

 
(b) 

 
(c) 

Figure 4.22 Cont. 
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(d) 

Figure 4.22 The development of the Gibbs energy change of formation of Al13-monosaccharide complex 

depending on the active centres of the solvated Al13
2+ complex and monosaccharide for the double-O-ligand 

coordination of the following monosaccharides: (a) β-D-glucopyranose, β-D-galactopyranose, α-D-

glucopyranuronic acid, and β-D-mannopyranose; (b) β-L-rhamnopyranose and β-L-fucopyranose; (c) α-L-

arabinofuranose; (d) β-D-glucosamine. (Notes: “carb” stands for carbohydrate; the first two numbers in the name 

of a complex are related to the pair of the carbon atoms with the adjacent oxygen atoms in the structure of the 

relevant monosaccharide, which participate in the coordination, and the second two numbers stand for the 

numbers of the aluminum atoms (active centers) of the Al13 complex, which interact with the above-mentioned 

oxygen centers of the monosaccharide.). From Paper IV. 

The analysis of the acquired charts (Figure 4.22) demonstrates that all of the processes, 

which result in the formation of the suggested Al13-monosaccharide complexes, have a 

negative standard Gibbs energy, which indicates that the processes of their formation are 

spontaneous, and hence thermodynamically favourable. Meanwhile, the extent of 

thermodynamic stability of the formed Al13-monosaccharide complex highly depends on the 

active centres of the monosaccharides and the Al13
2+ complex, which participate in the 

chemical coordination process, and the nature of the monosaccharide. The following 

complexes (marked with the dark red ovals in Figure 4.22) were identified as the most 

thermodynamically stable since they exhibited the highest negative values (with regard to 

every considered monosaccharide as the reactant) of standard Gibbs energy change: 4,6 

GlcUA, Al 69,73 (ΔGo = -1398.87 kJ/mol); 1,6 Glc, Al 62,37 (ΔGo = -1085.82 kJ/mol); 1,6 

Gal, Al 54,65 (ΔGo = -1075.71 kJ/mol); 1,6 Man, Al 69,73 (ΔGo = -1353.75 kJ/mol); 1,2 Rha, 

Al 23,10 (ΔGo = -1067.79 kJ/mol); 1,2 Fuc, Al 54,65 (ΔGo = -1080.55 kJ/mol); 1,3 Ara, Al 

69,62 (ΔGo = -1215.10 kJ/mol); 4,6 GlcN, Al 69,73 (ΔGo = -1068.35 kJ/mol).  

The standard entropy change and enthalpy change of the processes resulting in the 

formation of the investigated Al13-monosaccharide complexes are demonstrated in 

supplementary material in Paper IV.  

According to Equation (3.17), the most favourable condition for the formation of any 

compound is established if ΔH < 0 and ΔS > 0, which indicates that this process of formation 

can occur spontaneously at any given temperature. As shown in Paper IV, ΔSo of the 

processes of formation of all of Al13-monosaccharide complexes is negative, which can be 
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explained by the fact that the spontaneous association of such reactants as monosaccharide 

and the Al13
2+ complex gives the rise to a more compact/organised structure [177]; whereas 

the processes of their formation are highly exothermic (ΔHo < 0). In this case, there is a 

competition between the entropy (the level of disorder of the system) and enthalpy factors: 

the first parameter facilitates the reversible process (complex decomposition), while the latter 

one favours the forward reaction (complex formation) [178]. High negative values of ΔGo for 

all investigated processes (Figure 4.22) resulted from the dominance of the enthalpy factor at 

the standard temperature, meaning that this temperature (T=298.15K) is low enough to 

facilitate the formation of the Al13-monosaccharide complex (T < ΔHo/ΔSo). However, at very 

high temperatures (T > ΔHo/ΔSo), the process of complex formation will not occur 

spontaneously.  

Based on the above-mentioned findings, the mechanisms of the chemical coordination of 

the selected monosaccharides to the Al13 complex were established (demonstrated in 

Paper IV). 

The potential factors, which facilitate the mechanisms of the interaction between the 

monosaccharides and Al13 complex by positively contributing to the stabilization of the Al13-

monosaccharide coordinated complexes, can be: The steric effects and the polarization of Al 

active centers towards the Oi–On atoms of the monosaccharide. However, the role of the 

stabilizing factors in the formation of Al13-monosaccharide complexes should be the subject 

of further investigation. 

The partial least squares analysis (PLS) of the obtained data was conducted, using the 

standard entropy change (ΔS
o
) and enthalpy change (ΔHo) of the investigated processes of 

formation of the Al13-monosaccharide complexes as the predictors (X-variables) and the 

standard Gibbs energy change of these processes as the response function (Y-variable).  

The obtained model underwent random cross-validation. The number of PLS factors was 

chosen according to the explained variance. 

The results obtained during the PLS analysis are represented in Figure 4.23. 

  



 69 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 
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(f) 

 
(g) 

Figure 4.23 ��������������������������������������������������������������������������������������������������
thermodynamic calculations: (a) �����������������������������������;�(b) scores plot with the sample grouping 
according to ΔH

o;�(c) scores plot with the sample grouping according to ΔS
o;�(d) scores plot with the sample 

grouping according to ΔG
o;�(e) �������������������������;�(f) �����������������������������;�(g) standard Gibbs 

energy change prediction model (validation plot). �����Paper IV. 

ΔG Δ ΔS
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As revealed during the analysis, the first two factors in total describe 100% of the 

variance in the dataset for x and y.  

The scores plot demonstrates no clear clusters of similar samples as shown in 

supplementary material in Paper IV, which can be explained by a large number of categorical 

variables. Meanwhile, the samples marked with the dark red oval, which are located leftmost, 

in the third quadrant of the scores plot (Figure 4.23a), mostly exhibit the highest negative 

standard enthalpy change (∆H
o
) and Gibbs energy change (∆G

o
) — -1610–(-1442) kJ/mol and 

-1399–(-1229) kJ/mol, respectively, which was indicated by the results of the data-driven 

sample grouping (Figure 4.23b,d) and the correlation loadings plot (Figure 4.23e). These 

samples indicate the most thermodynamically stable complexes [177], the majority of which 

are formed by α-D-glucopyranuronic acid and the Al atoms no. 69, 73; 62, 37; and 69, 62 of 

the Al13
2+ complex (specified in detail in Paper IV). The data-driven sample grouping was 

automatically conducted by equally dividing the band of the values of the targeted 

thermodynamic parameters in the whole range between the upper and lower limits into six 

groups, shown in Figure 4.23b–d.  

According to the PLS correlation loadings plot (Figure 4.23e), Factor-1 accounts for the 

standard enthalpy change (∆H
o
) and the Gibbs energy change (∆G

o
), while Factor-2 mainly 

describes the standard entropy change (∆S
o
). All of the variables explain more than 50% of 

the variance, and hence have high importance in relation to Factor-1 and Factor-2. ∆H
o
 has a 

high positive correlation with ∆G
o
 and both are negatively correlated with ∆S

o
 along Factor-

1. The explained variance plot (Figure 4.23f) indicates that the optimum number of factors is 

one, which provides 98.9% of the explained Y-variance.  

The analysis of the validation plot (Figure 4.23g) indicates that the developed model has 

a linear trend R-squared = 0.99, is reliable (R-squared (Pearson) = 0.989, the R-squared 

correlation = 0.995, the Root Mean Square Error of Cross-Validation (RMSECV) = 

16.94 kJ/mol, and the standard error of cross-validation (SECV) = 16.97 kJ/mol), has a good 

fit for the majority of the data (slope = 0.987), and does not tend to over- or underestimate the 

validation values (bias 0.2).  

The stability and applicability limits of the partial least squares (PLS) model were 

checked through the case scenarios based on the addition of the proportional and additive 

noise to both the predictors and response function, which was described in Paper IV. The 

results indicated that this model can be used, not merely for the computational results, but 

also for the experimentally-obtained data with the maximum noise, which affects the 

instrument amplification, 6%; and the maximum standard deviation for the noise, which 
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affects the measurement signal, equal to 14, imposed on all the investigated variables (∆H
o
, 

∆S
o
, ∆G

o
). 

The cluster analysis was conducted based on the Y-scores for the latent variables, Factor-

1 and Factor-2, acquired during the PLS analysis in order to screen out the noise of the raw 

data and use the prevailing differences of the most and least thermodynamically stable 

complexes. The classes were generated from the scores by applying a hierarchical complete-

linkage clustering method and the squared Euclidean distance as the dissimilarity function. 

The obtained results are represented in Figure 4.24.  

 

 

 

 

 

Figure 4.24 Dendrogram plot acquired during the cluster analysis based on the scores of PLS (the samples, 

highlighted with the red and blue rectangles, make up the red and blue clusters of the dendrogram, respectively; 

the samples are located on the y-axis of the dendrogram in the same order as in the columns in the rectangles). 

From Paper IV. 

The acquired dendrogram visualizes the clustering (Figure 4.24), which corresponds to 

the Y-scores in the four quadrants of Figure 4.23a–d. Six classes can be identified at a higher 

resolution (a relative distance of around 0.8) (Figure 4.24), which correspond to the six groups 

of the standard Gibbs energy change in the scores plot, generated during the data-driven 

sample grouping (Figure 4.23d).  

However, at a lower resolution (a relative distance of around 4.9), merely two classes can 

be identified (Figure 4.24). The red cluster is characterized by the samples with high values 

of Factor-1 and generally low values of Factor-2. The corresponding samples were marked 

with the black circles in Figure 4.23a–d. This position of these marked samples on the scores 
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plot indicates that they are characterized by the low negative values of the standard enthalpy 

change (∆H
o
) and Gibbs energy change (∆G

o
), and the predominantly high negative values of 

the standard entropy change (∆S
o
). Hence, the complexes, which make up the red cluster, are 

less thermodynamically stable. The blue cluster represents the scores with low values of 

Factor-1, i.e., the corresponding samples are characterized by the relatively high negative 

values of ∆H
o
 and ∆G

o
 (all of the samples, which do not have the black-circle mark in 

Figure 4.23a–d). Hence, the complexes, which constitute the blue cluster, are more 

thermodynamically stable. The location of the scores of the certain sequence numbers, which 

make up each cluster shown in the dendrogram, can be found in the scores plot with no sample 

grouping (Figure 4.23a).  

The described clusters, generated by cluster analysis, represented the Al-monosaccharide 

complexes, which are more or less liable to decompose during coagulation and can be 

assigned to the categories “Less stable” and “Stable”, respectively. 

Discussion 

Paper IV was focused on the development of the two-stage supervised classifier. The 

classifier is based on the following steps: (1) the PLS analysis on the raw thermodynamic 

characteristics of the formation of Al13-monosaccharide complexes; (2) the subsequent use of 

the generated scores for the hierarchical cluster analysis (path (1) in Figure 4.25); and (3) the 

manual detection of the samples from each cluster in the scores plot with the sample grouping 

with respect to the response function, ∆Go (Figure 4.23d), and their analysis according to the 

correlation loadings plot of the PLS (Figure 4.23e) as demonstrated by path (2) in Figure 4.25. 

The last step results in classifying the samples according to the variables into two clear groups, 

i.e. defining the threshold in the scores plot between the thermodynamically stable and less 

stable species (the red dashed line in Figure 4.23b,d). In other words, the identification of the 

cluster’s location in the scores plot and its analysis according to the location of the variables 

in the correlation loadings plot make it possible to understand, what the clusters, generated by 

cluster analysis, stand for. 
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Figure 4.25 Flowchart of the development of a classification model for the continuous online discrimination of 

the thermodynamically stable and less stable species as a result of the chemical flux enhancement in BF-MBR. 

In addition, the use of the Y-scores of the PLS for the cluster analysis helps to screen out 

the noise of the raw data, which, however, was not the issue in the present study due to the 

accurately determined thermodynamic parameters of the investigated system.  

The other alternative to the two-stage calculation approach, described above, is PLS 

Discriminant Analysis (PLS-DA), applying the “winner-takes-all-strategy”, described by 

Torgersen [55]. However, this approach typically requires manual analysis, and thus is less 

favourable.  

Validation of the PLS model was performed applying the following methods: (1) cross-

validation, described in Paper IV; and (2) the test matrix validation by keeping the randomly 

chosen 1/3 of the data out of the model and running the model using 2/3 of the data with the 

subsequent prediction of the excluded 1/3 of the data (new data) based on the produced model. 

The cross-validation provides a reasonable estimation of the stability and accuracy of the 

model; whereas the prediction set provides the prediction of the new data (not included in the 

model) based on the generated model. Thus, the test matrix validation (prediction set) 

duplicates the real-life conditions, when the new data, generated in the filtration system, needs 

to be analysed. Eventually, the model mapped by 2/3 of the data provided the same results as 

the cross-validated model with the difference in values of R-squared, R-squared (Pearson), 

and R-squared correlation equal to 1% between two models. Hence, it can be concluded that 

the cross-validation and prediction sets give relatively the same results in the current study.  

The analysis of the dendrogram, generated by the cluster analysis of the raw data (not 

shown in this work), indicated that at low resolutions (relative distance ≥ 5.1) the same classes 

with the same samples, as in the case of the classes from the cluster analysis on the PLS Y-

scores at a relative distance ≥ 4.9 (Figure 4.24), were recognized. This observation means that 

the data mining based on PLS, which is followed by the cluster analysis of the Y-scores, can 
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Data mining  
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be bypassed during the conventional monitoring in the automated system, and the classifier 

can be applied directly to the raw data (i.e., unsupervised hierarchical cluster analysis, marked 

with the green arrow in Figure 4.25). Nevertheless, the two-stage supervised classifier is still 

required in order to get feedback from the system to check if the model needs to be 

revised/adjusted with respect to the new incoming data via the PLS and cluster analysis of the 

Y-scores.  

The present research provides the bridge from the chemometric multivariate analysis and 

supervised learning to machine learning, which is gaining momentum worldwide [179].  

The implication of the findings  

The developed PLS model is the core of the soft sensor for membrane fouling assessment 

and prediction based on the chemical coordination of the SMPc to the Al13
2+ complex during 

the application of prepolymerized aluminium chloride of medium basicity as a chemical flux 

enhancer in BF-MBR.  

By introducing the relationship―fouling as a function of Gibbs energy change, the 

developed in Paper IV strategy helps to partially computerize the stage of the coagulant 

testing with regard to their flux enhancement efficiency in BF-MBR, thus reducing the 

demand for time- and resource-consuming experiments. 

The combination of the thermodynamic analysis with the unsupervised hierarchical 

cluster analysis (CA of the raw data) allows for the implementation of the online monitoring 

and prediction of the reduction of the mixed liquor fouling propensity based on the 

thermodynamic parameters of the system. After adding the flux enhancer, the thermodynamic 

parameters of the system can be determined by the differential scanning calorimeter and 

subsequently transferred to the unsupervised classifier for the continuous discrimination of 

the thermodynamically stable and less stable Al13-monosaccharide complexes. As a result, 

depending on the percentage of the less thermodynamically stable species, the decision on 

adding the flocculant/adsorbent can be taken. Meanwhile, the two-stage supervised classifier 

will keep the model revised in terms of new incoming data, which will help to maintain a 

“smart” classification during the operational routine of the BF-MBR system.  

With regard to the chemical coordination of the protein, i.e., O atoms in the COOH group 

of the amino acid strands in its skeleton, to the Al13
2+ complex, this process can potentially 

take place via donor-acceptor mechanism, but is less likely to occur due to the electrostatic 

repulsive effect of –NH3
+ groups, which drastically weakens the strength of their 

complexation to Al (III) [180].  
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This evidence, together with the value of isoelectric point of the SMP proteins (pH 5.5–

7), suggests that amino acids in the protein structure, and hence proteins of the SMPs, are less 

likely to interact with the Al13
2+ molecule in the pH range of 5.5–6. Therefore, amino 

acids/proteins of the SMPs, i.e. SMPp, can be excluded as the influencing factor during the 

measurement of the thermodynamic properties of the analysed system after the dosing of 

prepolymerised aluminium chloride with medium basicity. Nevertheless, it is worth noting, 

that due to the complex nature of the wastewater, the chemical coordination of other 

compounds to the Al13
2+ complex might take place, which can slightly influence the obtained 

measurement. In this case, after the identification of such compounds and quantum chemical 

and thermodynamic calculations, the relevant data can be added to the two-stage supervised 

classifier to revise the employed model.  

In the study by Fernandez de Canete et al. [181], PCA in combination with the adaptive 

neural network was successfully used for the online prediction of the effluent characteristics 

in the conventional activated sludge system. According to Choi and Park [182], the integration 

of the PCA with the artificial neural network into the hybrid model for the prediction of the 

influent wastewater parameters in the biological wastewater treatment system improved the 

prediction accuracy of the artificial neural network and mitigated its sensitivity to noise. 

Hence, further development of the data-driven sensor based on the partial least squares-

artificial neural network (PLS-ANN) hybrid model using the PLS models, developed in Paper 

III and Paper IV, has the potential to advance process control in the coagulant-assisted BF-

MBR. 
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5. Conclusions and Outlook 

The current research integrated experimental design, data mining, quantum chemical and 

thermodynamic analysis, and cluster analysis into the mechanistic-statistical approach to 

optimization and process control of fouling mitigation in the coagulant-assisted biofilm 

membrane bioreactor (BF-MBR). This approach implies the development of the core models 

for membrane fouling assessment, prediction, and control based on the mechanisms of flux 

enhancement during the coagulant addition in BF-MBR4.  

The analysis of the latest literature reports revealed that soluble microbial products 

(SMPs), particularly polysaccharides (SMPc), and floc-bound extracellular polymeric 

substances (EPSs) play the key role in fouling development in the membrane bioreactor 

(MBR) and biofilm membrane bioreactor (BF-MBR) systems designed to treat 

domestic/municipal wastewater, and hence are the targeted foulants. The specified foulants 

cause the formation of gel, cake layers on the membrane surface and pore blockage, and thus 

are primarily responsible for the reversible, irreversible, and irrecoverable membrane fouling, 

suggesting, that the regular physical cleaning is not enough to completely recover 

permeability of the fouled membrane. The addition of coagulants was revealed to be among 

the most promising strategies for fouling mitigation. The following mechanisms of coagulant 

action with regard to flux enhancement in MBR were identified by the previous studies: 

enhancement of adsorption/charge neutralization, reduction of SMPs level in mixed liquor, 

increase of the mean floc size, increase of the mixed liquor relative hydrophobicity, and 

reduction of the specific cake/gel layer resistance. The outlined mechanisms of coagulant 

action can be the “navigator” for the selection of the representative parameters of the mixed 

liquor fouling propensity during chemical flux enhancement in BF-MBR systems, which was 

verified at the further stages of this research. 

• The presented outline of the principal mechanisms of action of the selected 

chemical additives may guide future efforts to think up and apply the concept of 

flux enhancement based on the use of coagulant–flocculant pairs in MBR, which 

will act via the combination of the respective fouling reduction pathways. 

BF-MBR system is the advancement of MBR technology with regard to fouling 

mitigation. The application of the PLS analysis of the membrane fouling patterns in the BF-

MBR pilot system without coagulant addition allowed for the development of the fouling 

mitigation approach, which encapsulated the relationship between the significant mixed liquor 

                                                                    
4 Recommendations for further research and practical implications are provided in bullet points  
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characteristics, membrane fouling indicators, and the operational conditions in BF-MBR. 

Thus, the developed approach allowed for assessment and prediction of the system 

performance with regard to fouling development and provided the tools for influencing it. The 

average normalized permeability was found to be the most reliable indicator of fouling 

intensity in the system. The developed PLS models along with the introduced critical SRT 

(31 days) allowed for the adjustment of the operational conditions of the BF-MBR system 

according to the mixed liquor characteristics. As a result, membrane filtration was kept 

outside the region of the critical fouling development with high recovery of membrane 

permeability after physical and chemical cleanings: 88–126% and 158–182%, respectively. 

Besides, stable treatment efficiency was provided independently from the fluctuations in the 

membrane separation part.  

• The developed procedure can serve as the performance evaluation protocol for 

the decentralized BF-MBR systems. 

• The possibility of development of the soft sensor for the prediction of CODdis 

based on the automated MLSS monitoring in MBBR and MBR chambers should 

be explored. 

During the comparative study of the Al- and Fe-based coagulants as membrane flux 

enhancers for the BF-MBR system, prepolymerized aluminum chloride coagulants provided 

the greatest extent of fouling mitigation at the dose 1.1–1.9 µmolAl/mgSS, by affecting the 

charge, hydrophobicity, and size of flocs, and SMPs content of the system. The observed 

efficiencies correspond 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 in comparison to this system without the coagulant dosing. The necessity 

of the pH adjustment for the efficient flux enhancement was substantiated. The optimum pH 

levels and dosages with regard to flux enhancement efficiency of every coagulant were 

determined. 

Statistical prediction of the mixed liquor fouling propensity and the determination of the 

principal mechanisms of flux enhancement during the coagulant addition in the BF-MBR 

system was performed by applying PLS analysis. According to the obtained results, coagulant 

efficiency was primarily attributed to the dominance of a complex adsorption/charge 

neutralization mechanism of the removal of floc-bound EPSs in the BF-MBR, giving the best 

results in the case of prepolymerized aluminum chloride with medium basicity (OH/Al 1.3), 

characterised by the highest bearing charge.  
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As a result of the PLS analysis, the fouling prediction model for early warnings and 

process control for the coagulant-assisted BF-MBR was developed and validated, which was 

based on the electrostatic double-layer interactions between the floc-bound EPSs and the 

studied coagulants. The analysis of the model also provided the tools for the investigation of 

the prevailing mechanisms of coagulant action. 

The analysis of the two-level factorial design, which allowed for considerable reduction 

of the required experiments, provided the models and the levels of the factors for optimization 

of membrane filtration using the prepolymerized aluminium chloride with medium basicity 

in BF-MBR. The significance of MLSS, coagulant dose, temperature, pH, and their 

interaction factors in the filtration processes and the vital tendencies in factorial interactions 

were revealed. The models will help to minimize the adverse effect of low influent sewage 

temperatures, caused by climate change, by adjusting sludge retention time, pH, and coagulant 

dose in the membrane separation chamber of the BF-MBR system.  

• Apart from zeta potential measurements, no additional testing is required to 

evaluate the fouling alleviation propensity of the new inorganic coagulants with 

regard to the floc-bound EPSs removal in the BF-MBR system, which will help 

to simplify the testing procedure and bring the technology to the next level.  

• The integration of the developed PLS model and the recurrent fuzzy neural 

network in the supervised intelligent detecting system for the online detection of 

membrane fouling in BF-MBR should be explored. 

• The possibility of coagulant dosing in the MBBR part and the effect of the 

application of the optimum coagulant in pairs with organic flocculants in BF-

MBR should be checked. 

Polysaccharides in the structure of SMPs (i.e, SMPc) were recognized as the major 

foulants in MBR and BF-MBR systems, whereas the Al13
2+ complex was identified as the 

major hydrolysis species of the prepolymerized aluminium chloride with medium basicity at 

pH 5.5–6. The analysis of the electrostatic potential maps allowed for the determination of 

the active centers of the monosaccharides, which are the basic building blocks of 

polysaccharide molecules, and the Al13
2+ complex. Based on quantum chemical and 

thermodynamic calculations, the principal mechanisms of the interactions between the 

selected monosaccharides and the Al13
2+ complex were determined.  

The incorporation of the results of quantum chemical and thermodynamic analysis into 

the PLS analysis enabled the development of the model for membrane fouling assessment and 
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prediction based on the thermodynamic properties of the chemical coordination of the SMPc 

to the Al13
2+ complex during chemical flux enhancement in BF-MBR.  

Cluster analysis of the raw (statistically unprocessed) thermodynamic parameters of the 

system was the basis for the development of an unsupervised classification model for the 

continuous online discrimination of the thermodynamically stable and less stable Al13-

monosaccharide complexes formed during coagulation in BF-MBR. Moreover, by combining 

the PLS model and cluster analysis, a two-stage supervised classifier was developed, designed 

to keep the above-mentioned (unsupervised) model revised in terms of new incoming data, 

which will help to achieve a well-timed adaptive process control in the BF-MBR system.  

• The quantum chemical and thermodynamic calculations for the prediction of the 

coagulant efficiency with regard to the SMPc removal can substantially reduce 

the number of the required experiments for the coagulant selection.  

• The role of the stabilizing factors in the formation of Al13-monosaccharide 

complexes requires further investigation. 

• Efforts should be directed at studying the thermodynamic properties of the 

interaction of the Al13
2+ complex with the monosaccharide–amino acid network 

assemblages.  

To sum up, the results of the present thesis will contribute to the advancement of the 

system operation and performance and reduce the required experiments and unexpected 

operational costs. In addition, the present research broadened the knowledge on membrane 

fouling modelling and developed a more progressive mechanistic-statistical approach to 

process control in BF-MBR. The results of the study are practically significant for the 

development of the data-driven sensor based on the partial least squares-artificial neural 

network (PLS-ANN) hybrid model for the process control in the coagulant-assisted BF-MBR.  
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Synopsis of the appended papers  

The following is a brief summary of each paper. 

Paper I: State of the art on membrane fouling, its prevention, and control in membrane 

bioreactor  

Membrane fouling is the key bottleneck towards further expansion of MBR technology. 

It is a complex phenomenon, whose nature and mitigation still require intensive 

investigations. Polysaccharides are the primary membrane foulants in MBR and BF-MBR. 

Proteins and humic substances contribute to membrane fouling mainly via the interaction with 

the polysaccharides. All together they make up a large group of foulants defined as the soluble 

microbial products (SMPs). SMPs, together with extracellular polymeric substances (EPSs) 

(the latter are of bound/particulate nature), are considered the main foulants. The foulants 

cause reversible, irreversible, and irrecoverable membrane fouling, which helps to distinguish 

a suitable cleaning approach (if applicable). The modification of the mixed liquor 

characteristics by applying coagulants, flocculants, bio-flocculants, adsorbents, and 

ozonation, are the promising directions of membrane fouling mitigation in MBR and BF-

MBR. Many bacterial solid surfaces have readily ionizable or active functional groups, which 

facilitates their interaction with coagulants, flocculants, and bio-flocculants. The application 

of Al- and Fe- based coagulants as flux enhancers is among the most promising approaches 

to the reduction of the mixed liquor fouling propensity. Al- and Fe-based coagulants exhibited 

a significant improvement of filtration performance in MBR systems by acting according to 

the following mechanisms of fouling mitigation: enhancement of adsorption/charge 

neutralization, increase of relative hydrophobicity and mean size of the floccules, reduction 

of SMPs level in mixed liquor, and increase of cake porosity/inhibition of gel layer formation. 

Bridging the gap in process control of the MBR and BF-MBR, including flux enhancement 

part is as an important and perspective direction of future research.  

Paper II: Statistical approach to the assessment of membrane fouling patterns and 

fouling control in biofilm ceramic membrane bioreactor 

Biofilm membrane bioreactor (BF-MBR) is the advancement of the existing MBR with 

regard to the reduced predisposition to membrane fouling. BF-MBR employs the 

incorporation of the biofilm inoculated on the suspended carriers prior to the membrane 

filtration. Despite the advantages, BF-MBR is still affected by membrane fouling. The 

following knowledge gaps in the development of BF-MBR systems could be singled out: 
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there was no complete statistical investigation of the interrelation between operating 

parameters, fouling development, and mixed liquor characteristics; whereas a controversy 

over the influence of the selected mixed liquor parameters on the fouling intensity was 

apparent. Besides, there was a lack of research data on the application of the partial least 

squares (PLS) analysis to characterization of the processes in the biofilm membrane 

bioreactor. Paper II provides the development of the chemometric approach to the assessment 

of membrane fouling, its monitoring, and control in the BF-MBR with the ceramic 

membranes, which encapsulated the relationship between the significant mixed liquor 

characteristics (CODdis, MLSS, and SVI), membrane fouling indicators (the average 

normalized permeability), and the operation conditions (sludge retention time (SRT), intensity 

of sludge recirculation, and net and gross permeate fluxes). The developed validated models 

were used to adjust operational parameters of the BF-MBR pilot system during 114 days of 

operation according to the characteristics of mixed liquor, keeping fouling development 

below the critical limits. 

Paper III: Strategy for Flux Enhancement in Biofilm Ceramic Membrane Bioreactor 

Applying Prepolymerized and Non-prepolymerized Inorganic Coagulants based on the 

mechanisms of EPSs removal 

An overview of the cutting-edge research works reveals limited studies and controversial 

results on chemical flux enhancement and its mechanisms applying the inorganic coagulants 

in the biofilm membrane bioreactor. No studies were reported on the use of multivariate 

statistics to assess fouling mitigation potential of the coagulants and mechanisms of their 

action; or filtration optimization in the BF-MBR systems. Paper III introduced the concept 

of chemical flux enhancement in the BF-MBR based on complex adsorption/charge 

neutralization mechanism of the floc-bound EPSs removal. The analysis was based on the 

comparative study of prepolymerized and non-prepolymerized inorganic coagulants as flux 

enhancers, applying the PLS analysis for the investigation of the membrane fouling control 

and its mechanisms. In addition, a two-level factorial design of the experiment for 

optimization of membrane filtration in BF-MBR system was developed. Research results 

substantiated the necessity for 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. The results indicated that, in contrast to the non-prepolymerized 

coagulants, prepolymerized aluminium coagulants were much more efficient with respect to 
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flux enhancement. The prepolymerized aluminium chloride with medium basicity 

demonstrated the greatest extent of fouling alleviation among the tested coagulants.  

Paper IV: Monitoring and prediction of the chemical coordination of the SMPc to the 

coagulant active species during chemical flux enhancement in BF-MBR  

The processes taking place in the MBR and BF-MBR system after adding the coagulants 

as flux enhancers still partly remain a black box due to their complexity and rapidness. The 

electrosurface phenomena, described by the theories of double layer and electrostatic 

interactions, are not applicable to the explanation of the interactions between the SMPs in the 

form of solutes/macromolecular sols and the soluble hydrolyzed coagulant species. SMPs, 

particularly SMPc (carbohydrate fraction of soluble microbial products), exhibit a higher 

contribution to membrane fouling than the colloidal matter. The polysaccharides (designated 

as SMPc) are the dominant species in SMPs, being responsible for the reversible, irreversible, 

and irrecoverable membrane fouling. The concept, presented in Paper IV, provides 

physicochemical and statistical verification of the reasons for the observations on the SMPc 

removal, which were obtained during the filtration tests in coagulant-assisted BF-MBR, 

conducted in the previous study. According to the results, the investigation of the chemical 

coordination processes is among the key approaches to the comprehension of the SMPc 

removal mechanisms in BF-MBR. Paper IV introduces the relationship — fouling as a 

function of the standard Gibbs energy change, which is able to provide the optimum solution 

for the selection of the chemical flux enhancer in MBR and BF-MBR at the lowest cost. The 

mechanisms of the most thermodynamically favourable interactions between the Al13
2+ 

complex and the monosaccharides were defined based on the results of the quantum chemical 

and thermodynamic analyses. They were followed by the PLS and cluster analyses, which are 

the basis for developing a classifier that enables continuous discrimination of the 

thermodynamically stable and less stable Al13-monosaccharide complexes depending on the 

coagulant type and content of the monosaccharide species in mixed liquor. The acquired 

results are the basis for the automated process control with regard to SMPc removal during 

chemical flux enhancement with the aid of coagulants in the BF-MBR systems. 
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State-of-the-art of membrane flux enhancement
in membrane bioreactor
O. Kulesha1,2*, Z. Maletskyi1 and H. Ratnaweera1

Abstract: Membrane bioreactor (MBR) is a progressive alternative to conventional
waste-water treatment. However, membrane fouling is one of the most significant
barriers to further development of the MBR technology since it has a detrimental
effect on system performance and stability. Therefore, a number of studies have
been developed to comprehend the fouling nature and distinguish the effective flux
enhancers, so as to develop a highly effective fouling control strategy. Key findings
of these studies are summarized in the current review. Polysaccharides, proteins
and humic substances tend to play the prime role in inducing fouling. The main
factors affecting fouling behaviour in MBRs are membrane characteristics, mem-
brane operation conditions and activated sludge properties, and recent evidence
points out that the modification of the biomass characteristics with the use of
chemical agents and adsorbents is among the most efficient fouling-hindering
techniques. The current review not only aims to provide a comprehensive overview
of the up-to-date methods of fouling alleviation using membrane flux enhancers in
MBR but also intends to shed light on the mechanisms of their action, which,
together with the experience of previous findings, can be the basis for developing a
new advanced fouling mitigation strategy.
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1. Introduction
Excellent nutrient removal efficiency, compactness, complete biomass retention without a sec-
ondary clarifier, together with low carbon footprint increase the competitiveness of membrane
bioreactor (MBR) technology in municipal and industrial waste-water treatments. In addition,
stringent environmental regulations and shift of the waste-water management paradigm towards
the circular economy, resulting in high-quality effluent requirements, will drive the expansion of
the global MBR market to 8.27 USD billion by 2025 (Research and Markets, 2014).

Risk of high operating costs, primarily attributed to membrane fouling, and the need for skilled
technical support, able to deal with fouling events, are the main restraints to the further penetra-
tion of MBR into cost-sensitive markets, including small communities and developing countries.
Straightforward decrease of membrane flux in order to alleviate fouling will increase the capital
investments due to the rising demand in the membrane area and therefore is not a market-wise
solution.

Membrane fouling in MBR has been a subject of numerous academic studies, focused on fouling
mechanisms and prevention and control strategies, which also represents the practical interest of
the waste-water treatment industry (Gkotsis, Banti, Peleka, Zouboulis, & Samaras, 2014). According
to the Web of Science, the number of publications related to “MBR” and “fouling” is over 1700, with
average citation rating 14.8, including major contributions from China—601 papers, USA—154
papers and Australia—157 papers. All these studies pursue one goal—to improve the understand-
ing of fouling mechanisms: current challenges, research needs and to provide practical inputs on
fouling mitigation for the industry.

Several comprehensive analytical reviews, published the since early 2000s, have summarized
studies on membrane fouling in MBR (Table 1). According to the Scopus, the works of Drews (2010),
Judd (2008), Le-Clech, Chen, and Fane (2006), Meng et al. (2009) and Porcelli and Judd (2010) are
the most comprehensive and highly cited. These reviews perfectly cover the identification, inves-
tigation and characterization of membrane fouling as well as the optimization of MBR operating
conditions for fouling mitigation. The latest one has been published by Meng et al. (2017). It
updates the progress in the fundamental understanding of MBR fouling and fouling control
strategies, summarizes recent findings on the composition and characteristics of foulants and
microbial ecology in bio-cake layers as well as novel fouling control strategies in lab-, pilot- and
full-scale MBRs.

It appears from the available reviews that the chemical cleaning of membranes, including
chemically enhanced backwash (CEB) and cleaning in place (CIP), is generally considered as the
essential practical process of membrane permeability recovery while dealing with fouling (Meng
et al., 2017). At the same time, all the above-mentioned authors associate chemical cleaning with
numerous adverse effects to membrane integrity and sludge activity due to the frequent exposure
of membranes and biomass to aggressive chemicals (D. Zhao & Yu, 2015). The remaining fouling
mitigation strategies either are based on the mechanical scouring effects of limited efficiency and
applicability (Hoffmann & Krause, 2013) or have not matured to the level of validation in opera-
tional or sometimes even in a relevant environment.

Notably, the existing reviews identify the prospective concept of membrane flux enhancement in
MBR but provide very limited analysis of publications related to this research. Membrane flux
enhancement in MBR is the concept of dosing various additives to the MBR mixed liquor to improve
filterability. In this case, additives can act by various mechanisms: adsorption, coagulation, floccula-
tion, oxidation, etc. Limited studies are also available on a combination of additives (Drews, 2010; Ji,
Li, Qiu, & Li, 2014; J. C. Lee et al., 2001; Nguyen, Guo, Ngo, & Vigneswaran, 2010; Zarei, Moslemi, &
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Table 1. Prior art reviews on membrane fouling in MBR

Direction of
fouling studies

Research area Research focus Cutting-edge reviews and
studies

Identification and
investigation

Fouling
characterization

Fouling mechanisms
and characterization
of the fouling layers

(J. Chen et al., 2016; Hong, Zhang,
He, Chen, & Lin, 2014; Le-Clech et al.,
2006; Poorasgari, Bugge,
Christensen, & Jørgensen, 2015;
Rosenberger, Evenblij, Te Poele,
Wintgens, & Laabs, 2005; Z. Wang &
Wu, 2009)

Modelling Fouling
characterization,
prediction and
prevention

Physicochemical
aspects, mechanisms,
the main contributors,
influence of
hydrodynamic forces
and intensity at
different conditions

(Böhm, Drews, Prieske, Bérubé, &
Kraume, 2012; Cao, Van De Staey, &
Smets, 2015; Dalmau, Atanasova,
Gabarrón, Rodriguez-Roda, & Comas,
2015; Hong et al., 2016; Mannina &
Di Bella, 2012; Zarragoitia-González,
Schetrite, Alliet, Jáuregui-Haza, &
Albasi, 2008; Zuthi et al., 2017)

Prevention and
control

Mixed liquor
pretreatment

Screening (Frechen, Schier, & Linden, 2008)

Pre-sedimentation (Hameed, 2017; Moustafa, 2011)

Membrane cleaning Physical: back-
flushing, air injection,
relaxation, addition of
carriers

(Amiraftabi, Mostoufi, Hosseinzadeh,
& Mehrnia, 2014; Jiang, Kennedy,
Guinzbourg, Vanrolleghem, &
Schippers, 2005; Lin, Lee, & Huang,
2010; Psoch & Schiewer, 2006; Viero,
Sant’Anna, & Nobrega, 2007;
Yonekawa, Tomita, & Watanabe,
2004; F. Chen, Bi, & Ng, 2016;
Christensen et al., 2016; Jin, Ong, &
Ng, 2013; Yigit, Civelekoglu, Harman,
Köseoǧlu, & Kitis, 2011; Yin,
Tarabara, & Xagoraraki, 2016)

Chemical (Evenblij, Verrecht, Van Der Graaf, &
Van Der Bruggen, 2005;
Gabarrón et al., 2014; Joss, Böhler,
Wedi, & Siegrist, 2009; M. J. Kim,
Sankararao, & Yoo, 2011; Sun, Fang,
Liang, & Huang, 2016; Z. Wang et al.,
2014)

Optimal operating
conditions

Permeate flux (Brookes, Jefferson, Guglielmi, &
Judd, 2006; Jiang et al., 2005; Le
Clech, Jefferson, Chang, & Judd,
2003)

Aeration (Chang & Judd, 2002; Kraume, Wedi,
Schaller, Iversen, & Drews, 2009;
Sofia, Ng, & Ong, 2004; Xia, Law, &
Fane, 2013)

Feedback control (Drews, 2010; Evenblij et al., 2005;
González, Díaz, Vera, Rodríguez-
Gómez, & Rodríguez-Sevilla, 2018;
Joss et al., 2009; Miller, Kasemset,
Paul, & Freeman, 2014; Yusuf,
Wahab, & Abusam, 2017)

Membrane
modification

Coating (C. Wang et al., 2010; W. Song et al.,
2018)

Grafting (Etemadi, Yegani, & Seyfollahi, 2017;
Yu, Xu, Lei, Hu, & Yang, 2007; Zhou
et al., 2013)

Patterned
membranes

(I. Kim et al., 2015; Marbelia, Bilad,
Bertels, Laine, & Vankelecom, 2016;
Won et al., 2012)

(Continued)
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Mirzaei, 2016). Therefore, membrane flux enhancement is, by nature, a combination of MBR and
various physicochemical waste-water treatment processes at the membrane separation stage,
developed to the level of successful commercial operation that provides a good opportunity for
practical fouling mitigation solutions.

This paper focuses on MBR membrane fouling characterization, prevention and mitigation in
relation to and by means of membrane flux enhancement, highlighting the types of research on
adsorption, coagulation, flocculation, bio-flocculation and oxidation mechanisms.

2. Membrane foulants and flux enhancers
Application of various additives for membrane flux enhancement in MBR is a response to the
current understanding of fouling mechanisms that can be influenced by such additives. Therefore,
it is reasonable to mention that currently, membrane fouling is classified based on several criteria:
nature and phase of foulants, stage and nature of fouling process and the ability to recover
membrane permeability after the fouling occurred (Table 2).

Table1. (Continued)

Direction of
fouling studies

Research area Research focus Cutting-edge reviews and
studies

Plasma treatment (Yu, Hu, Xu, Wang, & Wang, 2005;
Zhao et al., 2015)

Nanoparticles (Deowan et al., 2016; Jhaveri &
Murthy, 2016; Mehrnia &
Homayoonfal, 2016; C. Zhao, Xu,
Chen, Wang, & Yang, 2014; Rahimi,
Zinatizadeh, & Zinadini, 2015)

Mixed liquor
treatment

Quorum sensing and
quorum quenching

(Ergön-Can, Köse-Mutlu, Koyuncu, &
Lee, 2017; S. Lee et al., 2016;
Waheed, Xiao, Hashmi, Stuckey, &
Zhou, 2017; Weerasekara, Choo, &
Lee, 2014; Xiao, Waheed, Xiao,
Hashmi, & Zhou, 2018; Yavuztürk Gül
& Koyuncu, 2017; W. Jiang, Xia,
Liang, Zhang, & Hermanowicz, 2013;
Maqbool et al., 2015)

Enzymatic and
bacterial degradation
of biopolymers

(Berg, Kalfas, Malmsten, &
Arnebrant, 2001; Hocaoglu & Orhon,
2010; Miura & Okabe, 2008;
Molobela, Cloete, & Beukes, 2010)

Ozone (Huang & Wu, 2008; K. R. Lee &
Yeom, 2007; J. Wu & Huang, 2010;
Yeom et al., 2005)

Coagulants (P. K. Gkotsis, Mitrakas, Tolkou, &
Zouboulis, 2016; Iversen, 2011; Ji,
Qiu, Wai, Wong, & Li, 2010; J. Wu,
Chen, Huang, Geng, & Wen, 2006)

Ultrasound and
vibration

(Ábel, Szabó, Poser, László, & Hodúr,
2013; Kola, Ye, Ho, Le-Clech, & Chen,
2012; M. Xu, Wen, Huang, Yu, & Zhu,
2013)

Electric field (Hua, Huang, Su, Nguyen, & Chen,
2015; J. Huang et al., 2015; Ibeid,
Elektorowicz, & Oleszkiewicz, 2015;
Y. K. Wang, Li, Sheng, Shi, & Yu,
2013; J. Zhang et al., 2015)
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Membrane pore clogging occurs because of suspended solids agglomeration and should be
distinguished from membrane surface fouling, even though both lead to the same result—a
decrease of membrane permeability. The deposition of foulants in the membrane pores and on
their surface follows a number of blocking filtration mechanisms. Hermia’s pore-blocking models
(Table 2) are the fundamental unified analytical description of the blocking mechanisms formu-
lated in the common frame of power-law non-Newtonian (further extended to Newtonian) fluids
(Chellam & Cogan, 2011; F. Wang & Tarabara, 2008; Jelemenský, Sharma, Paulen, & Fikar, 2016;
Bowen, Calvo, & Hernández, 1995).

Although clogging is the most frequent problem of MBR plants, it is not of the prime interest to
the authors of the current review.

The main practical interest, from the point of view of membrane flux enhancement, is the
investigation of the interactions of additives with biopolymers and biofilms that can be present
as particles, colloids or solutes and incorporate or promote inorganic binding, precipitation, adhe-
sion, etc. (Table 3).

2.1. Biopolymers
According to Hu, Wang, Tian, Ngo, and Chen (2016), Juang, Lee, and Lai (2010), Kunacheva and
Stuckey (2014) and Zhang, Yu, Zhang, and Song (2015), polysaccharides and proteins are the
major components of biopolymers causing membrane fouling in low-pressure membrane filtra-
tion processes. Polysaccharides are the primary membrane foulants in MBRs (Chu & Li, 2005;
Fonseca, Summers, & Greenberg, 2007; Jin et al., 2013; Lesjean et al., 2005; Meng et al., 2017;
Satyawali & Balakrishnan, 2009; Sweity et al., 2011; Tarnacki, Lyko, Wintgens, Melin, & Natau,

Table 2. Types of membrane pore blocking in terms of Hermia’s pore-blocking models

Pore-blocking
model

Schematic
illustration

Relation to pore
size

Physical concept References

Complete pore
blocking

dfoulant > dpore Sealing of the
membrane pores,
no superimposing
with other particles

(Field, Wu, Howell,
& Gupta, 1995;
Aslam, Lee, & Kim,
2015; Drews, 2010;
Zheng et al., 2018;
Bowen et al., 1995;
F. Wang & Tarabara,
2008; Etemadi
et al., 2017; El
Rayess et al., 2012,
Kumar, Goswami,
Pakshirajan, &
Pugazhenthi, 2016)

Standard (internal)
pore blocking or
pore constriction

dfoulant < dpore Deposition onto the
internal pore walls,
the pore volume
decreases
proportionally to
the volume of the
deposited particles

Intermediate pore
blocking

dfoulant ≈ dpore Pore sealing
+ deposition on
other particles
accumulated on the
surface (formation
of multilayers)

Cake formation dfoulant > dpore Accumulation of the
foulant on the
surface/sealed
pores with
subsequent
stacking
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2005; Tu, Zhang, Xu, Zhang, & Zhu, 2010; J. Zhang, Chua, Zhou, & Fane, 2006). This is primarily
attributed to the gelling properties of polysaccharides that can be enhanced in the presence of
multivalent cations acting as bridges for the carboxyl groups (Xin, Bligh, Kinsela, Wang, & David
Waite, 2015). Owing to the reversibility of gels, several studies have reasonably referred to a
polysaccharide-caused fouling as reversible (Merle, Dramas, Gutierrez, Garcia-Molina, & Croué,
2016). On the one hand, the formation of a gel layer on the membrane surface decreases
membrane flux, but on the other hand, it serves as a substrate for bacteria attachment and
further biofilm development.

It is generally well accepted that proteins are the key organic constituents that contribute to the
foulant layer, interacting with polysaccharides (Neemann, Rosenberger, Jefferson, & McAdam, 2013;
X.-M. Wang & Waite, 2009). The protein–polysaccharide interaction is non-covalent and can be
classified by electrostatics, steric exclusion, hydrophobic interactions and hydrogen bonding. It is
well known that pH and ionic strength influence the physical state of proteins and polysaccharides
when present in the mixture. For pH conditions close to but still above the pH of isoelectric point,
positively charged micro-regions on proteins can bridge over to discrete regions of the long-chain
polysaccharidemolecules, increasing the solute size and subsequently the probability of non-covalent
network formation that imparts high fouling rates, thus explaining the apparent role of protein in the
irreversible fouling fraction previously reported in the literature (McClements, 2006). It is also clear
that proteins provide an easy food for bacteria in further biofilm development.

Humic substance is another massive organic component of MBR mixed liquor (Aryal et al., 2009).
They are introduced into the sewer network presumably through rainwater and storm-water runoff,
along with other constituents of domestic sewage, due to insufficient drinking water preparation
(Bratby, 2016) and through cell decay (S. C. Wu & Lee, 2011). In addition, 40–50% of soluble microbial
products (SMPs) were observed to be humic, fulvic and hymathomelanic acids (W. Chen, Westerhoff,
Leenheer, & Booksh, 2003). In the study by Chuang, Chang, Chang, and Sung (2009), humic sub-
stances in the effluent were singled out as those having significant fouling potential. Being small but
strongly hydrophobic, molecules of humic substances adsorb to membranes and bind with polysac-
charides and proteins via hydrophobic and electrostatic interactions (Z. Wang, Cao, & Meng, 2015),
forming large molecular assemblies on the membrane surface and inside pores, facilitating further
deposition of hydrophobic fragments (Kimura, Ogyu, Miyoshi, & Watanabe, 2015). Such complex
interaction makes humic substances responsible for the development of irreversible fouling.

All together, polysaccharides, proteins and humic substances constitute the large group of
foulants determined in the literature as SMPs (Figure 1).

SMPs are thought to form biomolecular assemblies, adsorb onto the membrane surface, block
membrane pores and/or form a gel structure on the membrane surface where they provide not

Table 3. Membrane fouling classifications in MBR

Criteria

Nature of
foulants

Particles Organic Inorganic Biological

Foulants phase Solids Colloids Solutes

Nature of
fouling process

Adsorption Gel formation Precipitation Adhesion Chemical
reaction

Stage of
development

Conditioning
fouling

Steady fouling TMP jump

Membrane
permeability
recovery

Reversible Irreversible Irrecoverable
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only hydraulic resistance to permeate flow resulting in membrane flux decrease, but also a
substrate for biofilm formation and possible nutrient source for biofilm development.

2.2. Biofilms and bio-cakes
In the MBR systems, biomolecular assemblies tend to attach to the membrane surface or to the gel
layer of other biopolymers, accumulating at the solid–liquid interface or being suspended in the
bulk solution in the form of biofilms. Biofilms represent a stable highly competitive agglomeration,
which causes severe fouling problems (Saeki, Karkhanechi, Matsuura, & Matsuyama, 2016;
Flemming & Wingender, 2010).

Biofilms develop bacteria cohesion and the further production of extracellular polymeric sub-
stances (EPSs) that are determined as autochthonous macromolecules found at or outside the cell
surface and in the intercellular space of microbial aggregates (Flemming & Wingender, 2001). In
further steps, biofilm maturation and bacterial detachment take place (Vanysacker, Boerjan,
Declerck, & Vankelecom, 2014), escalating biofouling development.

A complex system of biofilm and EPSs forms a bio-cake on the membrane surface, causing a steep
decrease of membrane flux. SMPs play an important role in the initial fouling, whereas EPSs produced
by the deposited microbial cells become a major foulant after the TMP increase (Z. Zhou et al., 2015).
Meanwhile, the presence of SMPs and colloids in the cake layer highly increases cake resistance.

One of the most complex subjects involved is the influence of activated sludge constituents and
floc characteristics on sludge fouling propensity, as several parameters interact and influence sludge
filterability simultaneously (Jørgensen et al., 2017). The size of activated sludge flocs affects the
membrane biofouling rate at all stages of initial biofilm formation and bio-cake development. Small
flocs have high specific contact interaction energy and easily adhere to the membrane surface (Shen
et al., 2015). In the complex process of biofilm formation and development, the surface hydropho-
bicity of sludge flocs is another important factor affecting the membrane fouling rate through the
promotion of bacteria adhesion (Gutman, Walker, Freger, & Herzberg, 2013). In general, for all major
foulants, higher MLSS concentration increases the membrane fouling rates and flux declines due to a
higher probability of biopolymerization, fostering of biofilm growth and particle aggregation.

As is often observed in real-life chemical and biological processes, in real MBR systems, all types of
fouling discussed above take place continuously, changing from one form to another. In fact, each

 

Polysaccharides

Proteins Humic Substances

Soluble Microbial Products (SMPs)

Bacteria

attachment

pH

Irreversible

fouling

Reversible

fouling

Figure 1. Organic fouling devel-
opment by biopolymers.
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fouling process occurs temporarily and results not only in a membrane flux decline, but also in a
release of products that initiate another fouling stage: dead cells release SMPs to themixed liquor and
SMPs form the depositions on the membrane surface and in the pores, feeding living microorganisms
that produce further SMPs and EPSs. Because of the accumulation of dead cells and biopolymers in
the bottom fouling layers, the system becomes clearly different from biofilms applied in waste-water
treatment processes (Meng et al., 2017). The system of bio-cake is characterized by concentration
gradients of oxygen and substrates from the surface to bottom layers, close to the membrane. In
addition to the biological processes occurring in the bio-cake, hydrolysis and humification take place,
converting polysaccharides and proteins into hardly degradable and heavily removable assemblies.

A number of studies have pointed out that the major foulants act according to the particular pore-
blocking models, which helps distinguish the fouling nature and a suitable cleaning approach (Table 4).

Concerning the fouling types, in terms of membrane permeability recovery, they can be
categorized as reversible, irreversible and irrecoverable fouling (Table 5). Reversible fouling is
caused by deposition of the foulants on the membrane surface, leading to the formation of the
cake layer. It can be removed by means of physical cleaning. However, irreversible and irrecov-
erable fouling are associated with internal pore blocking and pore constriction, caused by
adsorption/deposition of the dissolved/colloidal matter inside the membrane pores and near
their openings. Irreversible biofouling can be removed by a more aggressive cleaning approach
—chemical cleaning: 1) CEB, applying NaOCl, NaOH, H2O2 and biocides (SBS) and 2) CIP or

Table 4. Analysis of the characteristic pore-blocking patterns for the typical foulants

Foulant Pore-blocking nature

Complete pore
blocking

Standard
(internal) pore
blocking or pore

constriction

Intermediate
pore blocking

Cake formation

Proteins Molecular
aggregates/
particles
(Bowen et al.,
1995)

Molecular
aggregates/
particles
(Bowen et al.,
1995)
Molecules
(Soler-Cabezas,
Torà-Grau, Vincent-
Vela, Mendoza-
Roca, & Martínez-
Francisco, 2015)

Bacterial EPS,
molecular
aggregates/
particles
(Xu & Chellam,
2005; Bowen et al.,
1995)
Aggregates
(Soler-Cabezas
et al., 2015;
Jelemenský et al.,
2016)

Molecular aggregates/
particles
(Bowen et al., 1995)
Slurry particles
(Kumar et al., 2016)

Polysaccharides Gel-forming
particles
(Sarkar, 2013)

Bacterial EPS
(Xu & Chellam,
2005)
Particles
(Soler-Cabezas
et al., 2015)
Gel layer formed by
macro-solutes
(Jelemenský et al.,
2016)

Gel-forming particles
(Sarkar, 2013);
Particles
(Kumar et al., 2016)

Humic substances Particles
(Lee, Dilaver, Park,
& Kim, 2013)

Gel-forming
particles
(Ruohomaki &
Nyström, 2000)
Large molecular
aggregates
(Yuan, Kocic, &
Zydney, 2002)

Large molecular
aggregates
(Yuan et al., 2002)
Particles
(Lee et al., 2013)
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“cleaning in air” (CIA) via soaking the membranes in NaOCl and NaOH solutions. On the
contrary, irrecoverable fouling, being the result of the gradual long-term accumulation of the
foulants in membrane pores, is robust to all the cleaning strategies and cannot be removed by
the existing means of cleaning (Geilvoet, 2010; Gkotsis, Mitrakas, Tolkou, & Zouboulis, 2017;
Janus & Ulanicki, 2015; Judd, 2008; Wang et al., 2014).

However, as admitted by Lee et al. (2013), in some cases, the definition of each fouling type might
not directly correspond to the fouling mechanisms defined in the filtration models.

2.3. Highlighted flux enhancers
Membrane flux enhancement is an emerging strategy, tested to a certain degree in the lab with
promising first results, but with very limited experience from the field.

A range of chemicals have been evaluated asmembrane flux enhancers in various studies (Table 6).
Their flux enhancement activity is strongly associatedwith themembrane fouling nature that they are
able to affect. The most well-studied ones are adsorbents, coagulants and flocculants. Further studies
have shown that membrane flux enhancers are additives that not only help with fouling but also solve
other important tasks—a reduction of the carbon footprint of the MBR plant, improvement of related
sludge properties, costs of sludge processing, etc.

This work reviews laboratory research and piloting experience with major flux enhancers, with
specific regard to adsorption, coagulation, flocculation, bio-flocculation and oxidation mechanisms.

3. Mechanisms of membrane flux enhancement in MBR
Review of the recent studies shows five main points of focus in membrane fouling enhancement in
terms of the mechanisms of action and types of applied chemicals: adsorption, coagulation,
flocculation, bio-flocculation and oxidation.

3.1. Adsorption
According to Iorhemen, Hamza and Tay (2016), the adsorbents in biological treatment systems
adsorb dissolved organic matter, especially SMP and, consequently, mitigate membrane fouling.
Different adsorbents can be used for this purpose, but the most studied ones are granular and
powdered activated carbons.

Granular activated carbon (GAC) was successfully applied in several MBR fouling studies due to
its well-predictable ability not only to adsorb organic constituents of mixed liquor but also to
provide additional scouring on the membrane surface. Owing to the relatively low specific gravity,

Table 5. Characteristic fouling types for the blocking mechanisms and the best suitable
cleaning methods

Pore-blocking nature Fouling type Cleaning

Complete pore blocking Irreversible
(Lee et al., 2013)

Standard (internal) pore blocking
or pore constriction

Irrecoverable
(Soler-Cabezas et al., 2015)
Irreversible
(Lee et al., 2013)

Not applicable (irrecoverable
fouling)

Intermediate pore blocking Irreversible
(F. Wang & Tarabara, 2008)

Chemical (NaOCl, NaOH, H2O2, etc.)

Cake formation Reversible
(Kumar et al., 2016;
Gkotsis et al., 2017)
Reversible and irreversible
(Lee et al., 2013)

Physical
(back-flushing, air injection,
relaxation, addition of carriers)
Physical + chemical
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GAC is easy to fluidize and therefore it can be a perspective and energy-efficient flux enhancer
(Kim et al., 2011). Being bifunctional, GAC mostly acts as a mechanical flux enhancer, rapidly
increasing the membrane flux after dosing due to bio-cake detachment, but not affecting irrever-
sible fouling at all (Wu et al., 2017). Various studies have reported 20–60% of flux enhancement
with GAC (Johir, Aryal, Vigneswaran, Kandasamy, & Grasmick, 2011, Johir, Shanmuganathan,
Vigneswaran, & Kandasamy, 2013).

At the same time, those studies took into account only a part of the GAC properties that can
affect flux enhancement in MBR:

● granule size strongly affects the mechanical scouring effectiveness of GAC (Johir, 2013; Wang
et al., 2016);

● a low mechanical strength of GAC granules negatively affects the overall flux enhancement
due to membrane pore blocking with small particles; and

● GAC porous type (related to carbon source and production technology) and adsorption activity
were not studied at a proper level.

One of the most common additives is powdered activated carbon (PAC). When PAC is mixed with
activated sludge, biologically activated carbon is formed, which improves the removal efficiency
and mitigates membrane fouling (Aun Ng, Sun, & Fane, 2006; Seo, Suzuki, & Ohgaki, 1996).
According to Kim and Lee (2003), lower fouling propensity was detected in the MBR process
when the PAC was directly inserted into the bulk solution and mixed with biomass.

A much lower fouling rate (TMP rise) for the MBR with PAC addition, compared to the system
without this agent, was observed in the study by Aun Ng et al. (2006). In the work by Ying and Ping
(2006), reduction of the EPS deposition on the membrane surface was noticed, which occurred

Table 6. Membrane flux enhancement in MBR

Fouling
nature &
mechanism

Foulants Membrane
flux

enhancers

References

Colloidal pore
blocking

EPS Addition of
coagulants,
adsorbents

Alum (J. C. Lee et al., 2001; Nouri, Mehrnia,
Sarrafzadeh, & Nabizadeh, 2013; K. G. Song, Kim, &
Ahn, 2008; J. Wu et al., 2006)
PACl (Kimura, Tanaka, & Watanabe, 2014; Nouri et al.,
2013; J. Wu et al., 2006)
FeCl3 (J. Wu et al., 2006; Z. Zhang, Wang, Leslie, &
Waite, 2015)
PFS1 (Ji et al., 2010; J. Wu et al., 2006; J. Wu & Huang,
2008)
PAC2 (J. S. Kim & Lee, 2003)

Organic and
biofouling

Synthetic
organics
(grease, oil,
surfactants)

Addition of
coagulants
Rhamnolipids

FeCl3, Chitosan
(Pendashteh et al., 2011; Qin et al., 2012)

SMP/EPS Coagulants
Flocculants
Adsorbents

Alum (Holbrook et al., 2003),
FeCl3 (W. Guo et al., 2010; Ivanovic & Leiknes, 2011; H.
F. Zhang, Sun, Zhao, & Gao, 2008)
PACl (W. Guo et al., 2010; Huyskens et al., 2012)
PolyDADMAC (Collins et al., 2006; Huyskens et al.,
2012; Koseoglu et al., 2008; H. Zhang, Gao, Zhang, &
Song, 2014)
PAC (Huyskens et al., 2012)

Humic
substances

PolyDADMAC, PAC
(V. Iversen, Mehrez, et al., 2009)
PACl + PolyDADMAC
(Tzoupanos & Zouboulis, 2010)
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after the addition of PAC to the sewage. On the contrary, at much higher PAC dosages, the effect of
this additive was significantly weakened.

PAC is effective for treating highly toxic effluents, as shown by Lesage, Sperandio, and Cabassud
(2005). Additionally, according to Satyawali and Balakrishnan (2009), it exhibited significant effi-
ciency while treating high-strength waste water from the alcohol distillery, especially in terms of
improving sludge de-waterability and affecting the SMP composition (protein/carbohydrate ratio).
It is noteworthy that PAC dosing enhances system stability and promotes the maintenance of
consistent permeate flux in terms of TOC removal, as shown by Guo, Vigneswaran, Ngo, Van
Nguyen, and Ben Aim (2006), Iversen, Koseoglu, et al. (2009) and Munz, Gori, Mori, and Lubello
(2007).

Except for PAC, other adsorbents can be used to mitigate fouling in the MBR system. This was
illustrated by J. C. Lee et al. (2001), where natural zeolites in combination with alum were
employed for such a purpose. Zeolite-added sludge possessed buffer capacity towards ammonium
ion. Furthermore, the nitrification rate, as well as the organic removal efficiency, was also remark-
ably improved.

Nevertheless, weaknesses of applying the adsorbents, such as their high cost and the issue of
exhausted material disposal, still remain the main limiting factors for their application as mem-
brane flux enhancers in MBR.

3.2. Coagulation
One of the promising strategies to reduce fouling in MBR is to modify sludge filtration character-
istics by the addition of coagulants. At the same time, practitioners should be careful with the use
of some flux enhancers, such as ferric ions, which can potentially enhance the gelation of poly-
saccharides on the membranes.

While studying the effect of inorganic salts, such as ferric chloride, aluminium sulphate,
polyaluminium chloride (PACl) and polymeric ferric sulphate (PFS), on fouling reduction in MBR,
a significant improvement of filtration performance was observed. According to Wu et al.
(2006), PACl, PFS and their mixture had a better influence on mixed liquor filterability
enhancement than monomeric additives. Polymeric coagulants exhibited a reduction of the
initial TMP and TMP increase rates; in other words, membrane fouling was successfully
alleviated, and among all of the additives, PFS was the most effective. Several further studies
(Ji et al., 2010; Ji, Qiu, Wong, & Li, 2008; J. Wu & Huang, 2008) also demonstrated the high
effectiveness of PFS use as a fouling mitigation agent. In the work by Wu and Huang (2008),
PFS was the focus of interest as a fouling retardation agent during long-term runs of MBR.
According to the findings, PFS removed organic compounds of high molecular weight from
supernatants via coagulation, entailing the mitigation of gel-layer formation on the mem-
brane surface and suspended flocs enlarging by supplying positive charges to organic particles
and enhancing charge neutralization. The positive influence of PACl on filtration performance
was indicated by Guo et al. (2010), Koseoglu, Yigit, Civelekoglu, Harman, and Kitis (2012) and
Nouri et al. (2013).

However, according to other studies, monomeric metal salts also exhibited high efficiency in
sewage treatment. Short-term experiments conducted by Guo et al. (2010) revealed that FeCl3
along with PACl considerably reduced SMP concentration in the effluent stream, improved sludge
settleability together with oxygen transfer and gained superior efficiency in terms of fouling
control compared to their organic analogues, like starch. As specified by Song et al. (2008), FeCl3
was efficient in the reduction of specific resistance, whereas the addition of alum, which was also
examined, assured high phosphorus removal and the decrease in membrane filtration resistance
without any deterioration in the nitrogen removal efficiency. Enhancement of the filterability in

Kulesha et al., Cogent Engineering (2018), 5: 1489700
https://doi.org/10.1080/23311916.2018.1489700

Page 11 of 30



MBR applying either FeCl3 or aluminium sulphate was also discussed by Huyskens et al. (2012),
Iversen, Koseoglu, et al. (2009), Koseoglu et al. (2008), Ji et al. (2008) and Nouri et al. (2013).

Eventually, based on all the aforementioned studies and according to the recent findings, prime
foulants such as effluent organic matter, whose elimination via coagulation and flocculation is of
high priority, generally comprise two main forms: proteins in conjunction with polysaccharides and
humic substances (Fang, Shi, & Zhang, 2006; Flemming & Wingender, 2001; V. Iversen, Mehrez,
et al., 2009; Miyoshi, Tsuyuhara, Ogyu, Kimura, & Watanabe, 2009).

According to Geng and Hall (2007), bound EPSs in activated sludge flocs are not directly
associated with membrane fouling; however, EPSs are responsible for the release of SMPs into
the effluent stream, and, as demonstrated before, SMPs in the mixed liquor cause the deterioration
of filtration performance. This necessitates the defying of the mechanism by which chemical
additives remove SMPs from the water. In the study by Bratby (2016), the authors elucidated the
origin of the surface charge of bacteria, which, as assumed, arises from chemical reactions at the
surface. Many bacterial solid surfaces contain functional groups that are readily ionizable, such as
–OH, –COOH and –OPO3H2 (Bratby, 2016):

R<
COOH
NHþ3

 !k R<
COO�

NHþ3
 !k R<

COO�

NH2
(1)

Thus, the charge of such particles becomes dependent on the degree of ionization (proton transfer)
and, hence, on the pH of the surrounding liquid. At low pH values, a positively charged surface
prevails, whereas under alkaline conditions, the surface becomes mainly negatively charged.

Ipso facto, since typically investigations on the performance of filter aids are conducted at higher
pH values, the surfaces of SMP carry net negative charges due to the broken edges of the hydroxyl
groups (Ibeid, Elektorowicz, & Oleszkiewicz, 2017).

When Al/Fe-based coagulants are added to the water, the salts dissociate and metal ions react
with water molecules, by breaking the bonds of the lowest energy between the protons and the
hydroxyl groups and, subsequently, interacting with the latter ones. As a result, metal hydrolysis
occurs (Gregory & Duan, 2001; Hem & Roberson, 1967), followed by the formation of colloidal
particles, the so-called “micelles”, depicted below.

Positively charged granules of the micelles attract negatively charged SMPs by means of
electrostatic forces, van der Waals attraction and, presumably, electric or magnetic forces, result-
ing in the formation of organic/inorganic solid complexes and the ruining of aggregative stability of
the disperse system (Figure 2).

In addition, the newly formed particulate matter of the metal hydroxides possesses very high
adsorption ability, thus accumulating SMP on its surface. Consequently, the aggregated flocs
agglomerate with each other via adhesion forces, increase in size, being held together by weak
physical interactions, and, finally, precipitate (Inan, Dimoglo, Şimşek, & Karpuzcu, 2004).

Concerning humic substances, as stated by Bolto (1995), at pH 5–6, various aluminium humates
may be formed through the polynuclear aluminium species, produced during the following stoi-
chiometric reaction:

5RCOO� þ Al13 OHð Þ5þ34! RCOOð Þ5Al13OH34 # (2)

The more explicit mechanism for aluminium salt coagulation of humic substances is depicted in
Figure 3.
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These and higher pH levels foster the adsorption of organic materials onto the flocs of alumi-
nium hydroxide, occurring by the ligand-exchange reaction (Bolto, 1995):

RCOO� þ OH� Al< ! RCOO� Al< þ OH� (3)

Figure 3. Pathways for the coa-
gulation of humic substances
by aluminium ions at higher pH
levels (Bolto, 1995; Bratby,
2016).

Figure 2. The formation of
organic/inorganic solid com-
plexes with the aid of a) ferric
(III) and b) aluminium
coagulants.
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Almost identical mechanisms of hydrolysis with the subsequent coagulation are involved when
applying ferric salts (Gregory & Duan, 2001; Ødegaard, Fettig, & Ratnaweera, 1990).

The interaction of ferric salts with such a form of humic substances as fulvic acids has been
described by Van Breemen, Nieuwstad, and Van Der Meent-Olieman (1979), where the interaction
between iron ions and organic groups depends on the content of fulvic acids. As assumed, in
diluted solutions, the complex-like ions RCOO� Fe OHð Þ 2�nð Þþ

n are formed, due to the combination
of one Fe3+ ion with the COO− group. Such complexes may attract each other, resulting in the
formation of polymeric iron hydroxides. The excess of ferric (III) coagulant promotes the yielding
of hydroxide flocs and a subsequent co-precipitation of colloidal particles with their aid. Moreover,
in the case of a high concentration of fulvic acids, they precipitate in the form of iron fulvinate, as
three Fe3+ ions combine with the corresponding amount of COO− groups.

It is suggested that further investigations should be conducted to gain a better insight into the
key mechanism controlling the removal of the high MW biopolymer molecules, with a view to
further optimizing the coagulation process.

3.3. Flocculation
Another commonly used flocculant is homopolymer 2-propen-1-aminium, N,N-dimethyl-N-2-prope-
nyl-chloride (PolyDADMAC or MPE50-the product of Nalco®), whose high effectiveness as amembrane
fouling reducer was proven by various research teams (Huyskens et al., 2012; V. Iversen, Mehrez, et al.,
2009; Jamal Khan, Visvanathan, & Jegatheesan, 2012; Koseoglu et al., 2008). In the study by Hwang,
Lee, Park, Lee, and Chang (2007), attempts to elucidate the mechanism of such significant flux
enhancement through analysing the images acquired under a confocal laser scanning microscope
(CLSM) were made. According to the attained results, the inhibited fouling rate could be attributed to
an increase in cake porosity and uniform distributions of the boundary-layer components along its
depth after adding PolyDADMAC to the bulk phase. The positive influence of this additive on MBR
filtration performance was also confirmed by W. S. Guo, Vigneswaran, Ngo, Kandasamy, and Yoon
(2008). High levels of dissolved organic carbon (DOC) and chemical oxygen demand (COD) removal
efficiency (over 95%) were attained with the aid of this chemical when running over a 7-day period.
Besides NH4-N elimination being over 95–98%, PO4-P removal increased with time to over 99% after
7 days of operation. However, in terms of phosphorus elimination, theMBRwith PolyDADMACexhibited
worse results than the sponge system. PolyDADMAC also enhanced the microbial activity of the
biomass in the MBR. In the study by Yoon and Collins (2006), the extent of short-term and long-
term flux improvements by PolyDADMAC was tested at low temperatures (10–13°C) in order to over-
come low permeate production under such conditions and, consequently, to reduce capital costs. As a
result, at 10°C, the long-term flux increased from 17 LMH to 25 LMH with the extension of filtration
ability from 22 days to more than 30 days. Additionally, a small municipal MBR plant succeeded in
increasing the daily flux by 150% via dosing PolyDADMAC during the long-term run.

In the work by Nguyen et al. (2010), the combination of PolyDADMAC and FeCl3 was applied with the
evaluation of its impact on the treatment performance in a long-term submerged MBR. According to
the results, this combined flocculant demonstrated that almost 100% of the total phosphates and
DOC removal and 90% of the ammonia (NH4-N) compounds were eliminated during the 80-day
operation. In addition, a good microbial activity with a stable specific oxygen uptake rate (SOUR),
stable values of SVI and soluble carbohydrate concentration and a low rate of TMP rise were observed.

In the study by Ji et al. (2010), among the various compounds, polyacrylamide (PAM) was
investigated, and, as noticed, it significantly alleviated membrane fouling by affecting the zeta
potential and viscosity. Additionally, according to the results obtained in the work by Ji et al.
(2014), where the fouling mitigation ability of PAM in combination with other modified starches
was examined, the composites exhibited a strong positive effect on SMP, the fractal dimension of
sludge flocs and floc size in sustainable filtration.
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Meanwhile, it is quite difficult to figure out the exact mechanism for system destabilization,
governed by the polyelectrolyte additives. The type of predominant phenomenon depends on
whether the polymer is used as a primary coagulant or as a flocculant aid and the polymer
characteristics (charge density and molecular weight). Three main pathways of their action have
been distinguished (Bolto, 1995; Bratby, 2016; Ji et al., 2008): charge neutralization, bridging and
the electrostatic charge patch mechanism.

According to McEwen (1998) and Amjad (2010), the charge neutralization model deals with the
use of relatively low MW cationic polymers with a high charge density, such as PolyDADMAC, which
causes the destabilization of negatively charged colloids through charge neutralization, accom-
plished by the adsorption of the polymer on the particle surface. The cationic nature of
PolyDADMAC and PAM is caused by the presence of quaternary ammonium functional groups in
the polymer skeleton. Relevant interactions are shown in Figures 4 and 5.

The superior role of the neutralization mechanism in flocculation employing PolyDADMAC was
discussed in the studies by Hahn, Hoffmann, and Ødegaard (1996) and Zahrim and Dexter (2016).
Meanwhile, as discussed in the latter work, flocculation occurs through the bridging mechanism as
well.

The importance of the charge neutralization phenomenon, while applying PAM-based cationic
polyelectrolytes for sludge conditioning, was noticed by Tiravanti, Lore, and Sonnante (1985).
However, this mechanism is not the only one governing the flocculation of negatively charged
organic matter since cationic polyelectrolytes possessing high charge densities also act through
the electrostatic charge patch mechanism (Bratby, 2016; Tiravanti et al., 1985). It is based on the
complete adsorption of polyelectrolyte segments onto the surface of the impurity, followed by the
generation of charge mosaics with positively and negatively charged regions and the final desta-
bilization of the system, resulting from the alignment of the charge mosaics of adjacent particles,
which provides strong electrostatic attraction (Figure 6) (Bolto, 1995; Bratby, 2016).

Figure 4. The interaction
between PolyDADMAC and
functional groups of the bac-
terium surface.
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Figure 5. The elimination of
bacterium with the aid of
cationic PAM via the charge
neutralization mechanism.

Figure 6. Possible arrangement
of the cations on the surface of
the suspended solid and the
charge patch agglomeration
mechanism (Bolto, 1995).
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Thus, this mechanism is assumed to be predominant when applying PolyDADMAC (high MW) and low
MW cationic PAM of high charge densities at relatively low particle concentrations (less than 1014

particles/L).

When discussing the flocculation mechanism of cationic polymers at high particle concentration,
significant bridging effects are detected in the interim between the initial adsorption stages and
the reaching of the equilibrium state, since higher particle concentrations intensify the collision
frequency of suspended solids at the same time as the pendant polyelectrolyte loops are greatly
extended into the solution (Bratby, 2016). Hence, presumably, the bridging mechanism plays an
essential role in the case of applying PolyDADMAC and high MW cationic PAM of low charge density
at high concentrations of suspended solids in the mixed liquor.

3.4. Bio-flocculation
Modified starches solely (in the form of starch-based cationic flocculants) were investigated by Deng
et al. (2015), W. Guo et al. (2010), Huyskens et al. (2012) and Koseoglu et al. (2008, 2012), since they
are inexpensive, offering inherent advantages over inorganic and synthetic polymers such as being
derived from a renewable source of raw materials with simpler degradability after the use. However,
the controversial effect of starches on membrane performance was discussed in the study by Drews
(2010). Presumably, this is caused by the fact that biopolymers like starch and chitosan do not
tolerate wide dosing ranges, since over- or under-dosing might cause further fouling on the mem-
brane (Vera Iversen, 2011). On this account, in the study by Koseoglu et al. (2008), starch along with
chitosan was reported to trigger the flocculation mechanism apparently better than the metal salts,
whereas, according to Huyskens et al. (2012), both polymers caused a considerable increase in
irreversible fouling observed in the MBR. In a number of studies (Iversen, Mehrez, et al., 2009;
Iversen, Mohaupt, Drews, Lesjean, & Kraume, 2008; Koseoglu et al., 2012), starch also had a
detrimental effect on the system due to strong fouling phenomena. Additionally, in the work by
Iversen, Koseoglu, et al. (2009), a negative impact of starch-based flocculant on the oxygen uptake
rate (OUR) was indicated, stressing that this polymer might therefore not be appropriate for
application in MBR.

Concerning chitosan, Ji et al. (2008) indicated the significant positive influence of this additive on
the flocculation of sludge particles with the subsequent reduction of the fouling rates for both
short- and long-term operations, which were about seven times lower than in the control MBR. In
further research (Ji et al., 2010), chitosan was revealed to have a crucial effect on biomass
morphological properties and successfully alleviated membrane fouling. Fouling mitigation ability
of this agent was noticed by Shuyan (2015) as well. Additionally, in the study by Iversen et al.
(2008), chitosan considerably reduced SMP levels in the supernatant. Furthermore, enhanced OURs
were observed when using chitosan, according to Iversen et al. (2008), Nouri et al. (2013).

In marked contrast to all these findings, according to Guo et al. (2010) and Koseoglu et al.
(2012), chitosan exhibited either the highest fouling rates among the tested additives or the lowest
SMP removal because of the significant sludge viscosity increase.

In the study by Ngo and Guo (2009), a modified green bio-flocculant (GBF) was introduced, which
served as a membrane fouling reducer and an agent for improving microbial activity. The positive
impact of this additive on treatment performance and fouling mitigation was also discussed in the
work by Guo, Ngo, Wu, Hu, and Listowski (2011).

Regarding effective natural bio-flocculants, particularly chitosan, its structure highly depends on
pH (Figure 7).

The mechanism for the removal of microbial substances using chitosan at acidic pH is as follows:
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where ½R0 � NHþ3 �n is chitosan and R<
COO�

NH2
is the ionized carboxyl group of the bacterial surface;

½R<COO
NH2

�
NHþ3 � R0�n—complex.

According to the findings, at acidic pH by its protonated amino groups, chitosan interacts electro-
statically with negatively charged organic matter, resulting in their chemisorption. Therefore, in
acidic solutions, chitosan exhibits strong antibacterial activity, as shown in the study by Kumirska
et al. (2011). Nevertheless, according to Guibal and Roussy (2007), sometimes the amount of
protonated amino groups is insignificant, far below the number of charges required for neutraliza-
tion of the anions carried by suspended solids. In such cases, as assumed, the removal is assured
by the combination of electrostatic patch and bridging mechanisms. At higher pH values between
6.0 and 6.5, amino groups of chitosan become less protonated and turn out to be fully deproto-
nated at pH 6.5. However, as shown in the work by Sakkayawong et al. (2005), even in this case
chitosan doesn’t lose its treatment efficiency, which is presumably entailed by the hydrophobic
interactions of chitosan molecules with sludge aggregates of the same nature. Besides, since
chitosan possesses a high molecular weight, the elimination of organic matter is expected to
happen through the bridging mechanism. In the alkaline media, chitosan can adsorb organic
contaminants through covalent bonding.

Starch grafts cationic moieties during carboxylation with the aid of the quaternary ammonium
compound. According to Ji et al. (2014), cationic starches act through the charge neutralization
mechanism since they get attracted to the surface of negatively charged organic particles and
result in the decrease of the absolute electrokinetic potential value, resulting in system destabi-
lization and subsequent agglomeration of the particles. The starches are characterized by the
ability to generate larger flocs, although their binding to colloid particles is incomplete (Koseoglu
et al., 2012). On the contrary, according to Pal, Mal, and Singh (2005), the main mechanism of
action for cationic starches is the bridging phenomenon; moreover, longer chains of the polymer
backbone are preferable since they foster the extension of the tail from one particle surface to
another, thus assuring high flocculation efficiency.

3.5. Oxidation
Ozonation can be applied as an alternative method to modify the mixed liquor properties in order
to alleviate membrane fouling. The positive effect of ozone on long-term MBR performance was
confirmed by X. Huang and Wu (2008) and J. Wu and Huang (2010), who determined the optimum
ozone concentration, which could assure slow formation of the gel layer on the membrane surface
as well as the enhancement of suspended particles’ flocculation ability in the ozone–MBR system.

Figure 7. Structure of chitosan
depending on pH conditions
(Kumirska, Weinhold, Thöming,
& Stepnowski, 2011;
Sakkayawong, Thiravetyan, &
Nakbanpote, 2005).
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According to the investigation carried out by K. R. Lee and Yeom (2007), ozone played a crucial
role in membrane fouling control since it promoted keeping the dynamic viscosity of the activated
sludge at a relatively low level, thus permitting stable membrane filtration for more than 150 days
without chemical cleaning of the membrane. In the study by Yeom et al. (2005), ozone was applied
in combination with alkaline for biomass pretreatment in a pilot-scale MBR-type aerobic digestion
process. As discussed, the experiment ran smoothly without significant membrane fouling, even at
the relatively high levels of MLSS concentration (11,000–25,000 mg/L).

4. Research needs
The current literature review provides background and identifies the most prospective additives as
membrane fouling enhancers in MBR (Table 7). However, the use of additives is not usually
practised in full-scale MBRs since it is uncertain whether the cost of chemical use is justified by
membrane fouling decrease (Krzeminski, Leverette, Malamis, & Katsou, 2017). Furthermore, the
long-term implications of using or stopping to use the additives have not been researched in detail,
and there is a gap in process control approaches for the application of flux enhancers in MBR.

Since adsorption was proven to be an efficient fouling alleviation tool, it is worth mentioning that its
application in the MBR process still has a high potential. However, in order to make it more feasible,
cost-effective adsorbents should be used. A number of cheap non-conventional materials can serve
this purpose. For example, nano-magnetic polymers, cyclodextrin and covalent organic polymers
were found to have great binding/degrading capacities for organic compounds (Alaba et al., 2018). In
addition, agricultural and industrial waste materials like wood char, rice husk, fruit peels, fly/zeolite
incinerator ash and polymer resins are gaining more interest as potential adsorbents (Mallampati,
Xuanjun, Adin, & Valiyaveettil, 2015; Mateen et al., 2016; Rene & Lewis, 2017). However, these
materials need to be thoroughly tested for their effectiveness to mitigate fouling in the MBR system.

Concerning ozonation, additional trials are needed to make its application more economical
when dealing with the mixed liquor, characterized by high levels of suspended solids. Moreover,
the possibility of the generation of highly toxic non-biodegradable/inseparable ozonation by-
products should be checked.

5. Conclusions
In conclusion, membrane flux enhancement applying coagulants, flocculants and bio-flocculants is a
prospective direction of membrane fouling mitigation in MBR that has the potential to facilitate further
penetration of MBR into cost-sensitive markets, including small communities and developing countries.

Further lab research in this direction should be focused on combining various agents as mem-
brane flux enhancers, considering the identified mechanisms of their action: retention of SMP,
reduction of specific cake resistance, an increase of sludge floc size and hydrophobicity as well as
the neutralization of their charge. The possibility of applying them all together with non-conven-
tional cost-effective adsorbents or oxidizing agents should also be taken into consideration.

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

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

1. Introduction

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Parameter Correlation with the Fouling Possible Fouling Mechanism References

MLSS 1 Positive

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

[34,45–51]

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

[15,45]

COD 4 Positive

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

[9,29,35,52–56]

RH 6 (mostly hydrophilic
membranes)

Negative

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

[57–62]

Positive

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

[26,63]

SVI (DSVI) 7 Positive

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

[64–69]

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2. Materials and Methods

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

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

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

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

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

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

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

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

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

J =
F
Sf

(1)
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Jn = J·e(−0.032·(t−20)) (2)

Pn =
Jn

TMP
(3)

dPn

dt
=

Pni − Pni−1

ti − ti−1
(4)

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

Table 2. BF-MBR pilot plant operation settings.

Period Days Adjustments in Settings Processes and Changes in the System

I 1–20

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

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

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

3 = 1620 s, SRTav
4 =20 days

Conditions for sludge adaptation and
conditional fouling of fresh membranes.

II 21–34
Jn(net)

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

RASpulse interval
3 = 740 s, SRTav

4 =20 days

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

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

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

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

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

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

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

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

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

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

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

Lower hydraulic loading.

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

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

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

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

RecoveryPn
=

PCIP/BWfin
− PCIP/BWin

Pin − Pfin
(5)

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

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

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

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

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

3. Results and Discussion

3.1. Pilot Plant Operation Results

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

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

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

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

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

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

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

In general, in the way described above, the operation of the BF-MBR pilot plant was observed
during all the states, which is important for the determination of membrane fouling patterns:
Conditional fouling, steady fouling, and TMP jump at different fluxes. Two chemical cleaning
procedures were conducted to estimate the recovery of permeability. Data, which were recorded
during these states, were taken as the basis for further statistical analysis.
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Figure 2. BF-MBR pilot plant operation profile: (a) TMP, MLSS-III, COD-III change within operation
time; (b) normalized permeability (Pn), MLSS-III, COD-III change within operation time; (c) first
derivative of normalized permeability (dPn/dt), MLSS-III (dMLSS/dt), COD-III (dCOD/dt) within
operation time.

3.2. Statistical Determination of Membrane Fouling Patterns

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

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

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

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

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

Parameter Value

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

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

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

dCOD/dt, mgO2/L/day −35–27.5

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

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

Table 4. Model inputs.

Period Predictors Responses

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

TMPav
1, Bar av dPn/dt 2 avPn

3,
LMH/Bar

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

8,
mgO2/L dCOD/dt 9

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4. Conclusions

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

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

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

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

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

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

Water 2019, 11, x FOR PEER REVIEW 6 of 42 

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).

(a) (b) (c)

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 
for determination of the charges of the tested coagulants as well as for potentiometric titration of the 
mixed liquor samples.  

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



Water 2019, 11, 446 15 of 42

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
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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
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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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Figure 15. The selection of the effects to be modelled: (a) half-normal plot of effects; (b) Pareto chart.

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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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
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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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Figure 1. Preliminary examination of the influence of: (a) coagulant dose; (b) pH; (c) temperature on 
the average permeability, coloured by MLSS. 

 
Figure 2. A negative correlation between capillary suction time (CST) and relative hydrophobicity 
(RH) earlier obtained for BF-MBR mixed liquor by Kulesha et al. [28]. 
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Table 1. Characterization of particle properties by particle size distribution [48–52]. 

PSD parameter Formula Details 

D[4,3], the De Broucker mean diameter
∑𝐷∑𝐷  Volume/mass moment mean 

D[3,2], the Sauter Mean diameter 
∑𝐷∑𝐷  Surface area moment mean 

d10, d50, d90 
-  

(from the cumulative distribution plot) 

The diameter where 10%, 50% and 90% of the 

sample’s population lie below this value 

Uniformity Median (d1…di – Median (d1…di)) The measure of the absolute deviation from the median 

Span D90 − D10D50  The distribution width 

Table 2. Optimum pH ranges and the corresponding parameters of the system. 

Chemical 
Parameters Optimum pH 

ranges Zeta potential, 
mV CST, sec Turbidity, NTU D [4.3], 

µm 
PAXXL61 (OH/Al 1.9) -6.9 – (-6.3) 120.3 – 140.1 2.5 – 3.9 53.0 – 55.0 5.5 – 6.0 

PAX18 (OH/Al 1.3) -6.8 – (-6.4) 170.3 – 181.4 2.0 – 4.6 78.0 – 79.8 5.5 – 6.0 

ALS (OH/Al 0) -7.4 224.9 7.8 30.9 4.5 

PIX313 (OH/Fe 0) -5.6 – (-5.1) 107.0 – 117.5 2.7 – 3.2 31.4 – 32.5 3.8 – 4.1 

 

Table 3. Optimum dosages at the corrected pH values applying tested coagulants. 

Chemical Maintained 
pH 

Parameters Optimum dosage 
ranges, µmole 

Me/mgSS CST, sec Zeta potential, 
mV 

Turbidity, 
NTU D [4.3] 

PAXXL61 (OH/Al 1.9) 5.5 – 6.2 45.8 – 60.7 -1.1 – 3.7 0.5 – 1.8 25.6 – 32.6 1.1 – 2.6 

PAX18 (OH/Al 1.3) 5.5 – 6.0 75.1 – 77.7 -3.7 – (-2.5) 0.5 – 1.1 37.5 – 67.4 1.3 – 2.6 

ALS (OH/Al 0) 4.4 – 4.5 81.2 – 103.0 -4.6 – (-3.7) 1.8 – 2.5 21.0 – 34.3 0.5 – 1.2 

PIX313 (OH/Fe 0) 4.0 – 4.1 130.0 – 150.0 -3.9 – (-3.5) 2.0 – 2.6 16.4 – 24.9 2.2 – 3.2 

 
The highest efficiencies in respect of the average normalized permeability change (δ avPN) and 

filtration time (F) were exhibited by the prepolymerized aluminium coagulants PAX18 and PAXXL61 
(Table S3).  

Table 4. Optimum dosages and the corresponding levels of the monitored parameters during TRT 
with pH adjustment. 

Chemical pH 

Parameters 

δ avPN 

% 

F, 

min 

Optimum 

Dosages,  

µmole 

Me/mgSS 

Zeta 

potential, mV 

CST, 

sec 

TTF, 

sec 

Turbidity, 

NTU 

D [4.3], 

µm 

PAXXL61 (OH/Al 1.9) 5.5 – 6.0 -1.1 – (-0.9) 17.9 – 18.9 209.0 – 285.0 0.6 – 0.8 21.5 – 39.3 155.4 – 198.2 120.0 1.1 – 1.9 

PAX18 (OH/Al 1.3) 5.5 – 6.0 -2.3 – (-0.8) 17.9 – 20.6 430.0 – 635.0 0.9 – 1.2 52.0 – 67.0 157.0 – 179.0 120.0 0.6 – 1.9 

ALS (OH/Al 0) 4.5 -5.2 – 0.1 20.4 – 27.5 457.0 – 1977.0 1.3 – 2.1 47.7 – 57.2 23.0 – 58.0  3.7 – 7.7 0.1 – 0.6 

PIX313 (OH/Fe 0) 3.8 – 4.1 -7.7 – (-1.0) 20.1 – 38.0  784.4 – 2017.0 0.9 – 4.4  24.0 – 39.0 -25.0 – 27.8 1.2 – 15.5 0.1 – 0.6 
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PAX18 (OH/Al 1.3) 4.7 – 5.2 4.1 – 4.2 1.5 – 3.7 7.0 – 49.0 5.6 – 63.0 4.5 – 5.6 5.5 – 6.0 0.6 – 1.9 120.0 157.0 – 179.0 
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Table 6. Point prediction and confirmation for the tested factor settings. 

Response Predicted 
Mean 

Predicted 
Median 1 Observed Std Dev 9 SE Mean 

The confidence interval for 
Mean  99% of the population 

95% CI 5 
low 

95% CI 
high 

95% TI 6 

 low 
95% TI 

high 
I. Factor: pH 5.5; Temperature 25oC; MLSS 4.0 g/L; Dose 1.9 µmole Al/mg SS 

Permeability 2 12222.8 12222.8 - 15.8 N/A 12199.2 12246.5 12136.5 12308.8 

I. Confirmation Report 

Two-sided Confidence = 95% n = 1 

Response Predicted 
Mean 

Predicted 
Median 4 Observed Std Dev n 8 SE Pred 95% PI low Data Mean 3 95% PI 7 

high 
Permeability 2 12222.8 12222.8 - 15.8 1 N/A 12179.9 12265.6 

II. Factor: pH 5.5; Temperature 20oC; MLSS 5.9 g/L; Dose 1.1 µmole Al/mg SS 

Response Predicted 
Mean 

Predicted 
Median 1 Observed Std Dev SE 

Mean 
The confidence interval for Mean  99% of the 

population 
95% CI 5 

low 95% CI high 95% TI 6 low 95% TI high 

Permeability 2 4750.9 4750.9 - 28.1 N/A 4709.9 4791.6 4597.2 4901.7 

II. Confirmation Report 

Two-sided Confidence = 95% n = 1 

Response Predicted 
Mean 

Predicted 
Median 4 Observed Std Dev n 8 SE Pred 95% PI low Data Mean 3 95% PI 7 

high 
Permeability 2 4750.9 4750.9 - 28.1 1 N/A 4675.0 4826.2 

Notes: 1 For transformed responses the predicted mean and median may differ on the original scale; 
2 Standard error (SE) not calculated on the original scale; 3 For transformed responses the data mean 
is calculated on the transformed scale; 4 For transformed responses the predicted mean and median 
may differ on the original scale; 5CI (confidence interval); 6 TI (Tolerance interval); 7 PI (Prediction 
interval); 8 n (the number of runs during the confirmation); Std Dev 9 (standard deviation). 
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Abstract: The membrane bioreactor (MBR) and the biofilm membrane bioreactor (BF-MBR) are
among key solutions to water scarcity; however, membrane fouling is the major bottleneck for any
expansion of these technologies. Prepolymerized aluminum coagulants tend to exhibit the greatest
extent of fouling alleviation, with the reduction of soluble microbial products (SMPs) being among
the governing mechanisms, which, nevertheless, has been poorly understood. This current study
demonstrates that the investigation of the chemical coordination of monosaccharides, which are the
major foulants in MBR and BF-MBR, to the main hydrolysis species of the prepolymerized aluminum
coagulant, is among the key approaches to the comprehension of the fouling mitigation mechanisms
in BF-MBR. Quantum chemical and thermodynamic calculations, together with the multivariate
chemometric analysis, allowed the team to determine the principal mechanisms of the SMPs removal,
understand the thermodynamic patterns of fouling mitigation, develop the model for the prediction
of the fouling mitigation based on the thermodynamic stability of the inorganic-organic complexes,
and classify these complexes into thermodynamically stable and less stable species. The results of the
study are practically significant for the development of plant surveillance and automated process
control with regard to MBR and BF-MBR systems.

Keywords: biofilm membrane bioreactor; complex; thermodynamic stability; membrane fouling
mitigation; computational thermodynamic analysis; multivariate statistics

1. Introduction

Membrane bioreactor (MBR) and biofilm membrane bioreactor (BF-MBR) are advanced solutions
for the problem of water scarcity, which have been recognized as highly competitive technologies
when applied in water reuse schemes [1–4]. However, membrane fouling remains the major barrier for
any MBR and BF-MBR expansion [5,6].

With regard to membrane fouling mechanisms, cake and gel layer formation and membrane pore
blockage were identified as major contributors to any filtration resistance [7]. The formation of the
cake layer is mainly attributed to the deposition of suspended solids, whose size is bigger than the
membrane pores, onto the membrane surface or onto the sealed pores, with a subsequent stacking [7,8].
The gel layer is the matrix, which consists of highly concentrated solutes and macromolecular species,
deposited at the membrane surface.
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This gel layer is usually intertwined with the cake matrix, therefore it is highly complicated to
distinguish either of them [9]. The formation of the cake layer, as well as the gel matrix at the membrane
surface, are governed by the pressure-driven convective flow from the bulk mixed liquor solution to
the membrane during filtration [7,9,10].

Concentration polarization (CP) is the other type of solute fouling, which accompanies every
filtration system, being, however, of marginal importance in the MBR/BF-MBR operation [9,11]. This
phenomenon is entailed by the tendency of the solutes, rejected by the membrane, to accumulate at the
membrane-solution interface within the concentration boundary region, driven by the concentration
gradients, and to form a highly concentrated zone, called a concentration polarization layer. In contrast
to the cake and gel layers, the transport within the concentration polarization region is diffusion,
described by the Fick’s first law [7,9,10]. The solids can diffuse back to the bulk mixed liquor in the CP
layer, if they are not entrapped in the gel or cake layer.

The concentration polarization model and the mechanisms and mathematical description of cake
layer compaction are explained in detail by Yoon [12].

Membrane pore blockage is mainly attributed to the accumulation of the solutes and colloids in the
membrane pores and on the membrane surface, which comprises complete, internal, and intermediate
pore blocking mechanisms. Membrane pore blockage, altogether with the cake filtration during the
dead-end membrane filtration, was comprehensively described by Hermia’s pore-blocking models,
represented elsewhere [5,8,13–15].

The properties of mixed liquor play a crucial role in fouling development. The soluble microbial
products (SMPs) were found to be tightly linked to the fouling intensity [16–18]. Meanwhile,
carbohydrates, which are one of the major components of the matrices of soluble microbial products in
mixed liquor, were identified as the primary foulants in MBR and BF-MBR systems [19].

Carbohydrates were found to be principally responsible for the formation of the gel and cake
layer on the membrane surface, and for complete, intermediate and internal pore blocking [20–22].
In addition, they were reported to cause concentration polarization, which entails the increased gel
and cake layer thickness [23]. Complete, intermediate and internal pore blocking are associated with
irreversible and irrecoverable membrane fouling [14,24,25], while gel and cake layer formation, together
with concentration polarization, usually result in reversible membrane fouling [26–29]. Reversible
fouling can be removed by physical cleaning, whereas irreversible fouling can only be removed by a
more aggressive cleaning method—chemically enhanced backwash (CEB), cleaning in place (CIP) or
“cleaning in air” (CIA). On the contrary, no techniques that could cope with the irrecoverable fouling
have been developed [11,30]. Characteristic fouling types for the blocking mechanisms described
by Hermia’s blocking filtration laws and the best suitable cleaning methods were reviewed in detail
by Kulesha et al. [8]. Based on the above-mentioned discoveries, carbohydrates are responsible for
reversible, irreversible, and irrecoverable membrane fouling.

This knowledge helped to develop one of the most efficient strategies for fouling mitigation—the
modification of biomass characteristics via coagulation, which has been in the center of attention of
many studies [8].

During the holistic comparative assessment of the Al- and Fe-based coagulants as membrane flux
enhancers for the BF-MBR system, conducted in our previous work [31], four different coagulants were
experimentally and statistically evaluated: Prepolymerized aluminum chloride of medium and high
basicity, non-prepolymerized aluminum and iron (III) sulfate. Based on the jar tests, the optimum pH
values and the optimum dosage range for every selected coagulant were determined. These optimum
conditions were maintained during the subsequent total recycle tests (TRT). The total recycle tests
revealed that prepolymerized aluminum chloride coagulants provided the greatest extent of fouling
inhibition among the studied compounds: The maximum filtration time (F) was equal to 120 min,
and the maximum increase of the average normalized permeability (δavPN) by 155.0–198.0% at the
dose 1.1–1.9 µmolAl/mgSS. Meanwhile, prepolymerized aluminum chloride with the medium basicity
exhibited a superior fouling mitigation behavior to its counterpart with the high basicity, demonstrated
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by a higher flux enhancing efficiency at lower dosages, and a wider range of the maximum performance
of the first one.

Therefore, prepolymerized aluminum chloride with medium basicity was used during the
optimization of the filtration system based on the two-level factorial design of the experiment.
In contrast, non-prepolymerized aluminum and iron (III) sulfate provided 58 and 28% of the maximum
increase of average normalized permeability, respectively, and 12.7 and 25 min of the maximum filtration
time, respectively, which indicates a much lower extent of fouling mitigation than in the case of their
prepolymerized counterparts. It is worth noting that, starting from the dose 0.5 µmolFe/mgSS during
the TRT at a fixed pH, iron (III) sulfate caused the decline of the normalized permeability. 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 is reported by several studies [19,32,33]. Hence, the prepolymerized aluminum coagulant of the
medium basicity is identified as the most efficient membrane flux enhancer, which entails a tenfold
increase in the filtration time of the membrane separation cycle, and increases the net membrane flux
by 30–56% in the BF-MBR pilot system.

Despite the extensive research work in the field of chemical flux enhancement, the processes
taking place in the system after adding of the coagulants still partly remain a black box due to their
complexity and rapidness [34–36]. A deeper comprehension of the influence of the flux enhancers
on the mixed liquor filterability can be attained through the investigation of the physicochemical
properties of the system, which can shed some light on the interaction between the carbohydrates and
the hydrolysis species of the coagulants to get a better understanding of the governing mechanisms.

Thermodynamic studies, related to the membrane fouling control in MBR, were carried out by
different research teams [37–41]; however, they were merely focused on the interfacial interactions
between the sludge floccules and the membrane surface, and the calculation of the relevant energies
according to: The XDLVO (Extended Derjaguin, Landau, Verwey, Overbeek) theory, the combined
surface element integration method with the composite Simpson’s rule for the calculation of the
interfacial interactions, with regard to the rough membrane surface, and the quantitative definition of
the hydrophilicity/hydrophobicity of the material.

Concerning the polyaluminum hydrolysis species, the computational study of the structure of the
Keggin Al13 complex was performed by Pophristic et al. [42]. The optimized bond lengths and angles of
Al13O4(OH)24(H2O)12Cl7 were determined, followed by the ab initio molecular dynamics calculations.
Al13O4(OH)24(H2O)11

7+ was identified as the most stable configuration. Armstrong et al. [43] studied
the thermodynamic properties of the Keggin Al13 sulfate and selenate molecules in the crystal state,
in order to identify the link between their structure and their reactivity. The highly exothermic
enthalpies of formation of the Keggin Al13 clusters from the elements and oxides, and the enthalpies of
the relevant 5N solutions, were reported.

The interaction between the aluminum hydrolysis species and glucose was studied by He et al. [44],
who focused on the investigation of the coordination of β-D-glucopyranose to [Al(OH)(H2O)n]2+ and
[Al(OH)2(H2O)n]+ ions through the Density-functional method. The formation of the double-O-ligand
coordination complex was found to be thermodynamically favorable if it was formed through two
O4–O6 adjacent oxygen atoms in the β-D-glucopyranose moiety.

However, no computational thermodynamic studies can be found on the chemical coordination of the
monosaccharides to the polymeric hydrolysis species of the prepolymerized aluminum chloride, especially
Al13

n+, which constitute the majority of its hydrolysis species [45,46] and have the highest coagulation
potential [47], thus being primarily responsible for the flux enhancing ability of the relevant coagulant.

The current work aims to fill the existing conspicuous gap in the scientific knowledge by developing
a strategy, which combines the quantum chemical model and thermodynamic calculations with the
multivariate chemometric approach to identify the thermodynamically favorable pathways of the
formation of inorganic-organic complexes, and the thermodynamic patterns of fouling mitigation
during the application of the prepolymerized aluminum coagulant of the medium basicity in BF-MBR.
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2. Materials and Methods

The calculations of the thermodynamic parameters of the formation of the individual reactants and
the relevant complexes were carried out, applying the semi-empirical computational molecular orbital
method—Parameterized Model number 3 (PM3) using HyperChemTM 8.0.6 software (Hypercube Inc.,
Waterloo, ON, Canada). PM3 is based on the neglect of diatomic differential overlap approximation.
This parametrization procedure enables the acquisition of fully optimized molecular geometries and
the calculation of the heats of formation, dipole moments and ionization potentials. In comparison
with the MNDO (Modified Neglect of Diatomic Overlap) and AM1 model (Austin Model 1), the PM3
method is characterized by lower average absolute errors when calculating standard enthalpies,
and provides more precise calculations [48]. The PM3 method provides the enthalpies of formation
with the weighted total mean absolute deviation ±10.9 kJ/mol [49].

In order to simulate the interactions between the monosaccharides and Al13-complex, the relevant
molecules were built and solvated using 216 water molecules and the periodic solvent box of the size
18.7 × 18.7 × 18.7 Å for the monosaccharides; and the periodic box of 31.3 × 31.3 × 31.3 Å using 1010
water molecules for Al13 and Al13-monosaccharide complexes. The minimum distance between the
solvent and the solute atoms was kept at 2.3 Å. Full geometry optimization using a Polak-Ribiere
algorithm was performed for every analyzed compound, in order to reach the conformation of
the lowest potential energy. The restricted Hartree-Fock method was applied to calculate the spin
interactions in every compound. The standard temperature was set in all of the simulations (298.15 K).
The results of the quantum chemical calculations are reported with the accuracy of the convergence
parameter, i.e., the self-consistent field energy (SCF), equal to ±0.0418 kJ/mol.

The calculation of the main thermodynamic parameters of the reactions (i.e., standard
enthalpy change (∆Ho), standard entropy change (∆So), and standard Gibbs energy change (∆Go))
between the selected monosaccharides and Al13 complex, resulting in the formation of the relevant
Al13-monosaccharide complexes, was performed according to Hess’s law (Equation (1)), its extension
to entropy (Equation (2)) and Gibbs energy (Equation (3)), and the Gibbs-Helmholtz equation
(Equation (4)).

∆Ho =
∑

(ni·∆Ho
f ,i)products

−

∑
(n·∆Ho

f ,i)reactants
(1)

∆So =
∑

(ni·So
f ,i)products

−

∑
(n·So

f ,i)reactants
(2)

∆Go =
∑

(ni·∆Go
f ,i)products

−

∑
(n·∆Go

f ,i)reactants
(3)

∆Go = ∆Ho
− T·∆So (4)

where ∆Ho
f ,i is the standard enthalpy change of formation; So

f ,i is the standard entropy of formation;
∆Go

f ,i is the standard Gibbs energy change of formation of the individual reactants and products.
The statistical investigation of the calculated thermodynamic parameters of the studied systems

was conducted using PLS regression analysis and cluster analysis. The statistical software, The
Unscrambler®X10.3 (CAMO Software AS, Oslo, Norway), was used for this purpose.

3. Results and Discussion

3.1. The Main Identified Foulants

Monosaccharides (CnH2nOn, n = 3–6) and their derivatives are the main building block molecules
of polysaccharides, which determine the characteristics of the latter ones. Therefore, it was decided to
investigate the behavior of the monosaccharides in terms of their interaction with the selected coagulant.

Different studies investigate the presence of the monosaccharide species in the mixed liquor
and the fouling layers of the membrane bioreactor (MBR) systems, as well as in the biofilm matrixes
(Table 1).
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According to Table 1, such monosaccharides as glucose, galactose, glucuronic acid, glucosamine,
rhamnose, fucose, arabinose, and mannose (marked with the blue rectangle) are the most typical
constituents of the polysaccharides in the mixed liquor, gel, and cake layers in the MBR systems. Since
the vast majority of them were also identified in the biofilm matrices [52], in the present study, it is
assumed, that the highlighted monosaccharides make up the polysaccharides in the BF-MBR system.

Taking into account the above-mentioned references, a couple of nuances can be singled out. First,
the relative proportions of the monosaccharide species in the structures of the polysaccharides in
the gel and cake layers of the MBR system tend to vary, depending on the applied solids retention
times (SRTs), which is demonstrated by Silva et al. [50]. Besides, the authors point out that the variety
of monosaccharides increases with the decrease of SRT and the intensification of biofouling (all of
the dominant ones at different SRTs monosaccharides lie in the blue rectangle in Table 1). Second,
as reported by Miyoshi et al. [55], certain monosaccharides might have a higher affinity to the membrane
surface, and can thus cause more severe irreversible fouling than others. The clear indicator was the
difference in the monosaccharide content in the fouling layer and in the mixed liquor. According to the
results [55], glucose, galactose, rhamnose and mannose were found to be dominant in the matrix of the
fouling layer.

3.2. The Structure and Active Centers of the Studied Foulants

Different studies suggest the prevalence of the cyclic form (pyranose, furanose) of the
selected monosaccharides (hexoses, pentose, and their derivatives) in the aqueous solutions,
which can be explained by the fact that the formed cyclic hemiacetals are strain-free and more
stable than the open-chain structure [56–59]. Based on the previous research works on the
determination of the characteristic anomeric forms of the selected monosaccharides [60–67] and
the above-mentioned findings (Table 1), the following compounds are further considered as
targeting foulants: β-D-glucopyranose (Glc), β-D-galactopyranose (Gal), β-D-mannopyranose
(Man), α-D-glucopyranuronic acid (GlcUA), β-L-rhamnopyranose (Rha), β-L-fucopyranose (Fuc),
α-L-arabinofuranose (Ara), and β-D-glucosamine (GlcN).

Monosaccharides in the cyclic form are characterized by an active center, which is called the
glycosidic hydroxyl group. The higher reactivity of the glycosidic hydroxyl group can be explained by
the influence of the ether-type oxygen atom (between C1 and C5) (Figure 1a), which partially shifts the
electrons from the contiguous C–O bond (in the C1 position) to its own orbitals.

Hence, the shift of electron density increases the polarity between the C1 carbon and the –OH group,
making this hydroxyl group more chemically active [68]. The shift of the electrons from the carbon
atom in position 1 (atom C1) to the ether-type oxygen atom in the structure of β-D-glucopyranose,
is clearly indicated by the areas of the relatively higher electrostatic potential (around 1.25 e/a0) and the
increased net positive charge of C1 (+0.194) in comparison to the other present carbon atoms, which is
demonstrated in Figure 1b.

Figure 1b demonstrates the computationally generated electrostatic potential map of the
β-D-glucopyranose molecule, which visualizes the charge/electron density distribution within the
molecule, represented as the isosurface. According to the gradation of color in the electrostatic potential
map, the asymmetrical distribution of the electron charge density is clearly indicated in the O–H
groups. The hydrogen atoms have a low electron density, and hence a net positive charge and positive
electrostatic potential, as shown by the bright green color, while the oxygen atoms have a high electron
density, and thus a net negative charge and negative electrostatic potential, indicated by the deep
purple color. Meanwhile, the C–O groups are characterized by the accumulation of the net positive
charge and positive electrostatic potential at the carbon atoms and the negative charge and negative
electrostatic potential at the oxygen atoms. The accumulation of the net negative charge at the oxygen
atoms can be explained by the fact that oxygen is the element of the second highest electronegativity
(χ) in the periodic table (χO = 3.5, vs. χC = 2.5 vs. χH = 2.1 on the Pauling scale), and therefore its
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atoms have the highest relative ability (after fluorine) to attract the electrons of other atoms to which it
is bonded [69].

The electrostatic potential map indicates a significant part of the intermediary electrostatic potential
regions, whose colors are not completely green or completely purple. This effect is explained by the
nature of observed bonds in the structure of β-D-glucopyranose, as well as in the structure of the other
selected monosaccharides, which is covalent polar. Meanwhile, the polarity of the O–H bonds is higher
than the polarity of the C–O bonds—∆χOH = 1.4 > ∆χCO = 1.0.

The electrostatic potential surfaces of the other investigated monosaccharides have the character
similar to the one of β-D-glucopyranose and are demonstrated in Figure S1. The β-D-glucopyranose
molecule was selected for the description since it is the most stable aldohexose, and is among the most
abundant monosaccharides in MBR [50,56].

The total dipole moment of the β-D-glucopyranose molecule is 1.639 D, with the highest
contribution from the X and Z vector components (Figure 1a).
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3.3. Dominant Hydrolysis Species with Regard to the Medium Basicity Prepolymerized Aluminum Chloride

Prepolymerized aluminum coagulants are characterized by the dominance of the species
with the charges higher than the charges of the majority of the species of non-prepolymerized
inorganic coagulants. This feature enhances the coagulating ability of the prepolymerized aluminum
coagulants and simplifies the operation process, thus making them more advantageous than their
non-prepolymerized counterparts [35]. One of the main factors which influences the dominance of
certain polyaluminum hydrolysis species is the basicity of the prepolymerized aluminum coagulant [70].
According to the previous work by Kulesha et al. [31], prepolymerized aluminum coagulant with the
medium basicity (OH/Al 1.3) exhibits the best potential to mitigate fouling in the BF-MBR system
at the optimum pH range 5.5–6 (acidic), which was mainly attributed to the highest bearing charge
concentration among the studied species.

Al13
7+ (Figure S2) is considered the most stable aluminum complex in the prepolymerized

aluminum chloride (PACl) solution [71,72], which is mainly attributed to a surface positive charge
with the π-electrons delocalized in the six-member (hexagon-like) ring structures [73]. Meanwhile,
the surface charge decrease makes the subsequently formed Al13

7 − n species less stable [74]. The
presence of Al13

7+ complexes in polyaluminum chloride solutions is the prime contributor to their
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efficiency enhancement, due to the increase in the charge concentration of the relevant PACl [71,74,75].
This polynuclear complex as the prime component of the prepolymerized aluminum chloride solutions
is first introduced and described by Johansson [76].

The dominance of [Al13O4(OH)28(H2O)8]3+, (which probably originated from
[Al13O4(OH)24(H2O)12]7+) in the medium basicity coagulant of OH/Al 1.5 at pH ≈ 3.8 at the
concentration 0.1 M Al, was reported by Bottero et al. [77], during the analysis of the nuclear magnetic
resonance (NMR) spectra (~71% out of the total aluminum concentration) and computational analyses
based on Glueckauf’s formula and the Debye-Hückel law (~80–88% out of the total aluminum
concentration). The experimental potentiometric titration analysis and the relevant model based
on its results indicated the presence of the [Al13O4(OH)24(H2O)12]7+ complex, which consisted of
the symmetrical tetrahedrally-coordinated aluminum ion at the center of the structure with the
weak/non-existent electric field gradient, surrounded by twelve octahedral aluminum ions with the
relatively high electric field gradient and the potentially distorted structure.

Feng et al. [78], who studied the speciation of different prepolymerized aluminum coagulants
by applying electrospray ionization mass spectrometry, reported that the Al13

3+ species was one
of the main components of these prepolymerized aluminum coagulants, which was assumed
to be directly transformed from Keggin-[Al13O4(OH)24(H2O)12]7+ complex. The coexistence of
Keggin-[Al13O4(OH)28]3+ and the octahedral [Al13(OH)36]3+ structures was hypothesized; meanwhile,
the Keggin-Al13

3+/[Al13O4(OH)24(H2O)12]7+ form was identified as the prevailing structure.
Pernitsky and Edzwald [70], based on the experimental solubility data for the sulfated

prepolymerized aluminum chloride coagulant of the medium basicity, hypothesize either the presence
of the combination of monomers (Al(OH)2

+, Al(OH)2+) and Al13
7+, or the occurrence of some other

aluminum species in the studied system at pH 5–7.
In the study by Rämö et al. [79], who investigated the distribution of the polyaluminum species in

the 1 mum Al solutions of prepolymerized aluminum chloride with the medium basicity (OH/Al 1.3),
based on the mass spectrometry (MS) analysis, the dominance of Al13

2+ and Al13
3+ compounds, which

made up 72% out of the total ion count at pH 4.7, is reported. No detection of [Al13O4(OH)24(H2O)12]7+

could be explained by any availability of the counter anions in the system and the drying droplet
of the specimen. Some larger formations, for example, Al26, were also observed; however, the Al13

complex is the dominant species in the system. On the contrary, the monomers, dimers, and trimers of
aluminum were completely absent [46].

According to mass spectrometric studies, reported by Sarpola [45], the PACl with the medium
basicity in the pH range 4.65–6.46 is characterized by the following protonated open form of
Al13—[Al13O4(OH)29]2+. Due to the high stability of the [Al13O4(OH)24(H2O)12]7+ complex, it is
suggested that the complex in its usual form is less likely to participate in any reactions. Meanwhile,
it is hypothesized [46] that after the formation of [Al13O4(OH)24(H2O)12]7+ in the aqueous solutions,
the four-coordinate oxygen atoms in each ring, which are shared with the central aluminate (Figure S2),
get “over-bonded”, and thus “loose” the bond with one of the other twelve aluminum atoms that
they are connected to, getting protonated and exposing the open chains or ring substructures to water.
Hence, four rings with the asymmetrical charge division are produced, giving rise to the active centers,
which can potentially attract the negatively charged systems and react with them [46].

Seichter et al. [80], who investigated the species of prepolymerized aluminum chloride, formed
by hydrolysis and condensation, assigns the detected complex cations to the octahedral structure
[Al13(OH)24(H2O)24]15+, which is identified as the other important tridecameric cation, in addition
to the Keggin (tetrahedral) type. This complex, as the complex [Al13O4(OH)29]2+ introduced by
Sarpola [45], has the planar core, and thus is potentially much more likely to participate in reactions
with the organic matter, as well as undergo further polymerization. However, the formation of this
polycation structure was expected to occur autonomously from the Keggin-type cation.

Based on the discoveries by Sarpola [45] and all above-mentioned findings, the present study
assumes that during coagulation, applying the prepolymerized aluminum chloride with medium
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basicity, the open structure of Al13 complex in the form of [Al13O4(OH)29]2+ plays the most crucial role
in the reactions with the oppositely charged foulants.

3.4. The Structure of Al13
2+

The planar open structure of the Al13
3+ complex was introduced by Sarpola [45], and taken

as the basis for building Al13
2+. Meanwhile, the geometry optimization analysis conducted in the

present work indicates that the minimum of potential energy can only be reached if the molecule has a
non-planar conformation, as represented in Figure 2.
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corresponding numbers, which were chosen for the simulations.

According to the charge/electron density distribution within the molecule, represented as the
isosurface of the Al13-complex (Figure 2a), aluminum atoms have a low electron density, a net positive
charge and a positive electrostatic potential, as shown by the bright green color; meanwhile, the oxygen
atoms have a high electron density, and thus a net negative charge and a negative electrostatic
potential, indicated by the bright purple color. According to the represented electrostatic potential
map, all aluminum atoms, except for the central tetrameric aluminum, are the potential active centers
during the interaction with the foulants. Meanwhile, based on the charge balance calculations, it was
identified that Al no. 64 (Figure 2b) has a slight net negative charge (−0.023), and that Al no. 67 has
almost no charge (0.004); thus, both are less likely to participate in these reactions. Consequently,
the aluminum atoms, highlighted with the light green color in Figure 2b, are the potential active
centers of the Al13-complex. The total dipole moment of the Al13 complex is 7.25 D. The analysis of the
components of the total dipole moment demonstrates the maximum contribution from the Z vector
component (Figure 2b).

The nature of the observed bonds in the structure of the Al13-complex is ionic, since the polarity
of the O–Al bonds (∆χAlO) is equal to 2 (χO = 3.5, χAl = 1.5 on the Pauling scale). The great difference
in electronegativities is also indicated by the significant differences in the electron density at the
aluminum and oxygen atoms, which is demonstrated by the entirely green and entirely purple regions,
respectively, with no regions of intermediary electrostatic potential.
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3.5. Results of the Quantum Chemical Simulations and Calculations

It was decided to investigate the Al13-monosaccharide complex formation through the
double-O-ligand coordination, since the formed structure would contain an additional ring system
with the delocalized π-electrons that would potentially contribute to its stabilization. Based on the
findings described in Section 3.2, and the structural peculiarities of the selected monosaccharides,
the formation of the Al13-monosaccharide complexes can occur through the following pairs of the
carbon atoms with the adjacent oxygen atoms:

(1) C1–C2, C1–C6, C4–C6, C1–C3 for the aldoses and uronic acid (β-D-glucopyranose,
β-D-galactopyranose, β-D-mannopyranose, and α-D-glucopyranuronic acid);

(2) C1–C2, C1–C4, C2–C3, C1–C3 for the deoxy sugars (β-L-rhamnopyranose and β-L-fucopyranose);
(3) C1–C2, C2–C3, C3–C5, C1–C3 for the pentose (α-L-arabinofuranose);
(4) C1–C6, C1–C4, C4–C6, C1–C3 for the aminosugar (β-D-glucosamine).

The pairs of aluminum atoms in the Al13
2+ complex, which can potentially participate in the

interaction with the listed active centers of the monosaccharides, are specified in Section 3.4.
It was assumed that the relevant active centers of the monosaccharides first got deprotonated, i.e.,

ionized, and then they participated in the chemical coordination with the Al13 complex. As a result of
these interactions, two water molecules are dehydrated, which was taken into consideration during
the relevant calculations. The enthalpy and Gibbs energy of formation of the liquid water molecule
specified by Dean [81] were used in this study. The entropy change for water molecules was calculated
from the reference data [81] according to Equation (2).

The assessment of the spontaneity of the potential interactions between the selected
monosaccharides and Al13

2+ complex was performed through two steps: First, a series of quantum
chemical simulations were conducted, focused on the determination of the thermodynamic parameters
of the formation of the individual reactants and the relevant complexes—standard enthalpy change
(∆Ho

f), standard entropy (So
f), and standard Gibbs energy change (∆Go

f); Second, the calculation of the
main thermodynamic parameters of the reaction between the selected monosaccharides and Al13

2+

complex, i.e., the process of the formation of the Al13-monosaccharide complex—standard enthalpy
change (∆Ho), standard entropy change (∆So), and standard Gibbs energy change (∆Go) was performed
according to Equations (1)–(4).

The standard Gibbs energy change of the process of formation of Al13-monosaccharide complex
(interaction between the selected monosaccharides and Al13

2+ complex), which is the main indicator
of the spontaneity in chemical reactions, is represented in Figure 3.

The analysis of the acquired charts (Figure 3) demonstrates that all of the processes which result in
the formation of the suggested Al13-monosaccharide complexes have a negative standard Gibbs energy,
which indicates that the processes of their formation are spontaneous, and hence thermodynamically
favorable. Meanwhile, the thermodynamic stability of the formed Al13-monosaccharide complex highly
depends upon the active centers of the monosaccharides and the Al13

2+ complex, which participate in
the chemical coordination process, and the nature of the monosaccharide. The following complexes
are identified as the most thermodynamically stable, since they exhibit the highest negative values
(with regard to every considered monosaccharide as the reactant) of standard Gibbs energy change: 4,6
GlcUA, Al 69,73 (∆Go = −1398.87 kJ/mol); 1,6 Glc, Al 62,37 (∆Go = −1085.82 kJ/mol); 1,6 Gal, Al 54,65
(∆Go = −1075.71 kJ/mol); 1,6 Man, Al 69,73 (∆Go = −1353.75 kJ/mol); 1,2 Rha, Al 23,10 (∆Go = −1067.79
kJ/mol); 1,2 Fuc, Al 54,65 (∆Go = −1080.55 kJ/mol); 1,3 Ara, Al 69,62 (∆Go = −1215.10 kJ/mol); 4,6 GlcN,
Al 69,73 (∆Go = −1068.35 kJ/mol).

With regard to the general tendencies, the aldoses and uronic acid exhibit similarly high
(−1376.16–(−1069.30) kJ/mol) negative values of the Gibbs energy change of the interaction between
the oxygen atoms at the C1–C2 active centers of the monosaccharide skeleton and the aluminum atoms
of the Al13

2+ complex no. 69, 73 (Figure 3a).
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Meanwhile, the deoxy sugars demonstrated similarly high (−1067.79–(−998.74) kJ/mol) negative
values of the Gibbs energy change for the interaction process between the oxygen atoms at C1–C2/C2–C3

atoms of the monosaccharide skeleton and the aluminum atoms of the Al13
2+ complex no. 23, 10

(Figure 3b).
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Figure 3. The development of the Gibbs energy change of formation of the Al13-monosacharide
complex, depending on the active centers of the solvated Al13

2+ complex and monosaccharide
for the double-O-ligand coordination of the following monosaccharides: (a) β-D-glucopyranose,
β-D-galactopyranose, α-D-glucopyranuronic acid, and β-D-mannopyranose; (b) β-L-rhamnopyranose
and β-L-fucopyranose; (c) α-L-arabinofuranose; (d) β-D-glucosamine. (Notes: “carb” stands for
carbohydrate; the first two numbers in the name of a complex are related to the pair of the carbon atoms
with the adjacent oxygen atoms in the structure of the relevant monosaccharide, which participate
in the coordination, and the second two numbers stand for the numbers of the aluminum atoms
(active centers) of the Al13 complex, which interact with the above-mentioned oxygen centers of the
monosaccharide.).

Apart from 1,3 Ara, Al 69,62 complex, the pentose, represented by α-L-arabinofuranose, showed
relatively high negative values of the Gibbs energy change of the process of formation of the
Al13-monosaccharide complexes through: (1) C1–C3/C1–C2 atoms of the monosaccharide and the Al
atoms of the Al13

2+ complex no. 69, 73 (−1129.30–(−1094.84) kJ/mol); (2) C1–C3/C3–C5 atoms of the
monosaccharide and the Al atoms of the Al13

2+ complex no. 23, 10 (−1102.18–(−1059.07) kJ/mol); (3)
C3–C5 atoms of the monosaccharide and the Al atoms of the Al13

2+ complex no. 10, 69 (−1096.97) kJ/mol)
(Figure 3c).

Concerning the aminosugar, represented by β-D-glucosamine (Figure 3d), considerably high
negative values of the Gibbs energy change of the process of interaction of the oxygen atoms at the
C1–C3 atoms of the aminosugar and Al atoms of the Al13

2+ complex no. 54, 65; and the oxygen atoms
at the C4–C6 atoms of the aminosugar and Al atoms of the Al13

2+ complex no. 10, 69 were obtained
(−1057.95–(−1036.44) kJ/mol).

The standard entropy change and enthalpy change of the processes resulting in the formation of
the investigated Al13-monosaccharide complexes is demonstrated in Figures S3 and S4. According
to the results (Figure S3), the standard entropy change is negative for all the processes, which can be
explained by the fact that the spontaneous association of such reactants as monosaccharide and the
Al13

2+ complex gives the rise to a more compact/organized structure [82].
Concerning the standard enthalpy change of the interaction between the monosaccharides and

the Al13
2+ complex, it is highly negative with regard to every investigated process, which results in the

formation of Al13-monosaccharide complex (Figure S4).
According to Equation (4), the most favorable condition for the formation of any compound

is established if ∆H < 0 and ∆S > 0, which indicates that this process of formation can occur
spontaneously at any given temperature. As shown above, the ∆So of the processes of formation of all
of Al13-monosaccharide complexes is negative, and the processes of their formation are exothermic
(∆Ho < 0). In this case, there is a competition between the entropy (the level of the disorder of the system)
and enthalpy factors: The first parameter facilitates the reversible process (complex decomposition),



Water 2019, 11, 1275 13 of 30

while the latter one favors the forward reaction (complex formation) [83]. High negative values of
∆Go for all investigated processes result from the dominance of the enthalpy factor at the standard
temperature, meaning that this temperature (T = 298.15 K) is low enough to facilitate the formation of
the Al13-monosaccharide complex (T < ∆Ho/∆So). However, at very high temperatures (T > ∆Ho/∆So),
the process of complex formation will not occur spontaneously.

3.6. Mechanisms of the Interactions

Based on the acquired results, the optimized geometric structures of the most thermodynamically
stable Al13-monosaccharide complexes (with respect to every single monosaccharide considered as the
reactant), and the determined mechanisms of their formation during flux enhancement in BF-MBR,
applying prepolymerized aluminum chloride with the medium basicity, are demonstrated in Figure 4.

According to the determined mechanisms (Figure 4), the most thermodynamically stable complex
(∆Go = −1398.87 kJ/mol) is formed when the atoms of aluminum no. 69, 73 interact with the oxygen
atoms in the positions C4–C6 of the α-D-glucopyranuronic acid (complex 4,6 GlcUA, Al 69,73). The
least thermodynamically stable complex in the selected group (∆Go = −1067.79 kJ/mol) is formed
during the interaction of aluminum atoms no. 23, 10 of the Al13-complex and the oxygen atoms of
β-L-rhamnopyranose in the positions C1–C2 (complex 1,2 Rha, Al 23,10).

Hence, the ranking trend among the studied complexes in decreasing order of thermodynamic
stability can be classified as: Al13-GlcUA > Al13-Man > Al13-Ara > Al13-Glc > Al13-Fuc > Al13-Gal >

Al13-GlcN > Al13-Rha.
The double-O-ligand coordination results in the dehydration of two H2O molecules to comply

with the requirement of four-coordinate Al atoms in Al13
2+ complex, considering two O-ligands in the

monosaccharide molecule, which was taken into account during the determination of the standard
Gibbs energy change of the process of the formation of every represented Al13-monosaccharide complex.

The potential factors, which facilitate the described mechanisms of the interaction between the
monosaccharides and Al13-complex (Figure 4) by positively contributing to the stabilization of the
Al13-monosaccharide coordinated complexes, can be: The steric effects and the polarization of Al active
centers towards the Oi–On atoms of the monosaccharide. The polarization of the Aln+ center in the Al13

complex towards the O-ligand in the structure of the monosaccharide can originate from the transfer
of the electrons from the 2p orbital of oxygen to the empty 3S/3p orbital of the Al ion (donor-acceptor
mechanism), which, according to He et al. [44], has the major influence on the stabilization of the
coordinated complexes, formed during the double-O-ligand coordination of β-D-glucopyranose to
[Al(OH)(H2O)4]2+. Concerning the intramolecular hydrogen bonding, in the present work, it was only
observed in the case of the complex formed by the C4–C6 atoms of β-D-glucosamine and Al no. 69, 73
of the Al13 complex (the hydrogen-bonding interaction of the type O–H···O, where the O–H group is
connected to the C3 atom of the β-D-GlcN and the O atom is connected to Al no. 48 of the Al13 complex,
demonstrated by the dashed line in Figure 4g). The other represented complexes did not contain the
newly formed intramolecular hydrogen bonds; thus, this factor was excluded as the major contributor
to the stabilization of the investigated complexes. However, the role of the stabilizing factors in the
formation of Al13-monosaccharide complexes should be the subject of a further investigation.
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3.7. Statistical Analysis

Partial least squares analysis (PLS) of the thermodynamic parameters acquired during all
simulations was conducted according to the following variables and response function (Table 2).

Table 2. Model inputs.

Predictors (X) Response (Y)

∆Ho, ∆So ∆Go

After the weighting at the first stage of the analysis to reduce the inherent differences of two
predictor variables having the different ranges, the obtained model underwent random cross-validation
in PLS, during which the dataset was divided into 20 segments, with 12–13 samples in each segment.
The number of PLS factors was chosen according to the explained variance.

The output from the PLS analysis with regard to the scores and loadings plots is demonstrated in
Figure 5.

According to Figure 5, the first two factors in total describe 100% of the variance in the dataset for
x and y.

The scores plot demonstrates no clear clusters of similar samples (Figure S5), which can be
explained by a large number of category variables. Meanwhile, the samples, marked with the dark red
oval, which are located leftmost, in the third quadrant of the scores plot (Figure 5a), exhibit the highest
negative standard enthalpy change (∆Ho) and Gibbs energy change (∆Go)—−1610–(−1442) kJ/mol
and −1399–(−1229) kJ/mol, respectively, which was indicated by the results of the data-driven sample
grouping (Figure 5b,d) and the correlation loadings plot (Figure 5e). The data-driven sample grouping
was automatically conducted by equally dividing the band of the target thermodynamic parameter
values in the whole range between the upper and lower limits into six groups, shown in Figure 5b–d.
The lower limits of values for the standard enthalpy change and Gibbs energy change—−1610–(−1442)
kJ/mol and −1399–(−1229) kJ/mol, respectively, were selected as the targeting levels of interest, since
they indicate the most thermodynamically stable complexes [82]. The samples, marked with the dark
red oval in Figure 5a, designate the complexes with the highest negative values of the standard Gibbs
energy change and enthalpy change, formed by the interaction of:

(1) O atoms at C1C6 atoms of β-D-Man with the Al atoms no. 69, 73 of the Al13
2+ complex (sample

no. 173, ∆Go = −1353.75 kJ/mol, ∆Ho = −1529.72 kJ/mol);
(2) O atoms at C1C3 atoms of α-D-GlcUA with the Al atoms no. 69, 62 of the Al13

2+ complex (sample
no. 96, ∆Go = −1251.41 kJ/mol, ∆Ho = −1437.80 kJ/mol);

(3) O atoms at C1C6 atoms of α-D-GlcUA with the Al atoms no. 69, 73 of the Al13
2+ complex (sample

no. 77, ∆Go = −1310.25 kJ/mol, ∆Ho = −1507.25 kJ/mol);
(4) O atoms at C1C2 atoms of α-D-GlcUA with the Al atoms no. 69, 73 of the Al13

2+ complex (sample
no. 69, ∆Go = −1376.16 kJ/mol, ∆Ho = −1580.16 kJ/mol);

(5) O atoms at C4C6 atoms of α-D-GlcUA with the Al atoms no. 69, 73 of the Al13
2+ complex (sample

no. 85, ∆Go = −1398.87 kJ/mol, ∆Ho = −1610.27 kJ/mol);
(6) O atoms at C1C6 atoms of α-D-GlcUA with the Al atoms no. 62, 37 of the Al13

2+ complex (sample
no. 74, ∆Go = −1220.22 kJ/mol, ∆Ho = −1440.80 kJ/mol);

(7) O atoms at C1C3 atoms of α-L-Ara with the Al atoms no. 69, 62 of the Al13
2+ complex (sample no.

224, ∆Go = −1215.10 kJ/mol, ∆Ho = −1432.96 kJ/mol).
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Figure 5. Results of the partial least squares analysis (PLS) using the results as the quantum chemical
and thermodynamic calculations: (a) Scores plot with no sample grouping; (b) scores plot with the
sample grouping according to ∆Ho; (c) scores plot with the sample grouping according to ∆So; (d)
scores plot with the sample grouping according to ∆Go; (e) correlation loadings plot; (f) total explained
variance plot; (g) standard Gibbs energy change prediction model (validation plot).



Water 2019, 11, 1275 21 of 30

Consequently, the complexes formed by α-D-glucopyranuronic acid and the Al atoms no. 69,
73; 62, 37; and 69, 62 of the Al13

2+ complex make up the majority of the most thermodynamically
stable samples.

According to the PLS correlation loadings plot (Figure 5e), Factor-1 clearly accounts for the
standard enthalpy change (∆Ho) and the Gibbs energy change (∆Go), while Factor-2 mainly describes
the standard entropy change (∆So). All of the variables explain more than 50% of the variance,
and hence have high importance in relation to Factor-1 and Factor-2. ∆Ho has a high positive correlation
with ∆Go and both are negatively correlated with ∆So along Factor-1.

The explained variance plot (Figure 5f) indicates that the optimum number of factors is one, which
provides 98.9% of the explained Y-variance. The increase in the number of factors does not significantly
influence the explained variance, which was expected due to a relatively small number of variables
(i.e., two variables result in two factors at most).

The analysis of the validation plot (Figure 5g) indicates that the developed model has a linear
trend (R-squared = 0.99) with a good fit for the majority of the data (slope = 0.987). The model is
reliable, since the value of R-squared (Pearson) is close to the R-squared correlation (0.989 vs. 0.995).
The Root Mean Square Error of Cross Validation (RMSECV) and the standard error of cross-validation
(SECV) are equal to 16.94 and 16.97 kJ/mol, respectively. The obtained bias of the model is insignificant
(0.21), which indicates its low tendency to any over- or underestimation of the validation values.

The stability and applicability limit of the partial least squares regression (PLSR) model was
checked through the case scenarios based on the addition of the proportional and additive noise, i.e.,
the noise which typically affects instrument amplification and the measurement signal, respectively,
to both the predictors and response function, according to Equation (5) [84]:

Mnew(i, k) = M(i, k)·
[
1 +

PN
100
·N(0, 1)

]
+ N(0, AN), (5)

where PN is the level of proportional noise, %; AN is the level of additive noise, AN = P%
100 ·M(i, k),

where P% is the level of approximate additive noise in percent; N(m,s) is the randomly distributed
value, where m—mean standard deviation and s—standard deviation; M(i,k)—the real raw value,
acquired during the quantum chemical and thermodynamic calculations; Mnew(i,k)—the value with
the added tested noise.

According to the performed series of calculations, the derived partial least squares regression
(PLSR) model is applicable (R-squared = 0.7) for the maximum proportional noise equal to 6% and
the maximum standard deviation for the additive noise equal to 14, applied for both of the predictors
(∆Ho, ∆So) and the response function (∆Go).

Due to the scattered nature of the scores, i.e., the lack of indication of distinctive clusters, it was
decided to conduct the cluster analysis of the scores to understand if any grouping of the samples can
be performed based on their similarities with regard to the specified variables.

The Y-scores for the latent variables Factor-1 and Factor-2 acquired during the PLSR analysis were
used as the input data for the cluster analysis. This was done in order to screen out the noise of the raw
data and use the prevailing differences of the most and least thermodynamically stable complexes.
The classes were generated from the scores by applying a hierarchical complete-linkage clustering
method and the squared Euclidean distance as the dissimilarity function.

The obtained results are represented in Figure 6 and Figure S6.
The acquired dendrogram visualizes the clustering (Figure 6), which corresponds to the Y-scores

in the four quadrants of Figure 5a–d. Six classes can be identified at a higher resolution (a relative
distance of around 0.8) (Figure 6), which correspond to the six groups of the standard Gibbs energy
change in the scores plot, generated during the data-driven sample grouping (Figure 5d).
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Meanwhile, at a lower resolution (a relative distance of around 4.9), merely two classes can be
identified (Figure 6). The red cluster is characterized by the samples with high values of Factor-1 and
generally low values of Factor-2. The corresponding samples were marked with the black circles in
Figure 5a–d. This position of the marked samples on the scores plot indicates that they are characterized
by the low negative values of the standard enthalpy change (∆Ho) and Gibbs energy change (∆Go)
and the predominantly high negative values of the standard entropy change (∆So). Thus, the relevant
complexes are less thermodynamically stable. The blue cluster represents the scores with low values
of Factor-1, i.e., the corresponding samples are characterized by the relatively high negative values
of ∆Ho and ∆Go (all of the samples which do not have the black-circle mark in Figure 5a–d). Hence,
the corresponding complexes are more thermodynamically stable. The location of the scores of the
certain sequence numbers, which constitute each cluster shown in the dendrogram, can be found in
the scores plot with no sample grouping (Figure 5a).

The described clusters, generated by cluster analysis, represented the Al-monosaccharide
complexes, which are more or less liable to decompose during coagulation and can be assigned
to the categories “Less stable” and “Stable”, respectively.

3.8. The Working Hypothesis, Implication of the Findings, Challenges, and Perspectives

Systematic research, conducted in the present work, develops the concept of the targeting chemical
influence of the Al-based prepolymerized coagulant on the fouling propensity of mixed liquor in the
MBR and BF-MBR systems. Particularly, this study focuses on the investigation of the thermodynamic
patterns and the mechanisms of the removal of the carbohydrates, which were proven to be the major
foulants, deteriorating the filtration performance of MBR and BF-MBR.

The need for this approach was emphasized by the latest work of this research team [31], which,
as well as most of the other previous studies, dealt with the investigation of mechanisms of fouling
mitigation via coagulation in MBR and BF-MBR in relation to the substrate, with no focus on the
chemical fouling mitigation based on the carbohydrate composition [85–87].

Based on the analysis of zeta potential profiles and the intrinsic coagulant charges, Kulesha et al. [31]
found out that the principal mechanism of chemical flux enhancement applying inorganic coagulants
in BF-MBR is adsorption/charge neutralization. According to Stumm and Morgan [88], the charge
neutralizing process accompanies the fixation of the multivalent cations onto the deprotonated group
of macromolecular sol (carbohydrates, proteins and their derivatives). This fixation is an electrostatic
or a chemical interaction. Meanwhile, the chemical coordination is of considerable significance in
coagulation and flocculation reactions between multivalent cations and the macromolecular sols,
producing soluble and insoluble complexes, which may have various extents of cross-linkage [88].

The underlying hypothesis of the present research is that purely chemical factors must be
considered, apart from the electrostatic double-layer interactions, in order to comprehensively explain
the coagulation processes occurring during the addition of the chemical flux enhancers in BF-MBR [88].
No studies on MBR/BF-MBR, which proved/refuted this hypothesis, are found.

The current study demonstrates that the investigation of the chemical coordination processes is
among the key approaches to the comprehension of the fouling mitigation mechanisms in BF-MBR.
The results on the reduction of the content of soluble microbial products (SMPs) after chemical dosing,
acquired in our previous work [31], as well as in the studies by the other research teams [27,85,89], can be
satisfactorily interpreted with regard to chemical interactions, described in the current work, while
the electrosurface phenomena, described by the theories of double layer and electrostatic interactions,
are not applicable to the explanation of the interactions between the solutes/macromolecular sols and
the soluble hydrolyzed coagulant species.

According to Wu and Huang [90], SMPs exhibit a higher contribution to membrane fouling in
MBR than the colloidal matter. Meanwhile, carbohydrates were found to be the dominant species in
SMPs [91]. The carbohydrate fraction of the SMPs highly correlates with fouling in contrast to the
protein fraction.
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Specifically, carbohydrates were found to be responsible for the reversible, irreversible, and
irrecoverable fouling, while the proteins demonstrated occasional or no quantitative relationship
with the fouling extent [34,90,92–94]. On the other hand, in the studies by Choi and Ng [95] and
Zhou et al. [96], the proteins exhibited a high fouling propensity in the submerged MBR. Hence, the role
of the proteins in membrane fouling still remains controversial, and needs further investigation.

The general mechanisms of fouling mitigation in BF-MBR were proven to be almost the same as
in the MBR systems [31], which allows for assuming that the investigated content of the mixed liquor
in MBR, represented by different research groups [50,51,53–55], is also valid for the BF-MBR.

Due to the lack of the reference data on the thermodynamic parameters of formation of the Al13
7+

Keggin complex in the liquid state, it was only possible to compare the relevant characteristics of this
complex with those of the investigated in the present work Al13

2+ in the crystal state. The standard
enthalpy change of formation from elements of the Al13

2+ complex in the crystal state is equal to
−10,445.6 ± 10.9 kJ/mol, which is almost twice as low as the standard enthalpy change of formation
from elements of the Al13

7+ Keggin complex in the crystal state (−20892.39 ± 70.56 kJ/mol), determined
by Armstrong et al. [43]. This observation indicates the higher reactivity/lower stability of the Al13

2+

complex in comparison to Al13
7+ Keggin complex, and proves the hypothesis that the latter complex in

its usual form is less likely to participate in any reactions [46].
The results acquired during the testing of different limit noises for the applicability of the derived

PLSR model indicate that this model can be used, not merely for the computational results, but also for
the experimentally-obtained data with the maximum noise, which affects the instrument amplification,
6%, and the maximum standard deviation for the noise, which affects the measurement signal, equal to
14, imposed on all the investigated variables (∆Ho, ∆So, ∆Go).

The performed PLSR and cluster analyses are the bases for developing a classifier that enables
a continuous discrimination of the thermodynamically stable and less stable Al13-monosaccharide
complexes, based on the coagulant type and the content of the monosaccharide species in mixed liquor
in the separation chamber of the MBR/BF-MBR system, which will considerably contribute to plant
surveillance and process control.

The concept, presented in the current study, provides a physicochemical and statistical verification
of the reasons for the observations on the SMPs removal, which were obtained during the filtration
tests in BF-MBR, conducted earlier [31].

The developed approach will help to reduce the input (time and resources), required to test
the coagulants as the fouling reducers in MBR and BF-MBR systems. It addresses the questions
“What to expect from the mixed liquor system with the chemical dosing?” and “How to reduce the
mixed liquor fouling potential?” The quantum chemical and thermodynamic calculations, followed
by the multivariate chemometric analysis, allow the researcher to predict the efficiency of the
coagulants with regard to SMPs removal in MBR and BF-MBR, and to select the most efficient
compound without conducting numerous experiments. The thermodynamic stability of the investigated
Al13-monosaccharide complexes is directly related to their fouling potential, since if the complex is
more liable to decompose during/after coagulation, more severe membrane fouling is expected due to
the released SMPs [97]. Hence, the present study introduces the relationship—fouling as a function of
the standard Gibbs energy change—which is able to provide the best solution for the selection of the
chemical fouling reducer in MBR and BF-MBR at the lowest cost.

The results of the present work can be used for the development of a sensor for the prediction of
the flux enhancement efficiency based on the monosaccharide content of mixed liquor in BF-MBR.

Further study is also foreseen in the investigation of the role of the stabilizing factors in the
formation of Al13-monosaccharide complexes.

Besides, the thermodynamic properties of the interaction of the monosaccharide-amino acid
network assemblages with the polyaluminum hydrolysis species should be investigated.
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4. Conclusions

The developed computational thermodynamic-multivariate chemometric approach to the
assessment of the chemical flux enhancement of the coagulants with regard to MBR and BF-MBR
advances the field of fouling mitigation, and provides the thermodynamic and statistical tools for the
understanding of the underlying mechanisms and the prediction of the fouling mitigation efficiency.

β-D-glucopyranose, β-D-galactopyranose, β-D-mannopyranose, α-D-glucopyranuronic acid,
β-L-rhamnopyranose, β-L-fucopyranose, α-L-arabinofuranose, and β-D-glucosamine are the main
building blocks of SMPs of mixed liquor in the MBR/BF-MBR, and are primarily responsible the
reversible, irreversible and irrecoverable membrane fouling.

The case study, presented in the current work, focuses on the flux enhancement efficiency of
the Al13

2+ complex, which is the main hydrolysis species of the medium basicity prepolymerized
aluminum chloride, proven to be the most efficient coagulant with respect to fouling mitigation
in BF-MBR.

The mechanisms of the formation of the most thermodynamically stable Al13-monosaccharide
complexes were defined based on the results of the quantum chemical and thermodynamic analyses.
The thermodynamic stability of the formed Al13-monosaccharide complex was found to be highly
dependent upon the active centers of the monosaccharides and the Al13

2+ complex, which participate
in the chemical coordination process, and the nature of the monosaccharide. The complex, formed
by the interaction of the oxygen atoms at C4−C6 atoms of α-D-glucopyranuronic acid with the Al
atoms no. 69, 73 of the Al13

2+ complex, was identified as the most thermodynamically stable complex
(∆Go = −1398.87 kJ/mol). Meanwhile, the complex, formed by the interaction of the oxygen atoms at
C1C2 atoms of β-L-rhamnopyranose with the Al atoms no. 23, 10 of the Al13

2+ complex, exhibited the
lowest thermodynamic stability among the investigated monosaccharides (∆Go = −1067.79 kJ/mol).

The sample grouping. according to the standard Gibbs energy change, performed during the
PLSR analysis, revealed that the complexes formed by α-D-glucopyranuronic acid and the Al atoms no.
69, 73; 62, 37; and 69, 62 of the Al13

2+ complex make up the majority of the most thermodynamically
stable samples among all 256 investigated Al13-monosaccharide complexes.

The derived PLSR model can be used for computationally and experimentally acquired
thermodynamic parameters, being applicable (R-squared = 0.7) for the maximum proportional
noise equal to 6%, and the maximum standard deviation for the additive noise equal to 14, applied for
both the predictors (∆Ho, ∆So) and the response function (∆Go).

The results of the performed PLSR and cluster analyses are the basis for developing a
classification model for the continuous discrimination of the thermodynamically stable and less
stable Al13-monosaccharide complexes, based on the coagulant type and content of the monosaccharide
species in mixed liquor, which will substantially contribute to the automated process control of the
MBR/BF-MBR systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/6/1275/s1,
Figure S1: Electrostatic potential maps of the selected monosaccharides with the numerated carbon atoms (based
on their position in the structure): (a) β-D-galactopyranose; (b) β-D-mannopyranose; (c) α-D-glucopyranuronic
acid; (d) β-L-rhamnopyranose; (e) β-L-fucopyranose; (f) α-L-arabinofuranose; (g) β-D-glucosamine, Figure S2:
The optimized structure of the Keggin Al13

7+ complex with the hydrogen bond (marked with the dashed
line), Figure S3: The development of the standard entropy change of formation of the Al13-monosacharide
complex depending on the active centers of the solvated Al13

2+ complex and the monosaccharide for the
double-O-ligand coordination of the following monosaccharides: (a) β-D-glucopyranose, β-D-galactopyranose,
α-D-glucopyranuronic acid, and β-D-mannopyranose; (b) β-L-rhamnopyranose and β-L-fucopyranose; (c)
α-L-arabinofuranose; (d) β-D-glucosamine, Figure S4: The development of the standard enthalpy change
of formation of the Al13-monosacharide complex depending on the active centers of the solvated Al13

2+

complex and the monosaccharide for the double-O-ligand coordination of the following monosaccharides:
(a) β-D-glucopyranose, β-D-galactopyranose, α-D-glucopyranuronic acid, and β-D-mannopyranose; (b)
β-L-rhamnopyranose and β-L-fucopyranose; (c) α-L-arabinofuranose; (d) β-D-glucosamine, Figure S5: Scores plot
with the sample grouping, computed from PLS. (Notes: “carb.” stands for carbohydrate.), Figure S6: Dendrogram
plot acquired during the cluster analysis based on the scores of PLS (primary view) (TIF file).
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Figure S1. Electrostatic potential maps of the selected monosaccharides with the numerated carbon 

atoms (based on their position in the structure): (a) β-D-galactopyranose; (b) β-D-mannopyranose; (c) 

α-D-glucopyranuronic acid; (d) β-L-rhamnopyranose; (e) β-L-fucopyranose; (f) α-L-arabinofuranose; 

(g) β-D-glucosamine. 

 
Figure S2. The optimized structure of the Keggin Al137+ complex with the hydrogen bond (marked with the 

dashed line). 
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Figure S3. The development of the standard entropy change of formation of the Al13-monosacharide 

complex depending on the active centers of the solvated Al132+ complex and the monosaccharide for 

the double-O-ligand coordination of the following monosaccharides: (a) β-D-glucopyranose, β-D-

galactopyranose, α-D-glucopyranuronic acid, and β-D-mannopyranose; (b) β-L-rhamnopyranose 

and β-L-fucopyranose; (c) α-L-arabinofuranose; (d) β-D-glucosamine. 
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Figure S5. Scores plot with the sample grouping, computed from PLS. (Notes: “carb.” stands for 

carbohydrate.). 
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