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Abstract

Submerged anaerobic membrane bioreactor (SAnMBR) technology is
becoming an attractive alternative for industrial wastewater treatment as it improves
the biological process while allowing for the recovery of energy through biogas
production. However, membrane fouling presents one of the main drawbacks of the
technology. It is generally believed that operating below the critical flux can reduce
the fouling rate. Another drawback hampering the wide-spread application of the
SAnNMBR technology is its competitors, mainly conventional high-rate anaerobic
systems, like up-flow anaerobic sludge blanket (UASB) reactors which are known for
their high OLRs (up to 40 kgCOD/m?.d).

This Thesis focused on two parts. In the first part, investigated the effects of
sparging rates (8.72, 6.0 and 4.38 m*m?.h) and mixed liquor total solids (MLTS)
concentrations (15, 10.6, 7.7 and 5.7 g/L) on the critical flux in a short term study.
The study concluded that both MLTS concentration and sparging rate are key
factors to be considered for optimization of the SAnMBR. Critical flux increased as
the sparging rate increased for all MLTS concentrations, but no further increase was
noted above (6.0 m®m?2.h). The relationship between the critical flux and MLTS
concentrations of 5.7, 7.7 and 10.6 g/L can be approximated by a linear relationship
for all the sparging intensities tested (the critical flux decreased as MLTS
concentrations increased), but no further decrease in the critical flux was noted at
MLTS concentration of 15.0 g/L. The short term study was followed by a long term

study to validate the concept of the critical flux. The SANMBR was operated at sub-



critical flux but membrane fouling occurred (decreased flux and increased TMP)
within five weeks operation mainly caused by a gel layer formation. The results
suggest that the concept of critical flux is not valid for SAnMBRs.

In the second part, a high-rate SAnNMBR was developed. The results were
stunning as the SAnMBR’s performance surpassed the UASB’s performance. The
SAnMBR maintained organic loading rate (OLR) of 39.85 + 1.14 Kg COD/m*.d for
more than 100 days at chemical oxygen demand (COD) removal efficiency of more
than 99.7% (with very low effluent COD concentration of 42 + 17 mg/L) and
excellent biogas production (0.39 = 0.07 L CHs /g COD removed) and CHg
composition of 66.89% £ 1.52. The results suggest that SAnNMBR can compete with
UASB and achieved superior effluent quality for system closure or water reuse.

In part I, no membrane fouling was developed under stable operation for over
300 days. In part I, gel layer formation was the main mechanism of fouling.
Inorganic fouling was more important than organic fouling in both part | and Il

studies.
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Chapter 1 : Introduction

1.1 Overview of the present study

Environmental contamination is one of the major challenges facing human beings
in the twenty-first century. We are also facing the repercussions of climate change,
increased global demand on fossil fuels, unstable energy supply, and constant
exploitation of the very limited natural resources (Khanal et al., 2008). The conventional
methods of pollution control, that focus on removing pollutants from a single medium,
that is, transformation of contaminants from liquid to solid or gas phases and vice versa,
is no longer considered an attractive option. It has become immensely important to
encourage research efforts on sustainable approaches that not only alleviate
environmental pollution, but also ease the stress on diminishing natural resources and
skyrocketing energy shortage (Khanal et al., 2008). Anaerobic wastewater treatment
process has long been considered as a more cost effective treatment technology than
the aerobic treatment of various kinds of wastewater ranging from low to medium to
high strength, including municipal and industrial wastewaters. The success of anaerobic
treatment is accredited to low biomass yield, high organic loading potential, less nutrient
requirement, smaller reactor volume and low operations & maintenance capitals.
Furthermore, biogas recovery from anaerobic treatment can be used as a renewable
energy source, thus reducing green house gas emission (Wijekoon et al., 2011). At the
present, high rate anaerobic treatment of industrial wastewaters is considered an
established effective technology. The success of high rate anaerobic treatment can be

attributed to the retention of slow growing methanogenic bacteria in the bioreactor by
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effectively decoupling of solids retention time (SRT) and hydraulic retention time (HRT)
(Lomte and Bobade., 2013). The commonly used methods of biomass retention are
settling, attachment and granulation. The granulation is the most commonly applied
process, as substantiated by the profusion of up-flow anaerobic sludge bed (UASB),
expanded granular sludge bed (EGSB) and internal circulation (IC) reactors for the
treatment of industrial wastewaters (Dereli et al., 2012). Due to the combination of
simple construction and a high volumetric treatment capacity, the up-flow anaerobic
sludge blanket (UASB) is the most dominant high rate anaerobic reactor (Chong et al.,
2012). UASB reactors are extensively applied in treating most of the wastewaters
containing high concentrations of soluble organic matter. However, UASB still faces
many challenges such as long duration for start-up period, biomass wash-out,
requirement for effluent polishing and failure to treat wastewaters at extreme conditions
(e.g. high temperature, high salinity and presence of toxicity) (Lomte and Bobade

(2013); Martinez-Sosa et al., 2011; An et al., 2009; Najafpour et al., 2008).

In recent years, the Anaerobic membrane bioreactors (AnMBRs) has gained
popularity and emerged as a competitive high rate technology as it offers in addition to
the advantages of conventional high rate reactors; superior effluent quality (free of
solids and pathogens), complete retention of biomass, decouple SRT from HRT and
more importantly overcomes the weaknesses of the UASB (Dereli et al., 2012).
Nonetheless membrane fouling and low organic loading rate are a synonym for
AnMBRs. So far, AnMBRs have been operated at much lower OLRs compared to
UASB despite the potentials to be developed further. In order for the AnMBRs to

compete with UASB, high rate AnMBRs need to be developed to convince the market to
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switch to AnMBRs. We must stress that there is no any other technology that can beat

AnMBR in terms of overall performance with the exception of OLR.

The deterioration of the membrane performances due to membrane fouling
remains the major obstacle hampering the extensive application of AnMBRs. Membrane
fouling is responsible for the rapid decline of permeation flux or an increase in trans-
membrane pressure (TMP), higher energy consumption, more frequent membrane
cleaning and replacement eventually increasing the operational cost of the AnMBR
process. Due to the complexity, variability and interaction of the membrane properties,
operational and the environmental conditions, membrane fouling have not been fully
understood and explained. Further research on membrane fouling mechanisms is

imperative to develop effective membrane fouling control strategies.

Based on membrane integration into the bioreactors, two MBR process
configurations have been developed: side-stream and submerged (see section 2.1.5). In
side-stream MBRs, membrane modules are located outside the reactor (external cross
flow), and the mixed liquor of the reactor circulates over a recirculation loop containing
the membrane and the permeation is obtained through pressure. In submerged MBRs,
the membranes are situated inside the reactor (submerged) and a vacuum pump is
used to draw the effluent through the membrane. Side-stream MBRs are energy
intensive process while submerged MBRs involve lower energy needs. Thus,
submerged MBRs are gaining popularity. However, biogas sparging is needed to scour
the membrane surface as a fouling control strategy. Biogas sparging rate has been

proved to influence the/ membrane fouling but the optimum sparging intensities are not
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fully understood yet and more research needs to be conducted (Stuckey (2012);

Bornare et al., 2014; Watanabe et al., 2014)

Biomass properties such as particle size distribution (PSD), mixed liquor
suspended solids (MLSS) concentration and extracellular polymeric substance (EPS)
can seriously affect the biological performance and membrane fouling (Meng et al.,
2006). Higher MLSS concentrations may increase energy demand, as well as
increasing the risk of membrane fouling (Judd (2008)). However, no guidelines have
established on recommended MLSS concentrations due to its complex effect on the

overall performance of AnMBRs.

1.2 Novelty of the study

e No high OLR anMBR over 24 kg COD/m%d has been developed with excellent
performance to compete with UASB.

e The limited studies of MLSS effect on critical flux were achieved by varying the SRT
to change MLSS concentration which also changes sludge properties. We have
carried on an accelerated study on the effect of MLSS on critical flux by minimizing

the change of sludge properties.
1.3 Research objectives

The overall goal of this study was to investigate and develop the next generation
of SAnNMBR technology for industrial wastewater treatment and benefit from the biogas

production and the superior quality of the AnMBR effluent that can be re-used or
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recycled without further treatment and be fully integrated in the much desired system

enclosure of the industrial processes.

The specific objectives of the study were designed to:

e Develop a high-rate AnMBR to compete with conventional anaerobic wastewater
treatment, namely, up-flow anaerobic sludge blanket (UASB)

* Investigate the effect of mixed liquor suspended solids (MLSS) and biogas
sparging rate on critical flux and membrane fouling

e Study membrane fouling and its control

¢ Characterize membrane fouling and foulants

1.4 Outline of this thesis

This thesis is organized in five chapters. Chapter 1 includes the general
introduction, the motivation and research objectives of this study. Chapter 2 presents a
comprehensive literature review of previous studies on AnMBR, including details on the
evolution of anaerobic membrane treatment process, MBR configurations, operation,
application and membrane fouling and fouling control strategies. In Chapter 3, a flat
sheet membrane was submerged in a laboratory-scale anaerobic bioreactor (FS-
SAnNMBR) and was operated for petro-chemical synthetic wastewater treatment. The
effect of MLSS concentration and biogas sparging intensity on the critical flux of
submerged anaerobic membrane bioreactor (SAnMBR) was studied. The critical fluxes
at various MLSS concentrations and spraging intensities were investigated in a short
term studies followed with a long term operation to evaluate one of the critical fluxes
measured in the short term study. In Chapter 4 a hollow fibre-submerged anaerobic
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membrane bioreactor (HF-SAnNMBR) was used to develop a high rate SAnMBR to
compete with the conventional high rate anaerobic treatment processes mainly the up-
flow anaerobic sludge blanket (UASB). The overall performance of the HF-SAnNMBR
was monitored in terms of organic loading rates (OLRs), chemical oxygen demand
(COD) removal efficiency, biogas production and composition. Sludge properties role in
membrane fouling was investigated and finally, the membrane fouling characterisation
in terms of resistances was performed. The general conclusions from these studies and

recommendations for future research are summarized in Chapter 5.

1.5 References

An, Y., Yang, F., Bucciali, B., & Wong, F. (2009). Municipal wastewater treatment using
a UASB coupled with cross-flow membrane filtration. Journal of Environmental

Engineering, 135(2), 86-91.

Bornare, J. B., Raman, V. K., Sapkal, V. S., Sapkal, R. S., Minde, G., & Sapkal, P. V.
(2014). An Overview of Membrane Bioreactors for Anaerobic Treatment of

Wastewaters.

Chong, S., Sen, T. K., Kayaalp, A.,, & Ang, H. M. (2012). The performance
enhancements of upflow anaerobic sludge blanket (UASB) reactors for domestic

sludge treatment—A State-of-the-art review. Water research, 46(11), 3434-3470.

6|Page



Dereli, R. K., Ersahin, M. E., Ozgun, H., Ozturk, I., Jeison, D., van der Zee, F., & van
Lier, J. B. (2012). Potentials of anaerobic membrane bioreactors to overcome
treatment limitations induced by industrial wastewaters. Bioresource

technology, 122, 160-170.

Judd, Simon. "The status of membrane bioreactor technology." Trends in

biotechnology 26.2 (2008): 109-116.

Khanal, S. K. (2008). Overview of anaerobic biotechnology. Anaerobic biotechnology for
bioenergy production: principles and applications. Wiley—Blackwell Publishing,
New York http://www. wiley. com/WileyCDA/WileyTitle/productCd0813823463.

html, 20, 385-406.

Lomte, A. T., & Bobade, V. V. Suitability of UASB Reactor System in Tropical

Developing Countries like India.

Martinez-Sosa, D., Helmreich, B., Netter, T., Paris, S., Bischof, F., & Horn, H. (2011).
Anaerobic submerged membrane bioreactor (AnSMBR) for municipal wastewater
treatment under mesophilic and psychrophilic temperature

conditions. Bioresource technology, 102(22), 10377-10385.

Meng, F., Chae, S. R., Drews, A., Kraume, M., Shin, H. S., & Yang, F. (2009). Recent
advances in membrane bioreactors (MBRs): membrane fouling and membrane

material. Water research, 43(6), 1489-1512.

7|Page



Najafpour, G. D., Hashemiyeh, B. A., Asadi, M., & Ghasemi, M. B. (2008). Biological
treatment of dairy wastewater in an upflow anaerobic sludge-fixed film

bioreactor. Am. Eurasian J. Agric. Environ. Sci, 4, 251-257.

Stuckey, D. C. (2012). Recent developments in anaerobic membrane

reactors.Bioresource technology, 122, 137-148.

Watanabea, R., Qiaoa, W., Nortond, M., Wakaharae, S., & Lia, Y. Y. (2014). Recent
Developments in Municipal Wastewater Treatment Using Anaerobic Membrane

Bioreactor: A Review. Journal of Water Sustainability, 4(2), 101-122.

Wijekoon, K. C., Visvanathan, C., & Abeynayaka, A. (2011). Effect of organic loading
rate on VFA production, organic matter removal and microbial activity of a two-
stage thermophilic anaerobic membrane bioreactor. Bioresource

Technology, 102(9), 5353-5360.

8|Page



Chapter 2 : Literature Review
2.1 Anaerobic Membrane Bioreactor (AnMBR)

2.1.1 Introduction

The Anaerobic membrane bioreactor (AnMBR) process can be simply defined as
a biological treatment process operated in the absence of oxygen and using a
membrane to provide complete solid-liquid filtration (Visvanathan and Abeynayaka.,
2012). The first known commercial Anaerobic Membrane Bioreactor (AnMBR) was built
in the early 1980s, by Dorr-Oliver for high-strength whey processing wastewater
treatment, the development was named membrane anaerobic reactor system (MARS)
(Lin et al., 2013; Skouteris et al., 2012; Liao et al, 2006). Since then, AnMBRs have
been widely studied for application in the treatment of municipal and industrial
wastewaters of various strengths (Skouteris et al., 2012). As the AnMBRs could operate
independently in relation to the SRTs, it becomes capable of tolerating high organic
loading rates. This is an advantage which makes it an attractive option for low (i.e.,
municipal wastewater) to high strength industrial wastewater treatment, energy recovery

and low excess sludge production (Visvanathan and Abeynayaka., 2012).
2.1.2 What is Membrane?

A membrane can be defined as a material forming a thin wall having the
capability of selectively resisting the transfer of fluids with different constituents and can
effectively separate these constituents from the liquid. Hence, membranes must be

produced with materials having a reasonable mechanical strength that can sustain a
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high throughput of a desired permeate with a high degree of selectivity. The most
effective physical structure of the membrane material is rested on a thin layer of
material with a narrow range of pore size and a high surface porosity (Visvanathan and
Aim., 2002). Based on membrane pore sizes, there are four types of membranes:
microfiltration (MF; 0.05~10 ym), ultrafiltration (UF; 0.002~0.01 pym), nanofiltration (NF;

0.001~0.002 pm) and reverse osmosis (RO; ~0.002 ym) (Watanabe et al., 2014).

2.1.3 Membrane Bioreactor

Membrane Bioreactor (MBR) technology is the combination of the biological
degradation process with solid-liquid separation or membrane filtration process.
Generally, micro or ultra-filtration membranes with pore sizes in the range of 0.1 to 0.4
pum are employed in MBRs (Zhu et al., 2014; Bornare et al., 2014). The overall quality of
water treated by the MBR technology equates the combination of secondary clarification
and effluent microfiltration. Therefore, the MBR systems are becoming an attractive
option for the treatment and reuse of various types of wastewaters such as industrial

and municipal wastewaters (Zhu et al., 2014).

2.1.4 The Anaerobic Digestion Process

Anaerobic digestion (AD) is considered a very complex reduction process
consisting of a number of biochemical reactions taking place under anaerobic conditions
and several types of microorganisms are involved in the complex process. During the
anaerobic process, biogas (mainly composed of methane and carbon dioxide) is

produced as the end product. Methane formation in the anaerobic digestion occurs in
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four different steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis

(Adekunle and Okolie., 2015).

Hydrolysis: It is the first step in the anaerobic digestion process initiating
transformation of insoluble organic materials and large molecular compounds such as
proteins, lipids, polyssacharides, cellulose, fats etc. into soluble organic compounds
suitable for the use as an energy source and cell carbon (e.g., glucose,

monosaccharides, fatty acids, amino acids and other simple organic materials.

Acidogenesis (Fermentation): In this step, the monomers produced in the
previous step are further digested by different anaerobic bacteria (acidogenic bacteria)
and converted into short chain organic acids (e.g., formic, butyric, lactic, propanoic,

acetic), alcohols, acetate, hydrogen, ketones and carbon dioxide.

Acetogenesis: In this phase the fermentation products are consumed as
substrate for the microorganisms (acetogenic bacteria) and through a biological reaction

are broken-down into acetate, hydrogen, and carbon dioxide (CO,).

Methanogenesis: This is the final phase of the anaerobic digestion where the
production of methane and carbon dioxide from intermediate products takes place. The
biological reaction is carried out by methanogenic bacteria under strict anaerobic
conditions. It is important to note that the methanogenesis is a very critical step in the
whole anaerobic digestion process as it is the slowest biochemical reaction of the

process. Figure 2-1 shows the overall biochemical process.
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Figure 2-1: Anaerobic digestion biochemical conversion pathways

(Adapted from Adekunle and Okolie., 2015)

It is important to note that anaerobic microorganisms particularly the
methanogens are very sensitive to environmental changes. Since methanogenesis is a
rate limiting reaction in anaerobic digestion process, its stability directly depends on the
environmental conditions such as operating pH, temperature, nutrients and trace
elements and toxicity. Besides, methanogens are greatly susceptible to the variations in
substrate loading. For example, changes in temperature in anaerobic reactors should
not exceed 0.6-1.2 °C per day. The optimum pH range of acetogens / acidogens is 5.5-
7.2 while methanogens have a very narrow pH range of 6.8-7.8. As a result, it is
imperative to maintain reactor pH around the neutral to optimize the methanogenic

activity (Visvanathan and Abeynayaka., 2012).
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2.1.5 Integration of membrane modules into the AnMBR systems

In general there are two principle methods of integrating the membrane modules
into the AnMBR process: the side-stream configuration (also termed external cross-
flow) and the submerged configuration. In the first case, the membrane is isolated from
the bioreactor and a pump is employed to push bioreactor effluent into the membrane
modules and permeate through the membrane (Figure 2-2). This type of configuration is
also called an external cross-flow. The cross-flow velocity of the liquid (in the range of
1-4 m/s) across the membrane surface produces a turbulent cross-flow and serves as
the main mechanism to disrupt cake formation on the membrane. This method is a very
energy intensive process; therefore, the attention is shifting towards the submerged
configuration. In the second option, the membranes are submerged in the mixed liquor,
and permeate is obtained by mechanical suction or by gravity flow. Due to the
interaction of mixed liquor with the membrane, fouling can occur and needs to be
controlled. This can be done by biogas sparging to disrupt the cake layer formation. Off
course in case of aerobic MBRs, air can be used to scour the membrane surface and
provide aeration. The major advantage of having the membrane submerged in the
bioreactor is that the energy required for pumping and recycling the sludge is
eliminated. On the other hand, biogas must to be recycled from the headspace to
underneath of the membrane modules to provide biogas scouring for fouling control.

The submerged (also called vacuum-driven) membrane approach can be
installed in two configurations. The membrane may be submerged directly into the
bioreactor (Figure 2-3) or submerged into a separate filtration tank (Figure 2-4). The

latter configuration resembles the external membrane configuration, thus, requiring a
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pump to return the retentate to the bioreactor to maintain constant sludge concentration.
Nevertheless, unlike the external cross-flow membrane configuration, permeate here is
obtained by suction instead of pressure. The separate tank configuration (Figure 2-4) is
mostly applied in for full-scale aerobic wastewater treatment plants (WWTPs) as it
simplifies cleaning of the submerged membranes, because the chambers can be
isolated instead of physically removing the membranes. In general, submerged
configurations have proved to be more cost and energy effective than the side-stream
configurations (Stuckey (2012); Li et al., 2008; Liao et al., 2006).

In terms of membrane shape configurations, there are three common shapes:
hollow fiber, flat sheet and tubular. The most common shapes are the hollow fiber and
flat sheet for micro-filtration (MF) and ultra-filtration (UF) application in the AnMBR

technology (Judd (2010)).
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Figure 2-2: Side-stream process configuration (External cross-flow)

(Adapted from Liao et al, 2006)
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2.2 Anaerobic membrane bioreactor (AnMBR) for treatment of

industrial wastewaters

Due to their outstanding advantages like high quality effluent, biogas production
and low sludge yield, anaerobic membrane bioreactors (AnMBRs), which is a
combination of anaerobic bioreactors and membrane filtration units for biomass
retention in a single step, have proved to become state-of-the-art technology in
wastewater treatment and are increasingly gaining popularity (Lin et al., 2012; Drews et
al., 2010; Judd (2008); Liao et al., 2006). So far, AnMBR technology has been applied
to treat various types of wastewaters such as synthetic wastewaters, food processing
wastewaters, industrial wastewaters, high-solids-content waste streams and municipal
wastewaters (Liao et al., 2006). The term industrial wastewaters may refer to the
wastewaters generated from industries such as food, pulp and paper, textile, tannery,
pharmaceutical, oil and petrochemical, landfill leachate and other industries (Lin et al.,
2013; Lin et al., 2012). As the disposal of wastewaters generated from the industries
into the municipal sewer systems is no longer permitted, integration of on-site
wastewater treatment plants into the process of industrial operations is becoming the
norm. In recent years, the success of submerged MBR technology in municipal
wastewater treatment has greatly influenced the application of MBRs in the industrial
wastewater treatments (Lin et al., 2012).

Furthermore, the rapid industrialization has resulted in the generation of a large
quantity of effluents from the industrial sectors. Some of these effluents are
characterized by high organic strength and/or extreme physical-chemical nature (e.g.,
pH, temperature, salinity, high calcium concentrations, FOG content, high SS content),
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and containing synthetic and natural compounds that may inhibit (be toxic to) the
biological treatment processes. At these extreme conditions, AnMBRs can be viewed as
an attractive and the only viable option for treatment as the traditional high-rate
conventional reactors such as upflow anaerobic sludge bed (UASB) have poorly
performed due to the failure of the sludge bed formation (Lin et al., 2013; Dereli et al.,
2012).

Wastewaters generated from food processing industries are rich in organics
(COD concentration of 1000 — 85,000 mg/L) with a wide range of suspended solids
concentration ranging from 50 to 17,000 mg/L. Hence, they are easily biodegradable,
making the anaerobic treatment the most suitable treatment option. In general COD
removal efficiency in treating these industrial wastewaters was more than 90%, with
applied OLRs ranging from 2-15 kg COD/m®/day (Liao et al., 2006).

Evaporator condensate (EC), one of the major constituents of the effluent
produced from pulp and paper industry, was studied by various researchers using both
mesophilic (37 °C) and thermophilic (65 °C) AnMBRs. The results showed more than
93% COD removal efficiency at influent COD concentration of 10,000 mg/L and OLRs in
the range of 1-24 kg COD/m3/day (Lin et al., 2013).

Treatment of simulated petrochemical industrial wastewater by a submerged
(SAnMBR) using a flat sheet MF membrane resulted in a very high COD removal
efficiency at high organic loading rates of 25 kg COD/m3/day in a long term operation.
Slaughterhouse wastewater treatment by an AnMBR was also investigated at high
organic loading rates in the range of 4.4 and 13.3 kg COD/m3/day. However, a process

failure was observed when OLR reached 16.3 kg COD/m3/day due to volatile fatty acid
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(VFA) accumulation in the bioreactor. Interestingly, AnMBR treating palm oil mill (POM)
wastewater recorded very high COD removal rate of more than 96% at OLRs of 1-11
kg COD/m3/day and HRTs ranging from 7 to 600 days (Dereli et al., 2012).

As discussed above, AnMBR technology can be successfully applied for the
various types of industrial wastewaters with efficient performance, this success is
expected to lead to a tremendous growth in the full-scale application of the anMBR

technology in the near future.

2.3 Effect of operating and environmental conditions on performance

and membrane fouling in AnMBRs

Anaerobic treatment process is a complicated system which is greatly influenced by
many factors such as operating conditions (organic loading rate (OLR), HRT, SRT and

membrane flux) and environmental conditions (pH and temperature).
2.3.1 Operating temperature

Generally, most of the AnMBRs systems are operated either in the mesophilic
range at around 35 °C or at around 55 °C in the thermophilic range, mainly due to their
slow growth rate. These high temperatures can be very helpful due to the nature of hot
industrial wastewaters by eliminating the cooling process. In addition, the lower viscosity
of the biomass suspension at higher temperatures can lead to higher fluxes (Skouteris
et al., 2012; Stuckey (2012)). The mixed-liquor temperature also impacts the COD
removal efficiencies; higher temperatures lead to increased COD removal efficiencies.

For example, Skouteris et al (2012) documented that total COD removal efficiency of
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95% and 85% were achieved at 25 °C and 15 °C respectively. Psychrophilic
temperatures of around 20 °C have also been tested by some researchers. However,
there may be issues about the loss of methane in the effluent due to its enhanced

solubility at low temperatures (Skouteris et al., 2012; Stuckey (2012)).
2.3.2 Operating pH

There are two groups of anaerobic bacteria in terms of optimum pH: acid-
producing bacteria (acidogens) and methane-producing bacteria (methanogens). The
acidogens can be optimized in the pH range of 5.5-6.5, while methanogens prefer a
higher pH range of 7.8-8.2. In typical anaerobic environment where both cultures must
coexist, the optimal pH range is between 6.8 and 7.4. As the methanogenesis is the
rate-limiting step, when both groups of microorganisms are present, it is imperative to

keep the reactor pH close to neutral (Khanal (2008)).
2.3.3 Organic loading rate (OLR)

The organic loading rate (OLR) is a measure of treatment capability of the
bioreactor per unit volume of the digester and typically expressed in the units of (Kg

COD/m?.day). It can be mathematically calculated as:

QxC

OLR =

Where Q represents the flow rate (m®day), C represents the COD concentration

of the influent (mg/L), and V represents the volume of the bioreactor (m®).
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Modern high-rate anaerobic bioreactors have the capability of treating wastewater at
very high organic loading rates (typically 10 — 40 kg COD/m3.day). These high OLRs
translate to more wastewater being treated per unit volume of the bioreactor. This is
mainly attributed to the fact that, oxygen transfer is not a limitation in the anaerobic
digestion processes (Khanal (2008)). Fakhru'l-Razi (1994) discussed the following
procedures of increasing the OLR in an AnMBR:

i. Increase the influent COD concentration

i. Increase the membrane flux (if possible), or increase the membrane area at a

fixed flux
iii. Decrease the volume of the bioreactor at a given influent COD concentration

iv.  Increase the wasting rate of the mixed liquor

High OLRs and short HRTs are theoretically applicable in AnMBRs. Nonetheless,
the OLR of the AnMBR system is not an independent parameter and it should be
considered along with SRT and activity of the sludge. In other words, high biomass
concentrations do not always necessarily translate into application of high OLR (Dereli
et al., 2012). AnMBR systems have the major advantage of tolerating fluctuations in

organic loading similar to its tolerance to the changes in temperature.
2.3.4 Sludge retention time (SRT)

The sludge retention time (SRT) refers to the average time the activated-
sludge solids spend in the treatment system. The SRT is an important parameter in

design and operating of the biological systems and is usually expressed in days
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(Rittmann & McCarty., 2012). In general, as a rule of thumb, SRTs in high-rate
anaerobic bioreactors are equal or greater than 3 times the doubling time of the rate
limiting biomass. Thus, assuming doubling times of 4-10 days of acetotrophic
methanogenic bacteria, a SRT of more than 20 days is generally recommended for
mesophilic anaerobic high-rate reactors. AnMBRs offer the major advantage of a SRT
completely independent from HRT, allowing full control of the SRT regardless of the
sludge quality. Typical SRTs applied in AnMBRs are between 30 to 300 days. Infinite
SRTs also have been reported, indicating that no sludge wasting practically occurred
during the MBR operation. Generally, high SRTs are preferred since it leads to less
sludge waste and higher sludge concentrations in the bioreactor. On the other hand,
long SRTs may also influence the activity of the methanogenic sludge owing to a
decrease in viable microorganism concentration (Dereli et al., 2012; Skouteris et al.,

2012).

2.3.5 Hydraulic retention time (HRT)

The hydraulic retention time (HRT) refers to the average length of time the
wastewater spends in the treatment system (Rittmann & McCarty., 2012). The HRT is
key parameter in performance optimisation of an AnMBR as low HRTs translate to
smaller reactor volume and thus lower construction and maintenance costs. Hence, the
influence of HRT on the biological performance of AnMBRs has been investigated by
many researchers. HRT values ranging from a few hours (i.e. 2 h) to a few days (i.e. 20
d) have been reported in literature. In general, COD concentrations both within the
bioreactor and effluent increases slightly with a decrease in HRT due to the increased
organic load (OLR) (Ozgun et al., 2013; Skouteris et al., 2012; Stuckey et al 2012; Liao
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et al., 2006). Ozgun et al (2013) hypothesized that there is an optimum HRT for each
application, which is determined by various parameters such as system hydraulics,
wastewater characteristics, temperature, F/M ratio, reactor design and sludge

properties, to obtain both efficient biological removal and filtration performance.

2.3.6 Critical Flux

Critical flux is known as the flux below no membrane fouling occurs (Field et al.,
1995). Membrane flux is an important parameter affecting the fouling rate. In General,
operating below the critical flux can reduce the fouling rate. The concept of the critical
flux in MBRs was first introduced by Field et al. (1995); the authors defined the critical
flux as: “The critical flux hypothesis for micro-filtration is that on start-up there exists a
flux below which a decline of flux with time does not occur; above it, fouling is observed.
This flux is the critical flux and its value depends on hydrodynamics and probably other
variables.” Two forms of the concept were introduced: strong form and weak form. The
strong form states that the flux acquired during sub-critical flux is equated to the clean
water flux attained under the equivalent conditions (Le Clech et al., 2003a). The weak
form defines the sub-critical flux as the flux immediately established and maintained
during the start-up of the biomass filtration, though it does not certainly equate to the
clean water flux (Le Clech et al., 2003a). Since then the concept of the critical flux and
the various factors influencing the critical flux has been extensively studied by many
researchers (Monclus et al., 2010; Robles et al., 2012; Fox and Stuckey., 2015). These
factors affecting the critical flux include: biomass properties, environmental conditions

(pH and temperature), membrane properties and hydrodynamic conditions.
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Numerous methods have been used to measure the critical flux, such as direct
membrane observation, mass balances, and TMP observation in flux step method (or
cycling experiments). Mass balances and microscopic observations are less likely to be
applied in full-scale plants or in submerged MBR systems. Nevertheless, pressure
increase at constant flux operation (or pressure step method) and flux step method can
be smoothly