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ABSTRACT

The aim of this thesis was to assess the potential of a Submerged Anaerobic

Membrane Bioreactor (SAMBR) for the treatment of saline organic wastewater.. Firstly,

it was found that anaerobic biomass can be acclimatised to salinities up to 20 g NaCl/L

over a period of about 35 days during three batch feedings. Experiments were also

carried out to evaluate the performance of anaerobic biomass during a sudden reduction

and re-exposure to salinity; anaerobic biomass showed high performance during

fluctuations in salinity. Then, SAMBRs were used for saline sewage treatment and it

was found that 99% Dissolve Organic Carbon (DOC) removal could be obtained at 8

hours hydraulic retention time (HRT). Different start-up strategies and inoculation of

halotolerant species into a SAMBR were investigated. In addition, the reduction of

biogas sparging time caused an increase in TMP by 0.025 bar, but also an increase in

effluent DOC removal and inside the SAMBR by 10% and 20%, respectively.

Powdered Activated Carbon (PAC) addition resulted in a TMP decrease of 0.070 bar,

and a 30% and 5% increase in DOC removal inside the SAMBR and effluent,

respectively.The mechanisms of anaerobic biomass under high salinity were studied by

investigating the role of compatible solutes, extracellular polysaccharides (EPS), and

Archaeal microbial evolution. Glycine betaine was found to have the most positive

effect on anaerobic biomass when added to medium with high salinity. This was found

not only in batch experiments, but also in continuous ones using a SAMBR. The

effluent composition from the SAMBR treating saline wastewater was analysed, and

post treatment strategies using mainly PAC were analysed. The treatment of this

effluent with 1.7 g PAC/L can lead to greater than 80% DOC removal. The treatment of

wastewater with high salinity and Cr (III) in a system consisting of a SAMBR, an

aerobic Memebrane Bioreactor (MBR) and a PAC column was examined. The system

obtained 95% and 70% removal of Cr (III) and Chemical Oxygen Demand (COD),

respectively. Using molecular techniques inside the SAMBR, species were identified

that were capable of surviving in high salinity and Cr (III). In a short-period experiment,

relaxation, liquid backwash and gas backwash techniques were compared and showed

the superiority of gas backwashing to reduce fouling of the membrane. The specific

resistances of a membrane operated for 100 days in the SAMBR showed that more than

90% of the total resistance was attributed to the biofilm cake layer, about 5-7% to the

compounds attached on the membrane surface and about 3% to the membrane resistance

and to the compounds in the inner pores of the membrane.
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CHAPTER 1:

INTRODUCTION

Saline wastewater is discharged by many industries and represents about 5% of

annual total wastewater (Le Borgne et al., 2008). Seafood processing and aquaculture

industries produce wastewater with high salinity and high concentrations of organics

(Intrasungkha et al., 1999). Oil refineries, chemical factories, tanneries, the textile

industry, the food industry all discharge wastewater with large amounts of salt (Belkin

et al., 1993; Feijoo et al., 1995; Woolard and Irvine, 1995; Dalmacija et al., 1996; Di

Palma et al., 2002; Isik, 2004; Lefebvre and Moletta, 2006). Municipal sewage plants

located near coastal regions may contain significant amounts of salt due to saline

infiltration (Gomec et al., 2004; Ozalp et al., 2003). In areas lacking fresh water,

seawater may also be used for sewage flushing resulting in a high salinity wastewater

(Panswad and Anan, 1999). This policy saves significant amounts of fresh water and

has been successful in Hong Kong since 1950 by using a dual supply system (Peng et

al., 2005; Tang et al., 2006).

The disposal of organic saline wastewater to the sea can cause severe

environmental problems such as eutrophication, a decrease in oxygen concentration and

toxicity towards aquatic life. Moreover, the high organic content in the saline

wastewater could infiltrate to the plants and natural waters (Chernicharo, 2006), and as

a result the removal of the organic content is a top priority. In a recent review (Lefebvre

and Moletta, 2006) on the treatment of organic saline wastewater the authors stated the

following steps as an optimum solution for saline wastewater treatment:

homogenisation, preparation of the wastewater, organic matter removal and salt

removal. This thesis focuses on the biological removal of organics from saline

wastewater.

However, organics in highly saline wastewaters are poorly biodegraded by

conventional wastewater treatment plants with non adapted biomass due to the toxic

effect of sodium in the wastewater. High concentration of salts (10 g NaCl/L) can cause

cell plasmolysis and the death of some microorganisms due to the dramatic increase in

osmotic pressure (Kargi and Dincer, 1999; Kempf and Bremer, 1998). To overcome this

problem many industries dilute the saline wastewater with fresh water or other

wastewater to reduce salinity. This process is not always effective due to variations in

the composition of the saline wastewater, so the amount of dilution has to be constantly
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adjusted to compensate for these fluctuations. Another problem is that the dilution may

be 10-20 times to make biological treatment feasible. This practice is unsustainable due

to continuous pressure on industry to reduce fresh water consumption (Vallero et al.,

2002). As a result, biological treatment of undiluted saline wastewater is extremely

desirable for the environment and it could be an economically viable solution as well

(Tuin et al., 2006).

Considering the above problems, the aim of this thesis was to assess the

potential of a Submerged Anaerobic Membrane Bioreactor (SAMBR) for the treatment

of saline organic wastewater. The SAMBR was selected to treat saline wastewater

because, unlike most reactors, all the biomass can be retained inside the reactor so it

would be likely that adaptation to salinity could occur rapidly. Due to the membrane,

inoculation of specific bacteria into a SAMBR could also be done without any risk of

washout. A rapid start-up could be achieved as there is no need for granulation of

biomass (Aquino et al., 2006). In addition, the membrane may prevent large amounts of

soluble microbial products (SMPs) generated by the biomass under high salinity from

being released into the effluent, and prevent the treated effluent containing any particles,

colloids or bacteria. The membrane unit can substitute for primary settlement, the

secondary settlement tank and the final treatment unit. Finally, anaerobic membrane

reactors can be operated at high solids retention times (SRTs) so the sludge yields,

which are normally low from anaerobic systems, are even lower. In the following

section the structure of the thesis and the approach that has been followed is presented.

Initially (Chapter 4), research was carried out into anaerobic biomass

acclimatisation to saline conditions in a relatively short time under batch feeding. Then,

the performance of anaerobic biomass during a sudden reduction and re-exposure to

salinity was investigated. Under these conditions, the sensitivity of each anaerobic

bacterial group, the production of SMPs, and the biodegradation of EPS was

investigated. These experiments were necessary because past work included studies

mainly with biomass acclimated to salinity which did not give any information

regarding the performance of non acclimated biomass.

The preliminary experiments (Chapter 4) showed that the anaerobic biomass

should adequately acclimatise to salinity; in order for this to be achieved a bioreactor

needed to be employed which could retain most of the biomass and eliminate the danger

of wash out of acclimatized biomass. Also, when anaerobic biomass is exposed to

salinity, high MW compounds will be produced. A solution to these problems was the

use of a SAMBR (Chapter 5). Initially, the performance of SAMBRs treating saline
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sewage (up to 35 g NaCl/L) under high fluctuations in salinity by using different start-

up strategies was evaluated. Then, the inoculation of a SAMBR with halotolerant

species with the anaerobic biomass was investigated. In addition, the reduction of

biogas sparging time was examined in an attempt to decrease operational costs without

causing severe fouling of the membrane. Also, the effect of powdered activated carbon

(PAC) addition and its influence on the surface characteristics of the membrane,

suspended biomass and flux were evaluated.

Apart from operation of the SAMBR, fundamental research was also carried out

on the mechanisms of anaerobic biomass adaptation under high salinity (Chapter 6).

The main compatible solutes that were generated under salinity, and which compatible

solutes could reduce sodium inhibition when added to the medium with anaerobic

biomass, were identified. The EPS produced by anaerobic biomass under high salinity

were examined. Finally, the microbial changes in Archaeal diversity under high salinity

were studied (Chapter 6).

In many industries salinity only increases during certain short periods of the

year. Furthermore, in some industries salinity can suddenly increase due to process

instability and this could be a serious drawback for biological treatment. The addition of

compatible solutes to a SAMBR was assessed as a new approach for the above cases

based on the initial findings regarding anaerobic biomass mechanisms under salinity

(Chapter 6). Research not only focused on the performance of the SAMBR, but also on

the compatible solutes accumulating inside the biomass using nuclear magnetic

resonance (NMR) analysis. Apart from this, the injection of compatible solutes into

anaerobic biomass in order to overcome temperature shocks with and without salinity

was first attempted in this thesis (Chapter 6).

Following this, research (Chapter 7) was focus on the effluent characteristics

from the SAMBR treating saline wastewater, and strategies to treat it using PAC, PAC

with anaerobic biomass, PAC with aerobic biomass, anaerobic biomass and aerobic

biomass. In the literature no study had examined the post treatment of SAMBR effluent

using PAC. Research was also carried out on identification of the polar compounds that

were present in the reactor, effluent and after PAC treatment (Chapter 7).

The findings of Chapter 7 highlighted the high treatment performance of PAC

and aerobic biomass. Thus in Chapter 8 the treatment of a wastewater with high salinity

and high levels of Cr (III) was investigated in a system consisting of a SAMBR, an

aerobic MBR and a PAC column. Moreover, the distribution of Cr (III) in the biomass

was examined, and the main mechanisms of chromium removal were evaluated. Using
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molecular biology techniques (DGGE, cloning and sequencing) the bacteria that

survived inside the SAMBR under these conditions were identified.

In Chapters 5, 6 and 8 one of the main drawbacks during operation of the

SAMBR was fouling of the membrane. The flux was kept at a relatively low level in

order to maintain low increases in the fouling rate. Apart from the fouling reduction

strategies that were studied in Chapter 5 (halotolerant species and PAC addition); in situ

cleaning strategies such as relaxation, liquid backwash and gas backwash were

compared in short time experiments (Chapter 9). In the same Chapter, the effect of

biogas sparging time intervals on membrane fouling was also investigated. Then the

membrane was withdrawn and various cleaning methods were examined. Based on the

removal of each layer, the specific resistance of the membrane was evaluated. Finally

the rheological characteristics of the biomass withdrawn from the SAMBR was

measured and correlated with the biogas sparging rate (Chapter 9).
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CHAPTER 2:

LITERATURE REVIEW

2.1 INTRODUCTION

The literature review presented in this thesis begins with a presentation of the

problem of saline organic wastewater, including a description of the current methods

and possible solutions that engineers and scientists propose to overcome it. Next, a

review of anaerobic digestion technology and microbiology will be presented. Then, the

effects of sodium on anaerobic digestion will be summarised including a description of

the mechanism by which the biomass can survive under saline conditions. Later, the

performance of anaerobic reactors treating saline wastewaters and their main drawbacks

will be reviewed. After that, a review of membrane bioreactor technology will be given

focussing on the strategies to prevent fouling of the membrane. Next, an overview of

methods for the treatment of anaerobic effluent will be described, and the use of

activated carbon for the treatment of anaerobic effluent will be highlighted. Finally, a

brief overview will be given of the treatment of saline wastewater with high chromium,

including the mechanisms of chromium removal by anaerobic biomass.

2.2 THE PROBLEM OF SALINE ORGANIC WASTEWATER

Saline wastewater is discharged by many industries and represents about 5% of

annual total wastewater (Le Borgne et al., 2008). The food industry such as meat-

packing/hide curing, vegetable canning and pickling discharges wastewater containing

high amounts of salinity (Feijoo et al., 1995; Woolard and Irvine, 1995). Wastewater

from the seafood processing industry are especially characterised by their high salinity

and organic matter (Feijoo et al., 1995; Figueroa et al., 2008). In addition, aquaculture

of marine and shellfish species produce wastewater with high salinity and large amounts

of organics/nutrients (Intrasungkha et al., 1999). Oil refineries and wastewater

generated from oil field exploitation also often contain a high salt content (Dalmacija et

al., 1996; Di palma et al., 1996). Chemical factories discharge saline wastewater,

especially in arid countries where water is scare and expensive (Belkin et al., 1993).

Moreover, the pharmaceutical industry can often produce a wastewater with high

salinity (20 g TDS/L) and high suspended solids (Gangagni Rao et al., 2004). Tanning
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involves several processes that require the addition of high amounts of salt (Lefebvre

and Moletta, 2006). Moreover, the textile industry in the process of batch dyeing of

cotton discharges large amounts of salt (up to 100 g TDS/L) (Isik, 2004). Furthermore,

sodium (as NaOH or NaHCO3) is commonly used in wastewater treatment plants to

supplement alkalinity leading to an accumulation in these systems (Vallero et al., 2002).

Furthermore, olive oil mills discharge significant quantities of saline wastewater (Vitolo

et al., 1999). Municipal sewage plants located near coastal regions may contain

significant amounts of salt due to saline infiltration (Gomec et al., 2005; Ozalp et al.,

2003). Moreover, a new trend for industry is to reduce freshwater intake and effluent

disposal, which has resulted in the reuse/recycling of water by closing the water cycle.

This generates more toxicity as well as a build-up of high salt concentrations (Vallero et

al., 2003b). In areas with scarity of fresh water, seawater can also be used for sewage

flushing resulting in a high salinity wastewater (Panswad and Anan, 1999). This policy

saves significant amounts of fresh water and has been successful in Hong Kong since

1950 by using a dual supply system (Peng et al., 2005; Tang et al., 2006). Furthermore,

certain chemical-pharmaceutical industries discharge wastewater that contains

extremely high levels of aromatics which are not possible to treat biologically. As a

result several industries reduce the concentrations of pollutants by diluting them to

levels which, though still high, are low enough to permit the application of biological

processes. In industries located in coastal areas where fresh water is lacking, sea water

can be used as a diluting agent leading in turn to the transformation of wastewater to

saline wastewater (Ramos et al., 2007).

The disposal of organic saline wastewater to the sea can cause severe

environmental problems such as eutrophication, a decrease in oxygen concentration and

toxicity towards aquatic life; as a result the removal of the organics is a top priority. In

some cases saline wastewater can be used for irrigation of saline plants (Ayars and

Schoneman, 2006; Beltran, 1999; Gerhart et al., 2006; Glenn et al., 2009). However, if

the wastewater has a high organic content (Chernicharo, 2006) this should be removed

to avoid pollution of the plants and infiltration into natural surface waters. Moreover,

the European Union has established strict legislation (European Union Directive

2000/60/EC) to prevent saline pollution to the environment (Lefebvre and Moletta,

2006). Processes such as reverse osmosis or evaporation ponds can remove salt from

wastewater, however, the presence of organics in the wastewater reduces their

efficiency, and as a result the organic content should be removed (Winters, 1997;

Lefebvre and Moletta, 2006). In a recent review (Lefebvre and Moletta, 2006) of the
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treatment of organic saline wastewater the authors stated the following steps as an

optimum solution for saline wastewater treatment: homogenisation, preparation of the

wastewater, organic matter removal and salt removal (Figure 2.1). Biological treatment

is considered the most cost effective solution for organic removal, and by using

anaerobic digestion energy can also be produced. Furthermore, by using a membrane

bioreactor the first 3 steps (Figure 2.1) can be combined into one offering important

advantages; these are reported elsewhere in this thesis (section 2.10).

Figure 2.1- Simplified generic sequence of the global treatment chain of
hypersaline wastewater modified from Lefebvre and Moletta (2006).

Organics in highly saline wastewaters are poorly biodegraded by conventional

wastewater treatment plants with non adapted biomass due to the toxic effect of sodium

in the wastewater. High concentrations of salt (10 g NaCl/L) can induce cell

plasmolysis and can be fatal to some microorganisms because of the dramatic increase

in osmotic pressure (Kargi and Dincer, 1999; Kempf and Bremer, 1998).

As a strategy to counteract this problem many industries dilute the saline

wastewater with fresh water or other wastewater to decrease salinity. However, this

process is not always successful due to fluctuations in the composition and

concentration of the saline wastewater, so the amount of dilution has to be constantly

adjusted to compensate for these fluctuations (Tuin et al., 2006). Moreover, the dilution

Objective of this
Thesis
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may be 10-20 times to make biological treatment feasible and this strategy is

unsustainable due to continuous pressure on the industries to reduce fresh water

consumption (Vallero et al., 2002). For these reasons, biological treatment of undiluted

saline wastewater could be a cost effective solution and could be more favourable for

the environment (Tuin et al., 2006). Several researchers deal with the treatment of

concentrated saline wastewater by employing aerobic biological treatment. Some

studies using activated sludge showed low removals of COD at salt concentrations

higher than 20 g NaCl/L (Burnett, 1974; Kargi and Uygur, 1996; Kinncannon and

Gaudy, 1968; Wang et al., 2005). Uygur and Kargi (2004) employed a sequencing

aerobic batch reactor and found the performance deteriorating due to an increase in

salinity (60 g NaCl/L). By contrast, Ng et al. (2005) using a SBR inoculated with non

adapted activated sludge, only found a slightly decreased performance when salinity

was increased to 60 g NaCl/L. Another strategy followed by several researchers was the

use of aerobic halophilic microorganisms along with activated sludge; this approach

resulted in adequate COD removal (Kargi, 2002; Kargi and Dincer, 1998; Woolard and

Irvine, 1995). However, it is possible that halophilic microorganisms will be washed out

of the bioreactor which would reduce its efficiency (Lefebvre and Moletta, 2006). Apart

from this, the majority of literature studies have used aerobic conditions, possibly due to

a misconception that anaerobic biomass is more sensitive to toxicity than aerobic

biomass (Speece, 1996). Most of the studies investigated only gradually increasing the

salinity even though salinity is often highly variable in many industrial wastewaters

(Lefebvre and Moletta, 2006). Moreover, in many industries salinity only increases

during short periods of the year, and can also suddenly increase due to process

instability, or change over time, and this could be a serious drawback for biological

treatment.

Considering the above problems, this thesis investigated a new approach for

saline organic wastewater treatment: the use of a submerged anaerobic membrane

reactor (SAMBR). Moreover, this thesis examined fundamental open questions of

anaerobic biomass under salinity such as the adaptation of anaerobic biomass to salinity,

the mechanisms anaerobic biomass employ under osmotic stress, and applies these

findings in using the SAMBR. This thesis also examined strategies for post treatment of

the anaerobic saline effluent using powdered activated carbon. Experiments were

performed to treat saline wastewater containing high chromium levels using sequential

anaerobic and aerobic membrane bioreactors and a column of activated carbon. Finally,

the effect of relaxation, liquid backwash and gas backwash on fouling reduction of the
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membrane was compared in short-time experiments, and the specific resistance of a

membrane that was operated in a SAMBR treating saline wastewater was also

evaluated.

2.3 ANAEROBIC DIGESTION PROCESS

Anaerobic digestion is a natural process in which a variety of different species

from two entirely different biological kingdoms, the Bacteria and the Archaea, work

together to convert organic wastes through a variety of intermediates into methane gas,

an excellent source of energy (McCarty, 2001).

2.3.1 Anaerobic Versus Aerobic Treatment of Wastewater

Over the past 30 years the popularity of anaerobic wastewater treatment of

domestic and industrial wastewater has increased significantly. Low biomass

generation, low nutrient requirements and energy production in the form of methane gas

are the main advantages of anaerobic over aerobic processing (Speece, 1996). The main

drawbacks of anaerobic treatments, i.e. long retention time and instability to hydraulic

and organic shocks, have been overcome by the development of high rate reactors that

achieve separation between the hydraulic retention time (HRT) and the solids retention

time (SRT) (Schiener et al., 1998).

A brief comparison of anaerobic versus aerobic processes highlights the

following:

(a) No aeration requirement for anaerobic processes vs. 500-2000 Kwhr/1000 kg COD

for aerobic processes.

(b) Methane production of 12,000,000 BTU/1000 kg COD destroyed (Speece, 1996).

(c) Anaerobic biomass synthesis accounts for only 5-20% of those for aerobic

processes.

(d) In some cases anaerobic process has 5-20 times higher volumetric organic loading.

(e) Anaerobic biomass can preserved for months or years without serious deterioration

in activity, and as a result can be used for seasonal treatment (Lettinga 1995).

(f) Nutrient requirements are smaller (5-20 times) for anaerobic treatment than with

aerobic treatment.
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(h) The drawbacks are that anaerobic treatment is often accompanied by mal-odorous

nuisance problems, but these can be overcome using relatively simple means,

i.e. physical-chemical and/or microaerophilic methods (Lettinga, 1995).

2.4 FACTORS AFFECTING THE PERFORMANCE OF

ANAEROBIC DIGESTION

Several environmental factors have a strong effect on the performance of

anaerobic treatment processes. Parameters such as temperature, pH, volatile fatty acid

(VFA) intermediates, nutrients and mass transfer need to be controlled adequately in

order to achieve the maximum performance of anaerobic digestion. In this section, the

main parameters that should be focused on for the optimal functioning of anaerobic

digestion are discussed.

2.4.1 Temperature

The anaerobic process is more sensitive to temperature variations than aerobic

processes. In anaerobic digestion bacteria can grow in three different ranges of

temperature; psychrophilic (0-15 C), mesophilic (30-45 C) and thermophilic (>45 C).

In thermophilic systems, the metabolic rate may be higher but high cell lysis results in a

low net yield of biomass, the mesophilic range is thus used more often and the optimum

temperature of growth for microorganisms is usually at 35 C. When the temperature

decreases, the rate of digestion slows down continuously as the biomass is less active;

however, digestion can still take place if the bacteria are allowed to grow for a sufficient

time (Langenhoff and Stuckey, 2000). The high rate of acetogenesis observed at low

temperatures does not correlate with the relatively low rate of the acetoclastic

methanogenesis. Based on the summary presented by (Senez, 1962) the effect of

temperature on the rate of reaction is generally described by the Arrhenius equation,

which implies that rate is an ever increasing function of temperature up to 70 0C:

K=AF exp(-Ea/RT)

where K= Rate coefficient (1/t)

AF= Arrhenius frequency factor (1/t)

R= Universal gas constant (ML2t-2/ mol*T)

T= Temperature (1/T)

Ea= Activation energy (ML2t-2/ mol*T), (considered as empirical coefficient)



Chapter 2: Literature Review

34

Figure 2.2- Growth rate of methanogens at different temperatures reproduced
from van Lier et al. (1997)

2.4.2 pH and Alkalinity

pH is also an important factor in the metabolism of anaerobic digestion.

Methanogenesis proceeds at a high rate near neutral pH conditions, but a generally

accepted range is between 6.5 and 8.0. If the range is lower than 6.0 or higher than 8.5,

biomass growth is frequently inhibited and the rate of methane production decreases

steeply (Speece, 1996). The formation of high VFA concentrations can lead to a

decrease of the pH. In well-operated systems, the accumulation of acids will not always

cause a decrease in pH due to the buffer capacity of the medium. Maintaining sufficient

alkalinity is important because it governs the carbonic acid equilibrium, which

determines the buffering capacity and hence the value and stability of the pH. The

presence of ammonium yielding compounds and metal cations can neutralize excess

volatile acids; as a result the pH in the anaerobic system can be in the adequate range

(Olthof and Oleszkiewicz, 1982). In some cases, if the amount of alkalinity in the

system is low, bicarbonate can be added to the feed stream to maintain a neutral pH.

Normally the design range of alkalinity is from 2500 to 5000 mg/l in order to minimize

the oversaturation of CaCO3 (Speece, 1996).

2.4.3 Nutrient Requirements

Nitrogen concentrations within the reactor ranging from 40-70 mg/L must be

provided to prevent nitrogen limitations (Speece, 1996), while the phosphorus

requirement is approximately 15% of the nitrogen requirement (Speece and McCarty,
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1964). Requirements for macronutrients other than nitrogen are proportionately less

when compared with aerobic processing due to reduced biomass synthesis characteristic

of anaerobic processes. In addition, micronutrients are also important for anaerobic

digestion because can be used as co-enzymes in metabolic pathways; these include iron,

cobalt, nickel, barium, calcium, sulphide, molybdenum, and selenium (Speece, 1996).

The macronutrients (N and P) and trace elements are essential nutrients for the

methanogens; however, they must only be added if the incoming wastewater does not

contain them. Nevertheless, if their concentrations are higher than the recommended

concentrations they may be toxic to the bacteria (Speece, 1996).

2.4.4 Mass Transfer – Mixing

An important factor for the efficient operation of an anaerobic digestion process

is sufficient mass transfer between organic pollutants in the wastewater and the biomass

responsible for its bioconversion. Intimate contact between biomass and substrate is

strongly related to the technique used for cell immobilization.

Suspended growth systems are characterized by biomass conglomerate sizes of

about 1 – 5 mm nominal diameter. In such cases, adequate mass transfer may be

provided to ensure that the substrate diffuses to the cell. Attached growth systems for

cell immobilization have shown problems when the biofilm thickness becomes

excessive. Nevertheless, an attached growth system offers the advantage of higher

retention time for solids and the potential for a quasi plug-flow hydraulic regime which

allows more rapid elution of toxicants (Speece, 1996). Problems of mass transfer can

also be found in dense granules (Tiwari et al., 2006). Letinga (1995) stated that the

diffusion coefficient of solutes inside a biofilm followed Fick’s law, however the values

of the coefficients of solutes inside biofilm were found to be significantly lower than

those in clean water. Apart from diffusion, a convective type of mass transfer takes

place in the anaerobic aggregates, particularly in its macropores. A reason for the

occurrence of a convective type of mass transfer could be the formation and release of

gas bubbles (Letinga, 1995). In a submerged membrane bioreactor, the biomass can be

present in two forms, both suspended and attached to the membrane. Thus there are

more ways for diffusion of substrate to biomass to occur, which can lead to higher

substrate biodegradation.
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2.5 MICROBIOLOGY OF ANAEROBIC DIGESTION

The microbial consortium in anaerobic digestion is complex, and involves many

genera of bacteria, and several intermediate steps. These stepwise conversions degrade

large organic compounds into methane and carbon dioxide by bacteria and archaea in

the absence of free oxygen. These bacteria include hydrolysing bacteria, acid- and

methane-forming bacteria, which act in sequence in a complex ecology. Firstly,

macromolecules of organic compounds such as proteins, carbohydrates, and lipids (fat,

greases) are hydrolysed by extra-cellular enzymes to small-size soluble products which

can be transported across the cell membrane. These relatively simple, soluble

compounds can be used as substrates for the sequential microorganisms. For example,

amino acids and sugars can be utilised by fermentative bacteria, and fatty acids and

alcohols can be used by anaerobic oxidation bacteria. The short-chain fatty acids (other

than acetate) are converted to acetate, hydrogen gas and carbon dioxide. Finally,

methanogenesis takes place through both acetate and the reduction of carbon dioxide by

hydrogen (Gujer and Zehnder, 1983). Figure 2.3 shows the key sub processes, and the

interactions between different groups of bacteria which are responsible for anaerobic

degradation.

Pavlostathis and Giraldo-Gomez (1991) proposed that anaerobic digestion

metabolising complex substrates can be subdivided into seven processes:

1. Hydrolysis of complex, particulate organic matter;

2. Fermentation of amino acids and sugars;

3. Anaerobic oxidation of long-chain fatty acids and alcohols;

4. Anaerobic oxidation of intermediate short-chain fatty acids (except acetate);

5. Homoacetogenesis that involves the production of acetate from hydrogen and

carbon dioxide;

6. Aceticlastic methanogenesis where acetate is converted to methane; and,

7. Reductive Methanogenesis where methane is produced by the reduction of

carbon dioxide and hydrogen.

The characteristics and function of each bacteria group in the anaerobic digestion

process are described in sections 2.5.1 to 2.5.4.
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Figure 2.3- Series metabolism resulting in methanogenesis reproduced from
Pavlostathis and Giraldo-Gomez (1991)

2.5.1 Hydrolytic Bacteria

Hydrolysis is an importance reaction in anaerobic digestion because this step

breaks down complex compounds into simple, smaller substrates for further steps in the

degradation sequence. In this process, macromolecules such as carbohydrates, proteins

and lipids are initially hydrolysed by extracellular enzymes such as cellulases,

proteases, and lipases to sugars, alcohols, amino acids and fatty acids. In nature,

hydrolytic bacteria, such as Clostridium, Micrococcus, Peptococcus and Staphyloccus,

are commonly facultative so that they have the ability to break down those organic

solids in the presence or absence of oxygen (Zehnder, 1988).
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2.5.2 Acidogenic bacteria

The acidogenic bacteria, also known as fermentative bacteria, convert sugars,

amino acids and fatty acids that may have been produced during hydrolysis into volatile

organic acids (e.g. formic, acetic, propionic etc.) alcohols and ketones (e.g. ethanol,

acetone, etc), carbon dioxide and hydrogen. Examples of fermentative bacteria are

Acetobacter and Pseudomonas that convert amino acids and sugar to acetate, and these

bacteria are fast-growing microorganisms with minimum doubling times of around 30

minutes (Mosey, 1983). Under low concentrations of hydrogen, the optimum pathway is

through the production of acetate, the main substrate for methanogens (reaction 1).

However, the accumulation of hydrogen e.g. under high organic loads, result mainly in

the formation of propionic acid (reaction 2) (Mosey, 1983).

C6H12O6 + 2 H2O  2 CH3COO- + 2 CO2 +2 H+ + 4 H2 G0=+9.6 kJ/mol (1)

C6H12O6 + 2 H2  2 CH3CH2COO- + 2 H2O + H+ G0=+30.6kJ/mol (2)

2.5.3 Acetogenic Bacteria

Acetogenic bacteria such as Syntrobacter wolini and Syntrophonomonas wolfei

oxidise the volatile fatty acids and alcohols into acetates, hydrogen and carbon dioxide.

The acetogenic bacteria rely on the presence of methanogens to maintain low levels of

hydrogen and formate. The function of this process can be subdivided into two types of

bacteria:

(a) Hydrogen-producing Acetogenic Bacteria:

These bacteria are capable of converting propionate, butyrate and ethanol into

acetate based on the following equations (Mosey and Hughes, 1975):

CH3CH2COO- + 3 H2O  CH3COO- + 3 H2 + HCO3
- G0=+76.1 kJ/ mol

CH3CH2CH2COO- + 2 H2O  2 CH3COO- + 2 H2 + H+ G0=+48.1 kJ/ mol

CH3CH2OH + H2O  2 CH3COO- + 2 H2 G0=+9.1 kJ/ mol

The above reactions performed by these bacteria are thermodynamically

unfavourable under standard conditions, and easily stopped if dissolved hydrogen

accumulates. Kasper and Wuhrmann (1978) suggested that the partial pressure of
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hydrogen in the reactor should not be allowed to exceed 104 atm if the degradation of

propionate is to occur. Even under optimum conditions of low concentrations of

hydrogen, these bacteria still grow relatively slowly, with a minimum doubling time of

1.5 to 4.0 days.

(b) Hydrogen-consuming, Acetogenic Bacteria:

Bacteria such as Clostridium aceticum are responsible for this process, with a

minimum doubling time of about 10 hours. These bacteria, which prefer to live in a

mildly acidic environment, perform a key reaction in homoacetogenesis in order to

complete the conversion of glucose to acetate:

C6H12O6  3 CH3COO- + 3 H+ G0= -310.6 kJ/mol

4 H2 + 2 HCO3
- + H+  CH3COO- + 4 H2O G0= -104.6 kJ /mol

It is interesting to note that hydrogen is also utilised by carbon dioxide reducing

methanogens, therefore, homoacetogens have to compete with methanogens for this

substrate (Phelps and Zeikus, 1984). Some of the homoacetogens only use organic

substrates to obtain the necessary electrons for reducing CO2, whereas the others can

use both organic compounds as well as H2 (Nollect and Verstrate, 1996). The

homoacetogens are very versatile anaerobes and convert a variety of different substrates

to acetate as their major end product.

2.5.4 Methanogenic Archaea

The methanogens are the most significant group in anaerobic digestion since

without them the effluent strength would be equal to the inlet strength, as the initial

substrate will stay as acids; methanogens convert intermediate products into simpler end

products (CH4 and CO2). Methane fermentation is a slow process and generally the rate

limiting step in anaerobic degradation, except in the case of very low temperatures

where hydrolysis might become rate-limiting. Since methane fermentation controls the

process rate, it is important to maintain optimum conditions for effective methane

fermentation. Solids retention times should be adequate so that the microorganisms will

stay in the system, and their washout is prevented. Two groups of bacteria are involved

in this process:

a) Aceticlastic Methanogens:

CH3COO- + H2O  CH4 + HCO3
- G0 = -31 kJ/ mol
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This group of bacteria convert acetic acid to an equimolar mixture of methane

and bicarbonate. These aceticlastic methanogens such as Methanosaeta and

Methanosarcina are slow growing microorganisms with a minimum doubling time of 4

and 1.5 days respectivelly (Zinder et al., 1984). According to the conversion of organic

compounds to methane and carbon dioxide, it is estimated that around 70% of end

products are produced through acetate fermentation (Jeris and McCarty, 1965).

Therefore, the microorganisms converting the acetate produced by homoacetogenesis

and fermentation into methane are very important.

b) Reductive Methanogenesis:

4 H2 + 2 HCO3
- + H+  CH4 + 3 H2O G0= -135.6 kJ/mol

These methanogens (such as Methanobacterium and Methanobrevibacterium)

convert H2 and CO2 into methane by reductive methanogenesis. These microorganisms

are hydrogen utilisers and responsible for nearly one third of the production of CH4

during the anaerobic degradation of glucose. They obtain energy for growth by

oxidising H2 so they remove almost all of the hydrogen from the system. Their growth

is quick, with a minimum doubling time of about 6 hours. When growing on hydrogen

and carbon dioxide the methanogens are autotrophic; this means that carbon dioxide can

serve both as a carbon source and as an electron acceptor. Moreover, formate has also

been found to be a substrate for methanogens and is easily converted to hydrogen and

carbon dioxide from which methane is produced (Wolfe, 1979).

4 HCOO- + H2O + H+ CH4 + 3 HCO3
- G0= -134 kJ/mol

Hydrogen consuming methanogens help to maintain very low levels of hydrogen

partial pressure to enable other microorganisms to convert VFAs and alcohol to acetate

(Mosey and Hughes, 1975).

2.6 SODIUM EFFECT ON ANAEROBIC DIGESTION

2.6.1 Sodium effect on different bacteria group

Several authors have found that the optimal sodium concentration for

methanogenesis is below 500 mg/L. McCarty (1961) found 100-200 mg/L sodium ideal

for mesophilic anaerobic bacteria. Kugelman and Chin (1971) pointed out that 230

mg/L of Na+ is the optimal concentration for acetoclastic methanogens. Patel and Roth

(1977) found optimal growth and methane production at 350 mg Na+/L for

hydrogenotrophic methanogens. However, higher salinity can cause osmotic stress that
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inhibits the reaction pathways in the organic degradation process. This causes a

significant decrease in biological treatment efficiency. In addition, the high

concentrations of salts can cause cell plasmolysis and death of microorganisms due to

the increase of osmotic pressure (Kargi and Dincer, 1998; Kempf and Bremer, 1998).

Kugelman and McCarty (1965) in an early report found sodium causes moderate

inhibition to methanogens at concentrations of 3.5 g Na+/L - 5.5 g Na+/L, and strong

inhibition at 8 g Na+/L at mesophilic temperatures. Feijoo et al. (1995), based on the

results of batch toxicity assays at a different range of salinities, found that granular

sludge that treated potato wastewater had more sensitive n-butyric acid utilisers than

acetic and propionic utilisers. On the other hand, anaerobic sludge previously adapted to

salinity for 2 years had more sensitive propionic utilisers than acetic and butyric

utilisers (Table 2.1). In addition, Soto et al. (1993) used an anaerobic filter and found

that an increase in the sodium concentration from 5 g Na+/L to 12 g Na+/L resulted in an

increase in the propionic to acetic concentration ratio from 0.7 to 1. As a result they

suggested that propionic acid utilisers were more sensitive compared to acetic acid

utilisers. Feijoo et al. (1995) used a continuous reactor (0.1 L) inoculated with granular

sludge and investigated the response of sodium toxicity to glucose and VFA. When

glucose was used as a substrate the inhibition of sodium was less extensive compared to

VFAs as a substrate. This shows that with unacclimated biomass, the acidophilic

methanogens are more sensitive to sodium than the fermentative microorganisms (Table

2.1). Liu and Boone (1991) used a sludge that was acclimated to salinity to investigate

the growth rate of acetate, propionate, H2 – CO2 and cellulose utilizing bacteria at

different concentrations of sodium. Up to 6.52 g Na+/L there was a limited effect on

growth rate apart from the cellulose utilizing culture that was affected by salinity at a

very low level. The H2-CO2 culture showed the least inhibition to salinity compared to

other cultures (Table 2.1).

Table 2.1
Sodium effects on anaerobic biomass with different substrates.

Sodium concentration
for inhibition (g/l)

Test
syst.

Sludge type Test
substrate

10% 50% 100%

Reference

Batch Granular sludge that
was treating potato
wastewater

Acetate 4.5 5.6 7.0 Feijoo et al.
1995

Batch Sludge from anaerobic
filter treating mussel
wastewater for more
than 2 years

Acetate 8.5 16.3 21.0 Feijoo et al.
1995
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Sodium concentration
for inhibition (g/l)

Test
syst.

Sludge type Test
substrate

10% 50% 100%

Reference

Batch Mixed sludge that was
adapted to salinity

Acetate 8 12.6 18.4 Liu and
Boone
(1991)

Batch Granular sludge that
was treating potato
wastewater

Propionic
acid

3.4 5.6 >7 Feijoo et al.
1995

Batch Sludge from anaerobic
filter treating mussel
wastewater for more
than 2 years

Propionic
acid

5 10.3 16 Feijoo et al.
1995

Batch Mixed sludge that was
adapted to salinity

Propionic
acid

2.7 9.4 18.4 Liu and
Boone 1991

Batch Granular sludge that
was treating potato
wastewater

n-butyric 4.3 5 >7 Feijoo et al.
(1995)

Batch Sludge from anaerobic
filter treating mussel
wastewater for more
than 2 years

n-butyric 12.5 18.5 21.00 Feijoo et al.
(1995)

Contin
uous

Granular sludge that
was treating potato
wastewater

VFA - 7 - Feijoo et al.
(1995)

Contin
uous

Granular sludge that
was treating potato
wastewater

Glucose 5.0 >10 - Feijoo et al.
(1995)

Batch Mixed sludge that was
adapted to salinity

H2/CO2 4.4 12 32.2 Liu and
Boone
(1991)

Batch Mixed sludge that was
adapted to salinity

Cellulose 0.9 5.8 13.8 Liu and
Boone
(1991)

The above results show that the factors which are significant for sodium

inhibition to the anaerobic bacterial group are as follows: different inocula, different

substrates, pre-exposure of anaerobic biomass to salinity and presence of other ions in

the medium. In this thesis experiments were performed to assess the sensitivity of each

bacteria group to salinity when the anaerobic biomass had not previously been exposed

to saline conditions (Chapter 4).

2.6.2 Acclimation of anaerobic biomass to sodium

Anaerobic biomass has the potential to manifest exceptional acclimation

capability to some toxicants so that the same concentration of the toxicant which is
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inhibitory to an unacclimated biomass, causing complete cessation of activity, may

show no decrease in activity to a properly acclimated biomass (Speece, 1996).

However, contradictory results for the acclimation of sodium to biomass were reported.

This can be attributed to several factors such as antagonism and synergism from other

ions, different species of methanogenic bacteria and different test methods.

Debaere et al. (1984) suggested that acclimation of biomass to sodium can

increase their tolerance dramatically. Their study used a flow-thorough reactor which

was gradually adapted to increasing salinity. Up to 29.01 g Na+/L there was no

inhibition by sodium, only at 37.4 g Na+/L did the methanogenic activity decrease down

to 50%. However, the high levels of potassium (1.3 g K+/L), which is a sodium

antagonist, in the media probably also contributed to the high tolerance to sodium.

Feijoo et al. (1995) investigated the activity of three different biomasses using

batch toxicity assays. The two sludges withdrawn from anaerobic reactors treating

saline wastewater showed a significantly higher tolerance to sodium than the regular

sludge (Table 2.2). Moreover, Chen et al. (2003) tested the inhibition caused by sodium

to different acclimated methanogens using anaerobic toxicity assays. The methanogens

acclimated to sodium showed more tolerance to sodium especially to lethal sodium

concentrations (Table 2.2). Mendez et al. (1995) reported 90% inhibition at 12 g Na+/L

for anaerobic inocula which was taken from an anaerobic reactor after one day of

exposure to salinity, and greater than 17 g Na+/L when the exposure period was 719

days.

In contrast, Rinzema et al. (1988) found that prolonged exposure of sludge to

sodium does not contribute to an acclimation of the biomass. In this study, granular

sludge, populated mainly by Methanothrix, was exposed for 12 weeks to 10 g Na+/L.

Biomass was withdrawn at 1, 43 and 85 days and tested in a batch toxicity assay. The

results showed no adaptation of biomass to sodium, and no change in the dominant

species in the biomass (Table 2.2).

Aspe et al. (1997) investigated the performance of different natural inocula

treating fish processing wastewater (7-12 g Na+/L, 2.4 g SO4-/L, 6 g COD/L). The first

was obtained from marine sediment and the second from pig manure. During 40 days of

batch treatment the marine sediment inoculum resulted in 45% stable methane content

in the biogas. The pig manure inoculum up to the 10th day produced approximately

30% CH4 in the biogas and in the following days the CH4 production declined to zero.
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Besides the contradictory results about the acclimatization of anaerobic biomass to

sodium, many studies with anaerobic bioreactors have reported a long acclimation

period to a gradual increase of salinity (see Section 2.8).

Table 2.2
Sodium inhibition of anaerobic biomass exposed to salinity.

Sodium
concentration for

inhibition (g/l)

Test
syst.

Sludge type Substr
-ate

10% 50% 100%

Ref.

Batch Granular sludge that was
treating potato wastewater
(not acclimatised to salinity)

VFA 4.5 5.6 7.0 Feijoo et
al.

(1995)
Batch Sludge from anaerobic filter

treating mussel wastewater for
more than 2 years

VFA 8.4 16.2 21.0 Feijoo et
al.

(1995)
Batch Sludge from Pilot Central

activity digester treating seafood
wastewater for more than a year

VFA 3.2 6.8 9 Feijoo et
al. 1995

Batch Granular sludge exposed for 1
day to 10 g Na/L

Ac 5 10 14 Rinzema
et al.

(1988)
Batch Granular sludge exposed for 43

days to 10 g Na/L
Ac 5-6 11 14 Rinzema

et al.
(1988)

Batch Granular sludge exposed for 85
days to 10 g Na/L

Ac 6 11 14 Rinzema
et al.
1988

Batch Sludge from a lab-scale
thermophilic digester treating
municipal sewage sludge.
Not exposed to Na

Ac 1.3 6.2 10.6 Chen et
al.

(2003)

Batch Sludge from a lab-scale
thermophilic digester treating
municipal sewage sludge.
Exposed to 4.2 g Na+/L

Ac 1.6 7.4 12.7 Chen et
al. 2003

Batch Sludge from a lab-scale
thermophilic digester treating
municipal sewage sludge.
Exposed to 7.1 g Na+/L

Ac 1.0 5.6 18 Chen et
al.

(2003)

Batch Sludge from a lab-scale
thermophilic digester treating
municipal sewage sludge.
Exposed to 12 g Na+/L

Ac 1.2 6.7 22.8 Chen et
al.

(2003)
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Salinity is often highly variable in many industrial wastewaters (Lefebvre and

Moletta, 2006), and several studies found that a sudden reduction in salinity often

causes more severe effects in aerobic biomass than a stable but high concentration of

salinity (Kinncannon and Gaudy, 1966; Kinncannon and Gaudy, 1968; Burnett, 1974).

However, to the best of my knowledge no studies have examined the acclimatisation

time of anaerobic biomass to salinity, and the performance of anaerobic biomass after a

sudden removal of salinity for varying periods of exposure to salt conditions.

Furthermore, no study has examined whether the acclimation to sodium can be

maintained when the biomass is re-exposed to salinity after a certain period in non

saline conditions.

2.7 MECHANISMS EMPLOYED BY ANAEROBIC BIOMASS

UNDER HIGHLY SALINE CONDITIONS

Osmotic stress is the increase or decrease in the osmotic strength of the

environment of an organism, and osmotic regulation or osmoregulation is the active

process carried out by organisms to cope with osmotic stress (Csonka, 1989). When

water diffuses into cells membranes can expand only as far as the interior side of the

cell walls, and this additional influx of water results in a build up of pressure that is

exerted by the cytoplasmic membrane on the walls. This pressure is defined as turgor

pressure (Csonka, 1989), and this outward directed pressure is essential for cell division

and growth (Martin et al., 1999).

Exposure of cells to high salinity results in an efflux of water from the interior.

This occurs in order for the cell to balance the external (environment) with the internal

(cell) osmotic pressure. The decrease in internal water content brings about a reduction

in the turgor pressure, and shrinkage of the cytoplasmic volume. Because of the

reduction of the cytoplasmic volume, the concentrations of all the intracellular

metabolites increase. This phenomenon causes a reduction in the intracellular water

activity and is harmful to the function of specific enzymes. In order for the cell to avoid

lysis, it has to possess active mechanisms that permit timely and efficient adaptation to

changes in environmental osmolarity (Martin et al., 1999; Roessler and Muller, 2001).
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2.7.1 Compatible solutes

There are two fundamental strategies for cells to survive under osmotic stress:

(a) Cells increase the intracellular ion concentration (mainly potassium) in order

to balance the external osmotic pressure, and all intracellular enzymes have to adapt to

the new conditions. Anaerobic halophilic bacteria, whose entire physiology has been

adapted to high saline environments, use this so called “salt in strategy” (Muller, 2005).

In an early study by Kugelman and McCarty (1965) the authors found that low

concentrations of potassium can reduce the inhibition of sodium to methanogens; they

explained that this was due to reactivation of the injured enzymes by potassium. Feijoo

et al. (1995) found that the use of seawater wastewater instead of synthetic wastewater

resulted in higher performance for anaerobic biomass. An anaerobic toxicity assay of

sludge from mussel processing wastewater showed that when the effluent of the

anaerobic filter was used as an assay medium, the tolerance to sodium was significantly

increased compared to distilled water (Soto et al., 2003). It is most likely that the

increase in performance of the biomass at low concentrations of potassium under high

salinity is due to a “salt in strategy”, and not to the reactivation of the injured enzymes.

This argument can be justified from the existing theory on “salt in” strategy about the

cell adaptation under salinity.

b) Many microorganisms accumulate organic solutes called “compatible

solutes”. The high external osmotic pressure is balanced within the cytoplasm by

organic compatible solutes without the need for special adaptation of the intracellular

enzymes, and compatible solutes also serve as protein stabilizers in the presence of high

ionic strength inside the cell (Muller, 2005). These solutes can be synthesized by the

cell, or provided by the medium, but for most species uptake from the medium is

energetically more favourable than synthesis (Martin et al., 1999). Methanogenic

archaea isolated from moderately saline environments showed an accumulation of β-

glutamine, α-glutamate, N-acetyl β-lysine and glycine betaine (Muller, 2005; Robertson

et al., 1992; Sowers, 1990; Sowers and Gunsalus, 1995) (Figure 2.4). When glycine

betaine was provided externally to Methanosarcina thermophila, it was taken up into

the cell, while at the same time the synthesis of compatible solutes such as N-acetyl β-

lysine or α-glutamate was downregulated (Pfluger and Muller, 2004). Lai and Gunsalus

(1992) found that exogenous addition of glycine betaine to Methanohalophilus strains

Z7401 and FDF2 significantly decreased intracellular accumulation of de novo
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compatible solutes, indicating that these halophilic methanogens preferentially to

accumulate glycine betaine rather than synthesize it because it is bioenergetically more

favourable. Roessler et al. (2002) isolated a Methanosarnica mazei from a municipal

sewage treatment plant to study the transport mechanism of glycine betaine inside the

cell. The authors reported that intracellular generation of compatible solutes can be very

slow (up to 4 days). However, the addition of glycine betaine in a medium (800 mM)

resulted in a 160 fold enrichment of glycine betaine inside the cell after only 120 min.

However, Oh et al. (2008) found that the uptake of glycine betaine by anaerobic

biomass occurs relatively slowly over 1-7 days. In addition, the intracellular compatible

solute concentration depends on the salinity to which the cell is subjected. Halotolerant

methanogens and halophilic methanogens increase their compatible solute up to a

threshold level by an increase in external osmolarity (Lai et al., 2000). Moreover,

transport studies with glycine betaine into Methanosarcina thermophila revealed a 70%

increased transport rate when the NaCl concentration was increased from 0.1 to 0.4 M

NaCl (Pfluger and Muller, 2004).

There are basically two types of glycine betaine transporters to bacteria and

archaea: (i) secondary transporters that use either the proton motive force or sodium

motive force to drive betaine accumulation, and (ii) ATP binding cassette (ABC)

transporters that couple ATP hydrolysis to uptake. Methanogens transport betaine into

the cell using an ABC transporter. ABC betaine transporters consist of two

transmembrane proteins which form the translocation pathway, and two cytosolic ATP-

binding proteins. ABC transporters which catalyse the uptake of solutes also contain a

high-affinity periplasmic binding protein (Konings et al., 2002). The steps that take

place can be seen in Figure 2.5. First the solute is bound with the substrate (in Figure

2.5 the solute is maltose). Once it has bound to the substrate the solute binding protein

(MBP) undergoes a large conformational change from an open to a closed form. Closed

MBP loaded with substrate binds to the closed gate of the transmembranal helices

(MalF and MalG) in their ground state (Austermuhle et al., 2004). Binding initiates a

transmembranal signal-transduction event which leads to an increase in the ATP-

binding affinity of the ABC subunits (MalK2). Binding of ATP then results in closure of

the two ABC subunits, opening of the outside gate of MalF and G, and opening of the

binding protein concomitantly with the release of substrate into the open gate of the

transporter. The empty and open binding protein is tightly bound to the transporter in

the transition state. ATP hydrolysis then closes the outside gate, dissociates the empty

binding protein and opens the inward gate, leading again to the ground state
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(Austermuhle et al., 2004). The energy required for glycine betaine transport is only 2

ATP, while the energy required for glycine betaine synthesis is 36 ATP (Roberts, 2005).

Glycine betaine transporters are widespread in heterotrophic bacteria, especially in

microbes that are incapable of de novo synthesis of the compound (Oren, 1999).

Figure 2.4- The most common compatible solutes found in bacteria and
archaea.
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Figure 2.5- Transportation mechanism of compatible solute into the cell re-
produced from Austermuhle et al. 2004.

Despite this insight into the functioning of cell mechanisms, there are very few

studies in the literature on the use of compatible solutes as osmoprotectants for

anaerobic biomass treating saline wastewater. Only Yerkes et al. (1997) evaluated the

effect of addition of small concentrations of glycine betaine (1-10mM) to

Methanosarcina and Methanosaeta cultures in sucrose fed batch assays, CSTRs,

fluidized bed reactors and UASB reactors; 1mM of glycine betaine was found to be

effective in reducing sodium toxicity. Recently, Oh et al. (2008) found that the addition

of glycine betaine to anaerobic biomass can enhance methane production by 6 fold

when treating saline food waste. However, Vallero et al. (2003a) using a mixture of

compatible solutes found no significant reduction of sodium toxicity in thermophilic

sulphate reducing biomass in a UASB reactor and batch assays. Apart from these

findings, no studies have examined the prolonged effect of glycine betaine when added

to media at various concentrations. To the best of our knowledge there are no studies in

the literature on the effect of compatible solutes on a mixed anaerobic culture used in a

continuous reactor for saline wastewater treatment. This case is closest to a real scenario

that can be found in a wastewater treatment processes.

As was reported above, compatible solutes not only balance the osmotic strength

in the cytoplasm, but also have a significant function in the maintenance of protein

structure and strength, which indicates that they might be used to counterbalance other

stresses as well (Muller et al., 2005). So far no attempt has been made to add

compatible solutes to aerobic or anaerobic biomass for biological treatment of low and

high temperature wastewater.
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2.7.2 The role of Extracellular Polysaccharides

Apart from compatible solutes, anaerobic biomass is likely to produce

extracellular polysaccharides (EPS) to help them survive under sodium toxicity, but

little work has been done in this area. EPS are metabolic products of bacteria which are

extracted from cells and cover the cell surface (Jia et al., 1996). The EPS consist of

various organic substances such as polysaccharides, proteins, nucleic acids and lipids

that have various functions (Tsuneda et al., 2003). EPS plays a significant role in the

aggregation of bacterial cells in flocs and biofilms (Zhang et al., 1998). Moreover, they

can be generated as a protective barrier around the bacteria especially under harsh

conditions as can be seen in Figure 2.6 (Aquino and Stuckey, 2002; Xin and Wang,

2007). Liu et al. (2001) examined the accumulation of EPS under metal toxicity and

proposed that EPS exhibited chelating properties which mitigated toxicity. Sheng et al.

(2006) employed a pure culture of photosynthetic bacteria and found increases in the

amount of EPS under saline conditions. Apart from this, part of the EPS could be

released into the medium. The high MW compounds of EPS could be non

biodegradable/or slowly biodegradable by anaerobic biomass and this can result in

increased COD.

Figure 2.6- Cells under normal conditions (a), and under harsh conditions (b)
adapted from Xin and Wang (2007).

EPS
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2.7.2.1 EPS effect on anaerobic granulation/degranulation and aggregation after

an increase in salinity

The generation of EPS can be responsible for changes in the properties of

anaerobic biomass or anaerobic granules. Extracellular polymeric substances (EPS) are

involved in the formation of microbial aggregates and adhesion to surfaces (Wingender

et al., 1999). Lefebvre et al. (2006b) noted degranulation occurring in a UASB reactor

treating saline tannery wastewater, while Leerdam et al. (2007) observed small

aggregates in a UASB reactor treating methanethiol at high salt concentrations. Jeison et

al. (2008) reported that high saline environments caused a decrease in granule strength

which could result in process instability during long term operation. However,

Boardman et al. (1995) did not report any problems of degranulation using a UASB

under high salinity, and Mendez et al. (1995), using a mesophilic anaerobic filter, found

that biomass had a strong tendency to form large floccules treating seafood processing

wastewater. On the other hand, Sowers and Gunsalus (1988) found that the adaptation

of thermophilic Methanosarcina to high salinity resulted in the loss of capacity to

produce EPS, and the growth of bacteria in smaller aggregates. Apart from this, high

Na+ concentration can result in Ca2+ displacement between EPS and this can cause

deterioration in floc properties and reduction of granules strength (Bruss et al. 1992;

Ismail et al. 2008). Ca2+ can act as a bivalent cationic bridge between negatively

charged functional groups, being part of the bacteria themselves and/or extracellular

polymeric substances (EPS) thus induce granule formation and flock stability (Sobeck

and Higgins 2002).

2.7.3 Species adaptation

Apart from the generation of compatible solutes and the accumulations of EPS for

anaerobic biomass under salinity, microbial evolution could be an important factor in

the adaptation of biomass to salinity. Ben-Dov et al. (2008) compared bacterial

diversity before and after increased salinity in ponds and found an increase in microbial

diversity following increases in salinity. However, the community composition of the

sulphate reducing bacteria (SRB) was not affected. Moreover, Lefebvre et al. (2007), in

batch reactors using non adapted biomass found that increases in salinity had little effect

on the microbial diversity of anaerobic biomass, and that salinity primarily influenced

biodegradation rate. The same group found in other studies (Lefebvre et al., 2004;

Lefrebvre et al., 2006) that the diversity of a salt-tolerant ecosystem treating hypersaline
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industrial wastewater could be similar to that of a non-salt-tolerant one. Osaka et al.

(2008) found no major changes in bacterial populations in a methanol fed reactor at 40 g

NaCl/L, however, the populations of the genera Azoarcus and Methylophaga increased

when the salinity was 10-30 g NaCl/L. Rinzema et al. (1988) found that the exposure of

anaerobic sludge to sodium for 12 weeks resulted in no change in the dominant species

(Methanothrix).

2.8 ANAEROBIC HIGH RATE REACTORS TREATING SALINE

WASTEWATER

Anaerobic high rate reactors have several advantages over the conventional type

of reactors, such as high retention of biomass with high specific activity, low sludge

production and low capital costs since the separation of gas, liquid and most of the

solids takes place in the reactor (Tiwari et al., 2006).

Soto et al. (1993) used an anaerobic filter and found that sodium concentrations

of 12.0 – 20.0 g Na+/L resulted in 100% reduction in methanogenic activity. Veiga et al.

(1994) studied the performance of an anaerobic filter (AF-1 L) and a downflow

stationary fixed film (DSFF-1 L) reactor treating tuna factory wastewater (salinity 12 g

NaCl/L). The acclimation of biomass in two anaerobic reactors took place during a long

start up period of 185 days. In this period the OLR was low (0.5 g/L.day), and during

the first 85 days lactose was also used as a substrate. After the acclimation period, the

OLR was increased to 14 kg/m3.day and 8 kg/m3day for the AF and DSFF, respectively.

Despite the same specific methanogenic activity for the both reactors (0.35 kg COD/kg

VSS.day), the AF achieved high COD removals of approximately 90%, while the DSFF

resulted in a COD removal of about 70%. This difference in the performance

contributed to the higher retention of biomass inside the AF compared to the DSFF.

Mendez et al. (1995) studied the treatment of a seafood processing wastewater (10.7-

23.2 g COD/L, 10-20 g NaCl/L, 1.9-2.7g SO4
2-/L) in thermophilic and mesophilic

anaerobic filters (0.92 L). Adaptation to salinity was achieved during a nine-month

prolonged start-up period; after this period the OLR was increased gradually to 9 g

COD/L.day and 14 g COD/L.day in the TAF and MAF, respectively. Under these

conditions the COD removal was 73% for the TAF and 64% for the MAF. Rovirosa et

al. (2004) studied the performance of a down flow anaerobic fixed bed reactor treating

saline (15 g NaCl/L) synthetic domestic wastewater with a high faecal coliform

concentration. The start-up period lasted 335 days by gradually increasing the NaCl
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from 5 to 15 g NaCl/L, and after 590 days the COD removal at 15 g NaCl/L was 68%

and 92% for an OLR of 3.8 g/L.day and 0.47 g/L.day, respectively (Table 2.3). Riffat

and Krongthamchat (2007) inoculated a mixed culture of halophilic methanogens and

digester sludge into anaerobic filters for the treatment of organic pollutants in highly

saline wastewater. At 35 g NaCl/L and OLR of 5-6.3 g COD/L.day the COD removal

was 80%. However, a slight increase in salinity to 37 g NaCl/L resulted in a

deterioration of the system.

Chen et al. (2003b) investigated different treatment strategies of saline milk

wastewater using anaerobic thermophilic sequencing batch reactors (SBRs) (Table 2.2).

The first SBR was fed without salinity for 190 days and then suddenly increased to 13,

23 and 35 g NaCl/L in a period of 100 days. This increase in salinity resulted in

deterioration of the system. However, in another approach the SBR was fed with 10 g

NaCl/L for 175 days, then with 15 g NaCl/L until the 222 day and finally (the next 57

days) with 26 g NaCl/L until 279 days. The gradual and long-term increase in salinity

resulted in 78% COD removal at 26 g NaCl/L on day 280 (Table 2.3).

2.8.1 Treatment of saline wastewater using an UASB

The most popular high rate anaerobic reactor is the UASB, and more than 1000

UASB units are being operated all over the world (Tiwari et al., 2006). Not surprisingly

most studies on saline organic wastewater treatment have used the UASB reactor (Table

2.3).

Rinzema et al. (1988) fed 4 UASB (0.2 L) reactors with acetate at different

concentrations of sodium for 24 days. In this study, initial inhibition was found at 5.5 g

Na+/L, and 50% inhibition at 12 g Na+/L. When the reactor was fed with 15 g Na+/ L

there was complete inhibition of the system. Vallero et al. (2002) employed a UASB

reactor to investigate the biodegradation of sulphate using methanol as a sole carbon

source under thermophilic conditions: during start up the salinity was 25 g NaCl/L,

which resulted in complete process failure. Ozalp et al. (2003) used a UASB and found

85% total organic carbon removal (TOC) in synthetic sewage wastewater at 15 g

NaCl/L. The hydraulic retention time (HRT) was 24 h and the reactor gradually reached

15 g NaCl/L over 109 days. Gomec et al. (2005) investigated the biodegradability of

synthetic wastewater (900-1100 mg COD/L, 1000 mg NH3/L) with high concentrations

of NaCl and NH4Cl. At a salinity of 10g NaCl/L there was no sodium inhibition of the

biomass, so a high TOC removal (93%) was achieved. In the next 70 days, the salinity
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was gradually increased to 20 g NaCl/L in order for the biomass to adapt, and this

resulted in 90% TOC removal. However, further increases to 30 g NaCl/L contributed

to a significant decrease in TOC removal to 53% despite the acclimation of the biomass

up to 20 g NaCl/L. Moreover, the high salinity reduced the pH and this may have

affected the attachment of the bacterial population.

Vallero et al. (2003a) examined the stepwise increase of salt to a UASB sulphate-

reducing reactor (6.5 L) under thermophilic conditions. Methanol was used as the sole

carbon source with a COD to SO4
2- ratio of 0.5. At constant OLR of 5 g COD/L.day, the

salinity was increased stepwise from 0 to 12.5 g NaCl/L over 250 days. Methanol

removal dropped to 50% at 2-3 g NaCl/L followed by an increase to 82% at 3.5-5 g

NaCl/L. On day 201 the salinity was increased to 12.5 g NaCl/L, and this caused the

methanol removal efficiency to drop to 14%. At this point, the sulphide reduction rate

was at its lowest level during the whole operation (0.48 g COD/L.day). Omission of salt

from the influent resulted in an increase in methanol removal and the sulphide

production rate to 40% and 1.12 g COD/L.day, respectively. Isik (2004) used a UASB

reactor (2.5 L) to treat textile wastewater at different salt concentrations. The reactor

was inoculated with textile sludge; with up to 32 g NaCl/L at an OLR of 3.86 g/L.day

the COD removal was approximately 80%. Further increases to 128 g NaCl/L resulted

in a sharp decrease of COD removal to 18.5%. Despite the decrease in COD removal by

the increase in salt, the decolourization of the dyes occurred even at high salinity.

Tuin et al. (2006) used a laboratory-scale (1.5 L) UASB reactor for the pre-

treatment of a chemical wastewater which contained complex organics, high

concentrations of sulphate (5-7 g SO4
2-/L) and high salinity. At 16 g NaCl/L the COD

removal was only 40%, while the sulphate removal was 80%. Lefebvre et al. (2006b)

employed a UASB reactor (5 L) to treat tannery wastewater. The inoculum was taken

from a pilot scale UASB treating tannery effluent. In order for the biomass to

acclimatize to high sodium, for the first 110 days the OLR was 0.5 g/L.day and the

salinity was 36 g TDS/L. At the end of the start-up period the COD removal efficiency

was 77%. On day 110 the OLR and salinity was increased to 1.1 g/L.day and 63g

TDS/L, respectively; these conditions destabilized the system so at the beginning of this

period the COD removal reduced to 52%. However, on day 146 COD removal

increased to 61% showing that an adaptation had slowly started. In the following 50

days, the OLR and TDS were reduced to similar conditions of the first period (1-110

days). As a result, the COD removal rapidly increased to approximately the level of

phase 1 showing that the biomass could perform well after shock conditions. Finally, a
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rapid increase to 71 g TDS/L on day 213 resulted in 78% COD removal on day 307

(Table 2.3). Kapdan and Erten (2007) inoculated Halanaerobium lacusrosei in an

upflow anaerobic packed bed reactor (UAPBR) and found 94% COD removal at 19 h

HRT under 30 g NaCl/L. An increase in the synthetic wastewater strength from 1.9 g

COD/L to 3.4 g COD/L resulted in a decrease in the COD removal to 60 and 84% at

HRTs of 11 h and 30 h, respectively (Table 2.3).

Apart from this, Vallero et al. (2004) attempted to inoculate into a UASB reactor a

halotolerant bacteria (Desulfobacter halotolerans) in order to achieve high organic and

sulphate removal under high salinity. The inoculation was unsuccessful due to the fact

that the strain did not colonize the sludge granules and were consequently washed out of

the reactor. The same group, i.e. Vallero et al. (2005) in another study overcame this

limitation by inoculation of the same bacterial strain (Desulfobacter halotolerans) into a

submerged anaerobic membrane bioreactor (section 2.9). Failure in inoculating a pure

bacteria strain into a UASB reactor was also reported by O'Flaherty and Colleran

(1999), O'Flaherty (1997) and Omil et al. (1997), and difficulties using a FBR by

Negpal et al. (2000). Moreover, Kleerebezem et al. (1999) reported that the

microorganisms for the decarboxylation of terephthalic acid to benzoic acid were

washed out from a UASB reactor. Furthermore, Hwu et al. (1998) found that the

inoculation of oleate degrading microorganisms inside an EGSB reactor was not

possible.

Another problem with the use of a UASB reactor is the formation, stability and

reduction of strength of granules under high salinity (Ismail et al., 2008; Jeison et al.,

2008). In the literature (see paragraph 2.7.2), there are contradictory results about the

ability of anaerobic biomass to form granules under saline conditions. As a result the

UASB reactor was found not to be the best solution for saline wastewater. In contrast,

the use of submerged membrane reactor does not have these limitations.
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Table 2.3
Performance of different bioreactors treated saline wastewater.

React.
type

Type of
inoculum

Type of
wastewater

HRT
(h)

COD
removal
%

Salt
(g/L)

References

UASB Anaerobic
Granular
sludge

Inuline
wastewater

6-8 65-80 10 Habets et
al.(1997)

UASB Granular
sludge from
UASB
previously
treated tannery
wastewater

Tannery
wastewater

120 78 71 Lefebvre et
al. (2006b)

UASB Anaerobic
Granular
sludge

Textile
wastewater

20 18 120 Isik (2004)

UASB Anaer. Granul.
sludge

Calm processing
wastewater

3 80 7.7-
26.3

Broadman et
al. (1995)

UASB Anaerobic
Granular
sludge

Seafood
wastewater

48 70-90 - Punal and
Lema (1998)

UASB Anaerobic
Granular
sludge

Synthetic sewage
wastewater

24 85%
(DOC)

15 Ozalp et al.
2003

UASB Anaerobic
Granular
sludge

Synthetic sewage
wastewater

24 56%
(DOC)

30 Gomec et
al.(2004)

UASB
(thermoph
ilic)

Anaer.
Granular
sludge

Synthetic
wastewater with
methanol/sulphate
=0.5

10 14 12.5 Vallero et al.
(2003b)

Hybrid
USBF

Anae. sludge
adapted to
seafood
wastewater

Seafood
wastewater

18 70-90 - Mosquera-
Corral et al.
(2001)

DAFBR Anaerobic
sludge

Synthetic
domestic
wastewater

12 68 15 Rovirosa et
al. (2004)
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React.
type

Type of
inoculum

Type of
wastewater

HRT
(h)

COD
removal
%

Salt
(g/L)

References

AnSBBR Anaer. sludge
from UASB
previously
treated
chemical
wastewater

Chemical
industries
wastewater

24 51 26 Mohanty
(2006)

UAPBR Halanaerobium
lacusrosei

Synthetic
wastewater (1.9-
6.3 gCOD/l)

19
11

94
60

30
30

Kapdan and
Erten (2007)

AF Anaer. sludge
previously
treated tuna
wastewater

Fish meal
wastewater

288 83 15 Guerrero et
al.(1997)

AF Mixed culture
of halophilic
methanogens
and digester
sludge

Synthetic
wastewater

27-34 80 35 Riffat and
Krongthamch
at (2007)

CSTR Anaer. digester
previously
treated
municipal slud.

Fish farm effluent
and sludge
70.1gCOD/l

660 55 35 Gebauer
(2004)

Pilot scale
digester

Anaer. sludge Seafood
wastewater

180-
240

70-90 13.6-
33.7

Omil et al.
(1995)

Anaerobic
SBR
(thermoph
ilic cond.)

Sludge from
thermophilic
municipal dig.

Synthetic dry
milk wastewater
12gCOD/L

72

72

78

20

25

25

Chen et al.
(2003b)

Anaerobic
-Anoxic-
Aerobic -
CSTRs

Acclimatized
sludge to
salinity

Synthetic
wastewaters

(2+2+
12)

71 30 Panswad and
Anan (1999)

In summary, several researchers have found complete inhibition by sodium in high

rate reactors, whereas other researchers have treated saline wastewaters in high rate

reactors with satisfactory performance (Table 2.3). However, the start-up period took a

significantly long time; the adaptation period was 6 to 12 months for a wastewater with

a salinity of 10-20 g NaCl/L (Rovirosa et al.,2004; Veiga et al., 1994; Mendez et al.,

1995). Moreover, during reactor operation the HRT was relatively high, especially

during the start-up period. Furthermore, only a few studies have examined the rapid
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fluctuations in salinity, a scenario common in industry (Lefebvre and Moletta, 2006).

Other problems related to the use of high rate reactors to treat saline wastewater are the

difficulties of inoculation of a pure culture and the formation and stability of the

granules. Furthermore, no work has been carried out on the characteristics of the SMP

from the high rate reactors treating saline wastewater; these compounds influence the

final quality of the effluent. The contact of sodium with anaerobic biomass may induce

an increase in SMPs; SMPs usually degrade slowly and the presence of the SMPs in the

effluent not only could dramatically increase the COD but also they could be mutagenic

to the environment (Barker and Stuckey 1999).

2.9 TREATMENT OF SALINE WASTEWATER WITH A SAMBR

By employment of a membrane reactor to treat saline wastewater, all the

biomass can be retained inside the reactor so that acclimation to salinity can take place

at a higher rate than in a CSTR or other high rate reactor. The inoculation inside the

membrane reactor of a pure culture or a mixture of microorganisms is feasible without

any risk of wash out as the membrane retains all the microorganisms inside the reactor.

In addition, the membrane can prevent high amount of SMPs produced by the biomass

under high salinity from escaping into the effluent. Furthermore, the start up of a

membrane reactor should be rapid as there is no need for granulation (Aquino et al.

2006). More detailed descriptions of the advantages of an anaerobic membrane

bioreactor can be found in Section 2.10.1.

Until now, no studies have examined saline wastewater treatment using a

submerged anaerobic membrane bioreactor. Only Vallero et al. (2005) examined

sulphate removal at high salinity (50 g NaCl/L) using a submerged anaerobic membrane

reactor (6 L). The SAMBR was inoculated with a pure culture (Desulfobacter

halotolerant) and ethanol and acetate were used as electron donors to maintain the

COD/SO4
2- ratio at 0.5 under saline conditions (50 g NaCl/L) over 92 days. The

sulphate reduction rate was high (6.6 g SO4
2-/L.day) with an OLR of 14 g COD/L.day, 9

h HRT, flux 17 L/m2.h and 0.85 g VSS/L. Despite the fact that anaerobic membrane

bioreactors are becoming more popular (Figure 2.7) no study has investigated the saline

organic wastewater treatment using a SAMBR. Due to this, one of the main research

aims of this thesis was to examine saline wastewater treatment by focusing on various

parameters such as various inocula, start-up strategies, biogas sparging rates,

operational parameters, addition of PAC, and addition of compatible solutes (Chapters
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5,6,8 and 9). The following sections 2.10, 2.11 and 2.12 review the main operational

parameters of membrane bioreactors, the main drawbacks and ways to overcome them.

Figure 2.7- Number of Kubota membrane bioreactor installations from 1995-2005
re-produced from Reid (2005).

2.10 SUBMERGED ANAEROBIC MEMBRANE BIOREACTOR

The anaerobic membrane bioreactor for wastewater treatment consists of a

biological growth reactor and a membrane filtration device combined into a single unit

process. The membrane unit can be placed externally as a side-stream operation, or

submerged in the reactor (Figure 2.8); in the external system, the membrane unit

operates independently of the reactor. Influent enters the bioreactor where it is

biodegraded by biomass. The fluid of the bioreactor is then continuously recycled

around a loop containing a membrane filtration unit where the permeate is the effluent,

and the retentate is returned to the bioreactor. The circulation is generated by a pump

that provides crossflow velocity and transmembrane pressure (TMP) to enhance the flux

during filtration. In submerged systems, there is no circulation loop because the

membrane separation unit is immersed within the bioreactor itself. Under these

circumstances, the TMP is driven by the hydrostatic head from the liquid level above

the membrane, or by using a suction pump. Fouling control can be achieved by

continuously bubble-scouring the membrane surface by gassing it from below. With

anaerobic systems this could consist of biogas recycling (Howell et al., 2004). In the

MBR processes with a side-stream configuration, the cost of energy that is needed to

maintain the cross-flow velocity and filtration pressure is almost 90% of the total
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operating cost. In contrast, the SAMBR in a submerged configuration can potentially

reduce the pumping energy requirement to 0.007 Kwh /m3 of permeate compared with

more than 3 Kwh/ m3 of permeate required for the cross-flow mode (Visvanathan et al.,

2000).

This study investigated the submerged anaerobic membrane bioreactor. The

main interlinking elements of the SAMBR that was used in this study are shown in

Figure (2.9).

In
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R e c irc u la te

B io re a c to r S p a rg e r
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G a s
re c irc u la tio n

Figure 2.8- Configurations of anaerobic MBRs: sidestream module (left) and
submerged module (Hu, 2004).

Figure 2.9- Schematic figure of a SAMBR.
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2.10.1. Advantages of SAMBR

The SAMBR has several main advantages over conventional processes:

1) Better quality treated water: The treated effluent does not contain any particles,

colloids and bacteria due to filtration by the membrane (Howell et al., 2004). As a result

the effluent can be reused for other purposes such as a cooling stream, toilet flushing

and irrigation.

2) Smaller footprint size of the treatment plant: MBR technology is attractive as it can

replace multiple processes with a single membrane separation unit, and therefore the

overall reactor size can be reduced (Figure 2.10). The membrane unit can replace

primary settlement, the secondary settlement tank and the final treatment unit. In the

case of conventional anaerobic treatment, the emission of residual gas from anaerobic

biomass and the subsequent rise of biomass make the complete separation of biomass

impractical in the final clarifier (Butcher, 1989).

3) Complete retention of almost all microorganisms: Another important advantage in a

SAMBR is the complete retention of almost all microorganisms in the bioreactor so

inoculation of a pure culture, or a combination of different species can easily be

achieved without any risk of washout. As reported in Section 2.9, Vallero et al. (2005)

inoculated a pure culture into an SAMBR. Moreover, Trigo et al.(2006) inoculated

Anammox biomass into a sequencing membrane reactor and achieved 710 mg of

nitrogen removal per day. In addition, slow growing microorganisms such as the

methanogens can be completely retained due to the presence of the membrane. Another

important benefit from the retention of all the microorganisms is that the SRT can be

controlled completely independently from HRT (if high fluxes can be maintained)

providing the system with operational flexibility.

4) Reduction of the cost of sludge disposal: Numerous studies have pointed out that the

anaerobic membrane reactor can be operated at a high SRT. For example, in a study by

Hu and Stuckey (2006) sludge was taken out only during sampling giving an SRT of

150 days. This results in very low sludge yields (3%), and significantly decreases the

operational cost as there is little need for sludge disposal.

5) Independence to form granules: The microorganisms inside the SAMBR are not

dependent on their ability to form biological flocs or granules (Vallero et al. 2005). The

anaerobic biomass inside a SAMBR exists as a suspension and as biofilm attached to

the membrane. The presence of biomass in different forms may enhance organic

removal as there are various ways for the substrate to diffuse to the biomass.
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Figure 2.10- MBR technology compacting the conventional wastewater treatment
process from (Howell et al. 2004).

2.10.2. Limitations of SAMBR

1) Membrane cost.

A major limitation for the application of membrane reactors is membrane cost.

However, as can be seen in Figure 2.11 the relative membrane cost has decreased about

10 times since 1991, making the membrane reactor a more attractive choice than

previously.

Figure 2.11 Relative Kubota membrane cost from 1991 to 2005 (Kennedy and
Churchouse 2005).

2) Fouling of the membrane

According to Koros et al. (1996), the term fouling describes the “process

resulting in loss of performance of a membrane due to the deposition of suspended or
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dissolved substances on its external surface, at its pores openings or within its pores”.

Development of the SAMBR has been limited to some degree by problems of

membrane fouling during operation. Membrane fouling is the most serious problem

affecting system performance and results in a continuous reduction in flux (Fleming et

al., 1997). Permeate flux is the main economic factor determining the feasibility of a

particular membrane application. Membrane fouling contributes to high energy

consumption and results in regular membrane cleaning or replacement (Liao et al.,

2004). Sections 2.11 and 2.12 report the main factors that contribute to membrane

fouling and strategies to delay them.

2.10.3 Membrane Flux

Membrane flux is the key parameter determining the viability of a membrane

bioreactor. Flux or permeation rate is defined as the quantity of material passing

through a unit area of membrane per unit of time (Madaeni et al., 1999). Flux is

normally expressed as liters per m2 per hour (L/m2. h or LMH for short). The overall

permeate flux is influenced by the membrane resistance, the operational driving force

per unit of membrane area, the hydrodynamic conditions at the membrane/liquid

interface, and the fouling and subsequent cleaning strategy.

The flux through the membrane can be expressed by the following equation

(Judd 2006): J = TMP/nRT

where J is the permeate flux, TMP is the transmembrane pressure, n is the

dynamic viscosity of the permeate and RT is the total resistance. The total resistance,

RT, can be attributed to the following equation based on a series resistance model (Field

et al,. 1995) :

RT = RM + RF + RC

where RM is the resistance of the membrane, RF is the fouling resistance and RC

is the resistance due to cake layer formation or biofilm layer over the membrane. The

resistance of the membrane is the initial resistance of a clean membrane and can be

measured by pure water data. The resistances that contribute most to increasing the total

resistance are the fouling resistance RF and the cake layer resistance RC (Mulder 1996).

Fouling resistance is due to physical forces between foulants and the membrane.

These forces attributed to electrostatic forces (surface electric charges), Van Der Waals

forces (attractive forces in close proximity), solvation forces (hydrogen bonds), steric

forces (attachment of polymers on the surfaces) and hydrophobic and electrokinetic
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forces. According to Mulder (1996) three types of foulant can be found: organic fouling,

inorganic fouling and particles.

Organic fouling: Organic precipitates that can be extracellular polymers or by-

products from cell lysis or protein macromolecules from wastewater.

Inorganic fouling: Inorganic fouling results due to inorganic colloids on

membrane and pore surfaces (Liao et al., 2006). Kang et al. (2002) used raw wastewater

from an alcohol fermentation plant and found that struvite (MgNH4PO4·6H2O)

precipitation appeared to be the main inorganic foulant for both organic and inorganic

membranes. Anaerobic membrane bioreactors can be more prone to inorganic fouling

than aerobic MBR due to a greater probability of pH shifts because of the rapid carbon

dioxide partial pressure changes (Liao et al., 2006). Moreover, the production of high

ammonia and phosphate concentrations from a concentrated wastewater and during

sludge digestion can enhance inorganic fouling (Liao et al., 2006).

Particles: during permeation, these fine particles can be trapped in the

membrane pores and thus decrease the surface area for filtration (Liao et al. 2004).

Cake layer or gel layer or biofilm layer resistance – RC. A biofilm layer builds up

due to interactions between the membrane surface and those components of the biomass

or sludge consisting of microbial cells and aggregates (Liao et al., 2004). The biofilm

layer is above the fouling resistance layer and contributes substantially in terms of flux

decrease. According to Di Bella et al. (2007), biofilm fouling is considered to be

reversible fouling whereas the initial pore blocking is considered irreversible. However,

strict categorization of membrane fouling to either reversible or irreversible is

simplistic. For example, gel layer formation over a membrane surface is most often

irreversible although it is theoretically reversible since it forms a cake layer. Some kinds

of fouling by pore blocking and adsorption may be partially reversible depending on the

strength of adhesion of the compounds attached to the membrane (Chang et al. 2002).

2.10.4 Critical Flux.

According to Field et al. (1995), critical flux is the flux below which a decline of

permeability with time does not occur, and above which fouling is taking place. An

alternative definition of critical flux was proposed by Defrance and Jaffrin (1999a) who

regulated fluxes using a peristaltic pump. Their definition of critical flux is slightly

different from that of Field et al. (1995) due to different experimental procedures, and

they claim that their definition is a little more pragmatic. Rather than requiring that both
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TMP and flux remain constant over time, their critical flux is the limit below which,

when the flux is set by a pump, a stable filtration can be sustained for a long period with

a constant TMP. Fouling is present below the critical flux but changes dramatically

when critical flux is reached, leading to a steep rise in TMP possibly due to complete

pore blocking or cake formation. Li et al. (1998) found that particle deposition was

negligible below the critical flux, but significant near the critical flux; above the critical

flux, particle layers were formed on the membrane surface.

2.11.PARAMETERS GOVERNING MEMBRANE FOULING IN

SUBMERGED MEMBRANE BIOREACTORS

Berube et al. (2006) reported that the parameters that affect fouling in an

anaerobic membrane bioreactor can be classified into the following three general

categories: (1) those that are governed by the membrane itself (2) those that are

depended on operational parameters of the membrane, and (3) those that are governed

by the characteristics of the mixed liquor being filtered.

2.11.1 Membrane material and type

The membrane material can significantly affect flux inside a SAMBR. Judd et al.

(2006) compared a 0.1-µm ceramic membrane with a 0.03-µm polymeric multi-channel

membrane modules in sidestream air-lift mode. The polymeric membrane critically

fouled at around 36 L/m2.h whereas the ceramic did not foul substantially with fluxes up

to 60 L/m2.h. However, in the same study the overall cost of the ceramic membrane was

an order of magnitude higher compared with the polymeric membrane. Moreover,

Ghyoot and Verstraete (1997) reported that the flux of a ceramic microfiltration

membrane was 10-fold higher than the flux of polymer ultrafiltration membrane. The

difference in the flux performance can be explained by the higher resistance of ceramic

membrane to the forces induced by the permeate when it passes through it. The ceramic

membrane is likely to have more applications in a thermophilic process and in

wastewater with a low pH where the resistance and the robustness of the membrane

under these extreme conditions is a top priority. Hu (2004) found that the TMP that

could be maintained in an SAMBR with a hollow-fibre membrane was higher than that

which could be maintained in a flat sheet membrane under the same conditions.
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2.11.2 Hydrophobicity

There are contradictory results in the literature about the effect of membrane

hydrophobicity or hydrophilicity (Choo et al., 2000; Choo and Lee, 1996; Sainbayar et

al., 2001). Nevertheless, during extended operation the hydrophobicity will only

slightly affect the flux due to the covering of the membrane surface by the biomass and

SMP compounds (Le-Clech et al., 2006).

2.11.3 Nominal pore size

Membranes with a larger pore size were found to have higher initial fluxes

compared with membranes with a smaller pore size (Saw et al., 1986). However, in the

same study, it was reported that the rate of fouling was higher in membranes with a

larger nominal pore size. Berube et al. (2006) stated that the pore size did not affect the

extent of cake fouling.

2.11.4 Gas Sparging

In the aerobic MBR system air is usually used as a sparging gas, whereas in the

anaerobic system nitrogen or the produced biogas is used. Vera et al. (2000) found that

the extent of fouling, for an aerobic MBR, reduced as the air flow increased. Kayawake

et al. (1991) increased the flux two fold, in a SAMBR, by sparging the system with

headspace gas. Hu and Stuckey (2006) used headspace gas sparging effectively in a

SAMBR and found that constant TMP operation of the reactor is possible. They found

less fouling for higher biogas sparging; moreover, they reported a specific critical flux

for every biogas sparging rate. Imasaka et al. (1989) found an increase in the flux for an

increase in nitrogen sparging gas, inside an anaerobic MBR, up to a certain value. After

passing a threshold value they found that any further increase resulted in a decreased

flux. They reported that at a higher sparging rate a thinning of the biofilm layer took

place; as a result more foulants could have been accumulating in the membrane pores

due to an easier diffusion of particles from the gel layer to the membrane pores.

Moreover, Bouhabila et al.(1998) used a hollow fibre membrane and found that an

increase in the airflow from 1.2 to 3.6 m/h corresponded to a threefold increase in flux.

Delgado et al. (2008) found that air sparging made it possible to significantly reduce the

cake fouling rate (slopes of TMP against time), but did not affect the final fouling

resistance. Jeison and Van Lier (2006) found that gas sparging slightly influenced the
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flux compared to a major influence by solids concentrations inside an SAMBR under

mesophilic conditions.

Howell et al. (2004) reported that 80% of the operational cost (0.2–0.4 kWh/m3)

of aerobic submerged MBRs was due to aeration, however, Judd (2008) stated that only

30-50% of the operational cost was due to aeration. By using an anaerobic reactor the

operational cost is reduced significantly, although some energy is still needed to recycle

part of the gas for mixing the reactor contents. Despite the importance of gas sparging

there are very few studies that examine intermediate gas sparging as another strategy to

reduce the operational cost. Interestingly, Judd et al. (2006) found an increase in flux

between 20 and 100% when a submerged aerobic MBR (hollow fibre membrane) was

operated under intermediate aeration of 1 s ON and 1 s OFF. However, they observed

no improvements when the MBR operated under 5 s ON and 5 s OFF.

2.11.5 Sustainable flux

According to Le-Clech et al. (2006), sustainable flux in MBRs can be defined as

the flux for which the TMP increases gradually at an acceptable rate, such that chemical

cleaning is not necessary. The sustainable flux can be determined only during longer

filtration periods in contrast with critical flux that is measured during short experiments.

Jefferson et al. (2000) operated an aerobic membrane bioreactor far below the critical

flux; as a result there was no need to chemically clean the membrane during 160 days.

Guglielmi et al. (2007) found a linear relationship between sustainable flux (sub critical

flux) and TMP jump. The lower the flux, the longer the time taken for a sudden increase

in TMP (Guglielmi et al., 2007). Moreover, Brookes et al. (2006) observed a similar

phenomenon in an aerobic membrane bioreactor under 6 g MLSS/L. Operation of an

aerobic MBR under 6 LMH led to sudden TMP increase after 4 days whereas operation

at 2 LMH showed no dramatic increase after 10 days (Figure 2.12). According to

Brookes et al. (2006), at higher flux, the higher filtrate volume passing through the

membrane leads to more solutes, colloids and particles depositing on the membrane,

which in turn leads to a faster TMP increase. The key MBR design parameter is the

membrane flux and this should always be lower than the critical flux (Liao et al., 2004).
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Figure 2.12- TMP under various fluxes over time from Brookes et al. (2006).

2.11.7 Temperature and Viscosity

Jeison and Van Lier (2006) pointed out that the flux in a thermophilic SAMBR

was significantly higher compared to a mesophilic SAMBR, and attributed this

difference to the decrease in sludge viscosity at high temperatures. Ramesh et al.

(2006b) found that the fouling rate was higher at low temperatures than at high

temperatures due to the change in effluent viscosity. Also, Guglielmi et al. (2007)

observed that higher temperatures correspond to higher critical fluxes. Furthermore,

there is a critical MLSS concentration under which the viscosity remains low and only

increases slowly with concentration. Above this critical value, suspension viscosity

tends to increase exponentially with the solids concentration (Itonaga et al., 2004).

Despite these findings there are no studies on the effect of viscosity on the fluxes in a

SAMBR.

2.11.8 Suspended Solids

In general an increase in MLSS contributes to a decrease in membrane flux

(Liao et al., 2006). In a review of anaerobic membrane reactors Liao et al. (2006)

proposed that for every system there is an optimum concentration of MLSS that can

achieve the highest biodegradation rate and satisfactory flux operation. Sato and Ishii

(1991) proposed an empirical model (accuracy of ± 24%) to correlate the membrane

filtration resistance with other parameters. In this model MLSS were found to have the

second largest effect on total filtration resistance after the soluble COD inside the
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reactor. Jeison and Van Lier (2007) reported that biomass concentration affects linear

critical flux. Stuckey and Hu (2003) used a SAMBR and observed that the TMP for a

specific flux was two times higher for concentration of 35 g MLSS/L than for a

concentration of 7 g MLSS/L. Madaeni et al. (1999) found that an increase in the MLSS

concentration from 1 to 4 g/L doubled the TMP pressure. Lubbecke et al. (1995) and

Rosenberger et al. (2002) reported a threshold above which the MLSS cause an increase

in TMP for a stable flux. However, Lee et al. (2001) and Defrance and Jaffrin (1999b)

reported that an increase in MLVSS reduced the TMP pressure under certain conditions.

It is likely that the TMP increase is not related only to suspended solids, but also to

other factors such as SMPs, and viscosity (Berube et al. 2006). In a review on

membrane fouling, Le-Clech et al. (2006) stated that suspended solids were responsible

for the accumulation of a cake layer where the colloidal solids and SMPs caused pore

blockage. In a study on the size of suspended solids Kang et al. (2003) observed that the

reduction of mean particle size from 30 µm to 13 µm resulted in an increase in specific

cake resistance of the membrane.

2.11.9 Colloidal solids

The particles range in size from 0.01 to 1 μm and are termed colloidal particles

or colloids. These particles, intermediate in size between those found in solutions and

suspensions, can be mixed so that they remain evenly distributed without settling out

and cannot be removed by sedimentation alone. If the particles are less than 0.01 μm

they are considered as a homogeneous mixture, while particle sizes larger than 1 μm are

solids (Levine and Ira, 2001).

According to Van Houten et al. (2001) due to the presence of more fine colloidal

solids in the anaerobic biomass compared with aerobic biomass, it is possible the

fouling mechanisms differ between cultures. Particles in the range of 0.5-10 μm were

those most responsible for the cake layer resistance compared to other components such

as microbial flocs and dissolved fractions (Choo and Lee, 1996b). Rojas et al. (2005)

reported that the colloids are the main contributor to fouling of aerobic membrane

reactors. Bouhabila et al. (2001) stated that the contribution of colloids to membrane

fouling was about 50%. Kim et al. (2001) reported that colloidal solids can be generated

during the break up of microbial flocs as a result of shear stress, and this can form a

dense layer on the surface of the membrane.



Chapter 2: Literature Review

70

2.11.10 Soluble Microbial Products (SMPs)

Noguera et al. (1994) define SMP “as the pool of organic compounds that result

from substrate metabolism (usually with biomass growth) and biomass decay during the

complete mineralization of simple substrates”. In anaerobic systems intermediate

compounds, such as volatile fatty acids, should be excluded from the definition of SMP

because they are not of microbial origin (Barker and Stuckey, 1998).

Several studies, e.g. Rojas et al. (2005), Rosenberger et al. (2006) consider that

all the SMPs consist of EPS and that they do not consider the exact definition of SMPs

and EPS; as a result it is wrongly assumed that the organics that cause the reduction in

flux of the membrane are only EPS, and that cell lysis and substrate intermediates (not

VFAs but SMPs) do not have any effect. The above studies made this simplification

based on the theory of Laspidou and Rittman (2002) who stated that EPS = SMP.

However, Ramesh et al. (2006a) and Aquino and Stuckey (2008) reported that EPS are

only a part of the SMPs. Thus, it seems to be more realistic that other products, such as

cell lysis and substrate intermediates, can be part of the SMPs.

As stated in Section 2.7, EPS can be generated as a protective barrier around the

bacteria especially under harsh conditions (Xin and Wang 2007). Tsuneda et al. (2003)

studied the biofilm formation on glass beads and found that when the amounts of EPS

are small, cell adhesion onto solid surfaces is inhibited by electrostatic interaction, and

that when large, cell adhesion is enhanced by polymeric interaction. However,

Flemming et al. (1997) pointed out that the adhesion energy between EPS and a solid

surface is provided by physicochemical interactions, and that they can divided into

electrostatic interactions, hydrogen bonds and Van den Waals interactions. Chu and Li

(2005) used a hollow fibre membrane and pointed out that biopolymers, especially EPS,

are attached to the surface or pore membrane surfaces. Biopolymer adsorption onto the

membrane surface resulted in easier accumulation of bacteria onto the surface of the

membrane, and this has an effect on the creation of a compact biofilm layer. Moreover,

the EPS that covers the surface of the membrane are connected to biomass by strong

physicochemical forces and this increases the resistance of the biofilm layer.

Rosenberger and Kraume (2002) found that EPS increases from 15 to 90 mg/L

resulted in a flux decrease by 80%. Fawehinmi et al. (2004), in an anaerobic MBR,

found that the specific resistance increased linearly with an increase in EPS from 20 to

130 mg/g SS. Linear relations between EPS and fouling resistance was found also by

Chang and Lee (1998). Nagaoka and Nemoto (1998) pointed out that EPS with an MW

higher than 1000 kDa was the main factor for membrane fouling in aerobic MBRs. Le
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Clech et al. (2006) reported that many factors affect EPS production inside MBRs, such

as gas sparging, substrate composition, loading rate, but that SRT was probably the

most significant factor. Rosenberger et al. (2006) showed that temperature and stress

factors contribute to a higher production of SMPs; however, SRT was not included as

an important factor for SMP production. Pollice et al. (2005) emphasized that fouling

below critical flux was mainly due to the accumulation of SMPs (organic

macromolecules) in the pores and/or on the membrane surface. A study by Wisniewski

and Grasmick (1998) found that total resistance is reduced due to the occurrence of

SMPs and especially biopolymers in an aerobic MBR. According to Rosenberger et al.

(2006) SMPs adsorb on the membrane surface, cover membrane pores and/or form a gel

structure on the membrane surface where they provide a possible nutrient source for

biofilm formation and hydraulic resistance to permeate flow. Le Clech et al. (2006)

proposed a membrane fouling model and suggested that during the initial state of

fouling, SMPs, ECP and colloids are the main reason for the irreversible fouling (Figure

2.13).Then steady fouling takes place with the growth of a “biofilm”. When the local

flux overcomes critical flux a significant increase in TMP occurs (TMP jump-Figure

2.13).

Table 2.4 shows the results of previous studies regarding the contribution of

suspended solids, colloids and solutes to membrane fouling. As can be seen, no specific

conclusion can be drawn probably due to different operational parameters and specific

conditions of each study.

Table 2.4
Contribution of SS, colloids and solutes to fouling (Le Clech et al, 2006)

Suspended
solids
(%)

Colloids

(%)

Solutes

(%)

Reference

24 50 26 Bouhabila et
al. (1998)

65 30 5 Defrance and
Jaffrin (1999)

23 25 52 Wisniewski
and Grasmick

(1998)
36 62 2 Grelier et al.

(2005)
88 6 6 Grelier et al.

(2005)
8 28 64 Jang (2005)
20 18 62 Itonaga et al.

(2004)
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Figure 2.13- Fouling mechanisms for MBRs at constant flux from Le-Clech et al.
2006.

2.12. STRATEGIES TO COUNTERACT FOULING

Different strategies can be used to delay membrane fouling. The techniques of

relaxation, liquid backwash and gas backwash (in situ cleaning) are used when the

bioreactor is in operation and their objective is to reduce the fouling rate in the

membrane. Addition of PAC has also found to be helpful, and takes place when the

reactor is in operation; its main objective is to adsorb the colloids and SMPs, i.e. to

delay membrane fouling. Chemical cleaning of the membrane is also used and occurs

only when the bioreactor is stopped and the foulants are removed from the membrane

with chemical treatment.

2.12.1 Relaxation

Relaxation is the periodical interruption of the filtration process by reduction of

the TMP pressure to zero, ie stopping permeate flow. Wen et al. (1999), in a SABMR

with VSS between 16-22 g/L, found a stable flux at 5 LMH for 2 weeks by using an

operational mode of 4 min permeate pump on and 1 min off. Wu et al. (2008a) found

that relaxation decreased membrane fouling, even when it generated the same amount of

effluent as the continuous mode. However, long and frequent relaxation resulted in

severe fouling due to the high instantaneous flux after the permeate flow started again.
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2.12.2 Liquid Backwash

When the permeate is pumped in the reverse direction through the membrane, it

is called membrane backwashing. When this backwashing is carried out over a short

period, it is known as backpulsing (Bouhabila et al., 2001). Mores et al. (2000)

investigated membrane fouling via rapid permeate backpulsing. This method involved

the reversal of the permeate flow through the membrane for very short periods of time

(typically less than 1 s), and at high frequencies (typically once every few seconds). It

was found that the net flux with backpulsing was about 6-fold higher than the long-term

flux without backpulsing. Psoch and Schiewer (2006) compared two MBRs with and

without backwashing used at the same equivalent constant trans-membrane pressure

(TMP) and found that the flux with backwashing was twice that without backwashing.

However, the loss of permeate for backwashing was not mentioned in their study, so the

exact efficiency was not estimated. When the instantaneous flux applied is high enough,

backwashing modes could increase membrane fouling (Wu et al. 2008b). Moreover,

Wu et al. (2008b) found that relaxation and backwashing had almost the same positive

effect on fouling control. Both operational modes were effective in removing the filter

cake and reducing SMPs from the membrane surface. However, backwashing by

permeate could have caused clogging of the membrane pores. Wu et al. (2008a)

operated an aerobic MBR initially at a high instantaneous flux for a short time at the

beginning of the filtration, followed by a relatively long filtration with normal flux and

a backwash at the end of each filtration cycle. By using this novel mode for 24 h they

found that the TMP was 25% less than that in conventional filtration modes. According

to the authors (Wu et al., 2008a), during the initial filtration a film cake layer was

quickly formed acting as a secondary dynamic membrane or a prefilter to entrap SMP.

Thus SMPs were prevented from attaching directly to the membrane surface or blocking

membrane pores by absorbing. During the main filtration fouling proceeded very

slowly; the cake layer was not densely compressed, but remained loose and removable.

During the backwash period, the loosely attached cake was separated from the

membrane together with entrapped SMPs. This study highlighted the contribution of

SMPs to membrane fouling, and their main objective was to minimize the attachment of

SMPs on the membrane by the novel operation mode that was described above.

2.12.3 Gas Backwash

Gas backwash involves a gas under pressure flowing through the inside of the

membrane pores from the permeate to the reactor; this serves to reduce the fouling
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attached to the membrane. Air has been the conventional gas medium and would not

pose a problem for aerobic reactors. Visvanathan et al. (2000) applied air backwashing

techniques for an aerobic reactor and increased flux by over 371%. Parameshwaran et

al. (1999) in a submerged membrane bioreactor, found a 90% improvement in flux by

introducing a 15-min air backwashing cycle at 1.5 bar air pressure every 1- min

filtration cycle. Viero et al. (2007) also found a positive effect of air backwashing in

hollow fibre membrane bioreactor operating in 15-min filtration cycle and 0.5

backwashing. Hu (2004) compared a number of membrane cleaning methods such as

relaxation, liquid backwash and gas backwash. In that study it was found that gas

backwash was the most effective and maintained TMP losses across the membrane at

virtually zero during 67 h for hollow fibre and flat sheet membranes.

2.12.4 Chemical Cleaning

When foulants build up on the membrane surface and the flux declines

significantly, the use of in-situ cleaning makes little impact then chemical cleaning is

required (Judd, 2008). Chemical cleaning is usually carried out using sodium

hypochlorite solution (NaOCl) (Table 2.5). The function of sodium hypochlorite is to

oxidise the organic molecules thereby loosening them and the biofilm attached to the

membrane. Chemicals can also be injected into the membrane modules from the

permeate side (Ueda and Hata, 1999).

Table 2.5
Intensive Chemical Cleaning protocols for four MBR suppliers from Le Clech et al

(2006).
Type Chemicals Concentration

(%)
Protocols

NaOCl 0.3Mitsubishi CIL
Citric acid 0.2

Backflow through
membrane

(2h)+soaking (2h)
NaOCl 0.2Zenon CIP

Citric acid 0.2-0.3
Backpulse and

recirculate
NaOCl 0.01Memcor CIP

Citric acid 0.2
Recirculate through

lumens mixed
liquors and in tank

air manifolds
NaOCl 0.5Kubota CIL

Oxalic acid 1
Backflow and
soaking (2h)

CIL: cleaning in line where chemical solutions are generally backflow (under gravity)
inside the membrane. CIP: cleaning in place where membrane tank is isolated and
drained; the module is rinsed before being soaked in the cleaning solution and rinsed to
remove excess of chlorine.
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2.12.5 Powdered Activated Carbon (PAC)

Kim et al. (1998) noticed an increase in ultrafiltration membrane flux when PAC was

added due to SMP adsorption by the PAC. Park et al. (1999) found that PAC played an

important role in reducing the cake resistance due to its incompressible nature, higher

back transport velocities and removal of colloidal particles from the bulk solution. It

might also have a scouring effect for removing the deposited biomass cake from the

membrane surface. Choo et al. (2000) used a membrane bioreactor in a sidestream

configuration, and found that the cake resistance reduced by a half in the membrane

when 1 g PAC/L was added to the bioreactor. After PAC addition to an aerobic MBR

Kim and Lee (2003) attributed the higher permeate flux observed, to a decrease in the

amount of fine colloids and SMPs in the mixed liquor. They also found that the effect of

PAC on permeate flux was more pronounced for a submerged membrane system than

for an external membrane system. Hu and Stuckey (2007) examined the effect of 1.7 g

PAC/L addition and 1.7 g GAC/L in the performance of SAMBRs. PAC addition

resulted in a decrease of TMP by a factor of three compared with the TMP of the

control; also with PAC addition 22.4% higher COD removals were attained. GAC

addition caused a reduction in the TMP by half compared with the TMP of the control;

nevertheless no significant improvement was found in COD removal. The difference in

performance was attributed to the different surface areas between the PAC and GAC.

Akram and Stuckey (2008) investigated PAC dosages (0, 1.67 g/L, 3.4 g/L) in SAMBRs

(3 L). They found that 1.67 g PAC/L addition resulted in an increase of flux from 2

LMH to 9 LMH while addition of 3.4 g PAC/L resulted in a decrease of flux due to an

increase in solid concentrations and viscosity. The improvement in the flux by PAC

addition was attributed to the adsorption of the colloid particles and SMPs. Ying and

Ping (2006) have also examined PAC dosages (0, 0.75 g/L, 1.5 g/L) in an aerobic

membrane bioreactor (24 L). The PAC optimum concentration was 0.75 g PAC/L,

while the addition of 1.5g PAC/L did not reduce fouling further. Vigneswaran et al.

(2003) proposed a semi empirical model for the PAC-Submerged MBR system based

on a short-term experiment. These authors found that PAC (up to 1 g PAC/L) inside the

submerged MBR resulted in a high flux and the model was in line with short-term

results (150 min).
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2.13 POST TREATMENT OF ANAEROBIC TREATMENT

EFFLUENT

Water shortages are an increasing problem worldwide: the reuse of wastewater

can save significant amounts of water, however, the wastewater needs to be treated

adequately first. For this reason, in many cases biological treatment by itself is not

satisfactory and other methods need to be used. Several studies examined the post

treatment of anaerobic effluent to minimize pathogens and to further reduce the COD

and the solid concentrations (Table 2.6). However, even under various post treatment

techniques the solids and coliform concentration were not eliminated. As reported in

section 2.10, membrane reactors have significant advantages compared with other

anaerobic technologies; one of their main advantages is that the effluent contains no

solids and bacteria. However, in the case where the wastewater is concentrated or toxic,

such as olive meal wastewater, tannery wastewater and saline wastewater, a post

treatment may needed for further COD reduction. This can be implemented with

techniques such as reverse osmosis, ultrafiltration and activated carbon. In the cases

where membrane bioreactors are not used anaerobic digestion effluent contains solids,

thus the use of techniques such as reverse osmosis, ultrafiltration and activated carbon

are limited due to the regular fouling of the membranes and saturation of absorber

(PAC) by the particles. In a review on post treatment techniques which received effluent

discharged from a UASB reactor, the overall TSS removal of the reported techniques

was around 90% (Table 2.6) (Chernicharo, 2006). On the other hand, SAMBR effluent

is solids and bacteria-free; thus sophisticated post treatment techniques such as reverse

osmosis, ultrafiltration and powdered activated carbon can be used without any danger

of pore saturation by bacteria and/or solids. Nevertheless, until now only one study

(Grundestarn and Hellstrom, 2007) has examined the treatment of effluent from a

submerged anaerobic membrane bioreactor (Table 2.6).

Barker et al. (1999) investigated the MW distribution of anaerobic effluents and

found that the majority of the compounds were below 1 KDa. High SRT generated more

high MW compounds in the anaerobic effluent, however, the majority of the

compounds were still low MW (less than 1 kDa). In the same study (Barker et al., 1999)

found that the high MW compounds were degraded faster aerobically, whereas the low

MW compounds were degraded faster over longer periods under anaerobic conditions.

Moreover, the low MW compounds were more difficult to adsorb by GAC compared

with the high MW compounds (higher than > 1 KDa) (Barker et al., 1999). Aquino and
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Stuckey (2002) examined anaerobic effluent using GC/MS analysis and found that the

low MW compounds were a series of alkenes, alkanes and some aromatic compounds.

Table 2.6
Post treatment techniques after the anaerobic treatment of domestic wastewater.
Anaerobic

reactor

Post treatment

technique

Total COD

Removal

(%)

Total

TSS

Removal

(%)

Total

Faecal

removal

(%)

References

UASB Stabilization

Ponds

65 57 99.6 Van der

Steen et al.

(1999)

UASB Floatation

techniques and

UV

50 99 71 Tessele et al.

(2004)

AF ultrafiltration 81.2 60.6 - Dhouib et al.

(2006)

(AFFB) Aerobic (FFB) 92 - - Del Pozo and

Diez (2003)

(UAF-B) Activated

sludge

+Microfiltration

(MF)

98 100 - Kocadagistan

et al. (2005)

Anaerobic

digester

Aerobic packed

bed biofilm

reactor

59 - - Bertin et al.

(2006)

UASB Activated

Sludge

75-88 87-93 1-2 (Log

Units)

Chernicharo

(2006)

UASB Submerged

aerated biofilter

75-88 87-93 1-2 (Log

Units)

Chernicharo

(2006)

UASB High rate

tricking Filter

73-88 87-93 1-2 (Log

Units)

Chernicharo

(2006)

UASB Anaerobic filter 70-80 80-90 1-2 (Log

Units)

Chernicharo

(2006)
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Anaerobic

reactor

Post treatment

technique

Total COD

Removal

(%)

Total

TSS

Removal

(%)

Total

Faecal

removal

(%)

References

UASB Dissolved air

flotation

83-90 90-97 1-2 (Log

Units)

Chernicharo

(2006)

UASB Polishing Ponds 70-83 73-83 3-5 (Log

Units)

Chernicharo

(2006)

UASB Overland Flow 70-85 80-93 2-3 (Log

Units)

Chernicharo

(2006)

SAMBR Reverse

Osmosis

99.99%

(TOC)

100 - Grundestarn

and

Hellstrom

(2007)

2.13.1 Powdered Activated Carbon wastewater treatment

Activated carbon can be described as an amorphous form of graphite, with a

random structure of graphite plates. The structure is highly porous, with a range of

cracks and crevices reaching molecular dimensions (Stenzel, 1993). The removal of

contaminants by activated carbon takes place first by diffusion of the contaminants into

the surface/pores of the carbon. Once inside the contaminants and the carbon

surface/pores bond by weak electrostatic forces known as Van der Vaals forces. These

physically attractive forces are reversible; when the generation of chemical bonds

between contaminants and the carbon pore is considered irreversible the phenomenon is

called chemisorption. Some organic contaminants are more absorbable than others;

organics such as toluene and chlorinated organics that have a low solubility in water can

be adsorbed by activated carbon more easily than other organics that are highly soluble

in water (Stenzel, 1993). Moreover, an adsorption test on a pure component is not a

good indicator of its removal performance from a dynamic, multicomponent mixture

(Giusti et al., 1974). The adsorption capacity of activated carbon decreased by 40%

when subjected to a four-component solution compared with the high removal

efficiency with a single-component solution (Giusti et al., 1974). This was due to

competition for adsorption sites and mutual solubility effects (Martin and Al Bahrani,
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1977). However, when the solutes had similar molecular weights, competitive

adsorption was not so pronounced (Martin and Al Bahrani, 1977).

Arafat (2007) investigated the treatment of textile wastewaters by sedimentation,

coagulation and adsorption. After sedimentation and coagulation the effluent had 160

mg COD/L and this was reduced to zero by contact with 6 g PAC/L for 1 h. Devi and

Dahiya (2006) investigated COD removal of domestic wastewater using activated

carbon; when the wastewater was in contact with 45 g activated carbon per litre under

batch conditions for 180 min, COD removal was about 98%. Kurniawan et al. (2006) in

a review of the physicochemical adsorption of leachates pointed out that the use of

activated carbon is one of the most effective techniques and can remove up to 90% of

the COD. Moreover, Devi et al. (2008) examined the adsorption of coffee wastewater

under batch conditions using activated carbon. The COD removal after 70 minutes was

about 95% at a 4-g activated carbon in 100 mL under 600 rpm agitation speed. In the

same study the particles with smaller particle size (≤0.25 mm) adsorbed better (98.2%

COD removal) than the bigger particles (≤0.75 mm) (50.3% COD removal). The same

trend of lower adsorption of activated carbon with increase in particle size was also

found in other studies (Devi et al., 2008). This can be explained by the higher

diffusional transfer and surface area of smaller particles compared to larger particles

(Devi et al., 2008). The effluent from a membrane bioreactor contains no particles, and

as a result treatment by PAC can be an excellent option. Until now, no studies have

investigated COD removal from a from SAMBR effluent using PAC.

2.14 WASTEWATER CONTAINING HIGH AMOUNTS OF

CHROMIUM AND SALINITY

Many industries such as metal-finishing, chemical, mining, ceramic, leather and

tanning industries discharge wastewater with high amounts of chromium. In particular,

the wastewater from the tanning industry contains a high amount of chromium and high

salinity. Cr (III) is toxic to plants but less toxic to animals. However, there is a strong

possibility that it is oxidized to Cr (VI) by contact with other wastewater. Cr(VI) is 500

times more toxic than Cr(III), and is considered carcinogenic and very toxic to the

environment even in low concentrations. The Cr (III) in tanning effluent varies but can

be up to 6000 mg/L (Guo et al., 2006). Due to high Cr (III) concentrations, a

physicochemical treatment is usually carried out prior to biological treatment. Different

methods have been used for chromium removal such as direct recycling, flocculation,
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chemical precipitation, ion exchange, extraction, electrolysis and membrane separation.

Chemical precipitation is most commonly used; alkali is added to the spent tanning

solution to increase the solution pH so that Cr (III) can form insoluble Cr(OH)3 and be

precipitated. However, several studies (Guo et al., 2006; Ro and Gantar, 1997; Song et

al., 2004; Vijayaraghavan and Murthy, 1997; Covarrubias et al. 2008) showed that even

after physicochemical treatment the Cr (III) concentration is particularly high (15-50

mg/L), the COD reduction is particularly low (up to 50% COD reduction), and these

concentrations are not in line with the legal standards (Table 2.7). As a result, biological

treatment (de Azeredo et al., 2006) or other physicochemical methods (Covarrubias et

al., 2008) are required for further COD and Cr reduction to ensure that the effluent

meets environmental legislation (Table 2.7). However, the combined effect of high

salinity and Cr (III) might negatively affect biological treatment. Very few studies

(Chapter 8) have examined COD and Cr reduction by biological treatment over a long

period.

Table 2.7
Chromium legal discharge limits in different countries

Country Total Chromium legal discharge
limits (mg/L)
Surface
waters

Sewers

UK 2 5-10
Brazil 0.5 0.5
Denmark 2a 2a

Spain 2 4
France 1 -
Greece 0.5 0.5
The Netherlands 0.05a 2a

Italy 2 4
New Zealand - 5-50
Poland - 0.5
Portugal 2 2
Austria 4 15
Switzerland 2a 2a

a- Limits refer to trivalent chromium only.

2.14.1 The Effect of Chromium (III) on anaerobic digestion

Jackson-Moss et al. (1988) found that during anaerobic digestion, methanogenic

archaea could be adapted to 5 g/L chromium without any toxic effects. The authors

found inhibition at higher levels, but pointed out that treatment of tannery wastewater

was viable since the range of chromium in these wastewaters is typically between 1-2.5
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g/L. Khrusheed and Siddiqi (1991) used a UASB reactor to treat tannery wastewater

with chromium concentration 26-148 mg/L and 460-2600 mg/L at a HRT of 12-24 h.

Under these conditions these authors found no negative effects of chromium in the

anaerobic treatment of the tannery wastewater. Nevertheless, a number of contradictory

findings exist: while chromium failure has taken place at 450 mg/L (Mosey and

Hughes, 1975) and 200 mg/L (Hayes and Theis, 1978), no inhibition was observed with

a shock of 1000 mg/L (Jackson-Moss et al., 1988). Moreover, Mueller and Steiner

(1992) noted little effect of 1 g/L chromium on anaerobic digestion. By contrast, Alkan

et al. (1996) found that 500 mg/L of chromium was toxic to anaerobic digestion under a

shock injection while by stepwise injection the tolerance increased to 1140 mg/L. These

contradictory results regarding the effect of chromium on anaerobic digestion can be

explained by the findings of Mosey and Hughes (1975). These authors found that when

chromium concentrations were higher than 2.5% of the total solids, failure occurred,

therefore they proposed that chromium levels should be lower than 2% of the total

solids in the reactor. Barber and Stuckey (2000) found that the addition of 50 mg/L of

trivalent chromium to simulate a synthetic tannery wastewater had no observable effect

on either ABR reactor performance/stability or sulphide chemistry. Chromium (III)

removal was found to be regulated by numerous mechanisms; inside an ABR it was

most influenced by (most influential first): chromium solubility/ precipitation >

complexation (extracellular polymer production) > biological absorption (chromium

intake/assimilation) > physical adsorption (Barber and Stuckey, 2000). Nevertheless,

accumulation of chromium in the solid phase by hydroxide precipitation caused

saturation in the reactor, which prevented further removal. In a recent study conducted

by Aquino and Stuckey (2007) about metal uptake mechanisms by biomass, it was

found that adsorption was the most influential factor followed by the presence of

chelating agents on the cell surface.

2.14.2 Mechanism of Chromium (III) removal from wastewater inside

a bioreactor

2.14.2.1 Precipitation: Precipitation in anaerobic systems occurs when an aqueous

metal cation forms a solid complex with various anions, especially sulphide, carbonate,

phosphate and hydroxide (Mueller and Steiner, 1992). The majority of heavy metals are

formed as sulphide salts with the exception of chromium (III). This is due to the high
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solubility of chromium sulphide and the precipitation of highly insoluble Cr(OH)3,

which is the main form of the metal in natural waters (Faust and Aly, 1981; Stumm and

Morgan, 1996). Chromium forms several hydroxide complexes on the addition of water

(Faust and Aly, 1981; Stumm et and Morgan, 1996), and these are controlled by

equilibria equations 1-6 (Stumm and Morgan, 1996):

[ Cr3+][OH-]=Ksp chromic

[Cr(OH)2+]/[Cr3+][OH-]=K1 chromyl green

[Cr(OH)2
+]/[Cr3+][OH-]2= K2 chromyl

[Cr(OH)3(aq)]/ [Cr3+][OH-]3= K3 chromic hydroxide

[Cr(OH)4
-]/[Cr3+][OH-]4= K4 hydrated chromium hydroxide

[Cr(OH)4
5+]/[Cr3+]3[OH-]4=K5 hydrated chromium hydroxide

[H+][OH-]=KW

which are of the general form:

Mx+ + HxL= ML + xH+

where K= ([ML][H+]x/[ML][HxL])

where Mx+=metal cation; HxL=ligand available for complex; ML=metal ligand

complex; H+=hydrogen ion displaced for each complex formed, and K is the

dissociation constant. Summing equations 1-6 gives the total aqueous concentration of

chromium.

CT=[ Cr3+] + [Cr(OH)2+] + [Cr(OH)2
+] + [Cr(OH)3(aq)] + [Cr(OH)4-] + [Cr(OH)4

5+] (1)

Conversion of Equation 1 into a logarithmic form provides a graphical

representation of the effect of pH on chromium solubility and potential precipitation as

shown in Figure 2.14 (Stumm and Morgan, 1996). Therefore, at the pHs and redox

potentials typically experienced in anaerobic digestion, the majority of aqueous

chromium will be in the form of the chromyl Cr(OH)2
+ and chromic (Cr3

+) ions. If the

chromium concentration is high enough to enter the Cr(III)T region in Figure 2.14, it

will be saturated and exist as a precipitate.

Figure 2.15 shows the solubility line of Cr(Cl)3 and points out that the formation

of Cr(OH)2 can occur at low concentrations at pHs near 7 (Wu et al., 2008).
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Figure 2.14- Solubility of Cr(OH)3 (aq) from Stumm and Morgan (1996).

Figure 2.15- Solubility line of Cr(Cl)3 from Wu et al. (2008).

2.14.2.2 Adsorption: Metal adsorption to microbial surfaces occurs due to the ionic

attraction of metals cations to negative charges on the outer surface of biological cells

(Ginter and Grobicki, 1997). Active as well inactive (or dead) biomass are capable of

binding and accumulating high quantities of heavy metals (Volesky, 2007). Adsorption

is a very rapid process; Barber and Stuckey (2000) found that 90% of chromium was

removed by anaerobic biomass within 5 s and the rest was removed slowly by

absorption (2.14.2.3). Aquino and Stuckey (2007) found that anaerobic biomass was

able to compete for metal uptake even in the presence of strong chelating agents such as

EDTA and nitrilotriacetic acid (NTA). According to Lester (1987) it is difficult to
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distinguish between precipitated metals, which have settled independently, but are

effectively removed with the sludge, and metals that have interacted with the floc matrix

and become physically entrapped within the flocs either via adsorption or absorption.

2.14.2.3 Absorption: Absorption inside the cell takes place through uptake of the metal

directly into the microbial cells. After the rapid physical binding of the cations to the

cell surface (adsorption), energy is supplied from an external donor and the metal ions

are taken into the cell. If there is not enough energy for ion uptake, the metal may be

taken up by diffusion Ginter and Grobicki (1997). Several researchers have discovered

competitive absorption, whereby metal absorption affinities are altered by the presence

of other metals (Ginter and Grobicki, 1997).

2.14.2.4 Organometallic Complexation: Complexation is principally via co-ordinate

covalent bonding, which is established by the donation of a pair of electrons from the

ligand to the metal ion acceptor (Lester, 1987). Ionic donation by electrostatic attraction

is also important. If two or more electron donating atoms are present within a ligand,

they may attach to the same metal ion to form a chelate. Chelates with multi-denate

ligands (i.e. more than one donor atom) are more stable than complexes with only one

donor atom (Mitchell, 1978).

If the rate of adsorption is too slow to ensure that essential cations can be

satisfactorily taken up, it is possible that microorganisms use more sophisticated

mechanisms to ensure metal solubilization and/or uptake SMP-Me complexes. Many

studies have showed that SMPs have chelating properties and suggested that

microorganisms may excrete specific SMPs to take up metal nutrients (Barber and

Stuckey, 2000; Gonzales-Gil et al., 2003; Mirimanoff and Wilkinson, 2000; Kuo and

Parkin, 1996). Callander and Barford (1983) pointed out that the measured levels of

soluble metals in anaerobic systems are much higher than those predicted by chemical

equilibrium, suggesting that the presence of soluble organic compounds caused a

profound impact on the treatment process by complexing with metals and making them

more soluble. However, metals complexed with soluble ligands are not necessarily more

bioavailable. Huang et al. (1990) found that soluble proteins released from cells

decreased Cu (II) uptake capacity because they competed for the metal ions with the

proteins attached to the cell wall. Moreover, Wang et al. (2003) and Wang et al. (1999)

also showed that dissolved organic matter decreased the efficiency of metal uptake

because of competition between the kinetics of complexation and the kinetics of
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adsorption. Aquino and Stuckey (2007) pointed out that by addition of SMPs the

toxicity caused by Cu was not reduced.

Chromium (III) acts as a classic ‘‘hard’’ Lewis acid and easily forms complexes

with a variety of ligands: hydroxyl, sulphate, ammonium, cyanide and sulphocyanide,

natural and synthetic organic ligands. Chromium (III) forms complexes with virtually

any species capable of donating an electron-pair. These complexes may be anionic,

cationic, or neutral and, with hardly any exceptions, are hexacoordinate and octahedral,

which enhances the formation of a ligand (Remoundaki et al., 2007). Remoundaki et al.

(2007) found that organic molecules such as organic acids, amino acids, and protein

mixtures, significantly enhance the solubility of Cr (III). The Cr (III) solubility was

increased when the relative abundance of organic molecules to Cr (III) was beyond 10,

indicating the presence of a threshold above which the solubility of Cr (III) increases

dramatically. In the absence of these organic molecules, chromium would precipitate

forming insoluble species. Apart from this, Chen and Gu (2005) found that chromium

(IV) removal efficiency by activated sludge was reduced by an increase of glucose in

the feed as a result of Cr solubility with the organics.

Although several studies have been carried out on the release of SMPs for

binding of heavy metals, no studies has examined the effect of SMPs produced under

stress conditions in binding heavy metals.

2.15 SUMMARY

The main points from the literature review are as follows:

 Saline organic wastewater is discharged by many industries and represents about

5% of annual total wastewater. The best treatment scenario is as follow:

homogenisation, preparation of the wastewater, organic matter removal and salt

removal. The biological treatment of undiluted saline wastewater (higher than 10 g

NaCl/L) is considered toxic for biomass. Thus, many industries dilute this

wastewater with fresh water prior to biological treatment.

 Anaerobic digestion is a complex multi-step process consisting of a series of

parallel reactions accomplished by interacting groups of microorganisms, which

results in the total mineralization of organic compounds to CH4 and CO2. The main

utilisers during anaerobic digestion are the acidogens, acetogens and methanogens.

The main advantages of anaerobic processes over aerobic ones are that far less
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sludge is produced and there are no oxygen limitations so the biogas by product

can be a source of renewable energy.

 The anaerobic biodegradation of organic substrates is inhibited by the presence of

high sodium, but many researchers have found different results regarding sodium

inhibition concentrations. The difference can be attributed to several factors:

different types of substrate; different levels of acclimation of biomass to sodium;

the presence of other ions that can enhance sodium inhibition such as sulphate and

ammonia; and, the presence of potassium that can reduce sodium inhibition.

However, the majority of studies examined the performance of anaerobic biomass

that had previously been acclimatized to sodium. The anaerobic treatment of saline

wastewaters has been conducted by several researchers using high rate reactors,

and the majority of these studies used UASB reactors. Several studies using high

rate reactors adequately treated saline wastewater (approximately 80 % COD

removal Table 2.3) after a long start-up acclimatising to sodium, and operation of

these reactors under high HRTs. A sudden exposure to saline wastewater with a

concentration higher than 20g NaCl/L resulted in a poor performance of the

bioreactors. Another problem in the use of a UASB reactor is the formation,

stability and reduction of strength of granules under high salinity. Several studies

reported difficulties in inoculating a pure bacteria strain into a UASB reactor. The

augmentation of halotolerant bacteria (Desulfobacter halotolerans) to a UASB

reactor failed due to the wash-out from the reactor; however, the same strain was

successfully inoculated into a SAMBR.

 Living cells have developed two principal strategies to re-establish turgor pressure

and to overcome the consequence of the water loss when exposed to increasing

osmolarity. On the one hand, there is the salt-in strategy which means that

inorganic ions, mainly K+, accumulate in the cytoplasm until the internal salt

concentration is equal to the extracellular one. The other strategy that is followed

by most bacteria and archaea is the increasing osmolarity by uptake or synthesis of

compatible solutes. The uptake of compatible solutes by the cell is energetically

more favourable than synthesis by the cell. These organic solutes do not interfere

with metabolism even if they accumulate at high concentrations. Despite

understanding the mechanisms of compatible solutes to osmoregulate under saline

conditions, there are very few studies on the use of compatible solutes for the

treatment of saline wastewater. Moreover, under stressed conditions cells generate

EPS as a protective barrier around the bacteria. Anaerobic biomass is likely to
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produce EPS to protect them under sodium toxicity, but there has been very little

work in this area. Apart from the generation of compatible solutes and the

accumulation of EPS by anaerobic biomass under salinity, microbial evolution

could be an important factor in the adaptation of biomass to salinity. A few studies

highlighted no dramatic changes in microbial population under salinity.

 Membrane bioreactors (MBRs) for the treatment of wastewaters have several

advantages over conventional treatment processes. The MBR can fully retain

biomass inside the reactor so rapid acclimation to wastewater can take place and

the HRT can be operated independently from the SRT. High COD removals can be

obtained with an effluent free from bacteria and particles. Besides, MBR

technology can compact several units of a conventional process into one single

unit, decreasing the area requirement for wastewater treatment plants. Despite the

increasing popularity of MBRs, fouling of the membrane is considered the main

drawback in the use of membrane bioreactors. Membrane fouling can be directly

attributed to factors such as the adsorption of soluble organics (SMPs), the

attachment of microbial cells and fine particles, and the deposition of inorganic

precipitates on the membrane surface. Operational parameters such as sustainable

flux, HRT, SRT, gas sparging and temperature can induce the above factors (e.g.

SMPs, colloids, and suspended solids) thus these parameters are also correlated

with the membrane fouling. Several membrane cleaning methods have been used to

prevent fouling such as relaxation, liquid backwash and chemical cleaning.

Cleaning methods such as gas backwash and addition of PAC resulted in positive

results in membrane fouling reduction; however, not much research has done in

these areas.

 Wastewater reuse can save considerable amounts of water; however, the

wastewater needs to be treated adequately. Several studies have investigated post

treatment techniques after anaerobic treatment, and most of these studies found

more than 85 % and 90 % total COD and TSS removal, respectively. Activated

carbon is generally regarded as a good method (greater than 90% COD removal)

for the removal of organics from wastewater streams. However, increases in

particle size with wastewater resulted in lower organic adsorption by activated

carbon. Using a membrane reactor the effluent is already free of solids and

bacteria; thus, interest should be concentrated on decreasing the organics and

nitrogen only. Until now, no studies have investigated the treatment of anaerobic

effluent from a SAMBR using PAC.
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 Many industries discharge wastewater with high amounts of chromium (up to 6 g

Cr/L) under high salinity. In order to reduce the COD and the Cr to the legal

standard (lower than 5 mgCr/L) physicochemical methods are applied first, for the

high Cr (III) reduction followed by biological methods. In the literature different

and contradictory levels of Cr (III) inhibition to anaerobic biomass are reported.

The removal of Cr (III) inside a bioreactor can take place by the following

mechanisms: adsorption, absorption, precipitation and organometallic

complexation. Many studies have shown that SMP have chelating properties, and

suggested that microorganisms may excrete specific SMP to uptake metal nutrients

and/or in metal toxicity mitigation. Despite several studies investigated the release

of SMP for binding of heavy metals no studies have examined the effect of SMPs

produced under stress conditions in binding heavy metals and no study has used a

SAMBR for the treatment of saline wastewater with high Cr (III).

2.16 RESEARCH OBJECTIVES

2.16.1 Aim

The aim of this thesis was. to assess the potential of a Submerged Anaerobic

Membrane Bioreactor (SAMBR) for the treatment of saline organic wastewater. In

order to implement the aim of this project, open questions regarding the response of

anaerobic biomass to salinity needed to be answered first. For this purpose this thesis

was separated into the following objectives:

2.16.2 Objectives

I. To study the ability of anaerobic biomass to acclimate to saline conditions in a

relatively short time under batch feeding, and investigate the performance of this

biomass during a sudden reduction in salinity after a short/long time period

exposed to saline conditions. In addition, the performance of this biomass will be

evaluated when re-exposed to salinity after a period of non-saline conditions.

Under these conditions, we want to identify the sensitivity of each anaerobic

bacterial group, the SMP production, and the biodegradation of EPS/SMP.

II. To study the performance of SAMBRs treating saline sewage (up to 35 g NaCl/L)

under high fluctuations in salinity by using different start-up strategies. Moreover,

to investigate the inoculation of halotolerant species into a SAMBR with

anaerobic biomass, and to record its performance under various saline conditions.

In addition, to examine the reduction of biogas sparging time in an attempt to
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decrease the operational cost without causing severe fouling of the membrane.

Finally, to evaluate the effect of PAC addition on the performance of the SAMBR,

and to examine its effect on the surface characteristics of the membrane and on

suspended biomass.

III. To find the main compatible solutes that are generated under salinity, and to

investigate which compatible solutes could reduce sodium inhibition when added

to the medium with anaerobic biomass. To examine the EPS produced by

anaerobic biomass under salinity, and to monitor microbial changes in Archaeal

diversity. These could highlight the mechanism that anaerobic biomass use in

order to survive exposure to salinity. Based on these findings, to investigate the

addition of compatible solutes to a SAMBR as a new approach for saline sewage

treatment.

IV. To characterize in terms of MW fraction the effluent of a SAMBR treating saline

sewage. To investigate the adsorption of this effluent by PAC. To identify the

polar compounds accumulating inside the SAMBR, those which pass through the

membrane, and those that are still present after treatment with PAC.

V. To investigate the treatment of a wastewater with high salinity and Cr (III) in a

SAMBR reactor followed by an aerobic MBR and a PAC column. Moreover, to

examine the distribution of Cr (III) in the biomass and to determine the main

mechanisms of chromium removal. Moreover, to find any bacteria that can

survive under these extreme conditions using molecular techniques.

VI. To compare in short-time experiments the effect of relaxation, liquid backwash

and gas backwash on fouling reduction of the membrane. To examine the effect of

intermittent biogas sparging on membrane fouling. To evaluate the specific

resistances of a membrane that was operated in a SAMBR treating saline

wastewater. To determine the rheological characteristics of biomass withdrawn

from a SAMBR treating saline wastewater.



Chapter 3: Materials and Methods

90

CHAPTER 3:

MATERIALS AND METHODS

3.1 INTRODUCTION

This chapter contains a description of the submerged anaerobic MBR system

design, followed by details of the membrane modules and synthetic feed. Following this

the analytical methods used in this study are described. Due to problems with COD

analysis under high salinity a modified method for the determination of low CODs

under salinity is reported. Some additional experimental details will be reported in the

following Chapters.

3.2 EXPERIMENTAL APPARATUS

3.2.1 Submerged Anaerobic MBR System Design

The whole system can be divided into four major parts; the main reactor, biogas

recycling system, biogas collecting system, and the process control unit. The details of

each part are described in the following sections.

3.2.1.1 Reactor Design: The main purpose of the new membrane bioreactor (MBR)

design was to provide an airtight environment for recycling biogas from the headspace

of the reactor with a submerged membrane; this was to ensure that all experiments were

run in an anaerobic environment. Two long rectangular pieces of cast clear acrylic

plastic were joined together with a 3.5 mm diameter o-ring to provide a good seal

between the two panels (Figure 3.1 and 3.2). The panels were bolted together with 6

mm screws through the perimeter with equally spaced holes. The baffle of the reactor

was a long internal acrylic rectangle board (570 mm long, 6 mm thick), which was used

to split the upward moving liquid into two flow regimes, the upcomer and downcomer.

A membrane module was mounted in the reactor allowing for a gap of approximately 5

mm between the baffle and the surface of membrane panel to create slug bubbles rising

up from the biogas sparger. This biogas sparger was at the bottom of the MBR, and

consisted of a long stainless gas tube diffuser with four holes each of 0.8 mm diameter.

The diffuser created high-quality mixing conditions, and generated coarse bubbles
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which rose upward through the gaps of 5 mm on both sides of the membrane module.

This slug flow was aimed at minimising the fouling on the surface of membrane

module, and to allow low-pressure gravity filtration of the treated effluent passing

through the membrane. The top of the MBR unit contained a number of openings for

fittings which are described below.
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Figure 3.1- Details of the SAMBR design (the baffle Panel) Hu (2004).
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Figure 3.2- Details of the SAMBR design (the membrane panel) Hu (2004).
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Figure 3.3- The MBR panels. Figure 3.4- The gas diffuser.

3.2.1.2 Biogas Recycling System: Since the reactor was running in anaerobic mode, a

biogas recycling system was used to provide good mixing for the system and to

generate coarse bubbles to minimise the fouling on the membrane surface. The biogas

was recycled from the headspace of the reactor using a vacuum pump (B100 SEC,

Charles Austin) and then transferred to the stainless steel diffuser. The sparging rates (2

– 15 LPM) employed were controlled by a gas flowmeter (101 Flo-Sen, Cole Palmer)

and/or with the help of a biogas bypass provided across the suction and discharge of the

vacuum pump. In Figures 3.5a and 3.5b can be seen the biogas sparging inside a

SAMBR (operated with water) at 1 LPM and at 5 LPM respectively.

Figure 3.5a- Biogas sparging at 1 LPM. Figure 3.5b- Biogas sparging at 5 LPM.
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3.2.1.3 Biogas Collecting System: A biogas collection system was used to measure the

daily biogas production from the MBRs. The amount of biogas produced was

determined by a liquid displacement arrangement: the biogas produced in each SAMBR

was collected in a volumetrically calibrated glass cylinder (1500 ml) on a regular basis

(usually 3 to 24 hrs dependent on the HRT used). Each glass cylinder was filled with

Deionised water which was acidified to approximately pH 1 to prevent gas phase carbon

dioxide dissolving into the liquid phase. In the present study methane potential was

determined using batch assays (BMP) as described in Section 3.3.7; hence the purpose

of the biogas collection system was only to discharge the biogas anaerobically into a

fume hood through the 10 litre bottle.

3.2.2 Operation of the Submerged Anaerobic MBR System

Three identical MBRs, each with a working volume of 3 litres, were set up

inside a water bath which was maintained at 35 ± 0.1C, and the experimental setup is

shown in Figure 3.6. There was one feed stream to each reactor, pumped by a variable-

speed Watson-Marlow peristaltic pump (model 101U) that controlled the feed flow rates

based on an appropriate hydraulic retention time (HRT). The synthetic feed bottle was

sterilised at 121C for 20 minutes and stored in a cool place. The feed was made up to

10 times the required concentration which was diluted into a mixture tank by tap water

using variable-speed peristaltic pumps (Watson-Marlow, model 101 U). The feed of

required concentration was then fed to the reactor continuously.

Figure 3.6- Experimental setup of a submerged anaerobic MBR system.
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A data logging system was used to monitor transmembrane pressures (TMP) and

permeate fluxes (effluent) in the effluent stream. A pressure transmitter (PMP 1400, RS

components) and a turbine type flowmeter (Model 101-3) were provided to transmit

pressure and flow signals to a personal computer (PC). This arrangement was followed

by variable-speed Watson-Marlow peristaltic pumps (model 101U) which operated at

uniform speed to provide a constant reflux through the membrane. Part of the effluent

removed through the membrane was recycled back to the reactor, while the remaining

liquid was discharged from the system as the effluent stream.

3.2.3 Membrane Modules
The membrane module used in this study was a Kubota flat sheet membrane

(Figure 3.7).

Figure 3.7- Kubota membrane module (301 mm x 226
mm sheet) used in a SAMBR.

3.2.3.1 Kubota Membrane: A Kubota membrane module was used in this study. The

membrane panel was comprised of a solid acrylonitrile butadiene styrene support plate

(5 mm thick) with a spacer layer and a polyethylene flat sheet membrane. The

membrane was welded to the side of the spacer layer on both sides of the panel. The

panel had 0.1 m2 of total membrane surface area and a pore size of 0.4 m.
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3.3 ANALYTICAL TECHNIQUES

3.3.1 Chemical Oxygen Demand (COD)

The measurement of COD was based on the Standard Closed Reflux

Colorimetric Method described in section 5220-D of Standard Methods (APHA 1999).

Digestion solution was first prepared by adding 10.216 g of K2Cr2O7 (Merck),

previously dried for 2 hours at 103 C, 167 ml of concentrated H2SO4 (Merck, UK) and

33.3 g of HgSO4 (Merck, UK) into 500 ml of distilled water. The mixture was then left

to cool at room temperature before diluting to 1000 ml. The sulphuric acid reagent was

prepared by adding Ag2SO4 technical grade power to concentrated H2SO4 at the amount

of 5.5 g Ag2SO4/kg H2SO4. Samples were prepared by filtering them through a 0.45 µm

filter. Samples of 1 ml (original or diluted) were added to a Hach reflux tube, followed

by 0.6 ml of digestion solution and 1.4 ml of sulphuric acid reagent. The tubes were

tightly sealed and inverted three times to mix properly. The mixtures were then refluxed

in a Hach COD reflux reactor (Model 45600) at 150C for 2 hours. After cooling, the

samples were analysed against deionised water using a Shimadzu UV/VIS scanning

spectrophotometer (Model UV-2101/3101 PC) at a wavelength of 600 nm. Potassium

hydrogen phthalate (KHP) (Merck, UK) was used to prepare standard solutions in the

range of 20-900 mg/L. KHP has a theoretical COD of 1.176 mg COD mg/L. The

standard deviation for 10 samples was within  5%.

3.3.2 A modified COD method for samples with high salinity and low

organics1

COD is the main parameter widely used to estimate the organic content of

wastewater. The value of COD shows the oxygen equivalent of the organic content that

can be oxidized by potassium dichromate (K2Cr2O7) using silver sulphate. However,

there are limitations when measuring the organic matter in wastewater samples with

chlorides higher than 2000 mg/L using the Standard Method. This is due to the

oxidation of chloride ions expressed by the following equation:

Cr2O7
2- + 6 Cl- + 14 H+ → 3 Cl2 +2Cr3+ 7 H2O (1)

1 This section was published as Vyrides I, Stuckey DC (2009) A modified method for the determination
of chemical oxygen demand (COD) for samples with high salinity and low organics. Bioresource
Technology. 100, 979-982.
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The Standard Method suggests the use of a HgSO4:Cl ratio equal to 10:1 when

the chloride concentration is up to 2000 mg/L in order to mask the excess of chloride by

the formation of HgCl2. However, many researchers have found that this ratio (10:1) in

samples with chlorides more than 2000 mg/L contributed to a significant error at low

and moderate CODs (Baumann, 1974; Freire and Sant'anna, 1998). Moreover, Ballinger

et al. (1982) tested the Standard Method by using a ratio of HgSO4:Cl of 40:1 for a

sewage effluent (60 mg COD/L) at 4 g Cl-/L, and found that even at this high ratio the

values were 60% higher compared with the samples without chloride. Canelli et al.

(1976) investigated the chloride electrode response in the presence of HgSO4 by

increasing the level of NaCl. As the concentration of chloride increased from 100 mg

Cl-/L to 1 g Cl-/L the potential at the chloride electrode decreased from 230 mV to 170

mV. This highlights the effect of free Cl- even in the presence of high HgSO4.

Moreover, according to Hejzlar and Kopacek (1990), at a sample digestion temperature

of 150oC the ability of HgSO4 to mask chloride effectively is reduced. Nevertheless, in

several modified methods the masking occurs during the digestion stage (Freire and

Sant'anna, 1998), and this may contribute to an error at higher concentrations of salinity.

Baumann (1974) employed the open reflux method, and used a HgSO4:Cl ratio of 10:1

to mask the chloride; he suggested the use of sample-specific chloride factors in the

calculations in order to estimate the correct value. Nevertheless, samples that contain

high chloride concentrations show high standard deviations when they are oxidized, so

the specific correction factor cannot be applied with accuracy for the analysis of saline

wastewater samples. Apart from this, the open reflux method requires relatively large

amounts of sample, high amounts of reagents and considerable glassware. An

alternative method suggested by Standard Methods is the use of a closed reflux method

that uses less reagent, and has a higher detection limit compared with the open reflux

method. Gonzalez (1986) employed a modification of the closed reflux Standard

Method and only found a 3.9% error at 3 g Cl-/L for a sample containing 631 mg

COD/L (Table 3.1). Soto et al. (1989) used the closed reflux titrimetric method to

examine the effect of different concentrations of HgSO4 in the digestion solution at

different chloride concentrations. Increasing HgSO4, even up to 130 g/L in the digestion

solution, can result in a tolerance to samples with a Cl-:COD ratio up to 30. Freire and

Sant’anna (1998) modified the closed reflux colorimetric method by increasing the

HgSO4 to 83.3 g/L in the digestion solution for the high COD range; for low COD the

K2Cr2O7 was reduced to 2 g/L. The results were reliable up to 6 g Cl-/L for an organic

content between 20-150 mg COD/L (Table 3.1). Apart from the methods proposed by
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the APHA, new techniques have been developed to determine COD faster and with

fewer reagents. However, even these methods cannot tolerate Cl- concentrations higher

than 6 g/L (Table 3.1). To the best of our knowledge, only Korenaga et al. (1993)

achieved accurate estimations of COD in a highly saline environment of 30 g Cl-/L. In

this study these authors used a flow injection technique by measuring the electrical

signal produced by a sample and cerium (VI) (Table 3.1).

Many wastewaters contain chloride concentrations far greater than 15 g Cl-/L eg.

from the textile (Allegre et al., 2004), tannery (Senthilkumar et al., 2008), seafood

processing (Artiga et al., 2008), chemical industry (Tuin et al., 2006; Ramos et al.

2007) and petroleum production wastewater (Nacheva et al., 2008). Moreover, in cases

where seawater is used for toilet flushing (Panswad and Anan, 1998) this generates a

wastewater with a high salinity and low COD. These wastewaters, after treatment in a

bioreactor, may contain low levels of organics in a relatively high concentration of

salinity. In some cases even a high dilution of the samples does not eliminate the

problem as the organics are diluted accordingly. As was mentioned above, the existing

methods (Table 3.1) have substantial errors, mainly in the range of low organic

concentrations with high salinity. Also, high dilution can result in large errors. This

thesis proposed a modified method which can be used for the analysis of saline low

strength organic samples without any dilution, or if the samples contain moderate

amounts of organics they can be diluted accordingly to be in the range of the method.

For most researchers, using a modification of the Standard Method is more feasible than

adopting new techniques where special high cost equipment and skills are required.

Hence the objective of this technique was to propose and demonstrate a

modified method which will enable the range of the Standard Method to be extended up

to 40 g NaCl/L with low COD values (less than 230 mg COD/L), which is in the range

where the error of the Standard Method is significantly higher compared with the

moderate and high COD values under high salinity.
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Table 3.1
Comparison of different methods for the determination of COD at high salinity.

Authors Max Cl-(g/l) for
which the

method can be
reliable.

COD
(mg/l)

Error
%

Method

Baumann
(1974)

20 500 -23.5
Open reflux method-
HgSO4:Cl-10:1 and sample
specific factors for
correction

Ballinger
et al.
(1982)

4 268 12
Open reflux method-
without the use of HgSO4-
use of AgNO3 to mask the
Cl.

Thompson
et al.
(1986)

5 400 3
Open reflux method- use of
Ag2SO4 and Cr3+ to mask
the Cl without the use of
HgSO4

Gonzalez
(1986)

3 631 3.9
Modification of Closed
reflux colorimetric

Freire and
Santanna
(1998)

6 150-
1000

<10
Modification of Closed
reflux colorimetric

Freire and
Santanna
(1998)

6 30-
150

<10
Modification of Closed
reflux colorimetric

Dharmadhi
kari et
al.(2005)

6
8

100
100

0
66

Closed microwave
digestion system

Domini et
al. (2006)

5 100 16
Optimized closed
microwaves (CMWD)

Domini et
a.l (2006)

5 100 16
Optimized open
microwaves(OMWD)

Domini et
al. (2006)

5 100 16
Optimized ultrasound
irradiation(UCD)

Korenaga
et al.
(1993)

30 40 5 FIA

This
Method

24.39 25-
190

<10 Modification of Closed
reflux colorimetric
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3.3.2.1 Experimental method and procedures for the Modified Method:

a) The digestion solution was prepared by adding 3 g K2Cr2O7, previously dried

for 2 hours at 1030C, 167 ml of concentrated H2SO4 and 33.3 g HgSO4 into 500 ml of

distilled water. The mixture was then left to cool at room temperature before diluting to

1000 ml. The sulphuric acid reagent was prepared according to Standard Methods

(APHA 1999) for the closed reflux colorimetric method (2.5%w/w Ag2SO4 in H2SO4).

b) Potassium hydrogen phthalate (KHP) was dried at 110 0C, and then 425 mg

was dissolved in distilled water and diluted to 1000 ml so this solution had a theoretical

COD of 500 mg COD/L. This solution was further diluted with distilled water to obtain

the following COD standards (mg COD/L): 20, 50, 90, 140, 190, 230. Two saline

standards were prepared by dissolving 20 and 40 g NaCl/L into the above standard KHP

solutions.

c) 10 ml of each standard saline solution was removed and HgSO4 was added in

a ratio of 20:1 (HgSO4 : Cl-). This concentration was equal to 2.42 g HgSO4 for the 20 g

NaCl/L saline sample and 4.85 g HgSO4 for the 40 g NaCl/L sample .

d) After the precipitation of HgCl2, 2 ml of sample was removed and mixed with

1.2 ml (K2Cr2O7-H2SO4-HgSO4) of the digestion solution and 2.8 ml of the sulphuric

acid reagent (Ag2SO4-H2SO4) and then added to Hach reflux tubes that were tightly

sealed and mixed properly. The mixtures were then refluxed in a Hach COD reflux

reactor (Model 45600) at 1500C for 2 hours. After cooling to 400C for few hours, the

samples were analysed on a Shimadzu UV/Vis scanning spectrophotometer (Model

UV-2101/3101 PC) at a wavelength of 600 nm. To obtain means and standard

deviations, five samples were carried out for each COD value at each condition.

e) A synthetic sewage was also prepared according to the recipe of Le Clech et

al. (2003) who adapted it from the Organization for Economic Cooperation and

Development media (1976). The synthetic sewage was diluted so the final solutions

were 130, 70 and 35 mg COD/L.

3.3.2.2 Results and discussion of the modified COD method: To examine the

statistical error of the modified method two concentrations of salinities were tested,

12.19 g Cl-/L and 24.39 g Cl-/L, at a COD range between 0-230 mg COD/L. The

Standard Method was used as a control for the same COD level but without chloride in

the samples. As can be seen from Table 3.2, the modified method at 12.19 g Cl-/L had

less than -10% error, and the error remained at the same level or less for 24.39 g Cl-/L

for COD levels from 20-190 mg COD/L, and less than -12% for 230 mg COD/L. When
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the Standard Method was used the error for samples without chloride was less than 3%

for 50 to 230 mg COD/L, and less than 8% for samples with 20 mg COD/L. The

standard deviation for the Standard Method with samples without chloride was up to

3.5, while the standard deviations for the modified method were 1.2-4.5 and 2-4.9 with

12.19 g Cl-/L and 24.39 g Cl-/L, respectively. These results show that the modified

method can be reliable for salinities up to 40 g NaCl/L for a COD range of 20-230 mg

COD/L.

Comparison of our proposed modified method with the Standard Method (Table

3.3) using synthetic sewage shows that under high salinity (40 g NaCl/L) the error of

our modified method was less than 10%, while the error of the Standard Method was

greater than 50%. In the Standard Method when the same amount of Hg was used as the

proposed modified method the error did not reduce significantly (it was more than 40%)

despite the fact that a ratio of 20 HgSO4 :1 Cl- was used. This highlights the fact that a

lower concentration of K2Cr2O7 is essential for the analysis of low COD at high salinity.

According to Dasgupta and Petersen (1990), the reaction of K2Cr2O7 with KHP

follows a second-order rate law (2).

-d[Cr2O7
2-]/dt=kn[Cr2O7

2-][Org] (2)

-d[Cr2O7
2-]/dt=kn[Cr2O7

2-][Cl-] (3)

This shows that the rate of the reaction depends on the concentration of organics

and the concentration of K2Cr2O7. If the reaction of K2Cr2O7 with Cl (3) is taking place

at a lower rate than the reaction with organics (2), then by increasing the concentration

of organics the interference by chloride is reduced due to the faster rate of reaction (2),

and the main consumption of K2Cr2O7 is in reaction (2). Results reported previously

found that as the concentration of organics increases at constant salinity the error

reduces (Canelli et al., 1976; Hejzlar and Kopacel, 1990), thus the above assumption

based on the difference in the kinetic rates is likely to be true. Therefore, by decreasing

the concentration of K2Cr2O7 there is only reactant available for the reaction of K2Cr2O7

with the organic (2) so the reaction with the free chloride is limited (3).

The slightly negative errors in the results from the modified test can be

attributed to masking of the chloride by Cr3+ so that lower amounts of Cr3+ are detected

by the UV spectrophotometer. Moreover, Thompson et al. (1986) proposed the addition

of extra Cr3+to complex the free chloride ion prior to the digestion solution in a

modified method (Table 3.1). Apart from this, Axen and Morrison (1995) found that
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K2Cr2O7 in the presence of acid solution can form CrO2Cl2 so smaller amounts of

K2Cr2O7 are oxidized.

As was mentioned above, the existing methods (Table 3.1) have substantial

errors, mainly in the range of low organic concentrations with high salinity. Also, high

dilution can result in considerable errors. Thus, this proposed modified method can be

used for the analysis of saline low organic samples without any dilution, or if the

samples contain moderate organics can be diluted accordingly to be in the range of the

method.

Table 3.2
Standard deviation (SD) and error of the standard method without chloride and
the modified method at 12.19 and 24.39 gCl-/L in the range of 20 to 230
mgCOD/L.

Theoretical
COD

COD at 0Cl- mg/L
Standard Method

At 12.19gCl-/L
Proposed

Modification of
the Standard

Method

At 24.39gCl-/L
Proposed

Modification of
the Standard

Method

SD Err(%) SD Err( %) SD Err(%)
20 0.80 7.19 2.56 8.48 2.08 1.82
50 2.88 -3.88 2.34 -8.04 2.13 1.41
70 2.12 1.41 1.29 -5.46 1.98 -6.44
90 3.47 -1.74 3.15 -9.71 7.98 -3.12
140 1.61 0.92 3.38 -4.03 4.18 -4.58
190 2.15 1.38 1.16 -9.81 4.43 -9.68
230 2.58 2.09 4.43 -9.68 4.86 -11.08

Table 3.3
Standard deviation (SD) and % error of the Standard Method by addition to the
samples of 1Cl-:10 HgSO4 , 1Cl-:20 HgSO4 and the proposed modified method at
24.39 gCl-/L using synthetic sewage as a COD source.

Analysis of
diluted sewage

using the
Standard

Method at
0CL-

COD(mg/L)

Proposed
Modification

of the
Standard

Method at
24.39Cl-

COD(mg/L)

Error
%

Standard
Method using
the ratio
1Cl:20HgSO4

at 24.39Cl-

COD(mg/L)

Error
%

34.51 31.78 -8.58 160.18 78.45
71.90 71.61 0.72 163.4 55.69
131.12 119.38 -9.83 221.97 40.92
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3.3.3 Dissolved Organic Carbon (DOC)

Dissolve Organic Carbon (DOC) was measured with a Shimadzu 5050

(Shimadzu, UK) TOC analyser. Before DOC analysis, the biomass was removed by

centrifugation and filtration (0.45μm). The COV for 5 samples was within ± 2%. Prior

to the development of the modified method discussed above, DOC analysis was used

instead of COD due to the strong interference of chloride in saline samples. If the

sample is not filter (0,45 μm) the analysis is called Total Organic Carbon (TOC).

3.3.4 pH

pH was measured using a pH meter (Jenway, Model 3020) that was calibrated

with buffer solutions of pH 7 and pH 4. Values obtained were accurate to within  0.02

units.

3.3.5 Total Suspended Solids and Volatile Suspended Solids

Determination of Total suspended solids and volatile suspended solids (VSS)

was performed according to Standard Methods (APHA , 1999). The coefficient of

variation for 5 samples was within  6 %.

3.3.6 Biogas Composition

The composition of biogas was determined using a Shimadzu GC-TCD fitted

with a Porapak N column (1500  6.35 mm). The carrier gas was helium that was set at

a flow rate of 50 ml/min. The column, detector and injector temperatures were 28 C,

38 C and 128 C, respectively. The peak areas along with biogas composition were

calculated and printed out on a Shimazdu Chromatopac C-R6A integrator. Biogas

samples of 1 ml were collected using 1 ml plastic syringe (Terumo). The coefficient of

variation for 10 identical samples was  2%.
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3.3.7 Biochemical Methane Potential (BMP) Analysis

The assay was conducted using the media and serum bottle technique reported

by Owen et al. (1979). The media composition is shown in Table 3.4 at the end of the

section, and is based on 1 litre of media. The gas used to purge the assay bottles during

preparation of the assays was a mixture of 70% N2 and 30% CO2 at a flow rate of

approximately 0.5 l/min. In all the experiments glucose was used as the sole carbon

source. The anaerobic biomass was first centrifuged and then re-suspended using the

Owen et al. (1979) biomedia in order to remove any residual degradable carbon. All

serum bottles were equilibrated at 37 0C, and zeroed ten minutes after substrate

addition. Methanogenic activity was detected by measuring the composition and amount

of gas produced over time in the serum bottles. Biogas produced was measured using a

glass syringe and wasted after each measurement. Triplicate or duplicate samples were

carried out for each sample, and the coefficient of variation in this case was ± 3%.

Table 3.4
Chemical composition of biomedia used in BMP bottles (Owen et al.,1979)

Volume
of stock
solution

Amount of
stock solution

to prepare 1.8 L
biomedia

Compounds
Conc. in

stock solution
(g/L)

Final conc.
in medium

(mg/L)

S1 100 ml 1.8 ml Resazurin 1.0 1.0

S2 100 ml 5.4 ml (NH4)2HPO4 26.7 80.1

S3 1000 ml 27 ml Trace Elements solution:

CaCl2·2H2O 16.7 250.5

NH4Cl 26.6 399

MgCl2·6H2O 120 1800

KCl 86.7 1300

MnCl2·4H2O 1.33 19.95

CoCl2·6H2O 2 30

H3BO3 0.38 5.7

CuCl2·2H2O 0.18 2.7

Na2MoO4 0.17 2.55

ZnCl2 0.14 2.1

S4 50 ml 1.8 ml FeCl2·4H2O 370 370

S5 50 ml 1.8 ml Na2S·9H2O 500 500

S6 1000 ml 18 ml Vitamin Solution:

Biotin (vitamin H) 0.002 0.02

Folic acid (dihydrate) 0.002 0.02

(vitaminB6) 0.01 0.1

vitamins B2 + B1 0.005 0.05

Nicotinic acid 0.005 0.05
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Volume
of stock
solution

Amount of
stock solution

to prepare 1.8 L
biomedia

Compounds
Conc. in

stock solution
(g/L)

Final conc.
in medium

(mg/L)

Pantothenic acid 0.005 0.05

(vitamin B12) 0.0001 0.001

p-aminobenzoic acid 0.005 0.05

lipoic acid (thioctic acid) 0.005 0.05

S7 NaHCO3 4667

3.3.8 Particle Size Measurement

Particle size measurements were made using a Malvern Instruments Particle

Size Analyser Model 2600C with a helium neon laser, and operated with Mastersizer

2000 software. Samples were carefully collected from the sampling port of the reactor

bed using a syringe. Samples of high optical density were diluted with water prior to

addition in the measuring chamber. The standard deviation of of 3 samples was within 

5%.

3.3.9 Viscosity Measurement

The apparent viscosity of the anaerobic sludge was measured at 300C using a

rotating rheometer (Physica UDS 20) with a double air gap measurement cell, coupled

with Physica UDS 200 software.

3.3.10 Extracellular Polymers (ECP)

According to a study by Zhang et al. (1999) on the comparison of ECP

extraction methods, centrifugation with formaldehyde gave the greatest carbohydrate

yield, while a steaming extraction gave the greatest protein yield. In order to simplify

the analysis, only the steaming method was used in this study (Zhang et al., 1999). 10

ml samples of anaerobic sludge were first centrifuged at 3500 rpm (Biofuge Stratos,

Heraeus Instruments) for 20 minutes at 40C. The pellets obtained were re-suspended in

deionised water, and heated in a water bath at 800C and 1 bar for 10 minutes. After

heating, the samples were re-centrifuged at 13000 rpm for 20 minutes whilst the

samples were warm. The supernatant was filtered through a 0.45 µm filter to ensure that

cells were separated from the extracted ECP. Then the ECP were analysed for COD or

DOC, or were subjected to size exclusion analysis.
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3.3.11 Cell lysis

For cell lysis the autoclaving method was used. 10 ml samples of anaerobic sludge were

first centrifuged at 3500 rpm (Biofuge Stratos, Heraeus Instruments) for 10 minutes at

room temperature. The pellets obtained were re-suspended in deionized water, and

autoclaved at 1200 for 20 min. Then, the samples were re-centrifuged at 13000 rpm for

20 minutes whilst the samples were warm. The supernatant was filtered through a 0.45

µm filter to ensure that cells were separated from the extracted cell lysis product.

3.3.12 Size Exclusion Chromatography (SEC)

For size exclusion chromatography (SEC) Aquagel OH-30 and Aquagel OH-40

columns (Polymer Labs) were used with deionised water as an eluent on a Shimadzu

HPLC (Perkin Elmer 4). The sample volume was 50 µl, and the column was maintained

at ambient temperature; the UV detector was set at 210 nm or 254 nm. Standards of

polyethylene oxide (PEO) and polyethylene glycol (PEG) were used to calibrate the

system, and the sample peaks were detected by a Refractive Index (RI) detector. The

results obtained are quoted relative to these linear standards. In SEC the organics with a

low molecular weight (MW) go deeper into the gel pores and so take a longer time to

elute, whereas the high MW compounds are quickly excluded from the column. Before

SEC analysis, the biomass was removed by centrifugation and filtration (0.45μm).

3.3.13 Glucose and Volatile Fatty Acids (VFA)

3.3.13.1 HPLC: Volatile fatty acids (VFAs – formic, acetic, propionic, isobutyric,

butyric, isovaleric and valeric acids) were measured on a Shimadzu (Model 10-AS)

High Performance Liquid Chromatograph (HPLC). Volatile fatty acids (VFA) in the

bulk liquid and effluent samples were separated by an Aminex HPX-87H ion exclusion

column (300 mm x 7.8 mm) using 0.01 M H2SO4 (0.68 ml/,min) as the mobile phase.

The injection volume was 50 l, the column temperature was 550C, and the UV detector

was set at a wavelength of 210 nm. For glucose the detector was a Shimadzu (Model

10A) refractive index (RI) detector. The lower detection limit was 10 mg/L for glucose

and 5 mg/L for VFAs. The peak area was calculated by Class-VP version 5.07 software.

Before analysis samples were centrifuged at 13000 rpm for 20 minutes and filtered
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through 0.45 m filters. The coefficient of variation of 5 identical samples was within 

8%.

3.3.13.2 GC-FID: Another method for VFAs analysis was using a Shimadzu GC-FID.

Helium (He) was used as a carrier gas, the detector was set at 250C and a SGE

capillary column (12mx53mm ID-BP21 0.5µm) was maintained at 80C. The

coefficient of variation of 5 identical samples was within  5 %. Despite the higher

accuracy and the more rapid analysis (9min per sample instead of 30 min using HPLC)

of the GC-FID method compared with the HPLC method, formic acid can not be

detected which is sometimes important under shock loads/perturbations.

3.3.14 Ultrafiltration

The apparent molecular weight distribution (AMWD) of a supernatant was

determined using a stirred cell (series 8000, model 8200, Amicon). Diaflo membranes

with nominal MW cut-offs of 1KDa, 10KDa, 30 KDa and 50 KDa were used. The

membranes were rinsed with deionised (DI) water before being placed in the cell which

was filled with DI water and pressurised with nitrogen. Pressures were maintained at the

manufactures recommended levels (<70psi for the membranes). After filtering 150 ml

of water the cell was emptied of DI water and loaded with 200 ml of sample. After a

specific amount of sample had passed through the membrane, filtration was stopped and

the retentate and permeate were collected. The depressurized cell was stirred for another

15 min to improve recovery from the membrane surface. After each use membranes

were rinsed with a 0.1M solution of NaOH and then stored in a 10% v/v solution of

ethanol in water at 40C, as recommended by the manufacturer.

3.3.15 Liquid-liquid extraction and GC MS analysis

For the GC-MS analyses, the analytes of interest were extracted using a solid

phase extraction (SPE) procedure. The Oasis HLB cartridge (Waters Corporation) was

first conditioned with 3 ml methyl tertiary-butyl ether (MTBE), 3ml methanol and 3 ml

deionized water (DW). A sample (500 mL) at pH2 was then loaded onto the cartridge

and filtered dropwise. The cartridge was then washed with 3ml of 40% methanol in DW

to remove organic interferences, re-equilibrated with 3ml DW, washed with 3ml 10%
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methanol 2% NH4OH to remove humic interferences and finally 6mL 10% methanol

90% MTBE. The final matrix was then evaporated to 200 microlitres.

The samples were then analyzed using a 5890 Series gas chromatograph

equipped with an autosampler and a 5970 mass spectrometry detector (Hewlett-Packard,

USA). Analytes were separated using a SGE HT5 column of 25m x 0.22mm. The

temperature program was: 50° C, hold 2 min, rate 8° C/min to 350°C, hold 30 s. Helium

was used as a carrier gas at a flowrate of 2 ml/min. The injector temperature was set at

270° C. The MS was operated in the electron impact ionisation mode (70eV). The

transfer line and ion source temperatures were 290 °C and 220 °C, respectively, and the

Quadrapole was not heated. Scan runs were made with a range of m/z from 33 to 500.

The chromatograms were analyzed using the NIST05 library and the compound was

deemed identified if the match percentage was higher than 70%

3.3.16 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) samples were fixed overnight at 40C in 3.0%

glutaraldehyde and kept at pH 7.2 by a 0.1M phosphate buffer. Samples were then

dehydrated in a graded ethanol/water series (10-30-50-70-90-100%) for 20 minutes at

each concentration, and then dried for 5 hours at 300C. Aqueous carbon was used to fix

the specimens onto SEM mounts before gold splutter coating (30mA for 2.5 minutes,

vacuum 0.2 Torr). Specimens were examined and photographed under a scanning

electron microscopy (JEOL JSM-5610LV). The above procedure (dehydration and

fixation of the biological sample) may change some of the characteristics of the initial

sample.

3.3.17 Energy Dispersive X-Ray (EDX)

The samples were prepared in the same way as in the SEM analysis. Energy

Dispersive X-Ray analysis was conducted with an EDX-60 (Oxford instrument-incax-

sight). The EDX analyser was connected to a scanning electron microscope (model

JSM-840A).

3.3.18 DNA extraction and PCR amplification

The DNA was extracted using the UltraClean Microbial Genomic Isolation Kit

(MoBio, Carlsbad, CA) according to the manufacturer’s instructions. Comparison of the
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MoBio DNA kit with MP (Biomedicals) DNA kit found that more bands were present

in an agarose gel when the MoBio DNA kit was used.

The extracted genomic DNA was used as a template in the PCR to amplify 16S

rRNA genes. Archaeal fragments suitable for subsequent denaturing gradient gel

electrophoresis (DGGE) were amplified with the primer combination 344fGC-915r as

described earlier (Raskin et al., 1994; Stahl, 1991). For bacteria the primers 907R and

341FGC were employed. The 50 μl PCR reaction mixtures contained 50 ng of template

DNA, each deoxynucleoside triphosphate at a concentration of 200μM, 3 mM MgCl2,

each primer at a concentration of 0.3 μM, 1 U Taq DNA polymerase (Invitrogen) and

0.5 mM PCR buffer supplied by the manufacturer. The PCR protocol had an initial

denaturation step at 94 °C for 5 min, followed by 20 touchdown cycles of denaturation

(at 940C for 1 min), annealing (at 71 to 61 °C for 1 min, decreasing 1 C each cycle), and

extension at 72°C for 3 min. This procedure was followed by 15 additional cycles at an

annealing temperature of 61°C. In the last cycle, the length of the extension step was 10

min (Casamayor et al., 2000).

3.3.19 Denaturation Gradient Gel Electrophoresis (DGGE)

The products of the PCR reaction were mixed with 5 µl of DGGE loading buffer

(1% bromophenol blue, 1% xylene cyanol and 70% glycerol) and were loaded onto a

10% polyacrylamide gel (37.5:1, acrylamide/bisacrylamide) prepared with a denaturing

gradient of 40–60% (100% denaturing gradient corresponds to 7 M urea and 40 %

formamide. The gel was run at 60V for 20h at 600C in TAE buffer (40mM TRIS-HCl,

20 mM Acetic acid and 1 mM EDTA (pH 8.0). The gel was stained with SYBR® Green

I in TAE buffer for 30 min, and visualized under blue light. Prominent bands were

excised from the gels, DNA eluted from the bands in sterile deionised water overnight,

re-amplified with the PCR primers 344F - 915R , for Archaea and 907R and 341FGC

for bacteria, and then was purified using a high pure PCR product purification kit

(Roche).

3.3.20 Cloning and sequencing

The PCR product was cloned with the TOPO TA cloning kit (Invitrogen) into E.

coli according to the manufacturer's instructions. Recombinant plasmids in E. coli were

picked and grown up overnight in LB media (1 % bacto-tryptone, 0.5% yeast extract
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and 1 % NaCl) and plasmids extracted using the QIAprep spin miniprep kit (QIAgen),

following the manufacturer's instructions. Sequencing reactions were performed direct

from the plasmids by Cogenics (Takeley, Essex, UK)

3.3.21 Nuclear Magnetic Resonance (NMR) analysis.

The intracellular solutes were extracted with boiling 80% ethanol as described

by Martins and Santos (1995). Freeze-dried extracts were dissolved in distilled water

and analyzed by NMR. Proton NMR spectra were acquired in a Bruker DRX500

spectrometer with 5-mm inverse detection probe head at 25°C, with pre-saturation of

the water signal, a 90° flip angle, and a repetition delay of 6.9 micro-seconds.

3.3.22 Inductively Coupled Plasma (ICP) analysis.

Chromium were analysed using a Perkin Elmer Inductively Coupled Plasma

Optical Emissions Spectometer PE Optima 2000DV (ICP OES) via a personal computer

and the appropriate software (WinLab32). The coefficient of variation of 4 identical

samples was within  3 %.
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CHAPTER 4:

EFFECT OF FLUCTUATIONS IN
SALINITY ON ANAEROBIC BIOMASS
AND PRODUCTION OF SOLUBLE
MICROBIAL PRODUCTS (SMPs) 2

4.1 INTRODUCTION

The effect of salinity on anaerobic bacterial groups was reported in the literature

review, however, no clear conclusions were drawn due to the following reasons:

different inocula, different feed strategies, different substrates, presence of ions that can

act as antagonists or synergistically towards sodium (Kugelman and McCarty, 1965)

and different test methods. Most of the studies deal with anaerobic biomass acclimatised

to salinity, however, no study examined the response of non-acclimatised anaerobic

biomass to salinity. This knowledge can provide us with a fundamental understanding

regarding sodium inhibition of anaerobic biomass. Moreover, there is no clear evidence

regarding the acclimation potential of anaerobic biomass not previously exposed to

salinity; this could potentially dramatically reduce the start up period and minimize

process failure.

Salinity is often highly variable in many industrial wastewaters (Lefebvre and

Moletta, 2006), and several studies found that a sudden reduction in salinity often

caused more severe effects in aerobic biomass than a stable but high concentration

(Kinncannon and Gaudy, 1966; Kinncannon and Gaudy, 1968; Burnett, 1974).

Moreover, most of the studies (Tables 2.2 and 2.3) deal with the adaptation of anaerobic

biomass to salinity and have not examined the rapid fluctuation in salinity. To the best

of our knowledge, no studies have examined the performance of anaerobic biomass

after a sudden removal of salinity for varying periods of exposure to salt conditions for

various concentrations.

Apart from sodium which causes toxicity to the biomass, it is possible that the

soluble organics produced under osmotic stress may contribute to the poorer

2 Part of the results of this chapter were published as .Vyrides I, Stuckey DC (2009) Effect of fluctuations
in salinity on anaerobic biomass and production of soluble microbial products (SMPs). Biodegradation
100, 165-175
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performance of the process, and these compounds are known generically as SMPs. Due

to their low biodegradability, SMPs are important in terms of achieving current

discharge standards and effectively set the lower limit for treatment efficiency (Barker

and Stuckey, 1999). It is also possible that certain fractions of the SMPs could be

inhibitory or even mutagenic. Up to date, no studies have examined the MW

characteristics of SMPs produced from anaerobic biomass under high salinity.

Hence, the objective of this study was to examine the ability of anaerobic

biomass to acclimate to saline conditions in a relatively short time under batch feeding,

and study the performance of this biomass during a sudden reduction in salinity after a

short/ long time period exposed to saline conditions. In addition, the performance of this

biomass was evaluated when re-exposed to salinity after a period of non-saline

conditions. Under these conditions, evaluation of the sensitivity of each anaerobic

bacterial group was measured by monitoring VFA concentrations over time. The SMPs

in the batch reactors at different NaCl concentrations were also measured in terms of

their Molecular Weight (MW) over time. Finally, the anaerobic biodegradation of EPS

(released under high salinity) was evaluated.

4.2 EXPERIMENTAL AND ANALYTICAL PROCEDURES

The serum bottle experiments were conducted using the media and serum bottle

techniques developed by Owen et al. (1979). Anaerobic biomass was obtained from a

conventional sewage sludge digester (Mogden, UK) and maintained in a batch reactor

(5 L) being fed with glucose as a substrate for 3 months at an OLR of 2 gCOD /L.day.,

nutrients according to Owen et al. (1979), and salinity less than 2 g NaCl/L. The reactor

was fed under batch mode every 7 days (6 days of mixing and 1 day for the biomass to

settle and then the supernatant was removed and new feed added). The biomass from

the reactor was used as inoculum in 165 ml serum bottles (2 g VSS/L). To each serum

bottle, 95 mL of anaerobic media was added (Owen et al., 1979), then 5 ml of glucose

to give a final concentration of 2 g COD/L before capping it with a leak proof Teflon

seal. The serum bottles were placed in a Gallenkamp Orbital Incubator Shaker at a

constant temperature and shaker speed of 370C and 200 rpm, respectively. In the re-

feeding, biomass was removed by centrifugation (3000 rpm for 10 min), and then

placed back into the serum bottles and new media added with the same concentration of

salinity and substrate. During the transfer of biomass N2/CO2 was purged into the

bottles to maintain anaerobic conditions. In the experiments where the conditions
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changed from saline to non-saline (less than 1 g NaCl/L), the biomass was washed for 1

min with DI water to minimise any sodium that may have been absorbed by the

biomass, and osmotic shock. The anaerobic biomass not adapted to sodium was

subjected to concentrations of NaCl (0-50 g/L) for 3 consecutive batch feeding. Then,

for the next 2 feeding was subjected to no salt conditions and finally was re-subjected to

the initial salt concentrations.

For Size Exclusion Chromatography (SEC) an Aquagel OH-30 column

(Polymer Labs) was used with DI water as the eluent at a flow rate of 1 ml/min.

4.2.1 Statistical Analysis
The COV for CH4 was ± 3% for 5 different samples, while the COV for VFAs

for 3 identical samples was ± 8%. In the beginning of the experiment 5 samples for each

concentration of salinity were employed, and in several feedings one of the samples was

used for VFAs and SMPs analysis. In this experiment the COV for methane production

was in the range ± 3%. In the case of VFAs, duplicate analyses were not carried out due

to limitations on the volumes that could have been withdrawn, however, as was

mentioned above the COV for 5 identical samples was ± 8%.

4.3 RESULTS AND DISCUSSION

4.3.1 Exposure to three batch feedings at different salt concentrations

During the first exposure (Figure 4.1) concentrations above 20 g NaCl/L caused

substantial inhibition, while the biomass exposed to 10 and 20 g NaCl/L produced

slightly less methane compared with the control after 265 hours. At concentrations of

40-50 g NaCl/L, even after 265 h the methane production was negligible. In the next

feedings, the media was replaced by new media with the same salinity and substrate

concentration (2 g COD/L). After the third batch feeding, the biomass that was exposed

to 10 g NaCl/L immediately produced the same amount of methane as the control, while

the biomass exposed to 20 g NaCl/L reached the same methane production level of the

control after 142 h (Figure 4.2). With biomedia containing higher concentrations of salt

(30 g NaCl/L), decreases in inhibition were substantially less, while above 40 g NaCl/L

inhibition did not reduce even after the third feeding. The results of re-feeding under

batch conditions show that the acclimation potential is rapid for biomass exposed to 10

g NaCl/L, and relatively fast for biomass exposed to 20 g NaCl/L. Even with biomass
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exposed to 30 g NaCl/L acclimation is possible at a slower rate. However, biomass that

was exposed to 40-50 g NaCl/L over a period of 270 h showed no acclimation, even

after the third re-feeding.
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Figure 4.1- First batch exposure of non acclimatized biomass to concentrations of
0-50 g NaCl/L with glucose as a feed.
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Figure 4.2- Third batch exposure of non acclimatized biomass to concentrations of
0-50 g NaCl/L with glucose as a feed.
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4.3.2 Exposure to no salt for two batch feedings after three feedings

with salt

After the third batch with a total exposure to salinity of 35 days, the biomass

was then fed with a new medium with NaCl less than 1 g/L at 2 g COD/L glucose.

Results in Figure 4.3 show that the slowest rate of methane production was from the

biomass that was pre-exposed to the highest sodium concentration. The biomass pre-

exposed to salt concentrations up to 20 g NaCl/L showed a high activity despite

previous acclimation of the biomass to salinity. In the second feeding under organic

shock conditions (4 g COD/L glucose), the recovery was significantly higher especially

for biomass pre-exposed to higher concentrations of salinity (Figure 4.4). The biomass

previously exposed to 50 g NaCl/L in the second feeding (with salt less than 1 g

NaCl/L), produced the same amount of methane as the control after 250 h (Figure 4.4).
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Figure 4.4- CH4 production from biomass at second exposure to non saline
conditions after previous exposure to salinity.

4.3.3 Exposure to no salt after a short period at 40 g NaCl/L

40 g NaCl/L was added to non acclimatised anaerobic biomass for 2, 24 and 48

h. During this period all the biomass samples showed negligible methane production

compared to the control shown in Figure 4.1. When the biomass was returned to non

saline conditions it produced 40 ml CH4 in 69 h, while the control produced around 50

ml for 2 g VSS/L (Figure 4.5 ). Exposure to 40 g NaCl/L for 2, 24, and 48 hours did not

result in any substantial difference in methane production after the sudden removal of

salinity.
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According to Speece (1996), toxicity should be interpreted as an adverse effect,

not necessarily lethal, on bacterial metabolism, whereas inhibition should be considered

as an impairment of bacterial function. The effect of a sudden removal of salinity from

aerobic systems is probably lethal on aerobic bacterial populations (Kinncannon and

Gaudy, 1966; Kinncannon and Gaudy, 1968). Burnett (1974) using activated sludge

showed BOD removal efficiencies dropped from 95% to 25%, with an increase of 3.5%

in the effluent solids, when a freshwater feed was changed to a salty feed, but when

returning to a freshwater feed the removal efficiency reduced to 8%. Kinncannon and

Gaudy (1966), using an aerobic sludge, found more severe effects with the sudden

removal of salinity than an increase. Comparing the results of this study with that of

Kinncannon and Gaudy (1966) and Burnet (1974), showed that anaerobic biomass

performs better than aerobic biomass under sudden changes from saline to fresh water

conditions. In the present study, some continuing methane production following a

sudden removal of salinity after long exposures to high salt concentrations (40-50 g

NaCl/L) indicates that the biomass was not fully destroyed. Moreover, a doubling of the

activity after the second feeding, and recovery of its initial activity in term of total

methane (100%) over a short time (250 h) without salt indicated that anaerobic bacteria

were only temporarily deactivated by high salinity, so sodium caused more of an

adverse effect than impairment with anaerobic bacteria. With biomass exposed to lower

concentrations of 30 g NaCl/L the initial activity was re-established faster. When the
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anaerobic biomass was returned to non saline conditions after a short period (2-48 h)

under highly saline conditions (40 g NaCl/L), it produced approximately 80% of the

amount of methane as the control after three days. This has practical implications in

anaerobic treatment as a temporary salinity shock (up to 48 h) would appear to only

partially inhibit methanogenesis when the biomass is returned to normal conditions.

4.3.4 Re-exposure to salt

After the two batch feedings with non saline media (Section 4.3.2), the biomass

was then re-exposed to the initial salinity concentrations. It can be seen from Figure 4.6

that the biomass exposed to 10 and 20 g NaCl/L maintained almost the same activity of

the third feeding before the exposure to no sodium. The methane production of biomass

exposed to concentrations of salt higher than 30 g NaCl/L (Figure 4.6) remained at the

same low level as the third exposure to salinity, so no conclusion can be drawn for the

re-exposure of biomass to salinity for this level of salinity. These results showed that the

biomass maintained most of the activity that had developed after the third batch feeding

with salinity. Anaerobic biomass that had adapted to salinity levels up to 20 g NaCl/L

can withstand variations in salinity quite effectively.
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Figure 4.6- Re-exposure of biomass to salinity after a period under non saline
conditions with glucose as a feed.

4.3.5 Sodium effects on VFA production

Up to 20 g NaCl/L, VFAs were catabolised by the anaerobes in 150 h and this

was an indication of good performance (Figure 4.7). However, when the biomass was
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exposed to concentrations higher than 20 g NaCl/L this resulted in an accumulation of

VFAs. As can be seen from Figures 4.8 and 4.9, the main VFAs forming under saline

conditions were acetate and propionate, and increasing the concentration of sodium

chloride resulted in an increase in VFAs (Figures 4.7). With biomass exposed to 20 g

NaCl/L acetate was consumed after 90 h, whereas propionate was only consumed

completely after 160 h. At concentrations higher than 20 g NaCl/L the acetate

concentration was higher than the propionate. This occurs due to the higher overall

production of acetate over propionate (seen from the control biomass), however, even

after 250 h the concentration of these acids had not started to decrease substantially as a

result of a severe inhibition of the propionic utilisers and methanogens. Glucose was

found only in the first 11 hours at concentrations of 362 mg/L and 453 mg/L for

biomass exposed to 40 and 50 g NaCl/L, respectively.
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Figure 4.9- Propionic acid production in the first batch feeding for salinity.

4.3.6 The role of formic acid in methanogenesis under high salinity

Formic acid was found only during the initial period at a concentration of 40

mg/L for the control at 17 h, while for biomass exposed to the highest salinity (50 g

NaCl/L) 43 mg/L was produced after 44 h. This was an indication that salinity was not
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inhibitory to the formic acid formers. Moreover, it is likely the highest percentage of the

CH4 was produced by the reductive methanogens due to the fact that the acetoclastic

methanogens were substantially inhibited. However, to confirm that reductive

methanogens were not inhibited formic acid was fed to the biomass (Dolfing and

Bloemen, 1985). Anaerobic biomass was initially exposed to 2 g COD/L of formic acid

for 25 days in serum bottles to increase the population and activity of reductive

methanogens. In the next batch test the same concentration of formic acid was used with

salinities of 20 and 40 g NaCl/L. From the first feeding at 40 g NaCl/L methane

production almost reached the methane control level after 140 h (Figure 4.10) compared

with the biomass fed glucose (Figure 4.7) which in the same time only produced 4.5 ml

of CH4, and hence it was clear that salinity did not inhibit reductive methanogenesis.
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Figure 4.10- Cumulative CH4 production from biomass exposed to no salinity, 20
and 40 g NaCl/L. Formic acid used as the sole carbon source.

The propionic acid utilisers seem to be the most sensitive group under high

salinities as propionate was the last VFA biodegraded at salinities up to 20 g NaCl/L,

and was present at high concentrations at higher salinities. This shows that the rate of

biodegradation by the propionic utilisers was decreased substantially in the presence of

NaCl. This finding is in agreement with Soto et al. (1993) who found that an increase in

the sodium concentration from 5 to 12 g Na+/L resulted in an increase in the propionate

to acetate ratio from 0.7 to 1. However, Feijoo et al. (1995) using granular non-adapted

biomass found that n-butyrate utilisers were the most sensitive group of bacteria. The

contradictory results between the present study and the study of Feijoo et al. (1995) can

possibly be attributed to different morphological characteristics of the biomass which
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had an effect on the sensitivity of each bacterial group. The acetoclastic methanogens

were found to be the second most sensitive group to sodium in a mixed anaerobic

biomass that had not been adapted to sodium. In contrast, the reductive methanogens

that utilize H2 and CO2 were not affected severely by sodium toxicity. Liu and Boone

(1991) used a sludge that was acclimated to salinity and found that the reductive

methanogens were the least affected by sodium. However, Zheng et al. (2005) found

less production of H2 and a reduction of the percentage of H2 in the gas at higher

sodium concentrations indicating that there was inhibition of H2 utilising

microorganisms by sodium. In the present study, the production of formic acid by

anaerobic biomass during the initial period, and the low inhibition at high salinity of

reductive methanogens when formic acid was used as a substrate indicates that more

substrate could be consumed through reductive methanogenesis under high salinity

compared to non saline conditions. The glucose oxidisers showed a high tolerance to

sodium as there was no remaining glucose after 40 h.

4.3.7 Effect of a sudden removal of salt on anaerobic bacteria by

monitoring VFAs

VFA production (acetic, propionic and n-butyric acids) under no salt conditions

after 3 batch exposure of the biomass to salinity is shown in Figures 4.11, 4.12 and

4.13. The biomass that was previously exposed to the highest salt conditions showed the

slowest degradation of VFAs. For biomass previously exposed to up to 30 g NaCl/L

(Figures 4.11, 12 and 13), propionic acid was the only remaining acid. For biomass

previously exposed to 40 and 50 g NaCl/L the remaining acids were acetic, propionic

and n-butyric. As was mentioned above, the anaerobic biomass can function relatively

well with sudden changes from saline to normal conditions. During this sudden change

the propionate utilisers had the slowest degradation rate, and in general are the most

sensitive to salinity fluctuations. The n-butyric utilisers were also affected substantially

by the sudden reduction of salinity as the degradation rate of butyric acid was seriously

decreased for biomass previously exposed to 40 and 50 g NaCl/L. However, under high

salinity n-butyric utilisers did not show any inhibition, probably as a result of fast

biodegradation of butyric acid under these conditions figure 4.13.
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Figure 4.12- Propionic acid production in the first batch feeding under non saline
conditions after exposure to saline conditions at concentrations of 0-
50 g NaCl/L.
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Figure 4.13- N-Butyric acid production in the first batch feeding under non saline
conditions after exposure to saline conditions at concentrations of 0-
50 g NaCl/L.

4.3.8. Chromatographic analysis of the supernatant from biomass

exposed to 0-50 g NaCl/L

As can be seen from Figure 4.14, the presence of salt (40 g NaCl/L) after the

first 24 h resulted in much higher intensities (concentrations) of soluble organics

compared to biomass exposed to no salt, while biomass exposed to 20 g NaCl/L had

signal intensities between the two. It appears that the presence of higher NaCl

concentrations caused a greater accumulation of SMPs with higher MWs, especially

those eluting at 9-10 minutes, corresponding to compounds in the range 1.147 kDa-7.12

kDa; these compounds did not appear in cultures with no salt. This result suggests that

biomass exposed to high salinity produced higher MW compounds. The results after 48

hours (Figure 4.15) show that for biomass exposed to 20 g NaCl/L there were no peaks

at 9-10 min, while the other peaks appeared at the same retention time, but with a lower

signal. This may be due to the degradation of the organics in the initial bulk liquid and

the simultaneous accumulation of methane. On the other hand, biomass exposed to 40 g

NaCl/L resulted in the generation of two new peaks at 7-8 min and 10-11 min. The

same behaviour was found for biomass exposed to 50 g NaCl/L from 24 to 48 hours

(Figure 4.16). For the biomass after 48 hours, the compounds at 7-8 min and 10-11 min
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may have been produced from the partial degradation of the compounds at 4-5 min and

9-10 min respectively (Figures 4.15 and 16).
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Figure 4.14- MW after 24 hours for control, biomass exposed to 20 and 40 g
NaCl/L (Aquagel OH-30 column).
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Figure 4.15- MW after 48 hours for control, biomass exposed to 20 and 40 g
NaCl/L (Aquagel OH-30 column).
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Figure 4.16- MW for biomass exposed to 50 g NaCl/L at 24 and 48 hours (Aquagel
OH-30 column).

The low methane production rate at high salinity could also be due to the

consumption of substrate by anaerobic biomass to generate compatible solutes and

extracellular polysaccharides to survive under high osmotic conditions (Chapter 6).

Another factor could be the high MW organics that are produced in the reactor, possibly

due to the release of extracellular compounds during metabolism, enhancement of cell

lysis, or stimulation of efflux mechanisms (Aquino and Stuckey, 2006). These high MW

SMPs with high salinity wastewaters are substantially higher compared to no salt

wastewater, and hence the higher MW fractions of the COD are more slowly degraded

resulting in poor performance of the anaerobic biomass. The results of this study show

that the high MW compounds (SMPs) from biomass exposed to 40-50 g NaCl/L were

hardly degraded as they remained in the medium over time, and these high MW

compounds (SMPs) did not appear at salt concentrations below 20 g NaCl/L. These

findings highlight the fact that to increase the performance of an anaerobic reactor

treating saline wastewater, attention should be paid to the removal of the slowly

degrading SMPs. The use of a membrane reactor could be a solution as it can separate

the high MW compounds from the effluent (Aquino et al., 2006).
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4.3.9 Chromatographic analysis of effluent from biomass exposed to no

salinity after a long exposure to 20 and 40 gNaCl/L

The chromatograph of the biomass that was subjected to no salinity after a long

exposure to saline conditions (20 and 40 g NaCl/L) is shown in Figure 4.17. The higher

peak at around 13 min is probably VFAs and intermediates of glucose. The lower peak

eluted at about 5 minutes is high MW, probably as a results of cell lysis. This peak has a

higher intensity than for the biomass previously exposed to 40 and 20 g NaCl/L

compared with the biomass that was not exposed to saline conditions before. The

intensity of the peak at 13 min for the biomass is considerably lower compared with the

biomass exposed to saline conditions. In the case of a sudden removal of salinity from

biomass which had been exposed to saline conditions for a long time, the SMPs do not

seem to cause any severe toxic effects.
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Figure 4.17- MW after 24 h under non-saline conditions for biomass that was
previously exposed to 0, 20 and 40 g NaCl/L (Aquagel OH-30 column).

4.3.8 Biodegradation of EPS by anaerobic biomass

The SEC results revealed the presence of high MW compounds in the anaerobic

medium over time under high salinity. However, the biodegradation of these high MW

compounds was not possible to investigate due to practical difficulties such as

separation of VFAs from SMPs, and very low COD values when they were added to

serum bottles; for this reason the biodegradation of EPS was examined. Moreover,

Aquino and Stuckey (2003) showed that a high percentage under toxic conditions of the

SMPs consisted of EPS. Thus, EPS were extracted from anaerobic biomass (from
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biomass that was subjected for 72 h to 20 g NaCl/L). The COD of the extracted EPS

was 680 mg COD/L. The EPS medium was then placed in serum bottles (20 ml) with

anaerobic biomass and Owens et al. (1974) biomedia so the final COD was 500mg

COD/L. Glucose with a concentration of 500 mg COD/L was placed in other serum

bottles in order to compare the anaerobic biodegradability of the EPS and Glucose. As

can be seen from Figure 4.18., during the first 168 h anaerobic biomass fed with glucose

generated 3.45 ml while anaerobic biomass fed with EPS produced 42% less methane

(1.98 ml).Even after 336 h the methane produced by the two substrates was not equal

(figure 4.18). These findings highlighted the slow biodegradability of EPS and

subsequently the SMPs. In fact, part of the anaerobic biomass SMP produced under

high salinity consisted of EPS; this can be seen from the results of the following

chapters (chapter 5 figure 5.17b and Chapetr 6 figure 6.15). No other studies have

previously used SEC analysis or any other quantitative analysis for measuring the

percentage of EPS in SMPs under high salinity
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Figure 4.18- Anaerobic biodegradation of glucose and EPS extracted by biomass at

20 g NaCl/L.

4.4 CONCLUSIONS

Anaerobic biomass can acclimatize to salinities up to 20 g NaCl/L over a period

of around 35 days during 3 batch feedings. Anaerobic biomass previously exposed to

salinities up to 50 g NaCl/L for 35 days can recover quickly to full activity under non

saline conditions. The exposure to sodium can be considered more as an adverse effect
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on biomass metabolism than fatal, and the initial activity can be recovered over time.

Moreover, anaerobic biomass re-exposed to 10 and 20 g NaCl/L retains almost the same

activity that had been present before the exposure to no sodium for 40 days. Amongst

biomass not adapted to salinity, the propionate utilisers seem to be the most sensitive

group to sodium toxicity, while the acetoclastic methanogens were the second most

sensitive. In contrast, the reductive methanogens and acid formers were not severely

affected by sodium toxicity. With a sudden reduction in salinity, the propionate and n-

butyric utilisers and acetoclastic methanogens were affected more. Results from SEC

reveal that anaerobic biomass under high salinity release high MW SMPs that are

difficult to biodegrade. Moreover, anaerobic degradation of EPS resulted in lower and

slower rates of methane production than degradation of glucose. Thus the reduced

removal efficiency of the anaerobic biomass could not only be attributed to sodium

toxicity, but also to the release of SMPs under stressed conditions which are relatively

refractory and can act synergistically with sodium.

For efficient treatment of saline wastewaters the high MW SMPs should not be

released into the effluent but need to be biodegraded inside a reactor. Moreover, full

retention of anaerobic biomass inside a reactor could enhance i) the acclimatisation to

salinity, and ii) the stability under fluctuations in salinity. One reactor that can probably

fulfil these criteria is the Submerged Anaerobic Membrane Reactor, and the results in

Chapter 5 explore the ability of this type of reactor to satisfy the criteria above.
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CHAPTER 5:

SALINE SEWAGE TREATMENT USING
SUBMERGED ANAEROBIC MEMBRANE
REACTORS (SAMBRS)3

5.1 INTRODUCTION AND OBJECTIVES

In 2025 two thirds of the world’s population will suffer from a lack of water

unless large scale action is taken (UNEPA 2003). Moreover, half of the world’s

population lives less than 200 Km away from the coast and this number may rise to

75% by 2025 (UNESCO 2003). With this in mind, one possible solution that could save

significant amounts of fresh water is to use sea water for toilet flushing. This water

policy has been successfully adopted in Hong-Kong since 1950 by using a dual supply

system (Peng et al., 2005; Tang et al., 2006). To date several studies have examined the

anaerobic treatment of different saline industrial wastewaters (Lefebvre and Moletta,

2006), but only a few studies have investigated the anaerobic treatment of saline sewage

wastewater.

Despite previous misconceptions that anaerobic technology is not capable of

treating low strength wastewater, particular municipal wastewater, in the last 10 years

there have been many studies pointing out that anaerobic technology can be applied to

the treatment of this wastewater (Leitao et al., 2005; Hu and Stuckey, 2006; Hu and

Stuckey, 2007; Krishna et al., 2009). A comparison of various technologies used to treat

sewage is shown in Table 5.1. Many studies have examined the treatment of municipal

effluents using anaerobic technology, and in the last 10 years research has focused on

membrane reactors. However, no research has been done on the anaerobic treatment of

saline sewage using membrane reactors.

3 Part of the results of this chapter were published as Vyrides I, Stuckey DC (2009) Saline sewage
treatment using a Submerged Anaerobic Membrane Reactor (SAMBR): effects of activated carbon
addition and biogas-sparging time. Water Research 43,933-942.
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Table 5.1.
Typically observed performance of several technologies on municipal effluents, -

modified from Hu (2004).

SAMBR Activated

Sludge

UASB Immobilised

thin Film

Aerobic

MBR

COD
removal

>90% >95% >65% >80% >97%

HRT 3-6 hours 6-8 hours 6-8 hours 6-8 hours 6-8 hours

CH4

production
0.35m3/kg

COD
Only with
additional
digesters

0.35m3/kg
COD

N/A N/A

Disinfection Yes Additional
Process

Needs
Polishing

No Yes

Ozalp et al. (2003), using an up-flow anaerobic sludge bed reactor (UASBR),

measured 85% total organic carbon (TOC) removal in synthetic sewage at 15 g NaCl/L.

TOC analysis was used due to the difficulties encountered in carrying out COD analyses

because of the interference of chlorides in highly saline samples. The hydraulic

retention time (HRT) was 24 hours, and the reactor was gradually acclimated to 15 g

NaCl/L over a period of 109 days. Rovirosa et al. (2004), using a down-flow anaerobic

fixed bed reactor (DFAFBR), gradually increased the salinity to 15 g NaCl/L over a

period of 590 days, and found 90% total COD removal at 96 h HRT. However, at a 12 h

HRT the total COD removal was only 68% showing that reducing HRT caused a greater

decrease in the performance of the reactor than salinity. However, up to date there have

been no studies which have investigated the performance of anaerobic reactors treating

saline sewage wastewater at a concentration greater than 15 g NaCl/L and less than 12 h

HRT. Moreover, the long and gradual adaptation period of the anaerobic biomass to

salinity is a drawback for anaerobic treatment. In addition, no studies have been carried

out examining sudden changes in salinity for low COD wastewater, a scenario very

likely to occur in many industries (Lefebvre and Moletta, 2006).

Another aspect that is examined in this chapter is the reduction of biogas

sparging rate in order to reduce the operating cost and carbon footprint of the bioreactor

(Ben Aim and Semmens, 2003). Research also looked at the reduction of membrane

fouling by the addition of PAC. It has been shown in the past that the addition of

Powdered Activated Carbon (PAC) during operation of the system has considerable
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benefits (literature review 2.12.5), however, nothing has been done on its use in saline

wastewater treatment in SAMBRs.

Apart from these objectives, this chapter also investigated the inoculation of

halotolerant species into a SAMBR as another strategy for saline sewage treatment. So

far, only a few studies have inoculated microbial species into a membrane reactor: as

was reported in the literature review (Section 2.8), inoculation of pure cultures into high

rate reactors such as a UASB has quite often failed.

The overall aim of this chapter was to examine the performance of SAMBRs

treating saline sewage (up to 35 g NaCl/L) under high fluctuations in salinity by

employing different start-up strategies. Also, inoculating halotolerant species into a

SAMBR and its performance was investigated. In addition, the reduction of biogas

sparging time in an attempt to decrease the operational cost without causing severe

fouling of the membrane was studied. Finally, the effect of PAC addition on the

performance of the SAMBR was evaluated, and its effect on the surface characteristics

of the membrane and on the suspended biomass was examined.

5.2 EXPERIMENTAL AND ANALYTICAL PROCEDURES

Anaerobic biomass was obtained from a conventional sewage sludge digester

(Mogden, UK), and maintained in a batch CSTR(5L) being fed with glucose as a

substrate for 3 months at an OLR of 2 gCOD/L.day and a salinity of less than 2 g

NaCl/L. The biomass from this reactor was used as an inoculum in SAMBRs-A and B).

Anaerobic biomass from a CSTR was mixed with the halotolerant archaea

Methanogenium organophilum (Widdel, 1986) and with the halotolerant bacteria of

Clostridium as the species C. peptidivorans (Mechichi et al., 2000) at a TSS ratio of

1:1:1. The halotolerant bacteria and archaea were first cultivated in serum bottles and

then mixed with anaerobic biomass in SAMBR-C.

The SAMBRs were fed with an OECD synthetic sewage recipe (465 ± 20 mg

COD/L or 145 mg DOC/L ± 10) comprised of peptone (0.22 g/L), meat extract (0.15

g/L) urea (0.01 g/L), K2HPO4 (0.008 g/L) and NaHCO3 (200 mg/L). This recipe was

similar to the one that Le Clech et al. (2003) used for synthetic sewage wastewater. The

SAMBRs-A and B were operated without discharge of sludge except during sampling

(15 ml-4-5 times per week) and biomass extraction for serum bottle experiments; as a

result the SRT was approximately 250 days. SAMBR-C had no biomass extracted from

it for serum bottle experiment, and hence had a SRT of around 300 days. The
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operational strategy that was followed for each SAMBR can be seen in the tables 5.2

,5.3 and 5.4

Table 5.2
SAMBR-A operational strategy

Days HRT
(h)

NaCL
(g/L)

Sewage DOC
(mg/L)

0-3 20 10 145
4-13 20 15 145
14-87 20 20 145
88-93 20 35 145
94-120 8 35 145
121-155 8 0.2 145
156-203 8 35 145

Modifications:On day 80 biogas was changes from continuous to 10min On and 5 min
Off.On day 180 PAC (1.7g/L) was added

Table 5.3
SAMBR-B operational strategy

Days HRT
(h)

NaCL
(g/L)

Sewage DOC
(mg/L)

0-20 20 0.2 145
21-32 20 10 145
33-42 20 15 145
43-82 8 20 145
83-125 8 35 145
126-160 8 0.2 145
161-205 8 35 145

Table 5.4
SAMBR-C operational strategy

Days HRT
(h)

NaCL
(g/L)

Sewage DOC
(mg/L)

0-51 40 0.20 145
52-55 20 20 145
56-68 20 35 145
69-100 8 35 145
101-135 8 0.2 145
136-177 8 35 145
178-186 4 35 145

Modifications: Halotolerant species mixed with anaerobic biomass.

For Size Exclusion Chromatography (SEC) an Aquagel OH-40 column

(Polymer Labs) was used with DI water as the eluent at a flow rate of 0.5 ml/min. The

SAMBRs that were used in this study are described elsewhere in Section 3.1.
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5.3 RESULTS AND DISUSSION

5.3.1 Effects of activated carbon addition and biogas-sparging time-

SAMBR-A

Figure 5.1 shows the performance of SAMBR-A over 203 days under various

saline conditions and HRTs. For the first 3 days the salinity concentration was 10 g

NaCl/L; this was then increased to 15 g NaCl/L at 20 hours HRT until day 13. On day

13 DOC removal in the reactor and effluent (permeate from the membrane) was 34%

and 56%, respectively. Then at the same HRT, salinity was increased to 20 g NaCl/L

and DOC removal gradually increased, so on day 80 the removal in the reactor and

effluent was 54% and 88%, respectively. At this point, the continuous sparging biogas

in the reactor was changed to intervals of 5 min OFF and 10 min ON until the end of the

experiment. Under these conditions, up to day 87, DOC removal in the reactor and

effluent was 76% and 99%, respectively. On day 88 the salinity was increased to 35 g

NaCl/L; this resulted in a small decrease in the performance of the reactor for 2 days,

but then it recovered relatively quickly and on day 93 the DOC removal in the reactor

and the effluent was 73% and 94%, respectively. On day 94 the HRT was decreased to 8

hours and this resulted in a substantial decrease in the performance of the reactor; DOC

removal inside the reactor remained below 45% until day 109. However, up until the

end of this period (day 120) the performance of the reactor gradually recovered, mainly

for the effluent (89% removal of DOC), while inside the reactor the removal was only

50%. On day 121, at the same HRT, the salinity was decreased to less than 200 mg

NaCl/L to evaluate the effect of step changes in salinity on reactor performance. This

resulted in a dramatic decrease in DOC removal during the first few days (on day 125

the DOC removal was 11% and 67% in the reactor and effluent, respectively). However,

over time the reactor recovered, and on day 155 the DOC removal was 52% and 99% in

the reactor and effluent, respectively. On day 156, the salinity was increased back to 35

gNaCl/L and for the next 14 days DOC removal was less than 10% in the reactor, while

for the effluent was 87%. Under the same conditions, on day 180 the DOC removal in

the reactor reached 35%, while DOC removal in the effluent had increased to 93%. On

day 181, PAC (1.7 gPAC/L.reactor) was added and this resulted in a rapid increase in

internal reactor DOC removal, so on day 203 the removal in the reactor and effluent

increased to 61% and 98%, respectively.
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During reactor operation the DOC removal inside the SAMBR-A generally

remained below 76%, while removal in the effluent was primarily above 70%. This

highlights the usefulness of the membrane in retaining a substantial fraction of the

SMPs inside the reactor, so the DOC in the effluent fluctuates less and this results in a

higher DOC removal. Even under strong shock conditions, eg. changes in salinity or

reduction of HRT, DOC reduction in the effluent did not follow the same dramatic

decrease as inside the reactor, and hence the effluent DOC remained at a more constant

level. From Figure 5.1 it can be seen that the difference between DOC removal in the

effluent and inside the reactor is between 40 and 60%. However, even a difference of

greater than 70% (days 155 to 177) did not result in a deterioration of the reactor

system. In contrast, using other reactor systems such as the Anaerobic Filter (AF)

(Mendez et al. 1995) or UASB (Vallero et al., 2002; Ozalp et al., 2003) or DFAFBR

(Rovirosa et al., 2004) under high salinity resulted in either reactor failure, or a

considerably longer time for recovery and adaptation of the anaerobic biomass to

salinity.
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Figure 5.1- DOC removal (%) in the reactor and effluent (SAMBR-A) at various

NaCL concentrations.

The change in biogas sparging from continuous to intervals of 5 min OFF and

10 min ON resulted in an increase of 10% in the DOC removal in the effluent (Figure

5.2). This was probably due to the formation of a thicker biofilm (cake/gel layer) on the

membrane as a result of less shear on the membrane surface under intermittent biogas
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bubbling. Moreover, inside the reactor a 22 % increase in DOC took place over this

period (76- 85 days). Under these conditions the substrate inside the SAMBR was in

contact with the thicker biofilm/gel layer and this can have a result of a higher rate of

biodegradation. Apart from this, it is possible that during the continuous sparging of gas

in the SAMBR convection was the dominant mechanism by which substrate reached the

cells. However, during the short period when the biogas was OFF, diffusion of substrate

to the biomass could be the dominant mechanism. The biogas flow inside the SAMBR

changes over time, thus substrate reaches the cells in two different ways (convection

and diffusion), and this may contribute to the higher removal of the DOC. Moreover, Li

et al. (2003) pointed out that molecular diffusion was likely to be the dominant mass

transport in biological aggregates when there is no convective flow.

The biofilm thickness at the end of the reactor operation was 5.9 μm (Figure

5.3a). This was obtained after a slight cut through of the top layer above the surface of

the membrane. The same type of compact biofilm layer was also found by Ben Aim and

Semmens (2003), however, the thickness of their biofilm was 1 or 2 µm probably due to

different hydrodynamic conditions inside the membrane reactor. The slight cut through

on the surface of the membrane can be seen, in a lower magnification than in Figure

5.3a, in Figures 5.3b, c and d. The continuous short arrow in Figure 5.3c points out the

compact biofilm layer (5.9 µm). Under the biofilm layer, a thick layer with a dense

porosity can be seen. This second layer, which is highlighted by the middle dotted

arrow, is likely to be inorganic material and cell debris (SMPs) (see Section 5.3.11 and

5.3.12); the thickness of this layer is between 15-25 µm (Figure 5.3c ). Underneath this

layer the surface of the membrane can be seen (see the vertical arrow). The wastewater

inside the bioreactor first passes through the compact biofilm layer (5.9 µm thick), then

the porous layer with a depth of 15-25 µm, and then finally through the membrane with

a porosity of 0.4 µm and a thickness of approximately 125 µm (Figures 5e and f). The

membrane and these layers contribute to the substantial reduction of the DOC in the

effluent. In addition, at a higher magnification of the biofilm layer (Figures 5g and h)

bacteria can be identified attached together in a dense matrix. According to Wimpenny

et al. (2000), biofilms are defined as the accumulation of microorganisms in matrices of

extracellular polymeric substances (EPS) formed at solid–liquid interfaces.

Figure 5e shows a cross section of a new Kubota membrane and Figure 5f

presents the membrane from SAMBR-A after 203 days of operation. From these

pictures the dense pores of the membrane can be seen, and the black circles that are the

fibres of the core materials (nonwoven) of the membrane (personal communication with
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Kubota). The pores in pictures 5e and 5f do not have substantial differences and there is

no material accumulated or attached to the pores inside the membrane. This finding is in

contrast with the literature (section 2.10 and 2.11); however, to the best of our

knowledge no other study has compared the inner pores of a new membrane and a

membrane after operation. Nevertheless, in order to draw firmer conclusions more

analysis needs to be done apart from SEM analysis, however, these pictures indicate

that the pores inside the membrane do not contribute to fouling. The main factors

involved in flux reduction are the biofilm layer and the layer underneath. This

conclusion is in line with the results of Chapter 9 regarding the specific resistances in

the membrane.
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Figure 5.3a- SEM picture of biofilm
thickness (SAMBR-A).

Figure 5.3b- SEM picture after a slight
cut on the surface of the
membrane (SAMBR-A).

Figure 5.3c- SEM picture after a slight
cut on the surface of the
membrane (SAMBR-A).

Figure 5.3d-SEM picture after a slight
cut on the surface of the
membrane (SAMBR-A).
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Figure 5.3e- SEM picture of cross section
of a new Kubota
membrane.

Figure 5.3f- SEM picture of cross
section of a membrane
after ope- ration in the
SAMBR-A.

Figure 5.3g- SEM picture of the surface
of the biofilm layer.

Figure 5.3h- SEM picture of the surface
of the biofilm layer.

5.3.2 Start up strategy of a SAMBR by gradually increasing salinity:

SAMBR-B

Figure 5.4 shows the performance of SAMBR B under various saline conditions

and HRTs. For the first 20 days the salinity was under 200 mg NaCl/L, at 20 hours
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HRT, and on day 20 the DOC removal was 65% in the reactor and 97% for the effluent

(permeate from the membrane). Then at the same HRT, salinity was increased to 10 g

NaCl/L and on day 32 DOC removal was 63% in the reactor and 90% for the effluent.

In the following 10 days the salinity was increased to 15 g NaCl/L and at the end of this

period the DOC removal had reduced in the reactor and effluent to 41% and 82%,

respectively. Then, salinity was increased to 20 g NaCl/L and on day 82 the DOC

removal in the reactor and effluent was 53% and 95%, respectively. On day 83 HRT

was reduced to 8 hours and on day 90 salinity was increased to 35 g NaCl/L. Despite

the double shock (increase in salinity and reduction of HRT) the reactor was subjected

to, the SAMBR gradually started to recover so at the end of this period (day 125) DOC

removal inside the reactor and effluent was 71% and 93%, respectively. Under the same

HRT when the salinity was reduced to zero this caused an initial decrease in

performance, but after 15 days the DOC removal started to recover in the effluent, so on

day 160 the effluent DOC removal reached 99%, while inside the reactor the removal

was only 43%. On day 161 a sudden increase in salinity to 35 g NaCl/Ltook place until

the end of the experiment, this initially resulted in a high variation in its performance,

especially for DOC removal in the reactor. However, a gradual increase was recorded

after day 186, so at the end of the experiment (205 days) the DOC removal in the

effluent was 88%, while the recovery inside the reactor was not as substantial as in the

effluent (42% DOC removal).
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5.3.3 Inoculation of halotolerant species inside SAMBR-C

The third reactor (SAMBR-C), which was inoculated with anaerobic

halotolerant bacteria and methanogens mixed with anaerobic biomass, was operated for

186 days (Figure 5.5). During the first 52 days the HRT was 40 hours and salinity was

kept at 20 g NaCl/L. At the end of this period, the DOC removal inside the SAMBR and

in the effluent were 75% and 93%, respectively. Then, a double shock was imposed by

decreasing the HRT to 20 hours (day 52) and increasing the salinity to 35 g NaCl/L (day

56). However, the SAMBR recovered quickly so on day 68 the DOC removal was 78%

and 94% inside the reactor and effluent, respectively. A further decrease in the HRT to

8 hours resulted in a severe initial reduction in performance, however the reactor

gradually recovered so on day 100 the DOC removal was 75% for the bulk liquid and

87% for the effluent. A sudden drop in salinity to 200 mg NaCl/L caused a significant

reduction until day 118. However, over the next 17 days a recovery took place mainly in

the effluent (92% DOC removal), while the bulk liquid DOC removal was only 33%. A

sudden increase in salinity on day 138 resulted in a significant reduction in the

performance of the SAMBR for the first 5 days, and then gradually the DOC removal in

the effluent reached 75% on 177 day. However, the DOC inside the reactor never

recovered and on day 177 the DOC removal was only 22%. On day 178, the HRT was

reduced to 4 hours, and interestingly the performance of the reactor, after 10 days,

increased to 85% DOC removal for the effluent and 47% DOC removal for the bulk

liquid.
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5.3.4 VFA production over time

5.3.4.1 VFAs in SAMBR-A: In the first 85 days, VFAs were in the range of 5-30 mg/L.

Increases in salinity to 35 g NaCl/L and decreases in HRT resulted in a range of 30-130

mg VFAs/L. Propionic acid was the main VFA accumulating under salinity, while the

second most common was acetic acid. Iso-butyric acid was found in lower

concentrations, while other acids were not found. These results are in line with the

results of Chapter 4.

5.3.4.2 VFAs in SAMBR-B and C: Figure 5.6 plots the VFAs over time for SAMBR-

B and SAMBR-C. The VFAs in reactor B were substantially lower compared with

reactor C during the first 100 days. In SAMBR-C the main organic fraction consisted of

VFAs, and this probably enabled SAMBR-C to operate at a higher flux compared to

SAMBR-B (see paragraph 5.3.10.2). Both reactors when the salinity increased from 20

gNaCl/L to 35 gNaCl/L and with the sudden reduction in HRTs showed an

accumulation of VFAs of about 150 mgVFAs/L for SAMBR-B and 170 mgVFAs/L for

SAMBR-C. However, over time the VFAs stabilised to 40-100 mg/L and 40-60 mg for

SAMBR-B and SAMBR-C, respectively.
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5.3.5 VSS and TSS evolution over time

For SAMBR-A during the 203 days of operation, the sludge TSS and VSS were

approximately constant in the range of 2-3 gVSS/L and 4.5-5.5 gTSS/L, respectively

(data not shown). The high stress conditions did not reduce the VSS, while the retention

of the anaerobic biomass inside the reactor due to the membrane did not contribute to

any increase in the VSS, and clearly the cell yield under these conditions was very low.

The TSS concentration in reactor B gradually decreased from 4.14 to 1.71 g/L,

and the VSS from 3 to 1.3 g VSS/L over the period of 105 days. However, in the

following days the TSS-VSS concentrations increased slightly over time. In contrast, in

reactor C where anaerobic biomass with halotolerant bacteria was used, the TSS-VSS

concentrations remained stable during operation of the reactor (Figure 5.7).
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Figure 5.7- TSS and VSS over time for SAMBR-B and C.

5.3.6 Specific Methanogenic Activity (SMA) assay

5.3.6.1 SMA for SAMBR-A: The main function of the membrane is to prevent the

washout of biomass, and this can result in the rapid acclimation of anaerobic biomass to

saline conditions. To evaluate this acclimation potential, anaerobic biomass was taken

from the SAMBR at 1, 70 and 105 days and subjected to 0, and 40 gNaCl/L in a batch

assay. At 40 g NaCl/L the anaerobic biomass that was not exposed to salinity before

(Day 1) was severely inhibited (Figure 5.8a). However, when exposed to salinity for 70

and 105 days substantial adaptation had occurred, and in 220 hours the biomass

produced 12 and 14 ml CH4, respectively. The fast adaptation of anaerobic biomass to
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salinity can be attributed to the presence of the membrane that retains all the biomass

under the saline conditions.

From Figure 5.8b it can be seen that the biomass (1gVSS/L in serum bottles)

that was never exposed to salinity had the highest methane production (19.95 ml CH4 in

220 hours) when it was exposed to 0g NaCl/L, while in the same period the biomass

that was withdrawn at 70 and 105 days produced about 14.5 mlCH4. This shows that

even long exposures of anaerobic biomass to salinity did not inhibit its function when it

was re-exposed to non-saline conditions. These results are in line with the performance

of the reactor where the SAMBR recovers quickly to a sudden change from saline to

non-saline conditions.
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Figure 5.8a- Methane production during SMA for anaerobic biomass (SAMBR-A)
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5.3.6.2 SMA for SAMBR-B: During the operation of SAMBR-B, biomass was taken

and was subjected at 0 g NaCl/L and 40 g NaCl/L. The biomass withdrawn at day 19,

32 and 42 showed little methane production after 120 hours (Figure 5.9a). On the other

hand, the biomass taken on 65 and 119 day produced 6 and 8 ml methane respectively

(Figure 5.9b). This highlights the positive effect of the membrane in retaining all the

biomass inside the reactor so a fast acclimation to salinity could occur.

Figure 5.9b shows the performance of anaerobic biomass withdrawn from

SAMBR-B and subjected to 0 g NaCl/L. The biomass that was exposed, at 15 g NaCl/L

for 42 day, was not inhibited when it was subjected to no salt conditions. However, the

biomass that was withdrawn on 65 day and 119 day when they were subjected to a no

salt environment showed lower methane production due to the previous acclimation of

biomass to saline conditions and the sudden reduction in salinity.

The different start up strategies followed by SAMBR-A and SAMBR-B could

have possibly affected the performance of the anaerobic biomass when exposed to non

saline conditions. This could explain the difference in SMA between anaerobic biomass

from SAMBR-A and SAMBR-B when exposed to non saline conditions (Figures 5.8b

and 5.9b).
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5.3.7 Particle size of biomass under different operational conditions for

SAMBR-A and SAMBR-B

Initially (day 21), the size range of the suspended biomass was from 2.60μm to

260 µm, with a mean floc size of 35 µm (Figure 5.10a). However, on day 170 the

suspended biomass ranged from 630 µm to 2187 µm, with a mean floc size of 1258 µm.

The addition of PAC resulted in a higher distribution from 2 µm to 2187 µm, with peaks

at 1659 µm, 549 µm and 19.95 µm. These peaks have substantially lower signals

compared with the peaks before the addition of PAC due to adsorption/absorption of

SMPs and colloids by the PAC. However, the addition of PAC resulted in a higher peak

at 1659 µm, probably as a result of partial granulation of the PAC-biomass particles.

In the first days of operation of SAMBR-B (day 15), the distribution range for

the suspended biomass was from 2.50 μm to 2187 µm with a mean floc size of 17.37

and 1445.43 µm (Figure 5.10b). However, on day 32 under 10 g NaCl/L, the suspended

biomass showed the same distribution but the signal at 17.37 µm was substantially

lower compared with the mean floc size on day 15. On the other side, the signal of mean

floc size at 1445.4 µm is considerably higher. Moreover, on day 96 under 35 g NaCl/L,

the results showed the same distribution but a further reduction in the signal at 17.37

µm and the same high signal at 1445.43 µm.

It is likely that the biomass under salinity produces higher extracellular polymer

products which means they attach more easily to each other. The results of this work on
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the effect of salinity on floc size is in line with the study of Mendez et al. (1995). In this

study using a mesophilic anaerobic filter, they reported that biomass had a strong

tendency to form large flocs while treating seafood processing wastewater. In addition,

Boardman et al. (1995) did not report any problems of degranulation using a UASB.

However, Lefebvre et al. (2006b) found degranulation in a UASB reactor treating saline

tannery wastewater. Also, Leerdam et al. (2007) observed small aggregates in a UASB

reactor treating methanethiol at high salinity. Moreover, as was reported previously

(Section 2.8.1), the strength of granules under high salinity was decreased (Ismail et al.,

2008; Jeison et al., 2008). The above examples show that salinity may interfere in

different ways with granular biomass and suspended biomass. In this experiment we

found that salinity increases the floc size of suspended biomass. The use of suspended

biomass instead of granules in the membrane reactor is advantageous, especially under

stressed conditions as the operator will not be concerned about the stability of the

suspended biomass as in the case of UASB reactor.

Apart from the effect of salinity, the small particles (less than 50 µm) could be

attached to the membrane or to the cake layer; thus over time gradually reduced. The

larger particles will be retained by the membrane and gradually they will accumulate

and create aggregates (greater than 1000 µm).
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Figure 5.10b- Particle size distribution of SAMBR_B on 15, 32 and 96 days.

5.3.8. TMP pressure over time

5.3.8.1 TMP pressure over time for SAMBR-A: Figure 5.11 shows the TMP (bar)

and flux (LMH) over time. In the first 30 days the flux was kept at 5 LMH and this

resulted in a range of TMP pressures between 0.280 and 0.310 bar. On day 31 the flux

was increased to 8 LMH and the TMP increased from 0.310 to 0.386 bar (day 52). From

day 52 the TMP stabilized at around 0.330 bar as a result of higher DOC removal inside

the reactor (Figure 5.11). On day 80, when the biogas sparging changed from

continuous to intervals of 10 min ON and 5 min OFF the TMP increased to 0.355 bar.

An increase in salinity to 35 g NaCl/L, and a decrease in HRT to 8 h, resulted in an

increase in TMP to 0.380-0.410 bar until day 105. Then, due to higher soluble organic

removal inside the reactor the TMP decreased slightly to 0.340 bar. Interestingly, the

sudden removal of salinity caused an increase in TMP to 0.380 bar on day 140. Then

the flux was decreased to 5 LMH and the TMP declined to 0.325 bar on day 158.

However, the sudden increase in salinity on day 157, and the accumulation of SMPs

inside the reactor caused the TMP to continuously increase from 0.325 to 0.460 bar

until day 181. Finally, the addition of PAC (day 180) caused a reduction in TMP to

around 0.390 bar at the end of the experiment (day 203).

A sudden change in reactor conditions such as the sudden increase or decrease in

salinity, or decrease in HRT enhanced the accumulation of SMPs because of a release

from the cell of soluble organics. It is likely that some of these substances end up on the

membrane and increase its resistance, and hence the TMP pressure increases. The
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change in biogas sparging from continuous to intervals of 5 min OFF and 10 min ON

resulted in an initial increase in TMP of 0.025bar, and this was probably due to an

increase in the membrane cake layer when the sparging was OFF. Addition of PAC

caused a reduction in TMP by 0.070bar, probably as a result of it adsorbing the high

molecular weight SMPs and scouring of the membrane (Akram and Stuckey, 2008).

Moreover, the above authors using 1.67 g PAC/L inside a SAMBR found around 0.1-

0.2 bar lower TMP pressures during the start up period compared with a SAMBR

without PAC. In contrast, in our study the reduction was not so great possibly due to the

presence of higher SMPs under the saline conditions inside the SAMBR. Furthermore,

the addition of PAC took place after 180 days compared with the study of Akram and

Stuckey (2008) who added PAC during the start up of the SAMBR. As a result, SMPs

and inorganics that had already been attached to the membrane below the biofilm layer

(Figure 5.3B and C) could not be removed easily, even after the addition of PAC. The

PAC can be used to reduce the TMP under stable flux conditions; however, its effect is

more pronounced if it is added during the start-up period.
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Figure 5.11- Changes to the TMP in SAMBR-A at various fluxes.

5.3.8.2 TMP pressure over time for SAMBR-B and C: Figure 5.12 presents the

changes in TMP over time for different values of flux for SAMBR-B. In the absence of

salinity, at 9 LMH, the TMP was around 0.15 bar. The increase of salinity on 20 day

resulted in an increase in TMP to 0.35 bar despite a reduction in flux to 7.4 LMH. After

80 days the reduction in HRT and the increase in salinity to 35 g NaCl/L caused a

gradual rise in the TMP to 0.47and a reduction in flux to 4.1 LMH. However, after the
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109 days the TMP gradually decreased to 0.41 (on day 125) probably as a result of the

degradation of the SMPs in the bulk medium. An increase in flux to 9 LMH on day 139

resulted in an increase in TMP to 0.49 bars until day 165. Then a reduction in the flux to

5 LMH caused a reduction in the TMP at around 0.36 bar.

SAMBR-C was inoculated with halotolerant species and was operated at a

higher flux (10-15 LMH) with a similar TMP as SAMBRs-A and B. During the first 70

days the flux was kept at 10 LMH, and the TMP was around 0.26 bar. The changes in

HRT and in salinity concentration did not seem to contribute to any increase in the

TMP. After day 71 the flux was increased to 15 LMH and this caused an immediate

increase in TMP to 0.30 bar. In the following days, under the same flux, the TMP

gradually increased to 0.41 bar (day 186). The halotolerant species in SAMBR-C

probably released less SMPs into the medium and this contributed to stable operation

under higher fluxes. Moreover, it is likely that the halotolerant species only formed a

thin biofilm on the membrane and this caused less fouling that in SAMBRs A and B

(Figures 5.19a and 5.19b).
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Figure 5.12- Changes to TMP in SAMBR-B at various fluxes.
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Figure 5.13- Changes to TMP in SAMBR-C at various fluxes.

5.3.9 Effect of addition of PAC on SMPs- Size exclusion results for

SAMBR-A

Figure 5.14a shows the molecular weights (MWs) of organic compounds inside

the SAMBR using size exclusion chromatography (SEC). The first peak appearing at

the high retention time of 18.3 min is likely to be VFAs and low molecular weight

intermediates. The next peak at 9.7 min are compounds with a MW greater than 22.8

KDa, probably as a result of the release of EPS into the medium or cell lysis products

during saline conditions. The addition of PAC resulted in a 69% reduction of the high

MW compounds during the first 72 hours, however, this reduction reached 74% in the

following 144 hours (Figure 5.14a). The low MW compounds were not adsorbed by the

PAC as efficiently as the high MW compounds (31% reduction of the initial low MW

compounds after 210 h). It is possible that the high MW compounds released by the cell

have a higher charge compared with the lower MW compounds that are substrate

intermediates and could be less charged. Also, it is likely the high MW compounds are

less soluble in water because they have more carbons and this induced higher Van der

Walls forces that decrease their solubility in water. For these reasons, high MW

compounds are adsorbed more effectively by PAC. In contrast, Seo et al. (2004) using

an aerobic MBR and 80 g PAC/L found that it is mostly the low molecular weight

compounds that adsorb and degrade on the PAC. The results of size exclusion

chromatography showed that only the low MW compounds (Figure 5.14b) were present
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in the effluent due to filtration and degradation of the remaining higher MW compounds

by the membrane and the biofilm.
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5.3.10 SEM pictures of biomass before and after addition of PAC to

SAMBR-A.

Figures 5.15a and b show the suspended anaerobic biomass before the addition

of PAC. The bacteria were intertwined in complex layers held together by excreted
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polysaccharides, presumably excreted as a result of the stressing saline environment

which they were surrounded by. The flocs seem to be formed of long filamentous

organisms of the Methanosaeta genus having the same shape as the organisms depicted

by Barber and Stuckey (1998) growing at low substrate and natural pH. This is in line

with the findings of Harmsen et al. (1996) that Methanosaeta spp. formed

microcolonies side by side with syntrophic microcolonies.

As can be seen from Figure 5.15c and 5.15d, after the addition of PAC the

excreted polysaccharides were reduced dramatically, probably due to adsorption into the

pores of the PAC, and this hypothesis is in line with the size exclusion chromatography

results that showed a significant reduction of the high MW compounds. The high shear

in the reactor can inhibit the growth of species on the outer surface of PAC; as a result

the Methanosaeta species is likely to grow in the inner pores of PAC where more

substrate is available.

Figure 5.15a- SEM picture of the
suspended biomass
before PAC addition.

Figure 5.15b- SEM picture of the
suspended biomass
before PAC addition.
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Figure 5.15c- SEM picture of the
suspended biomass after
addition of PAC.

Figure 5.15d- SEM picture of the
suspended biomass
after addition of PAC.

5.3.11 SEM pictures of membranes (SAMBR-A and B) operating with

and without PAC

Figures 5.16a and b show the surface of a membrane from SAMBR-B (without

PAC addition). There are flocs (80 μm) attached to the biofilm layer with high SMPs on

their outer surface. In the case where PAC was used these flocs were not present on the

surface of the biofilm (Figures 5.16c and d) and this may have been due to scouring by

the PAC at high shear rates (5 LMP). Moreover, Park et al. (1999) found that the

fraction of fine particles deposited on the membrane surface was greatly reduced with

PAC addition, particular at higher cross flow velocities. From our results a tentative

conclusion can be drawn that PAC contributes to a reduction of the flocs that are

attached to the membrane (Figure 5.16c and d). Furthermore, Akram and Stuckey

(2008) found a thinner gel layer in the presence of 1.67 g PAC/L compared to a thick

layer without PAC. Our study shows that the presence of PAC possibly scours the

membrane, and this results in the removal of the flocs and colloids from the gel layer.

The PAC absorbs the high molecular weight SMPs and colloids inside the SAMBR.

These effects of PAC lead to a reduction in the biofilm (gel layer) resistance and thus to

TMP reduction, and are accompanied by higher DOC removals. Previous studies by Hu

and Stuckey (2007) and Akram and Stuckey (2008) found that the positive effect of

PAC addition can persist for more than 90 and 50 days, respectively, and it appears

from this data that the PAC is biologically regenerated in the reactor.
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5.3.12 Energy Dispersive X-Ray analysis (EDX)

EDX analysis was carried out in order to determine the dominant elements on

the membrane (SAMBR-A). Analysis of the biofilm on the membrane that was removed

showed the following elemental composition:

72.26% C, 11.27% O, 0.53% Na, 0.30% Al, 14.35% CL-, 0.75% Ti, 0.51% Cu.

Figures 5.16e and f show the membrane after careful removal of the biofilm

layer and the layer underneath using a scalpel; as can be seen, parts of the membrane

pores seems to be covered with inorganic compounds. EDX analysis of this layer

resulted in the following dominant elements:

For S1: 80.3% C, 19.22% Cl-, and 0.56% Cu.

For S2: 77.19% C, 22.29% Cl- and 0.50% Cu.

Analysis of the membrane that the biofilm was removed from showed no

oxygen, because of an absence of bacteria in the first layer attached to the membrane.

This is in line with the finding in Figure 5.3c that was reported that the first layer

attached to the membrane consisted of inorganic and cell debris.

Figure 5.16a- SEM picture of a
membrane before
addition of PAC.

Figure 5.16b- SEM picture of a
membrane before
addition of PAC.
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Figure 5.16c- SEM picture of a
membrane after
addition of PAC.

Figure 5.16d- SEM picture of a
membrane after
addition of PAC.

Figure 5.16e- SEM picture of a
membrane after the
removal of the biofilm
layer.

Figure 5.16f- SEM picture of a
membrane after the
removal of the biofilm
layer.

5.3.13 Size exclusion results for SAMBRs B and C

Figure 5.17a presents the size exclusion chromatograms of the ECP extracted on

day 19 (0 g NaCl/L) and on day 60 (20 g NaCl/L). The biomass that was subjected to 20

g NaCl/L produced high MW compounds at higher intensities as a result of the stressful

environment that surrounded them. The biomass that was subjected to no salinity

produced more peaks at lower intensities The peaks at 10.3 and 11.3 minutes were
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probably released into the medium under a higher stress environment so they were not

present in the ECP at 20 g NaCl/L. Figure 5.17b reveals that the origin of the high MW,

detected at 210nm under 20 g NaCl/L on day 80 are due to the release of ECP into the

medium. Moreover, the amounts of these SMPs in the effluent are significantly lower as

a result of cut off by the membrane and degradation by the biofilm that is attached to it.

Figure 5.18 shows cell lysis products, ECP and supernatant from SAMBR-C on

day 80; these compound have slightly different retention times. It is likely that the

SMPs inside SAMBR-C are due to ECPs or cell lysis products that had previously been

released into the medium. As we will show in Chapter 6, under high salinity the ECP

MW changes over time. Thus it is possible the SMPs on day 80 are due to ECPs

released on day 75. In the effluent, there are no high MW compounds present due to the

positive function of the membrane that retains and biodegrades the high MW

compounds.
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Figure 5.17a- Size exclusion chromatograms of ECP extracted from SAMBR-B.
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Figure 5.17b- Size exclusion chromatograms of SAMBR-B on day 80.
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Figure 5.18- Size exclusion chromatograms of SAMBR-C on day 80.

5.3.14 Comparison of the three SAMBRs and Factors Enhancing

Organic Removal

Comparison of the performance of the three SAMBRs is shown in Table 5.5.

SAMBR-B had the highest performance in terms of DOC removal at 8 h HRT under 35

g NaCl/L before the sudden reduction in salinity; the DOC removal for SAMBR-A and

C was also high for the effluent (above 86% DOC removal). It seems that the gradual

increase in salinity (0-35 g NaCl/L) (SAMBR-B) contributed to higher DOC removal

compared with early exposure to 20 g NaCl/L (SAMBR-A). The low DOC removal

inside SAMBR-A (50% DOC) could have been due to the high release of SMPs during

the early exposure of biomass to 20 g NaCl/L. As a result these high MW compounds

(SMPs) were retained inside the reactor for a longer period until they biodegraded.

However, at 20 g NaCl/L the anaerobic biomass (SAMBR-A) was capable of

acclimatising to salinity over time and this was in line with the results from the chapter

4. SAMBR-C, into which halotolerant species were inoculated, operated at a higher flux

and the difference between the bulk and effluent was relatively small compared with

SAMBR-A. It is likely that the main fraction of the DOC in SAMBR-C was due to

VFAs (see paragraph 5.3.6), and SMPs do not seemed to have made a substantial

contribution to the DOC. Hence this enabled the reactor to be operated at a higher flux.

Also, the presence of the halotolerant species seem to have resulted in the formation of a

thinner biofilm and also less SMPs attached to the membrane compared with SAMBR-
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B. Figures 5.19a and 5.19b show the pictures of the membranes taken from SAMBR-B

and C; these seem to confirm the above argument.

After the sudden reduction in salinity in SAMBR-A during the last period under

35 g NaCl/L and 8h HRT, this reactor had the highest performance. This could have

been due to; the initial start up strategy, the addition of PAC, and/or the intermittent

biogas bubbling. The PAC, as was reported previously (section 5.3.11 and 5.3.12),

adsorbs the SMPs and colloids present in the medium so substantially increases the

DOC removal. In addition, results from previous studies point out the PAC can be

biologically regenerated in a SAMBR (Hu and Stuckey, 2007; Akram and Stuckey,

2008); thus PAC inside the SAMBR can have a long term positive effect on organic

removal and fouling reduction. Moreover, the PAC scouring effect on the membrane

contributed substantially to a decrease in the flocs attached to the membrane and this

also may have contributed to fouling reduction. However, Akram (2007) found no

significant fouling reduction due to PAC scouring on the surface and attributed the

positive effect of PAC mostly to adsorption. Also, the intermittent biogas bubbling in

SAMBR-A was very likely to induce a thicker biofilm (cake layer) on the membrane

that enhanced the degradation of organics through the membrane, and the retention of

more compounds in the SAMBR. Nevertheless, SAMBR-B without PAC addition also

had high performance (88% DOC removal) due to the gradual acclimation of anaerobic

biomass to salinity and the beneficial functioning of the membrane. SAMBR-C during

the fluctuations in salinity seems to recover more slowly compared with the other two

SAMBRs. It is possible that the halotolerant species have a narrower range of salinity

that they can function in, and can be deactivated or destroyed under non saline

conditions. Apart from this, a HRT reduction from 8 h to 4 h resulted in an increase in

DOC removal and this can be attributed to a more favourable ratio between substrate

and inoculated microorganisms. Moreover, these microorganisms could acclimatise

more rapidly under these conditions. Apart from these reasons, it is likely that initially

the biomass would have released SMPs during the sudden reduction from 8 h to 4 h;

part of these SMPs could have been degraded over time whereas others could have

attached to the membrane. The thicker membrane biofilm could have resulted in higher

MW compounds being rejected resulting in higher DOC removal.

From the results of this chapter it was found that the employment of SAMBRs

offers the following advantages in the treatment of saline wastewater:

1) Rapid acclimation of biomass to salinity.
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2) Retention of high MW compounds inside the SAMBR due to the low MW cut-off

by the membrane. Enhanced biodegradation of organic compounds by the formation

of biofilm (see Chapter 6)

In order to counteract membrane fouling and to be able to operate the SAMBR under

higher fluxes the following strategies were investigated:

1) Addition of PAC was found to slightly decrease fouling; however, it substantially

enhanced DOC removal. By comparing these results with the results of other studies

it is recommended that addition of PAC take place during the start up of a SAMBR.

Moreover, these results show that PAC can be biologically regenerated inside the

reactor.

2) Employment of halotolerant species and lower amount of anaerobic biomass (VSS)

compare to the SAMBR-A and SAMBR-B enable the SAMBR-C to be operated at a

higher flux, however it seems that these species are more sensitive to sudden

fluctuation in salinity.

In order to reduce the operational cost of the SAMBR the following actions were

evaluated:

1) The SAMBRs were recirculated with biogas produced by the anaerobic biomass. In

other studies nitrogen was used for bubbling, and in the case of aerobic MBRs air

was used.

2) Intermitient biogas sparging rather than continuously enhanced DOC removal and

more gas could be available for renewable energy utilisation. However, intermittent

biogas bubbling slightly increased fouling.

3) The SAMBR was operated with high SRT (250 days) that minimized cell yields the

cost of sludge disposal.
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Figure 5.19a- Membrane from SAMBR-B. Figure 5.19b-Membrane from SAMBR-C.

Table 5.5
Comparison of the performance of the three SAMBRs.

Reactor Modification Start up
strategy

DOC
removal
(%) before
sudden
reduction of
salinity

DOC removal
(%)-at the end
of the
experiment

Flux-
TMP

SAMBR-
A

On day 76
change of
biogas from
continuous to
intervals, on
181 day PAC
addition.

Initial high
salinity-
20gNaCl/L
-20 hours
HRT

Effluent =89
Bulk =50

Cond.1
Effluent= 99
Bulk=61

5-8
LMH
and
TMP
0.310-
0.460
bar

SAMBR-
B

Gradual
increase of
salinity
(from 0 -
10-15-20 to
35gNaCl/L)

Effluent =93
Bulk=71

Cond.1
Effluent =88
Bulk =42

4-9
LMH
and
0.300-
0.490
bar

SAMBR-
C

Inoculation of
halotolerant
bacteria and
archaea along
with
anaerobic
biomass

Initial high
salinity-
20gNaCl/L
-40 hours
HRT

Effluent =75
Bulk =87

Cond.
1
Effl.=
75
Bulk=
22

Cond.2
Effl.=
85
Bulk=
47

10-15
LMH
and
0.26-
0.41 bar

a-Start up period = the period before to reach 35gNaCl/L, Cond1* = at 35gNaCl/L and 8h
HRT, Cond2*= at 35g NaCl/L and 4h HRT.
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5.4. CONCLUSIONS

 Submerged anaerobic membrane bioreactors (SAMBR) can achieve 99% DOC

removal of synthetic sewage from the effluent with 35g NaCl/L at 8 hours HRT

(SAMBR-A). SAMBR-A and B can recover quickly after a sudden drop in salinity

from 35 g NaCl/L to less than 200 mg NaCl/L.

 Anaerobic biomass withdrawn from SAMBR-A and B at various times (on days 1,

70 and 105 for SAMBR-A and 19, 32, 42, 65 and 119 for SAMBR-B) and placed in

serum bottle assays were found to have greatly increased acclimation potential for

salinity up to 40 gNaCl/L. Exposure to low saline conditions did not severely inhibit

the functioning of the biomass.

 A reduction in biogas sparging time from continuous operation caused an increase

in TMP by 0.025 bar, but also an increase in effluent DOC removal and inside the

SAMBR by 10% and 20%, respectively.

 The addition of powdered activated carbon (PAC) resulted in a TMP decrease of

0.070 bar, and a 30% and 5% increase in DOC removal inside the reactor and

effluent, respectively. Size exclusion chromatography results (SAMBR-A) showed a

reduction (70%) mainly in the high MW compounds during the first 3 days after the

addition of PAC. Moreover, the SEM pictures highlighted the fact that after the

addition of PAC there was a substantial reduction in the big flocs attached to the

biofilm, and a dramatic reduction of the filamentous and soluble microbial products

inside the reactor.

 The size exclusion chromatography results for SAMBR-B pointed out that at 210

nm the main sources of SMPs was EPS. This EPS was released to the medium due

to an increase in salinity. Moreover, SEC analysis (for SAMBR-A, B and C)

highlighted the positive effect of the membrane in preventing the presence of high

MW compounds in the effluent.

 The inoculation of halotolerant species and lower amount of anaerobic biomass

(VSS) compare to the SAMBR-A and SAMBR-B enabled SAMBR-C to be

operated at high flux, although SAMBR-C recovered relatively slowly with

fluctuations in salinity.

 SEM analysis revealed a porous layer of 15-25 μm in depth attached to the

membrane (125 μm) followed by a compact biofilm (gel) layer with a depth of 5.9

μm. EDX analysis highlighted the fact that the initial clogging material of the
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membrane consisted of inorganics and cell debris as there was no identification of

oxygen (O). Moreover, comparison of SEM analysis of a new membrane with the

membrane from SAMBR-B after operation did not reveal substantial pore fouling.

 The results of this chapter demonstrated that successful treatment of saline sewage

was possible at high loading rate (0.46 gCOD/L.day) with the use of a SAMBR.
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CHAPTER 6:

ADAPTATION TO SALINE CONDITIONS
BY ADDITION OF COMPATIBLE

SOLUTES4

6.1. INTRODUCTION

Saline wastewater is discharged by many industries, and the toxic effect of

sodium on anaerobic biomass is known to inhibit organic biodegradation. Nevertheless,

several studies using anaerobic biomass, under certain conditions, reported adequate

organic removal by employing strategies such as a long adaptation period of biomass to

salinity (Mendez et al., 1995; Rovirosa et al., 2004), halophilic microorganisms

(Kapdan and Erten 2007; Riffat and Krongthamchat 2007), marine inocula (Aspe et al.,

1997), membrane reactors (Vallero et al., 2005), and anaerobic digestion followed by

aerobic treatment (Lefebvre et al., 2006b). However, most of these studies only

investigated a gradual increase in salinity despite the fact that it is often highly variable

in many industrial wastewaters (Lefebvre and Moletta, 2006). Moreover, in many

industries, salinity only increases during certain short periods of the year. Furthermore,

in some industries salinity can suddenly increase due to process instability or changes

and this could be a serious drawback for biological treatment.

Based on the above considerations, this study examined a new approach for the

rapid adaptation of anaerobic biomass to a sudden increase in salinity using a

continuous flow SAMBR. This is based on previous insights gained about how cells

cope with stress conditions through the use of compatible solutes. As was reported

previously (Section 2.7) there are two fundamental strategies for cells to survive under

osmotic stress; the “salt in strategy” and the “compatible solute strategy”. In addition,

the synthesis of compatible solutes not only depends on the form of salinity, but also on

the available nutrients in the medium. In the absence of nutrients, halotolerant and

halophilic bacteria can change the compatible solutes they are generating (Kunte 2006);

4 Part of the results of this chapter published as Vyrides I, Stuckey DC (2009) Adaptation of anaerobic
biomass to saline conditions: role of compatible solutes and extracellular polysaccharides. Enzyme
Microbial Technology 44, 46-51.
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this study also investigated the role of macro and micro nutrients on the performance of

anaerobic biomass under saline conditions. Apart from compatible solutes, anaerobic

biomass also produces EPS to help them survive under sodium toxicity, but there has

been very little work in this area (section 2.7.2). Apart from the generation of

compatible solutes, and the possible accumulation of EPS by anaerobic biomass under

salinity, microbial evolution could also be an important factor in the adaptation of

biomass to salinity. In this chapter we attempted to answer fundamental questions of

“how does anaerobic biomass acclimatise to saline environments?” Are the generation

of compatible solutes and/or production of EPS and/or microbial evolution the

mechanism(s) that enable the anaerobic biomass to survive under saline conditions?

Apart from the rapid uptake of glycine betaine by cells under salinity;

Chattopadhyay (2002) reported that glycine betaine can be used as a cryoprotectant for

bacteria. Under low temperatures glycine betaine maintains the cell membrane fluidity

and protects the cellular proteins from cold aggregation. Cleland et al. (2004) also found

that glycine betaine can be effective as a cryoprotectant for prokaryotic organisms.

However, to date no experiments have been carried out on the addition of compatible

solutes to anaerobic biomass in order to counteract low temperatures.

The objectives of this chapter were the following:

 To find the main compatible solutes that were generated under salinity,

and investigate which ones could reduce sodium inhibition when added to

the medium with anaerobic biomass;

 Moreover, to study the effect of various concentrations of the most

effective compatible solute and the long term effect of these solutes under

batch saline conditions;

 To investigate strategies of feeding under salinity;

 To examine the bacterial group benefiting the most from compatible

solutes in the medium,

 In addition, to compare the difference in acclimation potential between

anaerobic biomass exposed for a long period to salinity, and for biomass

that the most effective compatible solute was added to without previous

pre-exposure to salinity;

 To examine the mechanism of anaerobic biomass adaptation by

investigation of archaeal diversity and the evolution of EPS under salinity;
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 Examine various strategies of compatible solute addition to a SAMBR and

compare it with a SAMBR operating under the same saline conditions but

without addition of the compatible solute;

 Lastly, to investigate in batch mode the effect of compatible solute

addition on the performance of anaerobic biomass at low temperatures (10

and 200 C) under saline and non saline conditions.

6.2 EXPERIMENTAL AND ANALYTICAL PROCEDURES

Anaerobic biomass was obtained from a conventional sewage sludge digester

(Mogden, UK), and maintained in a batch reactor (5L) fed with glucose as a substrate

for 3 months at an organic loading rate (OLR) of 2 g COD/L.day and a salinity of less

than 2 g NaCl/L. The biomass from this reactor was used as an inoculum in the batch

assays experiments in this chapter and also was used as an inoculum in the SAMBR-A1

and SAMBR-B1. In order to examine the effect of absence of macronutrients (Section

6.3.9) the following compounds were excluded from the biomedia: (NH4)2PO4, NH4Cl

and Na2S.9H2O and to investigate the elimination of micronutrients the following

compounds were omitted from the biomedia: MnCl2.4H2O, CoCl2.6H2O, CuCl2.H2O,

ZnCl2, FeCl2.4H2O and Na2MO4.

For Size Exclusion Chromatography (SEC) two Aquagel columns were used:

Initially an Aquagel OH-40 column (Polymer Labs) was used with DI water as the

eluent at a flow rate of 0.75 ml/min. Then, an Aquagel OH-30 column (Polymer Labs)

was used with DI water as the eluent at a flow rate of 0.5 ml/min and under these

conditions better separation was achieved. The sample volume was 50 μl, and the

column was maintained at ambient temperature with both UV and RI detectors being

used to detect the separated components. Standards of linear polyethylene oxide (PEO)

and polyethylene glycol (PEG) were used; hence the results obtained are quoted relative

to these linear compounds.

The SAMBR that was used in this study is described elsewhere in Section 3.1.

The operational strategy that was followed for SAMBR-A1 and SAMBR-B2 can be

seen in the table 6.1.
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Table 6.1

Operational strategy for SAMBR-A1 and SAMBR-B1

Days HRT
(h)

NaCL
(g/L)

Sewage DOC
(mg/L)

0-13 12 0.2 145
14-33 12 35 145
34-52 12 0.2 145
53-73 12 35 145
74-81 12 0.2 145
82-92 12 35 145
93-96 6 35 145
97-126 12 35 145

The reactor was fed with an OECD synthetic sewage recipe (465±20 mg COD/L

or 145 mg DOC/L± 10) comprised of peptone (0.22 g/L), meat extract (0.15 g/L) urea

(0.01 g/L), K2HPO4 (0.008 g/L) and NaHCO3 (200 mg/L). This recipe was similar to

the one that Le Clech et al. (2003) used for synthetic sewage wastewater.

6.2.1 Statistical Methods

Student’s t-test was used to determine if the mean values of two groups of data

are significantly different by testing the hypothesis that the means of the two groups are

equal. To report the variety of possible outcomes: from means not "significantly"

different to means in fact "significantly" different, the probability, P that the difference

is due to chance is reported. Reject the null hypothesis if P is "small".

6.3 RESULTS AND DISCUSSION

6.3.1 Addition of different compatible solutes to non adapted biomass

Anaerobic biomass not acclimated to sodium was exposed to 35 g NaCl/L, and

three compatible solutes (glycine-betaine, α-glutamate and β-glutamate) at a

concentration of 1mM were tested as antagonists to sodium toxicity. The concentration

of glucose was adjusted in these bottles to allow for the COD of the compatible solutes

such that the final concentration of substrate in each bottle was 2 g COD/L, and a series

of bottles were run without salinity to control for whether an excess of substrate affected

the performance. Under no salinity, compatible solutes did not result in any excess

production of methane. The total methane for all bottles, under no salinity, was around
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44 ml CH4 at 115 hours. From Figure 6.1 it can be seen that biomass exposed to 35 g

NaCl/L without any addition of compatible solutes showed the slowest cumulative

methane production. At this level of salinity, 1mM of glycine-betaine added to the

biomass resulted in no increase in cumulative production of methane after 120 h,

however, after 310 hours there was a substantial increase, and after 520 h the methane

production had increased by nearly 100% over the control. In contrast, the addition of

1mM α-glutamate only slightly enhanced methane production. From the above results

glycine betaine was the most effective compatible solute, followed by β-glutamate and

then -glutamate. The glycine betaine, which is one of the most common compatible

solutes in bacteria and archaea (Santos and da Costa, 2002), seems to be the most

effective antagonist for the anaerobic biomass to counteract sodium toxicity. In a media

without compatible solutes, cells synthesise de novo the compatible solutes so less

substrate is available to be converted to methane. However, in the presence of

compatible solutes in the medium, uptake from the medium is bioenergetically favoured

over biosynthesis (Martin et al., 1999; Robertson et al., 1992). This explains the higher

methane production rate of biomass when compatible solutes were added.
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Figure 6.1- Batch assay of anaerobic biomass in (a) control, (b) with 1mM of
glycine betaine, (c) α- glutamate, (d) β-glutamate added to the culture
each contain 35g NaCl/L.

6.3.2. NMR results
Anaerobic biomass was exposed to 0, 20 and 40 gNaCl/L for 96 hours, and then

withdrawn and subjected to NMR analysis to identify the compatible solutes that

increased during the early exposure to a salt stress environment. The results showed that

trehalose was the dominant solute which accumulated in the anaerobic biomass in the
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first 96 hours (Figure 6.2). The concentration of trehalose identified for biomass

exposed to 20 and 40 g NaCl/L (96 hours) was in the range of 0.027 – 0.175 µmol

trehalose/ mg dry weight. The biomass that was not exposed to salinity did not contain

any trehalose (Figure 6.2).

Figure 6.2- H-NMR spectra of an ethanol extract of anaerobic biomass grown in
medium without addition of NaCl (a) and containing 40 g/L NaCl (b).
Samples were collected 48 hours after inoculation

6.3.3 Addition of trehalose, glycine betaine and potassium to anaerobic

biomass

Based on NMR findings and previous findings (Section 6.3.1) of anaerobic

mixed cultures under salinity, serum bottle experiments were carried out by adding the

following osmoprotectants separately to the medium: 1mM trehalose, 1mM glycine

betaine and 1mM potassium. As can be seen from Figure 6.3, glycine betaine was the

most effective in alleviating sodium inhibition in anaerobic biomass, and after 576 h

had produced 36.6 ml CH4. Interestingly, despite trehalose being the dominant

compatible solute produced de novo in the first 96 h, addition of it to the medium

reduced sodium inhibition, but not to the same degree as the glycine betaine (Figure

6.3). This agrees with the study of Shapir et al. (1998) who found that trehalose was the

main solute generated in the atrazine-degrading bacterium Pseudomonas sp strain ADP.
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However, when they added trehalose to the medium no positive effect was noted, and

only the addition of glycine betaine induced salt tolerance. The uptake of glycine

betaine by anaerobic biomass is a strategy to cope with salinity; however, the uptake of

trehalose does not seem to be a dominant mechanism. It is possible that some species in

the biomass quickly degrade trehalose, and as a result it is substantially less than for

other species that may use other mechanisms to uptake it.

The addition of potassium had a positive effect on reducing sodium inhibition

compared with the control, so after 576 hours the bottle had produced 13.5 ml CH4.

However, its effect was the least positive compared with glycine betaine, but this

positive effect of potassium is in line with the findings of Kugelman and McCarty

(1965). It is possible that some bacteria or archaea in the anaerobic biomass use this

strategy for osmoadaptation, and as a result the addition of potassium to the medium

had a positive effect. Nevertheless, these results highlight the fact that anaerobic

biomass seems to prefer the “compatible solutes strategy” for osmoregulation rather

than the “salt in strategy”.
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Figure 6.3- Batch assay of anaerobic biomass in (a) control, (b) with 1mM of
glycine betaine, (c) trehalose, (d) Potassium added to culture each
contain 35g NaCl/L.

6.3.4 Performance of different bacterial groups in batch test with and

without glycine betaine at 35 g NaCl/L

Figure 6.4a shows the accumulation of VFAs for anaerobic biomass exposed to

35 g NaCl/L, and the VFAs increase over time indicating inhibition of the system. In the
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case where 1mM of glycine betaine was added (Figure 6.4b) the total VFAs after 520

hours were 110 mg/L compared with 885 mg/L in the control. The glycine betaine was

found to be more beneficial for the methanogens compared to the propionic acid

utilisers. As can be seen in Figure 6.4.b, after 450 h there was no acetic acid while the

propionic acid was 126 mg/L. No conclusion can be drawn for the other bacterial

groups as there was little inhibition of them under salinity.
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Figure 6.4a- Production of VFAs over time for anaerobic biomass in batch test
exposed to media containing 35 g NaCl/L.
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Figure 6.4b- Production of VFAs over time for anaerobic biomass in batch test
exposed to media with 35 g NaCl/L and 1 mM of glycine-betaine.
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6.3.5 Addition of different concentrations of glycine betaine to

anaerobic biomass during batch test.

Glycine betaine is a compatible solute that can be used to reduce the sodium

inhibition of anaerobic biomass; this can be seen from the above results as well from

previous studies (Yerkes et al., 1997; Oh et al., 2008). As can be seen from Figure 6.5

addition of 0.1mM glycine betaine to the medium can be beneficial for anaerobic

biomass; thus at 35 g NaCl/L the CH4 production after 360 h was 41.2 ml. When 1mM

of glycine betaine was added the CH4 production was 45.6 ml in 360 h, while under the

same conditions without any compatible solutes the biomass produced 9.1 ml after 360

h. These results show that a concentration of 0.1mM of glycine betaine can be beneficial

for anaerobic biomass, and this strategy has considerable potential not only for effective

treatment, but also from an economic point of view.
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Figure 6.5- Methane production from anaerobic biomass in 35 g NaCl/L with
addition of glycine betaine.

6.3.6 Prolonged effect of glycine betaine on anaerobic biomass during

batch test

In order to study the long term effect of glycine betaine, the medium was

removed by centrifugation each time the batch was fed and replaced with a new medium

(35 g NaCl/L) without any addition of compatible solutes in any of the samples for the
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following 4 batch feedings. As can be seen from Figure 6.6a, after the 3rd feeding the

anaerobic biomass that was previously exposed to 1mM of glycine betaine (first

feeding) increased its activity and produced 41.8 ml CH4 in 256 h. The biomass that was

previously exposed to 0.1 mM of glycine betaine produced 30.4 ml CH4 in 256 h, while

the control anaerobic biomass produced 13.7 ml in 256 h. Figure 6.6b shows the

performance of the anaerobic biomass in the 5th feeding. The anaerobic biomass

previously exposed to 1 mM and 0.1 mM showed similar high performances (around 39

ml CH4 in 140 h), while the CH4 for the control biomass was 36.3 ml. By employing the

statistical method of a Student’s t-test and comparing the values of 1mM and control

biomass (5th feeding 140 h) with a 5 % significant level the null hypothesis can not be

rejected. The difference in methane between the 1mM and control (for the 5th feeding at

140 h) may be due to an experimental error. However, the difference between the 1mM

and control from the 1st to the 4th feeding is not an experimental error (with the same

significant level 5%)
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Figure 6.6a- Methane production from anaerobic biomass after 3 batch feedings in
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Figure 6.6b- Methane production from anaerobic biomass after 5 batch feedings in
35 g NaCl/L.

6.3.7 Batch assay comparison between anaerobic biomass pre-exposed

to salinity and glycine betaine addition to a medium with 35 g

NaCl/L

Figure 6.7 shows that anaerobic biomass previously exposed to salinity (30 g

NaCl/L in a batch reactor) for 28 days produced 15 ml of CH4 in 380 hours compared

with the 9 ml of CH4 in 380 hours for the biomass that was not subjected previously to

salinity. However, addition of glycine betaine to the biomass not previously exposed to

salinity resulted in 33 ml of CH4 in 380 h, which is significantly higher than the

anaerobic mixed culture exposed to salinity for 28 days. These results highlight the

positive effect of glycine betaine in dramatically enhancing the acclimation of anaerobic

biomass to salinity. The addition of 1 mM of glycine betaine to the biomass previously

exposed to salinity resulted in 36 ml of CH4 in 380 hours which is slightly higher

compared with the anaerobic biomass that was not exposed to salinity and 1mM of

added glycine betaine. However, using the Student’s t-test and comparing the values of

glycine betaine to biomass previously exposed to salinity and not previously exposed to

salinity, with 5% significance level was found that the null hypothesis was rejected.

Thus, the difference in methane between the above samples is significant and could not

be due to experimental error.

The data shows that acclimation time can be reduced significantly by supplying

low concentrations of glycine betaine to the wastewater without previous

acclimatisation of anaerobic biomass to salinity.



Chapter 6: Adaptation to saline conditions

176

0

5

10

15

20

25

30

35

40

0 100 200 300 400

Time (hours)

C
H

4
(m

l)

(a) Control

(b) Glysine Betaine

(c) Biomass prev. exp.
to salinity

(d) Biomass prev.exp.to
sal.+Glysine Betaine

Figure 6.7- Methane production of anaerobic biomass in batch assays with 35 g
NaCl/L medium to (a) control, (b) when 1mM of glycine betaine is
added, and when it was previously exposed to salinity for 28 days with
(c) and without (d) glycine betaine added.

6.3.8 Effect of different batch feeding strategies for anaerobic biomass

The effect of different ways of feeding can also have an impact on the tolerance

of biomass to sodium. Initially anaerobic biomass not previously exposed to sodium

was placed in serum bottles and fed with 2 g COD/L under 40 g NaCl/L. The CH4

production after 400 h was negligible (3 ml CH4), and different ways of re-feeding were

attempted. In the first example BR1 (Figure 6.8), the media was removed by

centrifugation and new media added with the same concentration of substrate and

salinity. In the second assay BR2, the original medium was not replaced and only

concentrated substrate was added in order not to dilute the initial level of salinity (40 g

NaCl/L). In the second assay BR2, the biomass showed significantly higher methane

production compared with the first. To test if this may have been caused by more

available substrate in the second method of feeding, the media in the first feeding BR1

was replaced by a new medium with 4 g COD/l instead of 2 g COD/L. This excess of

substrate did not result in any significant higher production of CH4.

The higher methane production using the second method of feeding (not

replacing the biomedia) can be explain by the work of Kunte (2006). According to this
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theory, the extraction and recovery of compatible solutes from the medium is a strategy

used by cells to regulate the cytoplasmic solute concentration. Thus, compatible solutes

will be cycled between the medium and the cytoplasm to achieve certain equilibrium. In

our study when the medium was removed (first method BR1), all the compatible solutes

that were excreted by the cell into the medium were removed, so the cycling of

compatible solutes between the media and the cell was disrupted. Thus, after the next

feeding, part of the substrate was consumed in order to produce new compatible solutes

which reached equilibrium with the bulk media again. When the medium was not

removed (second method) and new substrate was added, there was a higher rate of CH4

production since new compatible solutes did not need to be produced. Using this insight

the difference in performance of batch and continuous reactors under high salinity can

be explained. In batch reactors the media is removed before each feeding so the

compatible solutes are removed from the system, and the biomass has to generate new

compatible solutes to re-achieve equilibrium. In a continuous reactor the equilibrium

between cells and compatible solutes in the media is not changed as abruptly as in the

case of batch reactors, consequently higher performance is achieved. Slightly higher

performance in a continuous reactor (UASB – 10 h HRT) compared with a batch reactor

under salinity was found by Rinzema et al. (1988). Also, Feijoo et al. 1995 found less

inhibition to sodium with continuous exposure than with batch exposure. However,

more research should be done comparing the performance of a continuous reactor, a

batch reactor exposed to salinity over a long period of time, and the effect of compatible

solutes cycling between the biomass and the medium.
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6.3.9 Batch assays to investigate the elimination of Macro and Micro

nutrients in the presence and absence of 35gNaCl/L

Anaerobic biomass fed with 2gCOD/L glucose under non-saline conditions

resulted in 7 ml and 10.5 ml of CH4 in 85 hours with the absence of macronutrients and

micronutrients respectively (Figure 6.9a), when a control biomass produced 11.5ml of

CH4. In the presence of 30 g NaCl/L (Figure 6.9b), the anaerobic biomass without

micronutrients produced 6.6 ml of CH4 in 302 hours slightly less than the control

anaerobic biomass (7.4 ml of CH4 in 302 h). However, the elimination of

macronutrients resulted in 1.5 ml of CH4 in 302 hours. Hence, the performance of

anaerobic mixed cultures without macronutrients is more inhibited in the presence of

salinity (activity is reduced 2.5 times) compared with normal conditions. With

micronutrients, activity was slightly reduced compared to the control for normal

conditions, while in the case of saline conditions the absence of micronutrients did not

result in any significant difference with control biomass and small differences could be

due to experimental error (student t-test). The reduced performance of biomass under

salinity without macronutrients can probably be attributed to their limited ability to

synthesize N-containing compatible solutes. Halotolerant and halophilic bacteria under

nutrient limitations synthesize sugar and polyol solutes instead of N-containing

compatible solutes (Kunte, 2006). However, for non halotolerant organisms the shifting

of the N-containing solutes to polyol and sugars could be an energetically costly

process. On the other hand, to the best of our knowledge micronutrients are not

involved in the synthesis of compatible solutes by the cell. However, micronutrients

may be used as co-enzymes in metabolic pathways Kida et al. (2001). Nevertheless,

these results showed that the elimination of micronutrients do not contribute to further

inhibition under salinity. These results are in line with Boardman et al. (1995) who used

palm processing wastewater in batch assays and found the same activity, under salinity,

for anaerobic biomass with extra micronutrients and without extra micronutrients. The

basic macronutrients (N and P) were included in the wastewater so the supply of extra

micronutrients did not contribute to higher methane production.
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6.3.10 Production of EPS by anaerobic biomass under high salinity

As can be seen from Figure 6.10a, the presence of salt (40 g NaCl/L), under

batch conditions, resulted in much higher output signals in the chromatogram compared

to biomass exposed to no salt. The control biomass had two low peaks after 13 minutes

that show that the EPS consisted of material with a MW greater than 58.4 kDa. With

higher salinities, the peaks are at higher retention times showing that most of the EPS

after 72 hours consisted of material around 10 kDa and 6.45 kDa for biomass exposed

to 20 and 40 gNaCl/L respectively. The peaks at around 20 min that appeared in all the

samples were probably substrate intermediates. The composition of EPS from biomass
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not only changed under higher salinities, but also over time. For the control in Figures

6.10a at 72 h and 6.10b at 24 h the peaks appeared at the same retention time, but with a

lower signal at longer times. The biomass exposed to a salinity of more than 20 g

NaCl/L produced EPS with a lower MW than at lower salinities. However, the signal at

20 g NaCl/L was decreasing over time (from Figures 6.10a and b), while with 40 g

NaCl/L the signal was increasing. The biomass at 20 g NaCl/L appeared to acclimatize

to the initial stress conditions (Figure 6.10a) so after 72 hours less EPS was produced

than in 24 hours (Figures 6.10b). During this period part of the EPS could have been

released into the media, while part of it was biodegraded by the cell. In the biomass

exposed to 40 g NaCl/L, the EPS increased over time as a response of the biomass to

counteract the high sodium toxicity. As a result, less substrate was available for

methane production (Figure 6.10c). Biomass exposed to high salt concentrations

increases the production of EPS as a natural response to osmotic stress outside the cell,

and probably synthesize compatible solutes inside the cell. When biomass starts to

acclimatise (eg. biomass at 20 g NaCl/L after 24 h), the EPS is reduced and the

compatible solutes inside the cell probably increase. It is also clear that the composition

of EPS during sodium toxicity changes over time due to biodegradation by the cell or

release to the medium.
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6.3.11 Particle size distribution at 48 and 144 hours for biomass

exposed to normal conditions and 40 g NaCl/L

Figure 7 shows the particle size distribution for biomass exposed to low salinity

(less than 1g/L), and to 40 g NaCl/L, in batch assays, for 48 and 144 hours. The

distribution ranges from 1.25 μm to 275 μm with a mean floc size of 23 μm at low

salinity, while the biomass exposed to 40 g NaCl/L had the same range of distributions

but the mean floc size was 30 μm. This slightly higher mean floc size with salinity can
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probably be attributed to the higher production of EPS that forms on the outer surface of

the cell; as a result cells attached more easily to each other. These results are in line with

the results in Chapter 5 that showed increased floc size under a long exposure to

salinity. However, Sowers and Gunsalus (1988) found that the adaptation of

thermophilic Methanosarcina to high salinity resulted in the loss of capacity to produce

EPS, and the growth of bacteria in smaller aggregates.
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Figure 6.11- Particle size distribution for biomass exposed to 0 and 40 g NaCl/L
after 48 and 144 hours.

6.3.12. Archaeal evolution under salinity

DGGE analysis was used to investigate the shift in Archaea populations under

saline conditions in batch test with the addition of glycine betaine, and without. Figure

6.12 shows the DGGE fingerprint of the following biomass: (A) the initial biomass

withdrawn from the CSTR; (B) the biomass after 360 h in a serum bottle under normal

conditions (2g glucose COD/L); (C) the biomass that was subjected to 35 g NaCl/L; and

(D) the anaerobic biomass that was subjected to 35 g NaCl/L with 1mM glycine betaine

added. As can be seen from Figure 6.12, there was very little change after 360 h in the

archaeal population when the anaerobic biomass was subjected to 35 g NaCl/L. There

was also very little change observed in archaeal species with the addition of glycine

betaine. However, the intensity of band number 1 (Figure 6.12) is stronger for biomass

under saline conditions (C and D) than under low salinity (A and B), indicating that

there is a larger population of the species that the band represents in the more saline

conditions. This is in contrast to the intensity of band number 2 (Figure 6.12), which

shows the opposite and is less intense under saline conditions. These results show that
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there are slight changes in archaeal diversity when the culture conditions change from

low salinity to high salinity, and there are no changes even when glycine betaine was

added under saline conditions. The sequence analysis of the dominant bands (4) and (5)

shows the presence of Methanosaeta sp. and Methanosarcina mazeii. There is a strong

indication that these species are halotolerant; Lefebvre et al. (2007) also reported that

Methanosaeta sp. were present in anaerobic batch reactors under 60 g NaCl/L.

However, if there is no substantial shift in the archaeal microbial community with

salinity then the factors that govern the survival of anaerobic biomass under high

salinity must be the generation of compatible solutes and the production of EPS.

A B C D
Figure 6.12. DGGE fingerprint of anaerobic biomass under saline and non saline

conditions. (A) the initial biomass withdrawn from the CSTR; (B) the
biomass after 360 h in a serum bottle under normal conditions (2g
glucose COD/L); (C) the biomass that was subjected to 35 g NaCl/L;
and (D) the anaerobic biomass that was subjected to 35 g NaCl/L with
1mM glycine betaine added.

Table 6.2
Archaeal species identified

Band Closest sequence match Max identity
3 Uncultured archaeon 97%
4 Methanosarcina mazeii 100%
5 Methanosaeta sp. 100%
Not all excised bands gave clear sequence data

6.3.13 Strategies of glycine betaine addition to SAMBR

Two SAMBRs were employed in order to investigate different strategies of

addition of glycine betaine under high fluctuations in salinity (0 and 35 g NaCl/L)
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during continuous operation. During the first strategy the SAMBRs were operated under

low salinity (200 mg NaCl/L), at 12 h HRT, for 13 days (Figure 6.13). On day 13 both

reactors had similar performance that corresponded to 18.3 mg/L and 20.5 mg/L of

DOC in the effluent (permeate) for SAMBR-A1 and SAMBR-B1. On day 14, salinity

was increased to 35 g NaCl/L and 1mM glycine betaine was added to SAMBR-A1. On

day 33, under these conditions, SAMBR-A1 contained 87.6 mg DOC/L and 100.4 mg

DOC/L in the effluent bulk, respectively. SAMBR-B1, which had no glycine betaine

added, contained 97.5 mg DOC/L and 109.3 mg DOC/L in the effluent and bulk,

respectively. On day 34, salinity was reduced to a low level (200 mg NaCl/L) for 18

days. Under these conditions both SAMBRs improved their performance, and on day 52

the effluent and bulk phase for both were around 12 mg DOC/L and 28 mg DOC/L,

respectively. On day 53 the salinity was increased suddenly to 35 g NaCl/L, and 0.1

mM of glycine betaine was added to SAMBR-A1 from day 54 until day 64. As a result,

on day 73 SAMBR-A1 had 86.5 mg DOC/L in the effluent and 128.7 mg DOC/L in the

bulk. SAMBR-B1 with no glycine betaine added had a slightly higher DOC in the

effluent (94.4 mg DOC/L) and a significantly higher DOC in the bulk (151.5 mg

DOC/L). On day 74 a sudden decrease in salinity took place and both SAMBRs showed

fast recovery; on day 81 the effluents and bulks for both SAMBRs were around 11 mg

DOC/L and 47 mg DOC/L, respectively. On day 82, salinity was increased to 35 g

NaCl/L and 5 mM glycine betaine was added to SAMBR-A1; in the following 2 days

the SAMBRs were operated in batch mode. Also, by employing batch operation we

eliminated any risk of wash out of glycine betaine from the reactor. On day 92, at 12h

HRT and 35 g NaCl/L, SAMBR-A1 showed substantially higher removal of DOC; 34.4

mg DOC/L in the effluent and 60.8 mg DOC/L in the bulk, when SAMBR-B1 had 65.2

mg DOC/L and 92.5 mg DOC/L for effluent and bulk, respectively. On day 93, the

HRT was reduced from 12 to 6 hours and this resulted in a decrease in performance of

SAMBR-A1; on day 96 the effluent and bulk for this reactor was around 133 mg

DOC/L and 170 mg DOC/L, respectively. SAMBR-B1 showed similar low

performance (Figure 6.13). On day 97, the HRT was increased to 12 hours and in the

following days both SAMBRs showed almost the same performance. Hence, on day

114 the DOC in the effluent decreased (to around 75 mg/L) while the DOC in the bulk

decreased slightly to 145 mg DOC/L. From day 115 until 119, 1 mM glycine betaine

was added to SAMBR-A1, and this caused a decrease of the DOC on day 126 to

39.4 mg/L and 104.9 mg/L for the effluent and the bulk, respectively. Under these
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conditions SAMBR-B1 showed a lower recovery; on day 126 the DOC in the effluent

was 64.1 mg/L and bulk was 187 mg/L.

The above results show that in a continuous reactor (12 h HRT) the addition of 1

mM glycine betaine slightly alleviates sodium inhibition, and the strategy of adding 0.1

mM glycine betaine for 10 days slightly improved the performance of a continuous

SAMBR. However, the addition of 5 mM glycine betaine and operation in batch mode

for 2 days substantially enhanced organic degradation in the SAMBRs. Nevertheless,

this high performance was dissipated when the HRT was reduced from 12 to 6 hours.

This was probably due to the rapid disruption of the cycle between solutes and biomass

(section 6.3.8). Another strategy that resulted in good performance was the injection of

1 mM glycine betaine for 5 days. Despite the effective addition of glycine betaine to

anaerobic biomass under batch saline conditions, several glycine betaine addition

strategies were not so effective under continuous operation. This could be due to the

time that the glycine betaine needs to be taken up by the anaerobic biomass, Oh et al.

(2008) found that the uptake of glycine betaine by anaerobic biomass occurs relatively

slowly over 1-7 days. Also, the continuous exposure of organic substrate to anaerobic

biomass may slow down the adaptation to saline conditions. The high performance of

anaerobic biomass when subjected to changes between saline and non saline conditions

is in agreement with the results of Chapter 4 of this work.
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6.3.14 NMR analyses of anaerobic biomass from SAMBRs

The intracellular cytoplasmic solutes of anaerobic biomass (SAMBR-A1 and

B1) were identified by NMR analysis. SAMBR-A1 biomass that was withdrawn on day

85 contained 9.56 nmol glycine betaine/mg dry weight and 3.69 nmol N acetyl-β-

lysine/mg dry weight (Figure 6.14). The glycine betaine was likely to be taken up by the

anaerobic biomass during the addition of glycine betaine on day 82 and this contributed

to the higher performance in SAMBR-A compared with the SAMBR-B1 (on day 92 –

section 6.3.13). The accumulation of glycine betaine by biomass in SAMBR-A1 was

accompanied by the generation of 3.69 nmol N acetyl-β- lysine/mg dry weight that also

enhanced the rapid adaptation to salinity of biomass in SAMBR-A1. On the other hand,

on day 85, the biomass in SAMBR-B1 produced no compatible solutes and this is in

line with the low performance of this reactor under salinity (section 6.3.13). NMR

analysis of the suspended biomass from SAMBR-A1 on day 126 revealed the presence

of 0.77 nmol glycine betaine/mg dry weight and 0.72 nmol N acetyl-β- lysine/mg dry

weight. On day 85 (after 3 days exposure to salinity) biomass in SAMBR-A1 needed to

rapidly adapted to salinity so took up the available glycine betaine in the medium, and

generated a large amount of N acetyl-β- lysine. However, after 44 days exposure (day

126) the biomass (SAMBR-A1) was already acclimatized to salinity and most of the

compatible solutes were already being used as osmoprotectants. Apart from this, it is

possible the concentration of these solutes decreased due to partial degradation by

anaerobic biomass (Oh et al., 2008). On day 126 the biomass in SAMBR-B1 produced

1.80 nmol N acetyl-β- lysine/mg dry weight as a strategy to adapt to salinity. No glycine

betaine was found in suspended biomass from SAMBR-B1, and the difference in

performance of the two reactors could be due to the uptake of available glycine betaine

by the biomass in SAMBR-A1.

Analysis of compatible solutes produced by the biofilm biomass from both

reactors on day 126 is shown in Figure 6.14. The compatible solutes generated by

biofilm biomass (SAMBR-A1) were 0.495 nmol trehalose/mg dry weight, 0.795 nmol

glycine betaine/mg dry weight and 0.383 nmol N acetyl-β- lysine/mg dry weight. The

biofilm biomass in SAMBR-B1 generated 2.326 nmol glycine betaine/mg dry weight

and 5.264 nmol N acetyl-β- lysine/mg dry weight. The biofilm in SAMBR-B1

generated glycine betaine that was not found in the suspended biomass of SAMBR-B1

where the biofilm in SAMBR-A1 produced trehalose that was not produced by the

suspended biomass in this reactor. The biofilm biomass is likely to consist of different

microbial species compared with suspended biomass; as a result different kind of
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compatible solutes were generated by biofilm biomass. Zhang et al. (2006), Jinhua et al.

(2006), Miura et al. (2007) and Huang et al. (2008) all found that the bacteria in the

biofilm of a membrane reactor were different compared with the bacteria in suspended

biomass.

Addition of N acetyl- β- lysine to the medium with anaerobic biomass under

batch conditions did not alleviate sodium inhibition (data not shown). As was

mentioned in paragraph 6.3.3, anaerobic biomass has mechanisms to take up only

specific compatible solutes.
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Figure 6.14- Compatible solutes generated by suspended biomass (SB) and biofilm
biomass (BB) in SAMBR-A1 and SAMBR-B1.

6.3.15 VSS evolution over time

During the 130 days of operation of the SAMBRs, TSS were approximately

constant in the range of 5-6 g/L while the VSS were in the range of 3.5-4.5 g/L. The

sudden stress conditions did not reduce the VSS, however, the retention of the anaerobic

biomass inside the reactor due to the membrane did not contribute to any increase in the

VSS. Moreover, the addition of glycine betaine did not contribute to any difference in

VSS concentrations in the SAMBR.
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6.3.16 Soluble Microbial Products (SMP) and Extracellular

Polysaccharide (EPS) production in SAMBR –B1

Figure 6.15 shows the MW distribution of the bulk, effluent, and extracellular

polysaccharide (EPS) extracted from the biofilm (fouling layer on the membrane

surface obtained by scraping it off the surface), and EPS extracted from the suspended

biomass (at 210nm) from SAMBR-B1 in the end of the experiment. As can be seen, the

EPS extracted from the biofilm and suspended biomass is in the MW range of 7-28.8

KDa. However, the intensity of the EPS extracted from the biofilm is 3 times higher

than that from suspended biomass. It is likely that the biofilm has a greater resistance to

saline conditions and as a result produces more EPS. Apart from this, more EPS is

attached to the biofilm on the surface of the membrane due to the continuous filtering of

supernatant (including SMPs) by the membrane. As a result, when the biofilm biomass

is sampled more EPS bound to it is also withdrawn. The peak at around 9 mins also

appears in the bulk (media inside the reactor) and shows that the main source of SMPs

is due to the release of EPS from the cells to the medium. This peak does not appear in

the effluent due to it being retained by the membrane and/or degraded by the biofilm.

The peaks at around 16 mins for the bulk and the effluent are low MW SMPs, possibly

due to intermediate substrate products, or cell lysis. The big peaks at around 20 min

have MWs less than 0.18Kda and are possibly low MW intermediates.
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Figure 6.15- Size exclusion chromatograms for biofilm EPS, bulk EPS, bulk and
effluent from SAMBR-B1 (Aquagel OH-30 column).

6.3.17 TMP pressure over time

The TMP and flux over time for both SAMBRs is shown in Figure 6.16. During

the first 14 days under low salinity and 9 LMH, the TMP for both SAMBRs was around
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0.14 bar. The sudden increase in salinity on day 14 resulted in an increase in TMP by

0.06-0.1 bar and 0.06-0.18 bar for SAMBR-A1 and SAMBR-B1, respectively. This

increase in TMP after the sudden increase in salinity is attributed to a rapid increase of

high MW SMPs in the bulk. On day 99, under the same flux (9 LMH), the TMP for

SAMBR-A1 gradually stabilized to 0.25 bar, while the TMP for SAMBR-B1 stabilized

at 0.3 bar (Figure 6.16). On day 100 the flux was decreased to 5 LMH, and this caused a

reduction in the TMP by 0.02-0.05 bar and 0.03-0.08 bar for SAMBR-A1 and SAMBR-

B1, respectively. This difference may be due to the injection of glycine betaine in

SAMBR-A1 and as a result the biomass adapted faster to saline conditions and released

less SMPs. Anaerobic biomass in SAMBR-B1 possibly produced more EPS as a

mechanism to cope with salinity, while the biomass in SAMBR-A1 took up glycine

betaine so less EPS was generated. Part of the EPS produced by the anaerobic biomass

in SAMBR-B1 could have been released into the medium and this contributed to an

increase in TMP.
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Figure 6.16- Changes to TMPs in the SAMBRs at fluxes 9 and 5 LMH.

6.3.18. Methane production from suspended and biofilm biomass in

batch assays.

Biofilm (gel fouling layer) biomass and suspended biomass were placed

separately in serum bottles (1 gVSS/L) and fed with 1g COD/L glucose. Under 35 g

NaCl/L the biofilm biomass from SAMBR-B1 produced 9.2 ml CH4 after 198 h, while

the suspended biomass from SAMBR-B1 generated 5.5 ml CH4 (Figure 6.17). Under

low salinity the biofilm and suspended biomass (SAMBR-B1) produced 19.4 ml CH4
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and 13 ml CH4, respectively (Figure 6.17); these results highlight the higher

performance of biofilm biomass over suspended biomass. This could be due to the

greater amount of EPS attached to biofilm biomass which can act as a diffusional barrier

providing enhanced protection to highly saline conditions.

Biomass from serum bottles was withdrawn at the exponential phase (optimum)

after about 280 hours. NMR results showed the accumulation of 3.450 nmol glycine

betaine/mg dry weight and 5.302 nmol N acetyl-β- lysine/mg dry weight for biofilm

biomass from SAMBR-A1. In the biofilm biomass from SAMBR-B1, 6.252 nmol

glycine betaine/mg dry weight and 15.881 nmol N acetyl-β- lysine/mg dry weight and

3.044 trehalose/mg dry weight were found. These concentrations were significantly

higher compared with the concentrations of compatible solutes found in suspended

biomass in the SAMBRs (Figure 6.14). The continuous exposure of substrate under low

HRT may have inhibited the production of compatible solutes, whereas under batch

conditions biomass has longer period for adaptation; thus higher concentrations of

compatible solutes were generated.
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Figure 6.17- Methane production from biofilm and suspended biomass under
saline and non saline conditions.

6.3.19 Effect of glycine betaine addition to anaerobic biomass in batch

test at low temperatures under saline and non saline conditions

In this study biomass performance was examined at 200C and 100C under saline

and non saline conditions with and without the addition of glycine betaine. As can be

seen from Figure 6.18a, at 200 C biomass with glycine betaine produced 38.7 ml CH4 in
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408 h while the control biomass produced only 25.7 ml CH4. At the same temperature

with 35 g NaCl/L, biomass with glycine betaine generated 17.7 ml CH4 while biomass

without compatible solutes produced only 3.7 ml of CH4.

At 100C CH4 production was very low for the biomass (14.7 ml CH4 in 150

days), although interestingly with glycine betaine addition methane yields increased to

22.4 ml CH4 in 150 days (Figure 6.18b). The beneficial effects of glycine betaine were

noted at the same temperature with 35 g NaCl/L, however, CH4 production was very

low (Figure 6.18b). These preliminary results raise an interesting new approach for the

biological treatment of wastewater under low temperatures. More research needs to be

done in this area such as evaluating a variety of compatible solutes and different feeding

strategies in order to explore the usefulness of this approach at low temperatures.
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Figure 6.18a- Methane production from anaerobic biomass in batch test at 200C
under saline and non saline conditions.
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Figure 6.18b- Methane production from anaerobic biomass in batch test at 10 0C
under saline and non saline conditions.

6.4 ANSWERS TO FUNDAMENTAL QUESTIONS

6.4.1 Mechanisms for anaerobic biomass to survive under saline

conditions, physiological changes and/or microbial evolution?

The results of this chapter reveal that anaerobic biomass under salinity mainly

employs two strategies in order to cope with high salinity:

1. Generation of compatible solutes. Part of the energy is consumed for the generation

of compatible solutes so less substrate is available for methane. This adaptation

process requires considerable time; thus supplying compatible solutes in the

medium that can be taken up substantially reduces the adaptation time and more

energy is available for methane production. During the first 96 hours the main

compatible solutes is trehalose, however over longer periods of exposure to salinity

anaerobic biomass can produce glycine betaine and N acetyl-β-lysine. Addition of

compatible solute to saline medium with anaerobic biomass under batch tests

showed the following series of compatible solutes that can alleviate sodium

inhibition: glycine betaine> β-glutamate > trehalose> potassium>α-glutamate> N

acetyl-β-lysine.

2. The accumulation of EPS under salinity is another strategy that anaerobic biomass

employs simultaneously with the generation of compatible solutes. The EPS act as a

protective barrier for the cell when under harsh external conditions. Higher amounts
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of salinity resulted in higher amounts of EPS. Moreover, in this strategy part of the

energy is consumed for the production of EPS so less substrate is available for

methane production. Furthermore, part of the EPS is released into the medium and

contributes substantially to the amount of COD. Previous results (Chapter 4) pointed

out that the extracted EPS under salinity is only partly biodegraded thus can occur in

the effluent. However, by using a SAMBR this problem has been overcome due to

the SMPs (EPS) retention by the membrane (Chapter 5 and results of this chapter).

3. Microbial community analysis by DGGE showed no archaeal evolution under

salinity after 360 hours. Despite the low methane production under salinity; it seems

that the archaea population are not destroyed but use the substrate for the

physiological adaptation (generation of compatible solutes and EPS). However, few

species showed higher intensity under saline conditions probably due to the ability

to adapt rapidly in saline conditions.

6.4.2 Is compatible solute compatible with biological wastewater

treatment?

As reported previously, industrial wastewaters can have widely varying

concentrations of salinity (Lefebvre and Moletta, 2006), and this can have a negative

effect on biological treatment systems. Hence a potential strategy for coping with a

sudden increase in the salinity of a wastewater is by the addition of glycine betaine, a

relatively cheap compatible solute. This strategy is less time consuming and more

practical than extensive dilution of the wastewater (Tuin et al., 2006), or the gradual

exposure of biomass to salinity over a long time period. The beneficial effect of addition

of glycine betaine, after investigating different feeding strategies, was also found in a

continuous SAMBR. Moreover, a positive effect of addition of glycine betaine in

anaerobic biomass was obtained at low temperatures. These results raise an interesting

new approach for the biological treatment of extreme wastewaters that can dramatically

improve treatment performance at low cost. The answer to the above question is: Yes,

according to the findings in this chapter; compatible solutes are compatible with

biological treatment and more research should be done in this direction.
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6.5. CONCLUSIONS

 Trehalose was identified by NMR as the compatible solute generated internally by

anaerobic biomass under batch conditions after 96 hours of exposure to 20 and 40 g

NaCl/L.

 The addition of 1 mM trehalose, 1 mM β-glutamate, 1 mM α-glutamate, N acetyl

β-lysine and potassium when added independently to the medium of batch tests

with anaerobic biomass was found reduce sodium inhibition only slightly. In

contrast, the addition of glycine betaine alleviated sodium inhibition dramatically.

 Methanogens are the most positively affected microbial group when glycine

betaine is present in the saline medium, while propionate utilisers are less

positively affected.

 Concentrations of 0.1 mM of glycine betaine can be advantageous for anaerobic

biomass under 35 g NaCl/L. The beneficial effect of glycine betaine can be retained

over time and enhances the adaptation of anaerobic biomass for the following 4

batch feedings in 35 g NaCl/L.

 Anaerobic biomass exposed for 28 days to 35gNaCl/L showed low acclimatisation

to salinity. On the other hand, anaerobic biomass that had not been exposed to

salinity before but had glycine betaine added to the saline medium increased its

acclimation potential significantly.

 Under batch test non-replacement of the medium with the addition of a substrate

enhanced methane production, while the replacement of old media with the

addition of new media and substrate resulted in substantial inhibition due to

disruption of the compatible solute balance.

 The elimination of macronutrients from the culture media resulted in more severe

inhibition for anaerobic biomass with salinity than under non saline conditions. The

removal of micronutrients from the culture media resulted in very similar activity

for anaerobic biomass under both conditions.

 Anaerobic biomass, in batch assays, produces higher amounts of EPS under high

salinity compared with non saline environments. The MW composition of EPS

under sodium toxicity changes over time. Anaerobic biomass exposed to salinity

resulted in a slightly higher mean floc size compared with anaerobic biomass

exposed to non saline conditions.

 Slight shift in Archaeal diversity was found when anaerobic biomass was exposed

in batch mode to 35 g NaCl/L for 360 hours. Under these conditions, addition of

glycine betaine to the medium also resulted in no changes in Archaeal diversity.
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The dominant Archaea species that were identified were Methanosarcina mazeii

and Methanosaeta sp.

 The addition of 5 mM glycine betaine and operation in batch mode for 2 days

substantially enhance organic degradation in a continuous SAMBR, at 12 h HRT,

under 35 g NaCl/L. Also, the injection of 1 mM of glycine betaine for 5 days into a

SAMBR can also substantially enhance DOC removal under these conditions. The

addition of glycine betaine to a SAMBR resulted in lower TMPs compared with a

SAMBR that was operated under the same conditions but without any addition of

glycine betaine.

 The main compatible solutes generated in anaerobic suspended biomass after 44

days exposure to 35 g NaCl/L were N acetyl β-lysine and glycine betaine.

However, more types of compatible solutes were identified in biofilm biomass

compared with suspended biomass (SB) from both SAMBRs.

 Biofilm and suspended anaerobic biomass produced the same EPS in the range of

7-28.8 KDa under high salinity. The biofilm biomass showed higher performance

than the suspended biomass in a serum bottle experiment, under both saline and

non saline conditions.

 Addition to the medium of 1 mM of glycine betaine was beneficial for anaerobic

biomass at both 20 and 100 C, under saline and non saline conditions, operating in

batch mode.
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CHAPTER 7:

POST TREATMENT OF SAMBR
EFFLUENT USING POWDERED

ACTIVATED CARBON (PAC)5

7.1 INTRODUCTION

As reported in the literature review, several studies have examined post

treatment techniques for the treatment of anaerobic effluent (Table 2.6). However, the

solids, COD and coliform concentration were not completely eliminated in these

studies. A membrane bioreactor, when selected as a main treatment technology, has the

potential to revolutionize the philosophy of post treatment techniques as the effluent is

already solid and bacteria free; hence the attention should and needs to be focussed on

the reduction of organics and nitrogen only. Activated carbon is generally regarded as a

good method for the removal of organics from wastewater streams and could become an

adequate post treatment method for SAMBR effluent. However, only a few studies have

investigated the treatment of anaerobic effluent by PAC, probably due to problems of

fouling and cost. Fernandez and Forster (1993) compared several options (aerobic bio-

oxidation, coagulation and flocculation with aluminium sulphate and adsorption with

activated carbon) for the secondary treatment effluents from the anaerobic digestion of

simulated coffee wastewater and found that only activated carbon significantly reduced

the COD.

The objective of this chapter was to study the adsorption of the effluent organics

from a SAMBR treating saline sewage on PAC. DOC adsorption of this effluent was

studied by employing two types of PAC with similar properties. To characterize the

effluent of a SAMBR treating saline sewage in terms of its MW fraction. Different

concentrations of PAC were used in order to determine the Freundlich isotherm.

Moreover, SEC and ultrafiltration techniques were employed in order to identify which

MW fraction was adsorbed better by the PAC. Furthermore, different treatment

techniques/strategies were compared such as anaerobic degradation, aerobic

5 Part of the results of this chapter submitted to Journal of Hazardous material as Vyrides I, Conteras
P.A., Stuckey DC “Post treatment of Submerged Anaerobic Membrane Bioreactor (SAMBR) saline
effluent using powdered activated carbon (PAC)”
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degradation, anaerobic degradation coupled with PAC, aerobic degradation coupled

with PAC, and PAC alone for the treatment of saline SAMBR effluent. Lastly, liquid-

liquid extraction and gas chromatography were used in order to identify the polar

compounds which accumulated inside the SAMBR, or which pass through the

membrane, or were still present after treatment with PAC.

7.2 EXPERIMENTAL AND ANALYTICAL PROCEDURES

The effluent from SAMBR-B, which was reported in Chapter 6, was used in

order to evaluate post-treatment using PAC and other biological methods. The

characteristics of Norit PAC that were used in this study are shown in Table 7.1.

Table 7.1
Characteristics of the two Powdered Activated Carbons used

Characteristics Norit PAC-1 Norit PAC-2
Total surface area (m2/g) 1300 925

Apparent density 425 450
Particle size >150 µm

(mass-%)
3 3

Particle size D50 15 22
Iodine number 1150 850

Methylene blue
adsorption

28 12

The average MW distribution (AMWD) of the soluble DOC was determined

using ultrafiltration (UF) membranes in a stirred cell (Amicon series 8000, model 8200)

as was described in the Material and Methods Chapter. Four membranes (Amicon) with

nominal molecular weight cut offs of 1KDa, 10KDa, 30KDa and 50KDa were used in a

parallel method. The initial permeate was around 1L and 180 ml of this was passed

through a membrane with a molecular weight cut off 1KDa. Then, another 180 ml

passed through the membrane of 10KDa and this procedure was repeated for the

membranes with a molecular weight cut off 30KDa and 50KDa. The permeates were

collected and analysed for total organic carbon (TOC) using a Shimadzu Total Organic

Carbon Analyser (Model TOC-5050) (Section 3.3.3). For Size Exclusion

Chromatography (SEC) an Aquagel OH-30 column (Polymer Labs) was used with DI

water as the eluent at a flow rate of 0.4 ml/min.
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7.3 RESULTS AND DISCUSSION

7.3.1 PAC adsorption of the SAMBR effluent.

The effluent from SAMBR-B that had treated the saline sewage at 12 h HRT

under 35 g NaCl/L (Chapter 6) was subjected to PAC-1 and PAC-2 (initial 35 mg

DOC/L). As can be seen from Figure 7.1a, PAC-2 after 480 min has adsorbed almost all

the organics, while over the same time PAC-1 had only adsorbed about 80%. Also,

SAMBR effluent at 35 g NaCl/L was collected at an initial concentration of 54 mg

DOC/L. The treatment of this effluent with PAC-1 resulted in 35% DOC removal,

whereas PAC-2 removed about 80% of the DOC (Figure 7.1b). PAC-2 adsorption took

place mainly during the first 30 mins, and then after this the DOC was only slightly

reduced over time. With PAC-1 at an initial concentration of 35 mg/L, DOC reduction

followed a linear trend; however, at an initial DOC of 54 mg/L there was a substantial

decrease only during the first 15 mins. The above results revealed that the initial organic

concentration may affect DOC removal. Moreover, the nature and characteristics of the

effluent may be responsible for the differences in DOC reduction.

As can be seen from Table 7.1, the main differences in the characteristics of the 2

PACs was the total surface area and the iodine number. Despite the fact that PAC-1 had

a higher total surface area than PAC-2, organic removal was higher for PAC-2 as shown

in Figures 7.1a and b. This can be attributed to the difference in internal structure and

material of the activated carbon.
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Figure 7.1a- DOC removal of SAMBR effluent by PAC-1 and PAC-2 (1.7 g/L).
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Figure 7.1b- DOC removal of SAMBR effluent by PAC-1 and PAC-2 (1.7g/L).

7.3.2 Freundlich isotherm

To determine the Freundlich isotherm the SAMBR effluent (35 g NaCl/L) was

subjected to the following concentrations of PAC (g/L): 0.5, 1, 1.5, 1.7, 2.5, 5, 7.5, 10,

15. The Freundlich isotherm is an empirical equation commonly used to fit adsorption

data, and is applicable for heterogeneous surfaces and does not assume monolayer

capacity (Weber and Morris, 1963).

Qe=KfCe
1/n

where Qe is the amount of adsorbate adsorbed per unit weight of adsorbent,

Kf and n are empirical constants, Ce= equilibrium concentration of adsorbate in

solutions after adsorption (ML-3).

To determine Kf and n, saline SAMBR effluent was added to aliquots of different

PAC-2 concentrations. The Freundlich constant Kf can be defined as a sorption

coefficient which represents the quantity of adsorbed compounds for a unit equilibrium

concentration while the n is an empirical parameter that varies with the degree of

heterogeneity indicating the degree of non-linearity between compounds uptake

capacity and unadsorbed compounds concentration. The n is related to the distribution

of bonded ions on the sorbent surface (Aksu et al., 2008). In case of 1/n = 1, the

partition between the two phases is independent of the concentration, while the case of

1/n < 1 is the most common and corresponds to favourable adsorption, while 1/n > 1 is
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indicative of cooperative sorption which involves strong interactions between the

molecules of adsorbate (El Sikaily et al., 2006).

In this study the empirical constants were calculated to be Kf= 1.78×-10 and the

value of n = 0.17 or 1/n =5.88 at a Freundlich isotherm correlation of 0.9863 (Figure

7.2). The values of Kf and n compared with other studies (Baker et al., 1999; Fernandez

and Forster, 1993) on anaerobic effluent are lower and higher, respectively. The value

of 1/n showed that the SAMBR saline effluent has strong interactions with the PAC

after 15 min. An exposure of the effluent to the PAC for longer than 15 min may result

in a lower value of 1/n and more favourable adsorption.

One point that needs to be highlighted is the difficulty with interpreting these

results due to the existence of a dynamic, multi-component mixture whose composition

varies over time. As a result, the analysis using adsorption isotherms may represent only

a snap shot. Apart from this, as was reported in the literature review, the adsorption

capacity of activated carbon decreased when subjected to a multicomponent solution

compared with the high efficiency with single component solutions (Giusti, 1974). This

was due to competition for adsorption sites and mutual solubility effects (Martin and Al

Bahrani, 1977). To understand the mechanism of PAC adsorption in more depth, instead

of more experiments on Freundlich isotherms that would highlight a specific moment,

further analysis is needed in order to examine the composition of the effluent from the

SAMBR, and to identify which MWs are adsorbed more easily.
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Figure 7.2- Freundlich isotherm for PAC effluent from SAMBR.
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7.3.3 SEC analysis of SAMBR-B1 saline effluent after PAC contact

Figure 7.3 depicts the SEC analysis of SAMBR-B1 saline effluent after treatment

with PAC-2 over different time periods; the UV detector was set at 254nm a wavelength

where most aromatic compounds and humic substances can be identified. It can be

deduced from Figure 7.3 that a substantial reduction took place during the first 15 min;

while the decrease in MW compounds from 6h to 24h was negligible. Moreover, as can

be seen from Figure 7.3, reduction in the high MW compounds (higher than 1KDa) was

more pronounced compared with the low MW ones (lower than 1KDa). In order to

investigate this further the effluent was fractionated with the use of the ultrafiltration

membranes, and then the adsorption of each fraction was examined using PAC-2.
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Figure 7.3- SEC of SAMBR-B effluent after contact with PAC at 254nm (Aquagel

OH-30 column).

7.3.4 Fractionation of SAMBR-B1 effluent and adsorption by PAC

Fractionation of the effluent from SAMBR-B1 at 12 h HRT showed the values

presented in Table 7.2. These results point out that the majority of the organics are

below 1KDa (53.2 %), while the next most abundant fraction lies between 1KDa and

10KDa (23%). These findings are in agreement with the SEC results of Figure 7.3.

Moreover, these results are in line with the study of Aquino et al. (2006) who found that

the majority of the compounds from a SAMBR effluent and reactor bulk phase were
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below 1 KDa. Furthermore, Barker et al. (1999) showed also that the effluent of an

anaerobic baffled reactor (ABR) consisted mainly of MW compounds less than 1 KDa

under a variety of operational conditions. On the other hand, Schiener et al. (1998)

investigated the MW distribution of SMPs in an anaerobic baffled reactor (ABR) fed

with sucrose ± protein solution and found that the SMP showed a distribution with 30%

w/w having a MW < 1 kDa and 25% w/w having a MW>100 kDa. Kuo and Parkin

(1996) pointed out that the high MW SMPs produced by anaerobic chemostats increase

with an increase in the SRT, and the MW<1KDa varied between 48 and 16%. It is

likely that different types of bioreactors, substrate and operational conditions contribute

to different characteristics of anaerobic effluent.

Further separation of the fractions took place by passing them (180 ml of each

fraction) through a lower molecular weight cut off membrane, in order to achieve higher

purification and to concentrate the high MW compounds. Thus, after further purification

all the fractions had similar initial DOC values around 30-45 mg DOC/L. PAC

adsorption results revealed that fractions with a MW higher than 1KDa resulted in high

DOC removal (Figure 7.4 and Table 7.2). In contrast, PAC that was subjected to

organics of less than 1KDa showed the lowest DOC removal. These results highlight

the fact that the organics that have a higher MW were more adsorbable than the low

MW organics. This may be due to the lower water solubility (higher polarity) of the

high MW compounds which were adsorbed by activated carbon more easily than

organics with a high solubility in water (polar compounds) such as VFAs and low MW

compounds (Stenzel, 1993). The lower solubility of the high MW compounds is

strongly related to having many carbons molecules in their compounds. The carbon

molecules can be attracted to each other by Van der Waals forces and this decreases

their solubility in water. In addition to the previous reason, it is possible that the high

MW compounds released by the cell have a higher charge compared with the lower

MW compounds that are substrate intermediates and could be less charged. As a result,

the charged compounds are adsorbed more effectively by PAC. Also, Baker et al.

(1999) after fractionating effluent from an ABR found low adsorption by GAC of the

compounds with a MW less than 1KDa compared with the higher MW fractions.

Studies by Dewalle and Chian (1974) on activated sludge showed that the major organic

fraction adsorbed by activated carbon was a fulvic acid-like material with a MW

ranging from approximately 0.1-10 kDa. They found that both the low MW fraction,

consisting of mostly polar organic compounds, and the high MW humic carbohydrate-

like material with a MW above 50 kDa, were inadequately adsorbed by activated



Chapter 7: Post treatment of SAMBR effluent using PAC

203

carbon. In addition, Hamerlinck (1994) examined industrial wastewater effluent

adsorption by GAC and found that low MW polar compounds were poorly removed

from aqueous solutions.

Table 7.2
DOC adsorption of SAMBR-B1 effluent fractions by PAC.

Fraction Percentage (%)
of various fractions

of a SAMBR
effluent

PAC removal
% after 1h

X<1 KDa 53.2 70.7
1KDa<X<10KDa 23.0 99.7
10KDa<X<30KDa 9.2 100
30KDa<X<50KDa 6.8 93.6

X>50KDa 7.8 100
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Figure 7.4- Adsorption of fractionated SAMBR-B1 eflluent by PAC.

7.3.5 Treatment of saline effluent from a SAMBR using various methods

DOC reduction of the effluent coming from SAMBR-B treating saline sewage at

6 h HRT was evaluated using various treatment strategies. This effluent had an initial

DOC of 162 mg/L and was tested in serum bottles containing; anaerobic biomass (4 g

TSS/L), aerobic biomass (4 g TSS/L), anaerobic biomass (4g TSS/L) coupled with

PAC, aerobic biomass (4 g TSS/L) coupled with PAC, and PAC alone. The aerobic
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biomass with 1.7g PAC/L showed the highest rate of DOC removal as shown in Figure

7.5. The serum bottles with 1.7g PAC/L showed the same DOC removal (89%) as that

achieved with the aerobic biomass coupled with PAC, but this took place at a slower

rate. The aerobic biomass removed about 118 mg DOC/L (71% DOC removal), while

the anaerobic biomass coupled with PAC achieved 55% DOC removal (Figure 7.5) and

the anaerobic biomass had the lowest DOC removal (43%). These results demonstrate

that an effluent post treatment strategy for a saline SAMBR effluent could be aerobic

biomass coupled with PAC, or PAC alone, or aerobic biomass alone; post-treatment

with anaerobic biomass or anaerobic biomass coupled with PAC is not recommended.

Schiener et al. (1998) also examined the anaerobic biodegradability of various MW

fractions from different compartments of an ABR (by means of the BMP assay-Owen et

al., 1979), and found that all the fractions in the compartments tested were between 65

and 82% w/w degradable after a period of 60 days. As was reported in the literature

review, Barker et al. (1999) found that the high MW compounds were degraded faster

aerobically, whereas the compounds with a MW less than 1 KDa were degraded faster

over longer periods in under anaerobic conditions. However, in this thesis our results

show that the aerobic degradation of effluent from a SAMBR-B1 was dramatically

higher compared with anaerobic degradation, despite the fact that the largest fraction of

organics consisted of low MW compounds.
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Figure 7.5- Comparison of different methods for SAMBR-B1 effluent

treatment.
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7.3.6 Gas Chromatography/mass spectrometry (GC-MS) analysis

Up until now only a couple of studies have investigated the composition of

anaerobic effluent in terms of SMPs and MW composition, however, few studies have

examined the effluent of anaerobic digestion using sophisticated techniques such as

LC/MS, GC/MS and NMR (Aquino and Stuckey, 2002; Barker, 1999). In this study we

used a liquid-liquid extraction method followed by GC/MS analysis (Section 3.3.15) of

the bulk, effluent, and PAC treated effluent in order to identify the low MW

hydrophobic compounds in each phase.

Table 7.3 summarises the hydrophobic compounds that were identified in the

bulk, effluent, and PAC treated effluent. The membrane with the biofilm layer did not

prevent these compounds being present in the effluent. However, analysis after the

treatment with PAC for 60 min showed that these compounds were not detected as a

result of adsorption by the PAC (Table 7.3). The compounds that were identified were

m-aminophenylacetylene, Cyclohexane 1,2,4 trimethyl and the Cholestan 3-one. These

compounds could be cell lysis products, or material from the cell wall that had been

released into the medium under extreme conditions and may be difficult to degrade

constituting the residual COD in the treated reactor effluent.

Nevertheless, in a recent study Weiss and Reemtsma (2008) compared the

removal of micropollutants from a membrane bioreactor effluent and a CSTR. In that

study a higher removal of polar micropollutants from municipal wastewater was found

in the MBR. As was reported in the literature review (Section 2.13), using GC/MS

analysis Aquino and Stuckey (2001) examined an anaerobic effluent from a CSTR fed

with a simple synthetic substrate, and found low MW compounds of a series of alkenes,

alkanes and aromatics. Moreover, Barker (1999) pointed out the presence of aromatic

compounds (6%) in anaerobic effluents when analyzing proton nuclear magnetic

resonance (H-NMR) spectra. Other studies (Jarusutthirak et al., 2002; Klinkow et al.,

1998; Reemtsma and Jekel, 1997) also found aromatics in anaerobic effluents, but these

could have been as a result of the wastewater. In this thesis a synthetic wastewater was

used and therefore the compounds that were identified were synthesised and released by

the cells. In addition, in this study blank samples were also run so impurities that were

found, such as phthalates and others plasticisers present in plastics were eliminated.
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Table 7.3
Compounds that were detected by GC-MS from the bulk, effluent and after PAC

treatment.

Retention
time

Compound name Appears Match
Quantity

Chemical Formula

11.60 m-aminophenylacetylene Bulk and
Effluent

96 C8H7N

20.54 Unknown Bulk and
Effluent

28.92 Cyclohexane 1,2,4
trimethyl

Bulk and
Effluent

95 C9H18

34.93 Cholestan 3-one Bulk and
Effluent

93 C27H46O

39.48 Unknown Bulk and
Effluent

Table 7.4
Structure of the compounds that were identified by GC-MS

m-Aminophenylacetylene Cyclohexane 1,2,4
trimethyl

Cholestan 3-one
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7.4 CONCLUSIONS

 Effluent resulting from a SAMBR that treated saline sewage wastewater can be

further treated using 1.7g PAC/L. Treatment with PAC-2 resulted in an 80% or

higher DOC removal.

 The majority (53.2%) of the organic matter in effluent from SAMBR_B1 that

treated saline synthetic sewage had a Molecular Weight of less than 1 KDa. These

low MW compounds were the most difficult to adsorb using PAC, and SEC analysis

at 254nm verified this observation. Moreover, SEC analysis showed that the

majority of the organic compounds were adsorbed during the first 15 min.

 Post-treatment of the SAMBR effluent with various methods revealed the following

performance (the most effective method first): aerobic biomass coupled with PAC

>PAC> aerobic biomass> anaerobic biomass coupled with PAC > anaerobic

biomass. This result highlights the fact that aerobic degradation of the anaerobic

effluent was more effective than anaerobic degradation, which is not surprising.

Also, PAC treatment is an effective way for the post-treatment of anaerobic effluent,

and more research should be done in this area.

 GC-MS analysis identified the presence of m-Aminophenylacetylene, Cyclohexane

1,2,4 trimethyl and Cholestan 3-one inside the SAMBR_B1 (bulk) and effluent.

These compounds were not removed by the SAMBR-B1 , however PAC treatment

of SAMBR-B1 effluent did eliminate these compounds. This highlights the benefits

of PAC as a post treatment technique and gives greater potential to reuse the

anaerobic effluent for other purposes.
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CHAPTER 8:

TREATMENT OF SALINE WASTEWATER
WITH HIGH CHROMIUM USING AN

INTEGRATED SYSTEM OF A SAMBR,
AEROBIC MBR, AND PAC COLUMN

8.1 INTRODUCTION

As was reported in the literature review (section 2.14) many industries, such as

metal finishing, chemical, mining, ceramic, leather and tanning industries, discharge

wastewater with high amounts of chromium. Leather tanning consumes about 30% of

the total world trade in chromium compounds and consequently this wastewater

contains high amounts of chromium and high salinity (Remoundaki et al., 2007). The

current strategy is to reduce the high Cr (III) concentration by a physicochemical

treatment and to follow this by biological treatment (Figure 8.1). Many studies have

shown that even after physicochemical treatment the Cr (III) concentration is still high

(15-50 mg/L), while the COD reduction is rather low (up to 50% COD reduction)

(Covarrubias et al., 2008; Guo et al., 2006; Song et al., 2004; Vijayaraghavan and

Murthy, 1997; Ro and Gantar, 1997; Ates et al., 1997; Landgrave, 1995). However, this

level of treatment often does not meet legal standards (Table 2.7). Figure 8.1 presents a

simplified overview of the tanning process and tannery effluent management; as can be

seen, a necessary step prior to biological treatment is physicochemical treatment

(primary settling tank and chemical dosing). Lefebvre et al. (2006) proposed a new

flowsheet constituting anaerobic treatment of the soak liquor without physicochemical

treatment (Figure 8.1) due to the high COD of the soak liquor. However, in this thesis

another approach was tried which involved the replacement of the aeration tank and the

secondary settling tank (SST) with a system consisting of an SAMBR, an aerobic MBR

and a PAC column.
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Figure 8.1- Simplified overview of tanning process and tannery effluent
management re-produced from Lefebvre et al. 2006.

Table 8.1
Characteristics of tannery wastewater (influent) prior to biological treatment.

COD
(mg/L)

Cr(III)
(mg/L)

NaCl
(g/L)

SS (mg/L) References

5000-9500 13-40 ND 2500-3500 de Azeredo et al. (2006)
3300 18 ND 260 Song et al. (2003)
1187 41 ND 794 Ates et al. (1997)
2625 5500 95 (TDS) ND Fahim et al. (2006)
20000 178 4 ND Vijayaraghavan and

Murthy (1997)
686-845 60-190 ND ND Farabegoli et al. (2004)

ND 1300-2500 40-50 ND Hafez and El-Manharawy
(2004)

560-915 15-65 10-65 430-1080 Cokgor et al. (2008)
1124 39 12 985 Orhon et al. (1999)
2500 ND 47 6100 Lefebvre et al. (2006b)
1500 15 ND 24.5 Haydar and Aziz (2009)
720 0.4 ND 30 Haydar and Aziz (2009)

The combined effect of high salinity and Cr (III) might negatively affect

biological treatment, and could enhance the production of SMPs. Moreover, tannery

effluent is a strong wastewater with complex characteristics (Cokgor et al,. 2008).

Orhon et al. (1999) pointed out that physicochemically treated tannery wastewater was

79% biodegraded (COD) by activated sludge, of which only 19% was readily
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biodegradable while the remaining 60% was biodegraded slowly. As stated in the

literature review (Section 2.14), several studies have showed different tolerances of

anaerobic biomass to chromium, however, Mosey and Hughes (1975) found that failure

occurred when chromium concentrations were higher than 2.5% of the total solids

(section 2.14). Table 8.2 summarizes studies that have examined the treatment of

tannery wastewater after physicochemical treatment. However, no study has examined

the anaerobic treatment of this wastewater using a submerged anaerobic membrane

bioreactor. Munz et al. (2008) used an aerobic MBR and found 79.5% COD removal at

50 h HRT. In another study with an aerobic MBR Artiga et al. (2005) found 86% COD

removal at an OLR of 0.5-1.5 g COD/L.Day. However, neither of these studies

considered the effect of salinity nor reported any chromium removal. Interestingly, Tara

et al. (2003) compared the treatment performance of a UASB and activated sludge

system with tannery wastewater and mentioned the higher performance of the activated

sludge (Table 8.2). Song et al. (2003) treated a tannery wastewater with the use of a

UAFBR (20 h HRT) followed by an aeration process (3 h HRT). The UAFBR resulted

in 70% COD removal whereas after aeration the COD was only reduced further by

10%.

Table 8.2
Treatment performance of tannery wastewater by different systems.

System COD
removal

%

Chromium
removal %

TSS
removal

%

Salinity
(g/L)

References

Aerobic MBR
with PAC

added

79.5 ND 99.5 12.7 Munz et al.
(2007)

UASB 50.4 85.6 58 ND Tara et al. (2003)
Activated

Sludge
94.4 98.61 85.3 ND Tara et al. (2003)

Vegetated
Wetlands

64.4 ND 70.8 ND Calheiros et al.
(2007)

CEPT 53 98.92 96 ND Haydar and Aziz
(2009)

UAFBR and
Aeration

81.1 93.23 60.6 ND Song et al.
(2003)

1:initial Cr = 56 mg/L, 2:initial Cr=77 mg/L, 3: initial Cr= 7.35mg/L.

Sivaprakasam et al. (2008) isolated a halotolerant bacterial strain from a saline

tannery effluent, and tested it under varying salinities (20-80 g NaCl/L) finding

significant COD removals (80%). In the same study, activated sludge showed low

performance with increases in salinity. In another study, Vatsouria et al. (2005) isolated
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the strain of Staphylococcus epidermidis L-02 from chromate contaminated constructed

wetland. This strain was able to reduce Cr (VI) to Cr (III) under anaerobic conditions

using pyruvate as an electron donor. Apart from these studies, no study has examined

the bacterial population inside a SAMBR treating a saline wastewater with high

chromium.

The sludge generated during the treatment of the tannery wastewater is regarded

as toxic and hazardous, and included in the European Waste Catalogue and Special

Waste Regulation (UK) (Song et al., 2003). However, many studies have reported on

chromium recovery from tannery effluents, disposal, and reuse of the sludge (Basegio et

al., 2002; Macchi et al., 1991; Tobin and Roux, 1998). For this reason this thesis has

not investigated biomass chromium recovery and reuse. However, the production of less

sludge from the process can significantly reduce the cost of the system and the cost

related to chromium recovery from the sludge. The use of a membrane bioreactor and

its operation at high SRT could be the means to achieve this goal.

Fahim et al. (2006) found that a decrease in particle floc size in wastewater with

Cr (III) resulted in a higher adsorption capacity of activated carbon. However, Bulewicz

et al.(1997) pointed out that the high concentration of colloidal organic compounds in

biological reactors contributed to a low precipitation of Cr (III), and this makes the

removal of Cr (III) from tannery wastes difficult. According to Bulewicz et al. (1997)

simple precipitation of Cr(OH)3 flocs is precluded, since during the neutralization of the

waste with Ca(OH)2 or NaOH coagulation and sedimentation of Cr(OH)3 does not occur

easily due to the presence of organics colloids. This problem can be overcome by the

use of a membrane reactor; thus, the effluent without low colloids and suspended solids

can be further treated physicochemically with high performance.

Huang and Wu (1977) and Leyvaramos et al. (1995) reported a maximum

adsorption capacity of Cr (III) by activated carbon at pH 5. Leyvaramos et al. (1995)

found that at 25°C the adsorption of Cr (III) on activated carbon can be fitted to the

Langmuir isotherm; moreover, they stated that the Cr (III) was irreversibly chemisorbed

on the activated carbon.

The aim of this chapter was to investigate the treatment of a wastewater with

high salinity and chromium in a SAMBR reactor followed by an aerobic MBR and a

PAC column. Other aims were as follows: to examine the distribution of chromium in

the biomass and to determine the main chromium removal mechanisms; to look at

chromium removal in the presence of SMPs produced under saline conditions; and, to
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determine which bacteria could survive under these extreme conditions using molecular

techniques.

8.2. EXPERIMENTAL AND ANALYTICAL PROCEDURES

The composition of the wastewater used consisted of glucose (0.25 g/L),

peptone (0.22 g/L), meat extract (0.15 g/L) urea (0.01 g/L), K2HPO4 (0.008 g/L) and

NaHCO3 (200 mg/L): The COD concentration of the above wastewater corresponded to

610 ± 40 mg/L. This synthetic wastewater had a low COD and represents a typical

scenario of tannery wastewater mixed with sewage. This case is likely to occur as there

is an increasing trend to combine industrial and municipal wastes for treatment in

sewage plants (Stasinakis et al., 2002). In addition, this wastewater is similar to a

physicochemically treated tannery wastewater effluent with low COD and high

chromium (50-200 mg/L) (Farabegoli et al., 2004; Cokgor et al., 2008; Haydar and

Aziz, 2009) as can be seen in Table 8.1. Moreover, to investigate the simultaneous

effect of chromium, salinity and SMP in the system the concentration of Cr (III) and

NaCl at the end of the experiment was increased to high concentrations 35 g NaCl/L

and 200 mg Cr(III)/L. The initial TSS and VSS in the SAMBR was 8.7 gTSS/L and 5.3

gVSS/L, respectively. The initial TSS and VSS for the aerobic MBR was 11.6 gTSS/L

and 7.1 gVSS/L, respectively.

The sequential extraction procedure originally proposed by Stover et al. (1976)

and modified by Lake et al. (1985) was used in this study for the determination of Cr

(III). The technique uses KNO3, KF, Na4P2O7 and EDTA to fractionate metals in

sludges into soluble/exchangeable, adsorbed, organically bound and carbonate forms,

respectively. To calculate the Cr (III) that was precipitated the sample was acidified

with HNO3 (Leyvaramos et al., 1995). ECPs were also extracted from the biomass using

the steam procedure described in Zhang et al. (1999) so that the Cr (III) content

associated with ECP could be determined. The COD was calculated based on the

modified COD method that was developed in this thesis (section 3.3.2).

The column was filled with 20 g of PAC Norits-2 and the HRT was set at 30 min.

The molecular techniques of DNA extraction, PCR, DGGE and cloning that were

described in the Material and Methods were used (Sections 3.3.19, 3.3.20 and 3.3.21),

and the primers 907R and 341FGC were used in the PCR reaction. For Size Exclusion

Chromatography (SEC) an Aquagel OH-30 column (Polymer Labs) was used with DI

water as the eluent at a flow rate of 0.4 ml/min.
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8.3 RESULTS AND DISCUSSION

8.3.1 Operation of the system

The SAMBR-A2 was operated for 100 days under the following conditions:

Table 8.3
Operational Conditions for the integrated system

Conditions COD
(mg/L)

HRT
(h)

Cr(III)
(mg/L)

NaCl
(g/L)

P1 0-15 days 610 12 0 0
P2 16-24 days 610 12 50 0
P3 25-50 days 610 12 150 0
P4 51-79 days 610 12 150 20
P5 80-87 days 610 12 200 20
P6 88-100 days 610 12 200 35

After day 16, the effluent from the SAMBR was treated with a PAC column. On

day 53, an aerobic MBR was added to the system between the SAMBR and PAC

column.

8.3.2 Chromium (III) removal over time

Figure 8.2 shows the Cr (III) removal over time for a system consisting of a

SAMBR, aerobic MBR (added on day 54) and PAC column (added on day 16). During

period 2, the Cr level was below 16 mg Cr (III)/L for the bulk, lower than 8 mg Cr

(III)/L for the effluent and lower than 6 mg Cr (III)/L for the effluent that passed

through the column. On day 25, an increase in Cr (III) to 150 mg/L took place (Table

8.3); on day 32 the Cr (III) in the bulk was 40 mg Cr (III)/L, 27 mg Cr (III)/L in the

effluent and after treatment with the column was 13 mg Cr (III)/L. On day 33, 5 g

TSS/L of anaerobic biomass was added to the SAMBR as a way to reduce the Cr (III) in

the system (end of period 2, Figure 8.2). On day 50, an increase in salinity to 20 g

NaCl/L caused no substantial increase in Cr (III) for the following 4 days. However,

after day 55 the Cr (III) gradually increased and on day 77 the Cr (III) in the bulk and

effluent in the SAMBR was about 40 mg/L. As was reported in the Materials and

Methods Chapter (Section 8.2), on day 54 an aerobic MBR was introduced; Cr(III) was
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below 2 mg/L for the bulk-2, effluent-2 and PAC column during period 4 (Figure 8.2).

The Cr (III) reduction found after day 74 in the SAMBR-A2 was probably due to

adding 3 g NaHCO3 and subsequent precipitation of Cr(III) to Cr(OH)3. On day 85, 3 g

TSS/L of sludge from the aerobic MBR was placed in the anaerobic SAMBR and this

resulted in a substantial decrease of Cr (III) in the system so on day 87 the final Cr (III)

concentration after treatment with the column was below 2 g/L. On day 87, the salinity

was increased to 35 g NaCl/L and this resulted in a gradual increase in the Cr (III) in the

system so on day 100 bulk and effluent from the SAMBR-A2 had concentrations of 110

and 98 mg/L, respectively. On day 100, the Cr (III) in the bulk, effluent from the

aerobic MBR and after treatment with the column was 19 mg/L, 13 mg/L and 10 mg/L,

respectively.
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Figure 8.2- Cr (III) concentration (mg/L) over time for the integrated system
SAMBR, aerobic MBR and PAC column.

8.3.3 COD removal over time

As can be seen from Figure 8.3 at the end of period-1, the COD for the bulk and

effluent from the SAMBR was 190 and 82 mg COD/L, respectively. However, on day

15 and day 24, chromium was increased to 50 mg Cr (III)/L and 150 mg Cr (III)/L,

respectively. This resulted in a gradual increase of COD so on day 26 the bulk and the

effluent COD from the SAMBR were 394 mg/L and 242 mg/L, respectively. Between

day 25 and day 44, treatment of the SAMBR effluent by the column resulted in a

reduction of the COD by 60%; so on day 26 the COD after treatment by the column was

90 mg/L. However, after day 26 a gradual decrease in the COD was noted probably as a

result of anaerobic biomass acclimation to Cr (III). At the end of period 3, on day 49,
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the COD for the bulk, effluent and PAC treated effluent was 238, 189 and 75 mg/L

respectively. On day 50, an increase in salinity was instigated leading to a gradual

increase in the COD, so on day 68 the COD for the bulk and the effluent inside the

SAMBR was 515 mg/L and 389 mg/L, respectively. Moreover, on day 68 the presence

of an aerobic MBR resulted in a substantial decrease in the anaerobic effluent; thus the

COD was 153 mg/L and 121 mg/L inside the bulk and in the effluent, respectively. This

highlights the advantages of aerobic treatment which can degrade the fraction of the

COD that cannot be biodegraded anaerobically. The treatment of the aerobic MBR

saline effluent by the column slightly decreased the COD (101 mg/L on day 68). After

day 68, the COD started to progressively decrease inside the SAMBR (Figure 8.3)

probably due to acclimation of anaerobic biomass to salinity. On the other hand, during

this period the COD inside the aerobic MBR did not decrease and remained stable. It

seems that the COD inside the aerobic MBR reaches a plateau that cannot decrease

further. Moreover, over time the PAC column only slightly reduced the COD, and this

is probably the result of saturation of the column. In addition, it is possible that some of

the organics from the aerobic MBR effluent were not adsorbed by the column. On day

80, an increase in the Cr (III) to 200 mg/L caused an increase of the COD in the system

(Figure 8.3) and further increases in salinity to 35 g NaCl/L led to further increase in the

COD. After day 95, a slight decrease was found as a result of acclimation of anaerobic

biomass to salinity. However, during the period-6, no substantial reduction was

obtained by the aerobic MBR, probably due to a slow adaptation of aerobic biomass to

salinity and the toxic effect of the saline SAMBR effluent. The column during this

period did not contribute to any substantial reduction in the COD.
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Figure 8.3- COD over time for the integrated system SAMBR, aerobic MBR and
PAC column.

8.3.4 Size exclusion chromatography (SEC) analysis of organics in the

integrated system

Figure 8.4 shows the MW of the soluble compounds on day 78 in the system (at

210 nm). The MW of the compounds found in this system were significantly lower

compared with the MW of the compounds reported in Chapters 5 and 6. It is possible

that the higher MW compounds were detected at a different wavelength. Moreover, it is

possible that the high MW compounds released during the initial exposure to 20 g

NaCl/L, on day 50, were gradually degraded until day 78. Furthermore, as was reported

in Chapter 4, exposure of anaerobic biomass to 20 g NaCl/L for more than 20 days can

induce acclimation so smaller amounts of soluble compounds were released after

adaptation. Furthermore, Figure 8.4 shows a decrease in compounds larger than 1 kDa

after the treatment with the aerobic MBR and the PAC column. However, no reduction

in the system was found for MW compounds smaller than 1 kDa. These compounds

might have been VFAs and other low MW compounds that cannot be degraded

aerobically, and cannot be retained by the membrane and the PAC column. This is in

line with the findings reported in Chapter 7 which showed that MW compounds smaller

than 1 kDa are hardly adsorbed by the PAC column.
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Figure 8.4- SEC analysis of organics in the integrated system SAMBR, aerobic
MBR and PAC column (210 nm) (Aquagel OH-30 column).

8.3.5 Flux and TMP over time

Figure 8.5 shows the TMP for the SAMBR and the aerobic MBR over time. In the

SAMBR, on day 42 the flux was changed from 5 LPM to 9 LPM whereas the flux for

the aerobic MBR remained at 5 LPM during the experiment. The TMP for the SAMBR

during the first 42 days was about 0.1 bar, while an increase to 9 LMH caused an

increase in the TMP by 0.15 bar. Then, due to an increase in salinity and chromium

concentration a gradual increase in TMP was noted over time so at the end of the

experiment the TMP was 0.31 bar. The aerobic MBR was operated at 5 LMH; under

high salinity and chromium, the TMP over time gradually increased from 0.12 bar to

0.16 bar.
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Figure 8.5- TMP over time for the SAMBR and Aerobic MBR.

8.3.6 Effect of salinity on Cr (III) adsorption by anaerobic biomass

To investigate the effect of salinity on the adsorption of Cr (III) by the anaerobic

biomass a batch experiment was carried out as follows:

Initially 300 mg Cr (III)/L was added to serum bottles containing; biomass

(control) (3 g VSS/L), biomass that was subjected to 20 g NaCl/L (3 g VSS/L) and

biomass that was subjected to 40 g NaCl/L (3 g VSS/L). One minute after addition of Cr

(III) to the serum bottles the biomass that had been exposed to 40 g NaCl/L showed the

highest removal (Table 8.4). However, 60 minutes on from the initial addition, the

control biomass had the highest Cr (III) removal. After 300 min and 1440 min all the

biomass yielded the same Cr (III) removal. Probably immediately after exposure of the

biomass to Cr (III) the main mechanism of Cr (III) uptake by biomass was adsorption.

Possibly the EPS that was attached to the outer surface of the cells induced the

adsorption of Cr (III), thus the adsorption mechanism for biomass exposed to 40 g

NaCl/L was more pronounced. As was reported by Aquino and Stuckey (2007),

adsorption is believed to occur due to electrostatic interactions and complexation

between free metals and negatively charged groups located at the cell surface, such as

carboxyl and phosphate groups associated with EPS. Moreover, the SMPs released by

biomass at 40 g NaCl/L can bind and precipitate Cr (III). As a result, during the initial

exposure to Cr (III) under high salinity a rapid removal of Cr (III) was obtained.
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However, absorption into the cell occurs over time and hence at 60 minutes this

was probably the main mechanism of removal. However, for biomass exposed to high

salinity it is likely that metal absorption depends on energy to be transported into the

cell, and this process can be inhibited by salinity. Moreover, it is likely that absorption

occurs at a slower rate for biomass under salinity possibly due to competitive absorption

between sodium and Chromium (III).

Table 8.4
Soluble Cr(III) concentration (mg/L) with and without NaCl.

Exposure
time

1 min 5min 60 min 300 min 1440 min

Control 177.6±4.1 51.05±2.6 30.4±1.9 6.9±0.9 0.9±0.7
Biomass +
20gNaCl/L 110.84±3.1 52.83±3.1 46.8±1.5 8.7±1.0 1.1±0.5
Biomass +
40gNaCl/L 88.98±3.3 46.96±2.8 39.8±1.2 6.6±0.8 2.7±0.7

8.3.7 Chromium distribution in anaerobic biomass

Table 8.5 shows the fate of Cr (III) inside the biomass (3 g VSS/L) when it was

subjected to saline and non saline conditions after 24 h exposure to 300 mg/L Cr (III)

(for experimental procedure see Section 8.3). Interestingly, not much Cr (III) (less than

1 mg/L) was bound with EPS even when biomass was subjected to 40 g NaCl/L. A low

level was also found for the loosely bound Cr (III) and the adsorbed Cr (III) (Table 8.5).

However, the organically bound Cr (III) was substantially higher compared with the

adsorbed Cr (III). As was reported by Barber and Stuckey (2000) during the first 5

minutes, adsorption was the main mechanism during Cr (III) transportation inside the

cell; hence Cr (III) was organically bonded and absorbed inside the cell. Moreover, as

the salinity increased the organically bonded Cr (III) was reduced. This could be due to

competition for organic complexation between Na and Cr (III) which would reduce the

availability of Cr (III) to be organically bonded. As can be seen from Table 8.5, a

considerable amount of Cr (III) was bonded with carbonate; the literature reports that Cr

(III) does not precipitate with carbonate, however possibly inside the cell the Cr (III) is

chemically bonded with compounds containing a carbonate root.

Moreover, a high amount of Cr (III) was found in the residual ash of the

biomass, and this quantity was slightly higher for the biomass exposed to salinity.

Aquino and Stuckey (2007) showed that SMPs can be released by cells in order to
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contribute to metals uptake. However, this study mentions that SMPs produced under

stressed conditions can also contribute to metal uptake. It is possible that the SMPs

enhance the complexation of SMP-Cr, and higher amounts of SMPs produced under

high salinity could cycle between the medium and the biomass; hence, a higher amount

of Cr can be found inside a cell as a result of SMP-Cr complexation. Parkin and

McCarty (1981a; 1981b) report that SMPs can be in equilibrium between

microorganisms and the medium. As was reported in section (2.14.2), Remoundaki et

al. (2007) found that organic molecules such as organic acids, amino acids, and protein

mixtures significantly enhance the solubility of Cr (III). Moreover, Gonzalez-Gil et al.

(2003) found that the addition of yeast extract resulted in complexation with metals and

significantly increased metal solubility.

The results in Table 8.5 show that a high percentage of Cr (III) was precipitated

(Table 8.5). Moreover, it seems that the Cr (III) precipitate created aggregates with

anaerobic biomass. Furthermore, the biomass that was exposed to higher salt

concentrations resulted in high amounts of Cr (III) precipitation. It seems that the

presence of chloride induced Chromium precipitation

Table 8.5
Chromium (III) distribution (mg/L) inside different part of anaerobic biomass.

Presen
ce of
Cr in
EPS

(mg/L)

KNO3

(loosely
bound

Cr)
(mg/L)

KF
(adsorbed

Cr)
(mg/L)

Na4P2O7

(Organically
bound

Cr)(mg/L)

EDTA (
Cr

extracted
as

carbonate)

Ash
(Cr
mg/
L)

HNO3

(Cr
precipita

te)
(mg/L)

Control 0.45 0.82 0.73 7.36 6.60 64.8 185
Biomass+20g

NaCl/L
0.48 0.79 0.84 5.31 5.72 69.5 205

Biomass+40g
NaCl/L

0.34 0.68 0.65 3.12 3.90 73.8 214
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8.3.8 SEM analysis in the PAC

Figure 8.6- SEM picture of PAC.

Figure 8.6 shows a SEM picture of PAC, and it is clear that different

morphologies are present at different parts of the PAC. The SEM picture shows that part

of the PAC had a higher porosity than other parts. Analysis of compounds at different

parts of the PAC (S1 and S2) showed that S1 contained significantly higher quantities

of Cr than S2 (Figure 8.7 and Table 8.6). Therefore, one can tentatively conclude that

porosity contributes to an increase in the concentration of chromium that is adsorbed.

PAC exposure to TSS, colloids and particles can decrease the porosity of the PAC due

to saturation of its pores. As a result, MBR treatment of wastewater with high levels of

Chromium prior to treatment with activated carbon can result in a higher quality

effluent due to the elimination of TSS, particles and colloids from the wastewater

stream.
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Figure 8.7- EDX analysis of PAC samples S1 and S2 for Figure 8.6

Table 8.6
EDX analysis of compounds of in S1 and S2 of PAC From figure 8.6

Compounds
(%)

C O Al Si P S Cl Ca Cr Fe

S1 37.5 2.4 0.3 1.0 2.8 1.0 0.5 1.6 47.3 5.6
S2 72.8 18.5 0.2 0.0 0.1 0.9 0.3 0.1 6.5 0.6

8.3.9 Which bacterial species can survive under high salinity and high

levels of Chromium?

As reported in the Material and Methods chapter (Section 3.3.18, 3.3.19 and

3.3.20), the following procedure was used to identify the bacteria inside the SAMBR-

A2 on day 100: a) DNA extraction, b) PCR amplification, c) DGGE gel d) extraction of

bands, e) PCR of the extracted bands, f) cloning with the products from the extracted

bands and g) sequencing.

The main bacteria that were identified on day 100 can be seen in Table 8.7.

Table 8.7

Species identified inside the SAMBR on day 100.
Band SM

%
Species Locous/ID Isolat. from/

Function
Refere
nces

1-1.1 85 Uncultured
Bacterium clone

EU037347/771
33

Chromium
contaminated soil

Desai
(2009)

1-1.2. 84 Marinobacter sp.
E407-16

FJ169972/5627
99

Deep sea sediment Unpupl.

1-1.3. 84 Marinobacter
alkaliphilus strain
2PR56-13 16S
ribos. RNA gene

EU440994/254
719

Isolated from
subseafloor
alkaline serpentine
mud

Takai et
al.
(2005)
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Band SM
%

Species Locous/ID Isolated from/
Function

Refere
nces

1-2.1 91 Brachymonas
petroleovorans
strain CHX 16S
ribosomal RNA
gene

AY275432/398
520

It was isolated from
the wastewater
plant of a
petroleum
refinery/degradatio
n of light
hydrocarbons

Rouvier
e and
Chen
(2003)

1-2.2. 98 Acidovorax sp. R-
25052

AM084039/343
042

Activated sludge Heylen
et al.
(2006)

1-3.1. 89 Aminobacterium
colombiense 16S
ribosomal RNA
gene

AF069287/5725
47

Anaerobic
sludge/amino acid
degrading

Unpupl.

1-3.2. 86 Thermovirga lienii
strain Cas60314
16S ribosomal
RNA gene

DQ071273/580
340

moderately
thermophilic,
anaerobic, amino-
acid-degrading
bacterium isolated
from a North Sea
oil well

Dahle
and
Birkela
nd
(2006)

1-3.2. 91 Uncultured
bacterium

EU234146/771
33

Anaerobic process
from WWTP

Li,D.et
al.,
submitt
ed.

2-1.1 99 Clostridium sp.
strain

AY949856/
319643

UASB reactor Zhang,
Y. and
Chen,S,
Unpupl.

2-1.2 91 Clostridium sp.
UsIt101-1 gene for
16S rRNA

AB114256/237
521

It was isolated from
gramineous plants
.Anaerobic
nitrogen-fixing
consortia consisting
of clostridia

Minami
sawa et
al.
(2004)

2-1.3 99 uncultured
bacterium

AF418957/7713
3

Freshwater
reservoir with
metal rich particles

Glass
and
Silverst
ein
(1999)

2-2.1 95 Anaerobacter
polyendosporus

NR_026496
/69208

Soil
Bacterium/mainly
produced
butyrate,H2 and
CO2.

Duda et
al.
(1987)
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Band SM
%

Species Locous/ID Isolated from/
Function

Refere
nces

2-2.2 98 Bacterium rM9
gene

AB021344/
334306

Phenol digesting
activated sludge

Chen et
al.
(2003a)

3-1.1. 99 Uncultured
bacterium gene

AB205688/
77133

activated sludge/
denitrifying

Osaka
et al.
(2008)

3-1.2 95 Dechlorosoma sp.
PCC 16S ribosomal
RNA gene

AY126453/204
460

Activated sludge/
perchlorate-
reducing,
hydrogen-oxidizing
heterotroph

Unpupl.

4-1.1 99 Bacteroides sp.
BDNS3

FJ188412/5637
81

Landfill bioreactor/
facultative
anaerobic bactrium
detoxifying of

herbicide

Nghiem
,M.N et
al.
unpupli
shed

4-1.2. 99 Uncultured
bacterium clone

EU037360/
77133

Chromium
contaminated soil

Desai et
al.
(2008)

4-1.3 98 Uncultured
bacterium clone

EU037320/
77133

Chromium
contaminated soil

Desai et
al.
(2009)

5-1.1 97 Iron-reducing
enrichment clone
Cl-A9

DQ677001/
393757

Intertidal sediments
/ferric iron [Fe(Ill)]
reduction

Helling
a et al.
(1998)

5-2.1. 98 Uncultured
bacterium clone

FJ535014/
77133

Anaerobic
fermentation
reactor with the
mixture of waste
activated sludge
and carbohydrate at
pH 8

Unpupl.

5-3.3. 99 uncultured
anaerobic
bacterium

AY953210/283
740

Anaerobic swine
lagoon

Unpupl.

6-1.1 96 Uncultured
bacterium clone

DQ413090/771
33

SBR sludge Unpupl.

6-2.1 99 Uncultured
bacterium clone
E48

EU864472/771
33

Xiao River
receiving treated
oxytetracycline
production
wastewater

Unpupl.

7-1.1. 96 Uncultured
bacterium clone
G3DCM-82

EU037335/771
33

Chromium
contaminated soil

Desai et
al.
(2009)

7-.2.1 96 Uncultured
Bacteroidetes.

EU266917/169
977

Tar-oil
contaminated
aquifer sediments

Winderl
et al.
(2008)
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Band SM
%

Species Locous/ID Isolated from/
Function

Refere
nces

8-.1.1. 97 Petrimonas
sulfuriphila strain
BN3

AY570690/285
070

Oil reservoir/ low-
temperature
biodegraded
hydrocarbons

Grabow
ski et
al.
(2005)

8-1.2. 95 Uncultured
bacterium clone
Z17 16S ribosomal
RNA gene

AY754840/771
33

Hudson river
sediment/ 2,3,4,5-
chlorobiphenyl
(2,3,4,5-CB)
dechlorination

Senthilk
umar et
al.
(2008)

9-2.1. 92 Uncultured
Bacteroidetes
bacterium clone
RBE2CI-93

EF111180/1525
09

Bogota River site Unpupl.

10.1.1. 97 Uncultured
bacterium isolate
DGGE gel band

EU426849/771
33

Laboratory rising
main sewer biofilm

Unpupl.

11.1.1. 94 Azospira sp. Cu-d-1 EF016458 /
410012

A strain tolerant of
2mM Cu ion

Unpupl.

11.1.2. 93 Dechlorosoma sp.
PDX 16S

AF323490/1621
75

Isolated from
primary digester
sludge/ perchlorate
degrading bacteria

Logan
et al,
2001

11.1.3. 92 Perchlorate-
reducing bacterium
EAB2

AY265879/226
929

Perchlorate-
contaminated
site/perchlorate
degrading bacteria

Waller
et al.
2004

12.1.1. 98 Uncultured
Bacteroidetes
bacterium clone

EU887995/152
509

Leach bed reactor Unpupl.

12.2.1. 92 Bacteroides sp. 22C
16S ribosomal
RNA gene

AY554420/280
351

Landfill leachate
bioreactor

Unpup.

12.3.1 92 uncultured
Porphyromonadace
ae bacterium

DQ647169/348
578

Produced water
from the Troll
formations in the
North Sea

Dahle et
al. 2008

12.3.2 97 Uncultured
bacterium clone
D15 16S ribosomal
RNA gene

DQ238268/771
33

Upflow anaerobic
sludge bed (UASB)
granules treating
distillery
wastewater

Unpupl.

14.1.1 91 Uncultured bacter.
gene for 16S rRNA

AB195874/771
33

Anaerobic sludge unpubli
shed

SM= Seqmatch score %
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More details regarding the main bacteria that were identified and correlated with

high salinity and chromium conditions can be seen below:

Uncultured Bacterium clone EU037347/77133. Desai et al. (2009) first

identified this bacteria in a soil exposed to high chromium concentrations. Moreover,

they found that an increase in chromium in the soil decreased the bacterial population.

This bacterium with a very high degree of similarity was identified in the SAMBR of

this study. It seems that this kind of bacteria can survive under high Chromium

conditions.

Marinobacter (Class: Gammaproteobacteria; Order: Alteromonadales;

family: Alteromonadaceae). The optimum NaCl concentration for these bacteria is

2.5–3.5%. It was isolated from sub seafloor alkaline serpentine mud from the Ocean

Drilling Hole 1200 at a serpentine mud volcano. The isolate was a facultatively

anaerobic heterotroph using various complex substrates, hydrocarbons, carbohydrates,

organic acids, and amino acids. Nitrate or fumarate could serve as an electron acceptor

to support growth under anaerobic conditions (Takai et al., 2005). A similar genus of

Marinobacter was identified inside the SAMBR and it is likely to function well under

the saline conditions (35 g NaCl/L) in the SAMBR.

Brachymonas petroleovorans strain CHX 16S ribosomal RNA gene (Class:

Betaproteobacteria; Order: Burkholderiales; family: Comamonadaceae). This was

isolated from the wastewater plant of a petroleum refinery and its specific function is to

biodegrade light hydrocarbons. This bacterium with a high similarity was identified in

the SAMBR. Another bacteria, the Acidovorax sp. R-25052, which belongs to the same

family as the Brachymonas petroleovorans, was identified in the SAMBR.

The species that belong to the phylum of Firmicutes class Clostridia; order:

clostridiales; and family clostridium was found in the SAMBR. These are anaerobic

bacteria and were first isolated from a UASB reactor and anaerobic sewage sludge.

Desai et al. (2009) found that soil bacterial community shifts from Proteobacteria to

Firmicutes at industrially contaminated sites and that this can serve as an effective bio-

indicator of chromium pollution.

Bacteria similar to that identified by Winderl et al. (2008) Uncultured

Bacteroidetes/Chlorobi group bacterium clone was found inside the SAMBR. These

bacteria are capable of biodegrading toluene, benzene and xylene under anaerobic

conditions. In case of low MW weight aromatics that may be released by the cell they

may be biodegraded by this bacterium. However, in order to examine the abundance of
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this bacteria in the SAMBR further analysis should be carried out using techniques such

as FISH or real time PCR.

Bacteria that were identified in the sea or river sediment were also identified

inside the SAMBR. These bacteria were capable of functioning well under high salinity

and could biodegrade hydrocarbons, and chlorobiphenyl (2,3,4,5-CB) (Senthilkumar et

al., 2008) (Table 8.6). Furthermore, bacteria that were first isolated from an oil reservoir

and tar oil aquifer sediments were found also in the SAMBR. These bacteria can

biodegrade aromatics and other hydrocarbons (Table 8.6).

Apart from this, bacteria that were first identified in anaerobic reactors, landfill

leachate bioreactors and activated sludge were also found in the SAMBR (Table 8.6).

These bacteria can induce the biodegradation of complex organics and SMPs that were

released by the anaerobic biomass.

Specific bacteria are required to function well under high salinity and high

chromium levels, these preliminary findings can be valuable for future research. For

future work these bacteria can be cultivated under batch conditions and then be placed

in a membrane bioreactor for saline wastewater.

8.4 CONCLUSIONS

 The system of a SAMBR, aerobic MBR and PAC column showed high removal of

Chromium (95%) under high salinity 35 g NaCl/L and chromium (0-200 mg Cr/L)

concentrations. Nevertheless, the COD removal (70%) was not so high, possibly due

to inhibition of anaerobic and aerobic biomass by Cr and high salinity. Moreover,

SEC showed that the low MW compounds (smaller than 1 kDa) were not removed

under aerobic treatment or physicochemical adsorption by PAC.

 The salinity positively affects chromium adsorption by anaerobic biomass during the

first 5 min of exposure; however, chromium absorption to anaerobic biomass seems to

be slightly inhibited by salinity. Analysis of the chromium distribution inside the

anaerobic biomass after 24 hours revealed the following mechanism of chromium

removal: the largest quantity of chromium was removed as a precipitate, the second

largest was found in the residual ash. These were followed by organically bonded Cr

(III) and a carbonate precipitate of chromium.

 SEM analysis on the PAC surface revealed high variations in porosity. In the more

porous part a significantly higher percentage of Chromium was found compared to the

less porous part of PAC.
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 Molecular techniques determined the presence of bacteria that can survive under high

salinity and chromium. The same bacteria were found in areas with high

concentrations of chromium in the natural environment. Moreover, bacteria that were

first identified in an oil reservoir and oil aquifer sediments were also found in

SAMBR. These bacteria were capable of degrading aromatics and high hydrocarbons.

Besides, bacteria found in anaerobic lagoons and activated sludge and bioreactors

were identified with a high similarity in the SAMBR. These bacteria could biodegrade

aromatics and low MW compounds to VFAs. The presence of the membrane

eliminates the danger of wash out of these acclimated to chromium and salinity

species; hence, these bacteria can be maintained in the system. The retention of these

bacteria in an SAMBR can substantially contribute to a higher performance of a

SAMBR compared to a conventional bioreactor.
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CHAPTER 9:

FOULING MECHANISMS OF
ANAEROBIC MEMBRANE

BIOREACTORS AND STRATEGIES TO
OVERCOME THEM

9.1 INTRODUCTION

The findings from Chapter 5 revealed a porous layer of 15-25 μm in depth

attached to the membrane (125 μm) followed by a compact biofilm (gel) layer with a

depth of 5.9 μm. EDX analysis highlighted the fact that the initial clogging material of

the membrane consisted of inorganics or cell debris as no oxygen (O) was identified.

Due to the absence of oxygen no microorganisms were present in the initial clogging

material. As was reported in Chapter 5 the microorganisms are located in the external

layer attached to the membrane (biofilm). Moreover, comparison of SEM analysis of a

new membrane with the membrane from a SAMBR after operation did not show

significant pore fouling. To investigate this further, the specific resistance of a

membrane used in a SAMBR was evaluated. The specific resistance was calculated by a

step-wise cleaning procedure of the membrane, and estimation of the specific resistance

can highlight the mechanisms of fouling of the membrane. Moreover, the significance

of chemical cleaning was evaluated: as stated in the literature review when foulants

build up on the membrane surface, the flux declines dramatically and the use of in-situ

cleaning often makes little impact, therefore chemical cleaning was required (Judd

2008). Chemical cleaning is usually carried out using 1% sodium hypochlorite solution

(Table 2.5). The function of sodium hypochlorite is to hydrolyse the organic molecules

thereby loosening the organic particles and biofilm attached to the membrane. For

inorganic fouling, an acid solution suitable for the membranes and the foulant can be

used. Despite the cleaning protocol (Table 2.5) Zhang et al. (2007) stated that the choice

of cleaning method and frequency will depend on system operation (anaerobic or

aerobic), type of waste, and desired membrane flux.
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Chemical cleaning can influence reactor operation due to the need for

installation stoppage, disposal of chemicals generated, and may affect membrane

characteristics and duration (Zhang et al., 2007). On the other hand, in-situ cleaning of

the membrane can be done during the operation of a SAMBR without the need to

withdraw the membrane. Relaxation, liquid backwash and gas backwash are techniques

of in-situ cleaning that were described in the literature review of this thesis (section

2.14). This thesis compared these techniques in short-duration experiments. Moreover,

as reported in the literature review (section 2.14) despite the importance of gas sparging,

there are very few studies that examine the intermediate gas sparging rate as an

alternative strategy to reduce the operational cost. Hence this Chapter examined the

effect of intermediate gas sparging duration on the fouling of the membrane.

Another aspect that can influence the flux through the membrane is the sludge

viscosity. The anaerobic biomass viscosity can affect biogas mass transfer and transport

phenomena close to the membrane. The effect of the shear rate on the anaerobic

biomass viscosity can be related with the biogas sparging on the SAMBR viscosity.

Hence, the objectives reported in this chapter were as follows: to compare the

effect of relaxation, liquid backwash and gas backwash on the fouling of the membrane;

to study how biogas sparging intervals affect membrane fouling; to calculate the

specific resistance of each layer on the membrane which had previously been used in a

SAMBR; to investigate different chemical cleaning methods for a membrane previously

operated in an SAMBR; and finally, to evaluate the SAMBR biomass viscosity over

different shear rates and over time.

9.2. EXPERIMENTAL AND ANALYTICAL PROCEDURES

First, the resistance of the membrane was calculated based on the formula:

T

TMP
R =

Jn

The resistance was calculated at different pump speeds (rpm) over time. As reported in

the literature the total resistance (RT) can be attributed to the following equation based

on a series resistance model (Field et al., 1995).

T M F CR = R + R + R

where RM is the resistance of the membrane, RF is the fouling resistance and RC is the

resistance due to cake layer formation or biofilm layer over the membrane.

In this study this equation was modified thus:
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RT=RM+RF1+RF2+RC

where RF1 is the fouling resistance of compounds that can be removed by tap water

cleaning, and RF2 is the fouling resistance of compounds that can be removed only by

chemical cleaning.

In this experiment the contribution of each resistance was calculated by removing

a layer and recalculating the total resistance. First the total resistance of the membrane

was calculated without any layer removal. Next, the biofilm/cake layer was carefully

removed and the total resistance was re-calculated. Then the membrane was completely

cleaned with tap water and the total resistance over time was re-calculated. Finally, the

membrane was chemically cleaned and the resistance was re-estimated.

9.3 RESULTS AND DISCUSSION

9.3.1 Membrane resistance from anaerobic and aerobic bioreactors

that treated saline wastewater with a high level of chromium

Figure 9.1a shows the Kubota membrane (A) withdrawn after 100 days operation

inside the SAMBR that had treated saline wastewater with high levels of chromium

(Chapter 8). The biofilm layer at the bottom of the membrane was thinner than at the

top because it was closer to the biogas diffuser so more turbulence from the biogas

bubbles was applied to it (Figure 9.1a). The total resistance of the membrane at 50 rpm

(permeate pump speed) was 76.7 × 1010 1/m (Figure 9.2). After careful removal of the

biofilm/cake layer using a scalpel, some compounds were still strongly attached to the

membrane surface (Figure 9.1b). The total resistance of this part of the membrane was

20-30 times lower compared with the total resistance of the membrane prior to

removing the biofilm layer (Figure 9.2). After this, the membrane was extensively

cleaned with tap water and all the compounds attached to the surface of the membrane

were removed (Figure 9.1c). The total resistance of the membrane after the tap water

treatment was 15-25 times less compared with the membrane from which the biofilm

layer was removed (Figures 9.2a and b). Moreover, to evaluate the fouling due to

irreversible inner pore blocking; the membrane was chemically cleaned with sodium

hypochlorite (NaOCl) according to the Kubota protocol (Table 2.5). However, the total

resistance did slightly reduce (1.3 times), as can be seen in Figures 9.2a and b. Further

cleaning with oxalic acid (H2C2O4) in order to remove any possible inorganic impurities

did not make any difference compared with the NaOCl. The above results show that the
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main factor contributing to the fouling of the membrane was the biofilm cake layer. The

compounds between biofilm and the membrane also contributed to fouling, but not as

much as the biofilm layer. The results of this study show that the fouling due to inner

pore blocking was not so pronounced.

The calculation of the total and specific resistance of each layer at 50 rpm was as

follows:

R Total = 7.68 ×1010 (1/m) Total resistance

R C = 7.35 ×1010 (1/m) Resistance due to biofilm layer

R F1 = 0.28 ×1010 (1/m) Resistance due to compounds below the

biofilm layer and strongly attached to the

surface of the membrane

R F2 = 0.01×1010 (1/m) Resistance due to the compounds in the

inner pores of the membrane

R m = 0.04×1010 (1/m) Membrane resistance

Figure 9.1a- Kubota membrane after 100
days in a SAMBR.

Figure 9.1b- Kubota membrane after
biofilm removal.
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Figure 9.1c- Kubota membrane after
cleaning with tap water.

Figure 9.1d- Kubota membrane after
chemical cleaning with
NaOHCl.
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Figure 9.2a- Resistance of the membrane operated in a SAMBR at various
permeate pump speeds during stepwise cleaning.
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Figure 9.2b- Resistance of membrane operated in SAMBR at various permeate
pump speeds.

The same method was followed for the Kubota membrane that was withdrawn

after 44 days of operation from the aerobic membrane bioreactor. The pictures after the

removal of each layer can be seen in Figures 9.3a, b, c and d. The biofilm cake layer

contributed most to the total resistance of the membrane operated under aerobic

conditions as in the case of the membrane operated under anaerobic conditions.

However, the total resistance of this membrane was about 6-7 times lower compared

with the membrane operated under anaerobic conditions, possibly due to the shorter

period of operation (Figure 4a and 4b). The results are in line with the results of the

membrane operated under anaerobic conditions.

The calculation of the total and specific resistance of each layer at 50 rpm is as

follows:

R Total = 1.47 ×1010 (1/m) Total resistance

R C = 1.32 ×1010 (1/m) Resistance due to biofilm layer

R F1 = 0.1×1010 (1/m) Resistance due to compounds below the

biofilm layer and strongly attached to the

surface of the membrane

R F2 = 0.01×1010 (1/m) Resistance due to the compounds in the

inner pores of the membrane

R m = 0.04 ×1010 (1/m) Membrane resistance
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The RF2 for the two membranes is the same low value -0.01 ×1010 (1/m). This

indicates that inner pore blocking does not contribute to fouling. This is in line with the

SEM pictures (Figures 5.3e and f) and the findings of Chapter 5.

The resistance results suggest that the biofilm cake layer resistance contributes

most to the total resistance. Compounds attached between the biofilm cake layer and to

the external surface of the membrane only contributed a low resistance. The resistance

due to inner pore blocking (organic and inorganic) seems to be negligible. These

findings can have practical application as the membrane can be cleaned mechanically

with only tap water without the use of chemicals. Moreover, for fouling reduction the

resistance due to the biofilm cake layer should be targeted. A few preliminary

experiments were done in this direction and can be found in the following section (9.3.2

and 9.3.3).

One point that needs to be emphasized is that these results were taken from a

membrane reactor that treated saline wastewater with high levels of chromium. Part of

the chromium could have precipitated within the biofilm layer on the surface of the

membrane, and this might have enhanced the high resistance of the biofilm layer.

Figure 9.3a- Kubota membrane after 44
days in aerobic MBR.

Figure 9.3b- Kubota membrane after
biofilm removal.
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Figure 9.3c- Kubota membrane after
cleaning with tap water.

Figure 9.3d- Kubota membrane after
chemical cleaning with
NaOCl.
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Figure 9.4a- Resistance of membrane operated in aerobic MBR at various
permeate pump speeds during stepwise cleaning.
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Figure 9.4b- Resistance of membrane operated in aerobic MBR at various
permeate pump speeds.

Comparison of different studies regarding the specific resistance of a membrane

inside a bioreactor can be seen in Table 9.1. Lee et al. (2001) used a submerged

membrane and found that the cake resistance Rc was the main factor in the fouling of

the membrane, while the fouling resistance RF was considerably lower compared with

the cake resistance (Table 9.1) (Lee et al., 2001). Zhang et al. (2007) operated a

submerged tubular UF membrane inside a bioreactor and found that the highest specific

resistance was also due to the biofilm layer (Table 9.1). These results are similar with

the results of this thesis where the Rc was significantly higher compared with the RF

(Table 9.1).

Table 9.1
Comparison of different studies on specific resistance modified from Chang et al.
2002.

MBR
type

Resistance
×1011 (1/m)

Membrane Wastewater Microorganisms References

Sub-
HF

Rm=8
Rc=24
Rf=1

MF
polymeric
(0.2µm)

Domestic Anoxic aerobic Parameshwaran
et al. (1999)

Sub Rm=3
Rc=2890
RF=5

MF
(0.5µm)

Piggery Anaerobic Lee et al.
(2001)

Sub
FS

RT= 30-
2000

MF
(0.5µm)

Synthetic Aerobic Nagaoka et al.
(1998)
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MBR
type

Resistance
×1011 (1/m)

Membrane Wastewater Microorganisms References

Sub-
HF

RT= 0.2-0.6 MF
(0.1µm)

Domestic Aerobic Ueda et al.
(1997)

Sub -
FS

RT= 0.2-0.6 MF
(0.4µm)

Domestic Aerobic Ueda and
Horan (2000)

Sub-
FS

RT=60
RC=35
RF=23
Rm=2.3

Tubular UF Swine
Manure

Anaerobic Zhang et al.
(2007)

Sub-
FS

RT=0.768
Rc=0.735
Rf=0.029

MF
(0.4µm)

Saline
wastewater
with high Cr
(III)

Anaerobic This study

Sub=submerged, HF=Hollow Fibre, FS=Flat sheet,

9.3.2 Different techniques for fouling reduction

Three different methods for reducing membrane fouling were examined:

relaxation, liquid backwash and gas backwash. The duration of each technique was 5

min. As can be seen from Figure 9.5, gas backwash was by far the most effective

technique in reducing fouling. Liquid backwash and relaxation did not show any

positive effect. Possibly more time is needed for relaxation and liquid backwash

techniques to affect fouling reduction. The results of this study highlighted the superior

effect of the gas backwash technique on fouling reduction and suggest that more

research should be done in this direction.
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Figure 9.5- Comparison of relaxation, liquid backwash and gas backwash for
fouling reduction in a SAMBR inoculated with 8.7 g TSS/L anaerobic
biomass.

9.3.3 Biogas sparging intervals effect on membrane fouling

To investigate the effect of biogas sparging intervals on flux and energy the

following modes were examined: continuous, 15 s off - 45 s on and 15 s off – 30 s on.

The biomass in the SAMBR has a concentration of 8.7 g TSS/L. As can be seen from

Figure 9.6; the mode of 15 s off - 45 s on resulted in slightly higher TMP than the

continuous mode. However, the difference in TMP between this mode and continuous

mode gradually increased over time. The mode of 15 s off and 30 s on demonstrated

about 0.12 bar higher TMP than the continuous mode. To evaluate the optimum mode

in a full scale membrane bioreactor an economic feasibility study needs to be done that

will take in account the increase in fouling, the biogas recycling and the hydrodynamic

condition of the reactor. Moreover based on the previous findings, gas backwash could

be applied instead of the biogas off period. More research can be done in this direction.

Van Benthum et al. (1996) found that biofilms grown under high shear

conditions have been shown to be denser and more difficult to remove than biofilms

grown under low shear conditions, which build up more rapidly but which are easier to

detach. It is possible the continues biogas sparging in the long term induces denser

biofilms than the intermediate gas sparging which could produce biofilm that would be

easier to detach.
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Figure 9.6- Comparison of biogas interval on membrane fouling in a
SAMBR inoculated with 8.7 g TSS/L anaerobic biomass.

9.3.4 Biomass viscosity and shear rate

Figure 9.7 shows the viscosity of the biomass, the bulk contents of the reactor,

and the effluent. The biomass viscosity was substantially higher compared with the

viscosity of the bulk and effluent due to the presence of solid particles. The difference in

the viscosity between the bulk and the effluent can be attributed to the presence of

SMPs. Part of the SMPs are high MW compounds which can induce increased viscosity

of the medium. An increase in the shear rate resulted in a gradual decrease of the

viscosity for the biomass, but did not affect the bulk and the effluent.
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Figure 9.7- Viscosity versus shear rate for biomass (4 g TSS/L), bulk and effluent.

The effect of biomass concentration on the viscosity over various shear rates (0-

1000) is shown in Figure 9.8. Increases in biomass concentration resulted in an increase

of the viscosity. However, at low biomass concentrations of 0.5 and 1 g TSS/L no

difference was found. An increase in the shear rate resulted in a reduction of the

viscosity; however, this effect was more pronounced at a higher biomass concentration

(Figure 9.8). At constant shear rate the viscosity did not change over time (data not

shown) but decreased at higher shear rate (mainly at TSS over 8 g/L). Based on these

results, the viscosity of anaerobic biomass demonstrated properties of a non Newtonian

pseudoplastic fluid. A pseudoplastic material is one whose viscosity reduces with

increasing shear rate. It is important to note the difference between a pseudoplastic fluid

and a thixotropic fluid. The pseudoplastic fluid exhibits a decrease in viscosity with an

increase in shear rate, whereas a thixotropic fluid exhibits a decrease in viscosity over

time at a constant shear rate.

However, at TSS concentrations below 4 g TSS/L the anaerobic biomass can be

characterized as a Newtonian liquid. Moreover, Pevere et al. (2006) found that

anaerobic sulphidogenic sludge also demonstrated non-Newtonian pseudoplastic

properties in the range of 0-23 g TSS/L. Mu et al. (2007) examined the rheology of

anaerobic sludge that produced hydrogen and pointed out that the variation of the

viscosity with the TSS concentration followed an exponential equation. Mu and Yu

(2006) found that anaerobic sludge from a UASB showed pseudoplastic properties
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However, Pollice et al. (2006) used aerobic biomass from an MBR and found that the

viscosity increases less than proportionally for increasing solid concentrations.

According to (Pevere et al., 2006) the rheological parameters of the sludges are

affected by the bioreactor type and its operation time because they are linked to changes

in microbial consortia, biomass morphology and floc strength. Moreover, the type of the

bioreactor can greatly influence the TSS concentration and the SMPs (Barker and

Stuckey, 2001) .These parameters can affect the viscosity and thus can influence the

flux of a membrane bioreactor. These results showed that under high biogas sparging

(higher shear rate) the viscosity could be reduced and this can contribute to operating

the SAMBR at a higher flux. This is in line with the existing literature review (Hu,

2004) and other authors (Section 2.11.4 ) who found that at higher biogas sparging rates

an increase in flux was obtained. This effect could be more pronounced for TSS

concentration higher than 4 g/L.
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Figure 9.8- Viscosity of anaerobic biomass withdrawn from a SAMBR for a range
of shear rates 0-900 (1/s).

9.4 CONCLUSIONS

 The specific resistances of a membrane operated for 100 days in the SAMBR (as

described in Chapter 8) are as follows: more than 90% of the total resistance was

attributed to biofilm cake layer, about 5-7% of the total resistance was attributed to

the compounds attached to the membrane surface that were located between the
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biofilm layer and the surface of the membrane. About 3% was attributed to the

membrane resistance and to the compounds in the inner pores of the membrane. It is

important to emphasize that the membrane with the above specific resistances had

previously treated saline wastewater with high levels of chromium. Chromium can

enhance the resistance of the biofilm layer due to precipitation and simultaneous

aggregation with the biofilm. Moreover, these findings also highlight that cleaning

of the membrane can be done using tap water and without using chemicals.

 A comparison, in a short-duration experiment, of relaxation, liquid backwash and

gas backwash techniques showed the superiority of gas backwashing to reduce

fouling of the membrane.

 A short-term study on biogas sparging intervals showed that operation of 45 s on

and 15 s off gave substantially lower TMPs than operation with 30 s on and 15 s off.

The operation in a continuous mode gave slightly lower TMPs than operation with

intervals of 45 s on and 15 s off.

 The viscosity of biomass in a SAMBR showed properties of a non Newtonian

pseudoplastic fluid for biomass concentrations higher than 4 g TSS/L. This means

that an increase in shear rate or biogas sparging can lead to a reduction in viscosity

which can in turn contribute to an increase in flux. Moreover, the bulk liquid

(without the biomass) showed a slightly higher viscosity than the effluent, which

seems to be due to higher amount of SMPs present in the bulk.
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CHAPTER 10:

CONCLUSIONS

10.1 INTRODUCTION

The extent to which this work has fulfilled the aim and objectives is stated in

this chapter. The contribution of the findings in the existing literature, and the

implications of this research for wastewater treatment systems are discussed. Based on

the results of this thesis, areas in which future work might proceed are proposed.

10.2 OVERALL DISCUSSION

Within the European Union the consumption of salt (NaCl) exceeds 30 million

tons per years (Lefebvre and Moletta, 2006). As reported in the literature review

(Section 2.2) many industries utilize salt in their process and as a result their wastewater

may contain, apart from organic load, high amounts of salt. High salt levels causes

osmosis in microorganisms and it is consider toxic for biomass (in bioreactors) not

previously acclimatize to saline conditions. On the other hand, physico-chemical

techniques for saline organic wastewater treatment are energy-consuming and their

start-up and running costs are high (Lefebvre and Moletta, 2006). For this reason very

few studies examined the organic reduction in saline wastewater using physicochemical

strategies. However, some studies have been done, for instance, Ellouze et al. (2003)

who employed aluminium sulphate followed by a flocculation step using MgO and

poly-dimethyl ammonium chloride as a strategy of colloid removal (90% COD

removal). Turano et al. (2002) employed a combination of centrifugation and

ultarfiltration steps and achieved a reduction of the COD by 90% in saline olive oil

processing effluents. The majority of the studies in the field used either aerobic or

anaerobic treatment for saline organic wastewater (Lefebvre and Moletta, 2006). In

industry, physico-chemical treatments are employed for salt removal only after

biological treatment (Lefebvre and Moletta, 2006).

Several studies (Section 2.2) employed aerobic biomass for the treatment of

saline wastewater. When aerobic biomass not acclimatized to sodium was used; low
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removals of COD at salt concentrations higher than 20 g NaCl/L were observed

(Burnett, 1974; Kargi and Uygur, 1996; Kinncannon and Gaudy, 1968; Wang et al.

2005). Several researchers inoculated bioreactors with halophilic microorganisms along

with activated sludge and this approach resulted in adequate COD removal (Kargi,

2002; Kargi and Dincer, 1998; Woolard and Irvine, 1995). However, there was a risk of

halophilic microorganisms being washed out of the bioreactor and this would

dramatically reduce its performance (Lefebvre and Moletta, 2006).

There is a misconception that anaerobic biomass is more sensitive to toxicity

than aerobic biomass (Speece, 1996), therefore this Thesis investigated the anaerobic

treatment of saline wastewater. In addition, in the anaerobic treatment biogas can be

produced, which can be captured and used for heat and electricity whilst in aerobic

processes energy is consumed. Also, anaerobic processes generate less sludge and

require less nutrient than aerobic processes (Section 2.3.1 Speece 1996). Most of the

studies in the field of anaerobic saline organic wastewater treatment employed High

Rate Reactors (Section 2.8; Lefebvre and Moletta, 2006) such as UASB, AF and SBR.

These bioreactors have high retention of biomass and high specific activity, they

produce low levels of sludge and have low capital costs since the separation of gas,

liquid and most of the solids take place within the bioreactors (Tiwari et al., 2006). The

majority of these studies have achieved a 60-80% COD removal at a relatively high

HRT (higher than 24 hours) at a salinities range between 10-35 g NaCl/L. The main

drawbacks of these anaerobic bioreactors are as follows:

The start up period are substantially long; for biomass not adapted to sodium the

adaptation period was observed to be 6 to 12 months for a wastewater with a salinity of

10-20 g NaCl/L (Rovirosa et al.,2004; Veiga et al., 1994; Mendez et al., 1995). Even in

cases where anaerobic biomass previously adapted to sodium the HRT was relatively

high and fluctuations in salinity resulted in low performance of the bioreactors (Section

2.8). Several laboratory studies employed high rate anaerobic bioreactors with anaerobic

biomass already adapted to salinity, although at industrial scale the use of anaerobic

biomass previously adapted to salinity (during the start up period) is not practical due to

transportation problems and viability of the anaerobic sludge. Apart from this, the

inoculation of anaerobic bioreactors of pure halotolerant/halophilic cultures

(bioaugmentation) has not always been successful due to wash out (Section 2.8).

Another major problem that was found in UASB reactors treating saline organic

wastewater was the formation and instability of the granules due to the presence of high

sodium. Apart from this, the limited COD removal (up to 80%) could be due to the
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release of SMPs. Until now no studies have focused on the characteristic and

biodegradability of SMPs produced by anaerobic biomass under high salinity.

As a first approach to these problems the acclimatization potential of anaerobic

biomass to sodium was evaluated. The results (Chapter 4) showed that anaerobic

biomass can acclimatize to salinities up to 20 g NaCl/L over a period of around 35 days

during 3 batch feedings. Exposure to anaerobic biomass to higher salinities substantially

reduced the methane production and the acclimatization potential. The exposure of

anaerobic biomass to sodium can be considered more as an adverse effect on biomass

metabolism than fatal, as anaerobic biomass can withstand high fluctuation in salinity.

Thus, after short exposure of anaerobic biomass to salinity; it can recover rapidly under

normal (no salinity) conditions. These finding could prove useful for operation of

industrial scale bioreactors, as long recovery times will not be needed after a short

exposure or high fluctuation in salinity, normal operation can shortly resume. Short

exposure or high fluctuation in salinity are both very likely to occur in industry; for

example in the case of the leather industry, where the waste water characteristics

(including salinity concentration) changes weekly or monthly, because of different

batches of hides and skins that is supplied to the tannery (Lefebvre et al., 2005).

The finding about the anaerobic acclimatization potential were used during the

start up of the SAMBRs (Chapter 5); thus unnecessary exposure to lower salinities for

long period were not followed. Most of the anaerobic biomass retained inside the

bioreactor were in the form of aggregates and part of it was attached to the membrane as

a biofilm without any need for granulation. Specific methanogenic activity experiments

from the biomass inside the SAMBR-A and SAMBR-B showed high acclimatization

due to the retention of anaerobic biomass inside the SAMBRs. Moreover, the SAMBR-

A, SAMBR-B and SAMBR-C achieved high organic removal (more than 90 % DOC

removal). SEC analysis (for SAMBR-A, B and C) also showed a beneficial effect of the

membrane by preventing the presence of high MW compounds in the effluent. Part of

the SMPs released by anaerobic biomass was found to be degraded slowly as a result its

retention inside the SAMBR. The membrane contributed to the substantial difference

between bulk (inside the SAMBR) and effluent. The addition of powdered activated

carbon (PAC) inside the SAMBR-A, resulted in a TMP decrease of 0.070 bar, and a

30% and 5% increase in DOC removal inside the reactor and effluent, respectively. This

was probably as a result of the PAC adsorbing the high molecular weight SMPs and

colloids. Akram and Stuckey (2008) used the same amount of PAC inside a SAMBR

and found around 0.1-0.2 bar lower TMP compared with a SAMBR without PAC. The
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results of this Thesis (SAMBR-A) showed less reduction and this could possibly be due

to the addition of PAC after 180 days compared with the study of Akram and Stuckey

(2008) who added PAC during the start up of the SAMBR. Thus, for an industrial scale

bioreactor PAC addition during the start up period would have a more pronounce effect

than addition during operation. Also, previous studies by Hu and Stuckey (2007) and

Akram and Stuckey (2008) found that the positive effect of PAC addition can persist for

more than 90 and 50 days, respectively, and it appears from SAMBR-A data that the

PAC is biologically regenerated. This can result in reduction of operational costs of an

industrial bioreactor as frequent addition of PAC will not be necessary.

The finding of this Thesis (Chapter 5) point out that a saline (up to 35g NaCl/L)

organic (460 mg COD/L) wastewater can be adequately treated (higher than 90% DOC

removal) inside a SAMBR at HRTs of 8-12 hours with fluxes range of 4-9 LMH.

Comparing these results with other studies of anaerobic treatment of saline wastewater

(Section 2.8) highlights the substantial higher preformance of a SAMBR.

Most studies found in the literature (aerobic and anaerobic biomass) deals with

the treatment of saline wastewater by gradual increase in salinity. However, in industry

saline wastewater it is often highly variable (Lefebvre and Moletta, 2006). For this

reason this Thesis examined strategies of rapid acclimatization of anaerobic biomass to

salinity based on the mechanism that the cell employ in order to counteract the osmotic

pressure. The addition of low concentrations, 1mM and 0.1mM, of glycine betaine, at

batch conditions under 35 g NaCl/L, can increase the activity of biomass more than

70% and 55% respectively. Further, studies have shown that by using continuous

SAMBR-A1, the addition of 5 mM glycine betaine and operation in batch mode for 2

days can substantially enhance organic degradation, at 12 hours HRT and up to 35 g

NaCl/L. Also, the injecting the SAMBR-A1 with 1 mM of glycine betaine for 5 days

into operation could also substantially enhance the DOC removal under these

conditions. However, under the same conditions for continuous SAMBR-A1 (12 hours

HRT) other glycine betaine addition strategies slightly improved the performance of the

bioreactor. Thus, for the existing bioreactors in industry further research need to be

undertaken in order to optimise the addition strategy of glycine betaine. The beneficial

effect of glycine betaine, under batch conditions, was also found when it was added at

low temperature. These preliminary results raise an interesting new approach for the

biological treatment of wastewater under extreme conditions such as low temperatures,

high temperatures, low pH, high alkalinity and possibly toxic compounds. The glycine

betaine is a cheap solutes and can be produced as a by-product from sugar beat mollase.
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Glycine betaine represents approximately 0.8% to 6% of sugar-beet mollase dry weight.

(Thalasso et al. 1999; Zub et al. 2008)

Another topic that was examined in this Thesis was the post treatment of saline

SAMBR effluent. Previously, only Grundestarn and Hellstrom (2007) has examined the

post treatment of effluent from a submerged anaerobic membrane bioreactor (using

reverse osmosis). In a review about post treatment from UASB effluents; Chernicharo

(2006) compared different post treatment techniques and reported an average TSS

removal of 90%. Membrane bioreactors have the advantage of producing a bacteria and

solids free effluent, hence post-treatment only needs to focus on reducing refractory

organics and nitrogen. Effluent resulting from a SAMBR that treated saline sewage

wastewater can be further treated (80% or higher DOC removal) using 1.7g PAC/L. The

majority (53.2%) of the organic effluent from a SAMBR that treated saline sewage had

a Molecular Weight of less than 1 KDa. These MW compounds were the most difficult

to adsorb using PAC. Also, GC-MS analysis identified the presence of m-

Aminophenylacetylene, Cyclohexane 1,2,4 trimethyl and Cholestan 3-one inside the

SAMBR (bulk) and effluent. These compounds were not removed after SAMBR

treatment, however PAC treatment was found to eliminate these compounds. Post-

treatment of the SAMBR effluent with various methods revealed the following

performance (the most effective method first): aerobic biomass coupled with PAC

>PAC> aerobic biomass> anaerobic biomass coupled with PAC > anaerobic biomass.

This result highlights the fact that aerobic degradation of the anaerobic effluent was

more effective than anaerobic degradation.

Based on the results of the post treatment of SAMBR effluent (Chapter 7), the

SAMBR treatment was followed by an aerobic MBR and then by PAC column. This

system investigated the treatment of a wastewater with high salinity (35 g NaCl/L) and

chromium (0-200 mg Cr/L). Under 12 hours HRT this integrated system showed 95%

removal of Chromium and 70% COD removal. Other studies (Table 8.2) also found

high Cr removal, similar COD removal level and lower TSS removal. However, the

wastewater, in this study (Chapter 8), contained far higher concentration of Cr and

salinity compared with the other studies. However this integrated system (Chapter 8)

consisted of 3 systems compared with 2 or 1 system of the other studies (Table 8.2).

Molecular techniques confirmed the presence of bacteria that can survive under high

salinity and chromium and these finding could be useful for other studies in the field of

anaerobic treatment of wastewater with high salinity and chromium.
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Finally, the fouling mechanisms of a membrane that was operated in a SAMBR

treating saline wastewater was examined by calculating the specific resistance at

different layers and by using SEM, EDX analysis. The results showed that more than

90% of the total resistance was attributed to biofilm cake layer, about 5-7% of the total

resistance was attributed to the compounds attached to the membrane surface that were

located between the biofilm layer and the surface of the membrane. About 3% was

attributed to the membrane resistance and to the compounds in the inner pores of the

membrane. SEM pictures showed no substantial impurities in the inner part of the

membrane, this is in line with the specific resistance results. These findings highlight

that the fact that attention needs to be paid to membrane fouling reduction in the

decrease of the biofilm cake layer attach to the membrane. There is no need for

chemical cleaning as there is not much impurity in the inner pores of the membrane and

the cleaning procedure can be done using only tap water. Also, other studies found that

the specific resistance of a membrane inside the bioreactors (Table 9.1) was mainly due

to the biofilm cake layer. However, the specific resistance found in these studies were

relatively high and this was probably as a result of longer operation of the the

bioreactors (Table 9.1).

10.3 FINAL CONCLUSIONS

The main aim of the study was to assess the potential of a SAMBR to treat

saline organic wastewater. The thesis was separated in individual objectives. We will

now look specifically at whether the individual project objectives in this research were

achieved. Based on these objectives the following conclusion can be drawn:

I. To study the ability of anaerobic biomass to acclimate to saline conditions in

a relatively short time under batch feeding, and investigate the performance of

this biomass during a sudden reduction in salinity after a short/long time period

exposed to saline conditions. In addition, to measure the performance of

anaerobic biomass when it is re-exposed to salinity after a period of non-saline

conditions. Finally, to identify the sensitivity of each anaerobic bacterial group to

salinity; their production of SMPs and the biodegradation of EPS.
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a. Anaerobic biomass can acclimatise to salinities up to 20 g NaCl/L over a period of

around 35 days during 3 batch feedings. Anaerobic biomass previously exposed to

salinities up to 50 g NaCl/L for 35 days can recover quickly to full activity under

non saline conditions. The exposure to sodium can be considered more as an

adverse effect on biomass metabolism than fatal, and their initial activity can be

recovered over time. Moreover, anaerobic biomass re-exposed to 10 and 20 g

NaCl/L retain almost the same activity that had been present before the exposure to

no sodium for 40 days.

b. Amongst the anaerobic biomass not adapted to salinity, the propionate utilisers seem

to be the most sensitive group to sodium toxicity, while the acetoclastic

methanogens were the second most sensitive. In contrast, the reductive methanogens

and acid formers were not severely affected by sodium toxicity. With a sudden

reduction in salinity, the propionate, n-butyric utilisers and acetoclastic

methanogens were affected more.

c. Results from SEC reveal that anaerobic biomass under high salinity release high

MW SMPs that are difficult to biodegrade. Moreover, anaerobic EPS

biodegredation revealed lower and slower rates of methane production. Thus the

reduced removal efficiency of the anaerobic biomass could not only be attributed to

sodium toxicity, but also to the release of SMPs under the stress conditions which

are relatively refractory and can act synergistically with sodium to enhance its

deleterious effect

II. To study the performance of continuously fed SAMBRs treating saline

sewage (up to 35 g NaCl/L) under high fluctuations in salinity by employing

different start up strategies. Also, to investigate the inoculation in a SAMBR of a

halotolerant species with anaerobic biomass and follow its performance under

various saline conditions. In addition, to examine the reduction of biogas

sparging time in an attempt to decrease the operational cost without causing

severe fouling of the membrane. Finally, to evaluate the effect of PAC addition

on the performance of the SAMBR, and to examine its effect on the surface

characteristics of the membrane and on suspended biomass.

a. Submerged anaerobic membrane bioreactors (SAMBR) can achieve 99% DOC

removal of synthetic sewage with 35 g NaCl/L at 8 hours HRT (SAMBR-A).

SAMBR-A and B can recover quickly after a sudden drop in salinity from 35 g
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NaCl/L to less than 200 mg NaCl/L. The inoculation of a halotolerant species

enabled SAMBR-C to be operated at a high flux, although it recovered relatively

slowly after salinity fluctuations.

b. Anaerobic biomass withdrawn from the SAMBR-A and B at various times and used

in batch bottle assays were found to have greatly increased acclimation potential for

salinity up to 40 g NaCl/L. Exposure to low saline conditions did not severely

inhibit the function of the biomass.

c. A reduction in biogas sparging time caused an increase in TMP by 0.025 bar, and an

increase in effluent DOC removal and inside the (SAMBR-A) by 10% and 20%,

respectively.

d. The addition of powdered activated carbon (PAC) resulted in a decrease of the

(TMP) by 0.070 bar, and a 30% and 5% increase in the DOC removal inside the

reactor and effluent, respectively. The size exclusion chromatography results

(SAMBR-A) showed mainly a reduction (70%) of the high MW compounds during

the first 3 days after the addition of PAC. Moreover, the SEM pictures highlighted

the fact that after the addition of PAC there were significant reductions of the big

flocs attached to the biofilm, and a dramatic reduction of the filamentous and

soluble microbial products inside the reactor.

e. The size exclusion chromatography results for SAMBR-B demonstrated that at 210

nm the main sources of SMPs are EPS. These EPS were released to the medium due

to the increase in salinity. Moreover, SEC analysis (for SAMBR-A, B and C)

highlights the positive effect of the membrane in preventing the presence of high

MW compounds in the effluent.

III. To find the main compatible solutes that were generated under salinity, and

investigate which ones could reduce sodium inhibition when added to the

medium. To examine the EPS produced by anaerobic biomass under salinity and

to monitor microbial changes in Archaeal diversity. These questions could

highlight the mechanisms that anaerobic biomass employ in order to survive

salinity.

a. Trehalose was identified by NMR as the compatible solute generated internally by

anaerobic biomass after 96 hours of exposure to 20 and 40 g NaCl/L. The addition

of 1 mM trehalose, 1 mM β-glutamate, 1 mM α-glutamate, N acetyl β-lysine and

potassium when added independently to the medium with anaerobic biomass was
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found to slightly reduce sodium inhibition. In contrast, the addition of glycine

betaine dramatically alleviated sodium inhibition. Methanogens are the most

positively affected microbial group, while propionate utilisers are less positively

affected. Concentrations as low as 0.1 mM of glycine betaine can also be

advantageous for anaerobic biomass under 35 g NaCl/L. The beneficial effect of

glycine betaine can be retained over time and enhances the adaptation of anaerobic

biomass for the following 4 batch feedings at 35 g NaCl/L. Anaerobic biomass

exposed for 28 days to 35 g NaCl/L showed low acclimatisation to salinity. On the

other hand, anaerobic biomass that had not been exposed to salinity before but had

glycine betaine added to the saline medium increased its acclimation potential

significantly. Non-replacement of the medium with the addition of a substrate

enhanced methane production, while the replacement of old media with new media

and substrate resulted in substantial inhibition due to disruption of the compatible

solute balance. The elimination of macronutrients from the culture media resulted in

more severe inhibition for anaerobic biomass with salinity than under non saline

conditions. However, the removal of micronutrients from the culture media resulted

in almost the same activity for anaerobic biomass under both conditions.

b. Anaerobic biomass produces higher amounts of EPS under high salinity compared

with non saline environments. The MW composition of EPS under sodium toxicity

changes over time. Anaerobic biomass exposed to salinity resulted in a slightly

higher mean floc size compared with anaerobic biomass exposed to non saline

conditions.

c. Slight shift in Archaeal diversity was found when anaerobic biomass was exposed in

batch mode to 35 g NaCl/L for 360 hours. Under these conditions, addition of

glycine betaine to the medium also resulted in no changes in Archaeal diversity. The

dominant Archaeal species identified were Methanosarcina mazeii and

Methanosaeta sp.

d. Addition to the medium of 1 mM of glycine betaine was beneficial for anaerobic

biomass at both 20 and 100 C, under saline and non saline conditions, operating in

batch mode.

IV. Based on the findings of objective (III); to investigate the addition of

compatible solutes to a SAMBR as a new approach for saline sewage treatment.
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a. The addition of 5 mM glycine betaine and operation in batch mode for 2 days can

substantially enhance organic degradation in a continuous SAMBR, at 12 h HRT,

under 35 g NaCl/L. Also, the injection of 1 mM of glycine betaine for 5 days into a

SAMBR could also substantially enhance DOC removal under these conditions. The

addition of glycine betaine to a SAMBR resulted in lower TMPs compared with a

SAMBR operated under the same conditions without glycine betaine. The main

compatible solutes generated in anaerobic biomass after 44 days exposure to 35 g

NaCl/L were, N acetyl β-lysine and glycine betaine. Biofilm and suspended

anaerobic biomass produced the same EPS in the range of 7-28.8 KDa under high

salinity. However, the biofilm biomass showed higher performance than the

suspended biomass in a serum bottle experiment, under both saline and non saline

conditions.

V. To characterize in terms of MW fraction the effluent of a SAMBR that had

treated saline sewage. To investigate the adsorption of this effluent by PAC. To

identify the polar compounds accumulating in the bulk phase, which pass

through the membrane, and were still present after treatment with PAC.

a. Treatment with PAC of saline SAMBR effluent resulted in a 80% or higher DOC

removal. The majority (53.2%) of the organic effluent from a SAMBR that treated

saline sewage was less than 1 KDa. These MW compounds were the most difficult

to adsorb by PAC. SEC analysis at 254nm also showed that compounds with a MW

less than 1 KDa were difficult to adsorb. Moreover, SEC analysis pointed out that

the majority of the organics compounds were adsorpted during the first 15 min.

b. Treatment of the SAMBR effluent with various methods showed the following

performance (the most effective method first). Aerobic biomass coupled with

PAC>PAC> Aerobic biomass> Anaerobic biomass coupled with PAC > Anaerobic

biomass. These results demonstrate that aerobic degradation of anaerobic effluent

was more effective that anaerobic degradation.

c. GC-MS analysis revealed the presence of m-Aminophenylacetylene, Cyclohexane

1,2,4 trimethyl and Cholestan 3-one in the bulk and SAMBR effluent. The

membrane and the attached biofilm could not remove these compounds from the

effluent but treatment with PAC eliminated them. This highlights the benefits of

PAC as a post treatment technique that enables the anaerobic effluent to be reused

for other purposes.
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VI. To investigate the treatment of wastewater with high salinity and Cr (III) in a

SAMBR followed by an aerobic MBR and PAC column. Moreover, to examine

the distribution of Cr (III) in the biomass and to understand the main

mechanisms of chromium removal. Furthermore, to find the bacteria that can

survive under these extreme conditions using molecular biology techniques.

a. The integrated system of a SAMBR, aerobic MBR and PAC column achieved high

removals of chromium under high salinity (35 g NaCl/L) and chromium (0-

200mgCr/L) concentrations. The final effluent was mainly below 10 mg Cr/L (95%

removal). Nevertheless, the reduction in the COD (70% removal) was not so

pronounced possibly due to inhibition of anaerobic and aerobic biomass by Cr and

high salinity. Moreover, SEC showed that the low MW compounds (less than

1KDa) were not substantially reduced under aerobic treatment and physicochemical

adsorption.

b. Analysis of the chromium distribution in the anaerobic biomass after 24 h showed

the following mechanisms of chromium removal; the highest quantity of chromium

was removed as a precipitate, the second most abundant quantity was found in the

residual ash. Organically bound Cr (III) and a chromium carbonate precipitate were

the third and forth most abundant quantity that was found.

c. SEM analysis of the PAC surface revealed high variations in porosity. In the more

porous part a significantly higher percentage of chromium was found compared to

the less porous part of PAC.

d. Molecular techniques highlighted the presence of bacteria that can survive under

high salinity and chromium. The same bacteria were found in areas with high

concentrations of chromium. Moreover, bacteria that were first identified in oil

reservoirs, oil aquifer sediments were also found in the SAMBR. These bacteria

were capable of degrading aromatics and high MW hydrocarbons. Apart from this,

bacteria found in anaerobic lagoons, activated sludge and bioreactors were also

identified with high similarity in the SAMBR. These bacteria could biodegrade

aromatics and low MW compounds to VFAs. The presence of the membrane

eliminated the danger of wash out of these bacteria acclimated to chromium and

salinity, and hence these bacteria could be maintained in the system.
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VII. To evaluate the specific resistance of a membrane that was operated in a

SAMBR treating saline wastewater. To compare in short time experiments the

effects of relaxation, liquid backwash and gas backwash on fouling reduction of

the membrane. To examine the effect of changes in biogas sparging intervals on

membrane fouling. To determine the rheological characteristics of biomass

withdrawn from a SAMBR that treated saline wastewater.

a. SEM analysis revealed a porous layer of 15-25 μm in depth attached to the

membrane (125 μm) followed by a compact biofilm (gel) layer with a depth of 5.9

μm. EDX analysis highlighted the fact that the initial clogging material of the

membrane consisted of inorganic material as there was no identification of oxygen

(O). Moreover, comparison of SEM analysis of a new membrane with the

membrane from SAMBR-B after operation did not reveal substantial pore fouling.

The specific resistances of a membrane operated for 100 days in the SAMBR (as

described in Chapter 8) showed that more than 90% of the total resistance was

attributable to a biofilm cake layer, while about 5-7 % of the total resistance was

caused by the compounds attached to the surface of the membrane; these

compounds are between the biofilm layer and the surface of the membrane. Only 3

% was attributed to the membrane resistance and to the compounds in the inner

pores of the membrane. The above findings highlight the fact that in order to reduce

fouling special attention needs to be paid to the inhibition of biofilm layer growth.

Moreover, chemical treatment does not contribute a lot to membrane cleaning and

can be substituted by tap water treatment.

b. Comparison, in a short period experiment, of relaxation, liquid backwash and gas

backwash techniques demonstrated the superiority of gas backwashing on reducing

fouling of the membrane.

c. Short term study on biogas sparging intervals showed that operation of 45 s on and

15 s off obtained substantially lower TMP than operation with 30 s on and 15 s off.

Operation in continuous mode resulted in slightly lower TMPs than operating with

intervals of 45 s on and 15 s off.

d. The viscosity of biomass in a SAMBR showed properties of a non Newtonian

pseudoplastic fluid for biomass concentrations higher than 4 gTSS/L. This means

that an increase in shear rate or biogas sparging rate can lead to a reduction in

viscosity and this in turn can contribute to an increase in flux. Moreover, the bulk
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phase (without the biomass) showed slightly higher viscosities than the effluent, and

this difference seems to be due to higher amount of SMPs present in the bulk.

10.4 RECOMMENDATIONS FOR FUTURE RESEARCH

Based on the findings of this research, and on difficulties faced throughout this

project, the following recommendations for future work are made:

1. The biodegradation constants of SMP, ECP and cell lysis products produced under

saline conditions could be determined for acidogenic and acetogenic bacteria. Based

on these constants a mathematical model could be developed to predict the

production of SMPs and their biodegradation over time under various saline

concentrations. In addition, this model should consider the SRT, HRT and the type

of the bioreactor.

2. For recycle and reuse of treated saline effluent from the SAMBR, it would be

appealing to study bacteriophage, faecal coliform bacteria and other pathogen

removal in this reactor. Bacteriophages have a mean size smaller than the membrane

pore size (0.4 μm), such as MS-2 which is 0.02-0.025 μm, and can be used as a

model virus to address the ability of pathogen removal by SAMBRs. The removal of

pathogens could be enhanced in the presence of fouling due to a reduction in the

pore sizes. In addition, the effect of salinity on the reduction of the faecal population

could also be investigated.

3. The microbial dynamics inside an SAMBR under different operational conditions

could be examined using FISH and DGGE; these techniques will show which

bacterial species dominate under high salinity. DGGE could highlight the microbial

changes inside the SAMBR under various operational conditions over time.

However, findings of this study (Chapter 6) show that Archaeal species remain

stable over time under saline conditions. Fluorescence in situ hybridization (FISH)

could be used to quantify specific microbial populations.

4. Based on the findings of this thesis a pilot scale SAMBR could be operated to

determine the technical difficulties involved. Moreover, operation on a larger scale,

for a longer period, with real wastewater (not synthetic) could highlight various

aspects that could not be identified within the laboratory.

5. To remove nitrogen and sulphur from wastewater a combination of both anaerobic

and aerobic methods is required. Membrane aerated biofilms (MABs) have the

potential to remove nitrogen via anaerobic and aerobic conditions. A membrane acts
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as both the means of gas supply and the support for an active biofilm. In MABs

there is an aerobic layer for nitrification near the aerated membrane and on top of it

an anoxic layer for denitrification. Anaerobic processes can occur in the outer

regions of the MAB close to the biofilm-bulk liquid interface (Timberlake et al.

1988). It would be interesting to place a membrane inside the MABs that can act as

an aerated biofilm. This membrane could be placed at the bottom of the SAMBR.

Thus, in this system overall two membranes would exist: the flat sheet membrane

(SAMBR) and the membrane from which an aerated biofilm would develop.

6. Techniques such as liquid-liquid chromatography coupled to mass spectrometry

(LC/MS) should be used since they increase the window for detection, allowing for

the identification of more polar and thermo unstable compounds that cannot be

detected by gas chromatography-mass spectrometry (GC/MS) (Chapter 7). It is

essential to optimize these techniques, find the best matrices, sample preparation

techniques and instrument settings to detect high MW SMP in biological samples.

The combination of these high tech analytical tools may not only allow for the

identification of refractory compounds in the influent, but also the main SMP that

causes the residual COD.

7. Based on the findings of Chapter 6, research should be done on the effects of adding

compatible solutes in other types of reactors (ABR, FBR, and SBR). Moreover,

addition of compatible solutes under salinity on anaerobic and aerobic biomass for

denitrification and nitrification, respectively, should be studied. Furthermore, the

effect of compatible solutes on aerobic biomass under salinity should be examined.

NMR analysis could be used to identify the compatible solutes that are generated de

novo by aerobic biomass. The effect of adding compatible solutes to anaerobic

biomass that treats waste with high salinity should be investigated. Moreover, with

regard to the preliminary results of the effect of compatible solutes under low

temperatures, more research should be done in a continuous system using a

SAMBR. Furthermore, the effect of adding compatible solutes to a thermophilic

system should be studied. This thesis introduces a new approach to a biological

system, the addition of compatible solutes for wastewater treatment. There are

numerous directions in this field of research that could be investigated.

8. Using various substrates, the compatible solutes produced by anaerobic biomass

under salinity could be investigated (with the use of NMR). It is possible that unique

or expensive compatible solutes, or both could be detected. The specific species that

generates these compatible solutes under salinity needs first to be found. It is
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already well known that when conditions change from salinity to non salinity the

compatible solutes inside the cell can be released into the medium. Thus, after the

release of compatible solutes to the medium they can then be purified. This process

could be commercialized for the production of specific compatible solutes.

9. Research could be done based on the modified method for determination of low

COD under high salinity (Chapter 3). This modified method can be extended for

higher values of COD under various concentrations of salinity.

10. Considering the short-term experiment on gas backwashing (Chapter 9), research

could be focused on the use of the gas backwash technique to decrease the

membrane fouling rate. The rate of backwash gas and the time for gas backwash

could be evaluated. In addition, more rigid and different types of membranes could

be studied such as ceramic and hollow fibre. This could enable the SAMBR to be

operated at a higher flux without any need for chemical cleaning.
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