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ABSTRACT

Pilot scale cake filtration biological reactor (CFBR) and membrane bioreactor
(MBR) were operated (capacity: 100 m’/d) for 26 months. The system was evaluated
according to conventional cake filtration theory using its plots of V vs. ¢ and ¢V vs. V.
Standard blocking model plots of CFBR were compatible (R*> 0.95) for the initial period; the
latter was best fitted to the cake filtration model (R*> 0.99). The linearity between #/V and V
was observed individually, showing a change of filtration characteristics at the transition point.
Results of a particular period (six months) with complete sludge retention were presented to
state the sludge production pattern and, the activity and diversity of nitrogen converters. The
average sludge yield reached equilibrium after day 105 (0.25 kgwmiss’kgcop, MLSS~15,000
mg/L). Volatile portion of mixed liquor suspended solids (MLVSS/MLSS) increased-
decreased—increased and stabilized around 0.57. Inert material stabilization showed that inerts
could be degraded at sufficiently long SRTs. The nitrifier population was adversely affected
by gradually increased biomass with insignificant effluent quality change. However,
coexistence of aerobic and anaerobic ammonia oxidizers in a partially aerated system was
confirmed. The total operation cost of such high biomass filtration system could be 9-15
percent less than that of a biological nutrient removal (BNR) plant because of the decreased

expenses for sludge disposal.
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OZET

Pilot 6lcekli kek filtrasyon biyolojik reaktér (CFBR) ve membran bioreaktor
(MBR) iiniteleri (kapasite: 100 m*/giin) 26 ay boyunca isletilmislerdir. Sistem konvansiyonel
kek filtrasyon teorisine gore V' — ¢ ve ¢/V — V grafikleri kullanilarak degerlendirilmistir. CFBR
icin, baslangic peryodu standard bloke modeli ile uyumludur (R*> 0.95); sonraki period i¢in
kek filtrasyon modeli en iyi sonucu vermistir (R> 0.99). Periodlar ayr1 ayri
degerlendirildiginde, #/V ve V arasinda dogrusal iliski vardir; ilk period sonunda lineerlikten
sapma noktas1 filtrasyon karakteristigindeki deg§isimi gostermektedir. Camurun biitliniiyle
sistemde bekletildigi, altt aylik bir donemde, ¢amur iireme siireci ve azot gideren
organizmalarin faaliyet ve gesitlilikleri degerlendirilmistir. Sistemdeki camur {iremesi 105 giin
sonra denge kosullarina ulasmistir. Askida kati madde igerisindeki ugucu (MLVSS/MLSS)
orani atmis—azalmis—yeniden artmis ve 0.57 civarinda dengelenmistir. Inert madde
stabilizasyonu, inertlerin yeterince uzun ¢amur yaslarinda ayrisabileceklerini gdstermistir.
Cikis kalitesine 6nemli etkisi olmamasina ragmen, nitrifikasyon organizmalarinin faaliyet ve
cesitlilikleri, giderek artan biyokiitle konsantrasyonundan olumsuz etkilenmistir. Sonuclar,
kismen havalandirilan sistemde, aerobik ve anaerobik amonyak yiikseltgeyici organizmalarin
birarada bulunabileceklerini dogrulamistir. Boyle bir yiiksek biyokiitle filtrasyon sisteminin
isletme maliyeti, herhangi bir biyolojik niitrient giderim (BNR) tesisine gore yiizde 9-15

azaltacaktir.
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1. INTRODUCTION AND SCOPE

Activated sludge technique is a very common process for municipal wastewater
treatment. The last and important step of an activated sludge process is separation of
microorganisms and treated wastewater. The separation is usually done in final clarifiers. In
other words clarification — separation of microorganisms and treated wastewater — is the
indicator of the process efficiency, because regardless of disinfection, efficiency of
clarification affects all the discharge parameters (organic carbon, nitrogen and phosphorus)
and it is highly depended on the mixed liquor suspended solids (MLSS) concentration in the
process tanks. According to the experiences on activated sludge process, the desired
separation of biomass and treated wastewater can be achieved when process biomass
concentration is 3 —4 g MLSS L™ and for a safe operation of final clarifier biomass should not
exceed 5 g MLSS L. However, adverse conditions like sludge bulking, rising, pin point floc

formation decrease the sedimentation efficiency.

The advances in membrane technology have lead to the increase of biomass
filtration systems. Because separation of treated wastewater phase by filtration does not
require specific floc structure or mass and operation of bioreactors at elevated biomass
concentrations is possible. Besides, biomass filtration offers high effluent quality and efficient
treatment as a result of sufficiently high sludge retention times and, consequently, diverse

microorganism content of biomass.

The possibility of operating a bioreactor at high (MLSS) concentrations, which
means low sludge growth due to high sludge age, has attracted many researchers and

engineers, because the problems of sludge handling have been still standing like the tip of the



iceberg in many biological wastewater treatment plants. However, filter media clogging has
been the most important problem of the biomass filtration systems and, steady and sustainable
operation of membrane filtration units requires careful management of membrane fouling.
Several methods for preventing membrane fouling externally have been implemented. Thus,
the membrane material itself has been studied comprehensively in order to develop less or

non-fouling membrane surface.

1.1. Sludge Disposal in Activated Sludge Plants

Today in Istanbul, besides the small industrial activated sludge plants, there are
over 66 publicly owned municipal wastewater treatment plants in operation, which belong to
Istanbul Municipality Water and Sewerage Administration. The large treatment plants are:
Ambarl, Atakdy, Pasakdy and Tuzla Wastewater Treatment Plants. Pasakdy plant was
designed for 500,000 people equivalent and 67,700 kg SS d”', 48,600 kg BODs d™!, 9,700 kg
TN d' and 1,340 kg TP d”' wastewater load. Currently, existing plant has average wastewater
strength of 40,600 kg SS d™', 29,000 kg BODs d”', 6,960 kg TN d”' and 855 kg TP d”', and 135
ton d”', 25 % sludge produced and 30 ton d, 98 % dry product removed from the plant. Tuzla
plant was designed for 1,150,000 people equivalent and 136,925 kg SS d™', 92,250 kg BOD;s d°
' 5,000 kg TN d"' and 800 kg TP d”' wastewater load. The existing plant receives average
wastewater strength of 213,200 kg SS d”', 101,350 kg BODs d™', 18,600 kg TN d' and 2,950
kg TP d”', and 280 ton d', 25 % sludge produced and 55 ton d', 98 % dry product removed
from the plant. Atakdy plant was designed for 195,000 kg SS d', 117,000 kg BODs d™,
23,400 kg TN d and 3,120 kg TP d"' wastewater load. The existing plant receives average
wastewater strength of 137,355 kg SS d”', 144,500 kg BODs d™', 25,420 kg TN d”' and 2,990
kg TP d”' and 87 ton d”, 95 % dry product removed from the plant. If total population of
Istanbul considered as more than 14 million, total disposed biomass amount when whole
municipal wastewater of Istanbul treated, would be approximately 10 times of the current

sludge amount.



1.2. Problems of Sludge Disposal

In municipal wastewater treatment plants, sludge disposal accounts for
approximately 60 % of construction cost and 40 % of operation cost. Thus, sludge treatment
units should be well designed and carefully operated and maintained. In order to minimize
operational problems, treatment system selection and technical items of the system are
important subjects to be considered during design. On the other hand, most important aspects
of sludge disposal are odor problem, unforeseen increase of daily, weekly, monthly,
semiannual and annual maintenance frequency; considerable manpower is consumed in sludge
treatment units and breakdown of these units cause an increase in biomass concentration and

directly effect the sedimentation efficiency and decrease the effluent quality.

Nowadays, addition of sludge drying and incineration units to treatment plants
can decrease the waste sludge volume up to " of the dewatered sludge volume. Accordingly,
transportation cost and landfill area requirement will decrease with the same ratio; besides
leachate production and leachate treatment cost will decrease. Also, after sludge drying
process, treatment plant sludge can be used as fertilizer or as fuel source in several industries
(the dry sludge is especially an attractive source for cement factories). But drying or
incineration of dewatered sludge (25 — 30% TS) means additional construction, operation and

maintenance cost.

1.3. Scope

As it is stated above, in a system like membrane bioreactor (MBR), complete
retention of sludge by membrane process makes it possible to maintain high MLSS in
bioreactor, which causes long sludge retention time (SRT) and low food-to-microorganism

(F/M) ratio. The long SRT also causes less sludge production while low F/M ratio gives a



chance to reduce hydraulic retention time (HRT). The daily sludge disposal cost for 1 ton of
dry sludge (TS > 95%) in Istanbul is around 120 TL, which means 43,400 TL for a year. So,
as the sludge amount will be decreased before sludge processing units a minimum sludge
producing system means considerable energy and chemical (polymer) saving and also

operational cost reduction.

Many researchers have stated different solutions to the clogging of filter
material in high MLSS systems. Despite the membrane fouling control techniques, cake
formation on membrane surface further minimizes the pore size; for example 0.4 um pore size
of a flat-sheet membrane can decrease to 0.1 wm during operation and the producers do not
deny the reduction of the pore size to improve the membrane effluent quality. On the other
hand, in order to prevent pore blocking, different cleaning systems are used for membranes
that can be listed as air scouring, backwashing and chemical cleaning. Continuous air scouring
and periodical chemical cleaning are used almost in all systems. However, for a large
treatment plant e.g. 100.000 m® d”' of flow rate, membrane scouring air requirement is 91,350
Nm® h!' for the above mentioned brand, it may be an additional construction cost of 1 — 4

blowers, and about 18,000 diffusers and about 1,400 kW of operational cost.

The scope of this study was to develop an alternative high biomass filtration
system, which includes cake filtration following nitrification and denitrification of municipal
wastewater; and unlike membrane processes in the market, this system will promote cake
formation. The chosen filter material was a polyester cloth and by the help of cake formation,
sludge was retained in the reactor (target MLSS is 15,000 mg L or higher) and treated
wastewater was filtered out. The main objective of the developed filter system was to bring up
a submerged system that achieves separation of treated wastewater (permeate) from activated
sludge by filtration that depends on cake filtration principles. Another objective of the study
was to bring up a submerged filter system that does not cause fouling problem. The system

was a cake filtration system that uses the activated sludge as a ‘filter’; instead of preventing, it



allows the formation of the cake layer, which is believed to cause fouling on the surface and
within the pores of filter material. In addition to filtration studies about the cloth filter unit
operated in parallel with a submerged microfiltration membrane, the properties of sludge cake
was investigated by molecular studies and the sludge production pattern was analyzed to state
that the process can reach to equilibrium sludge production conditions without any
deterioration of filtration process. Thus, the cost of such a plant operation was compared to

that of a conventional biological nutrient removal system.



2. BACKGROUND AND LITERATURE REVIEW

2.1. Introduction

The activated sludge process for biological nutrient removal systems in
municipal wastewater treatment basically consists of three processes in series, in which the
desired reactions are carried out in a mixture of wastewater and biomass, resulting in a clean
effluent. The first step consists of pretreatment (screening and grit removal) to remove coarse
materials and other undesired substances. Usually this is followed by primary treatment
(primary sedimentation), in order to remove the settleable solids (mainly carbon) in
wastewater. Subsequently, the influent is mixed with the biomass and treated under anaerobic
or aerobic and/or anoxic conditions. The treated wastewater is separated from the biomass,
usually in a clarifier tank, where the biomass is partially returned to the reactor to continue

biodegradation and partially wasted.

One of the major features of the activated-sludge process is the formation of
floc particles, ranging from 50-200 um. These floc particles contain different kinds of
microorganisms that are held together by extracellular polymeric substances (EPS) and/or
soluble microbial products (SMP), and can be removed by gravity settling. The activated
sludge flocs contain a wide range of species of bacteria and protozoa, which are responsible
for the conversion of organic material and nutrients. Depending on the type of organism and
reactor conditions, different types of conversions can take place. Most important and common
of all is aerobic oxidation (oxic), in which oxygen is the electron acceptor while organic
carbon and ammonium nitrogen are electron donors for carbon removal and nitrification
respectively. The other reaction type is the denitrification process (anoxic oxidation) in which
nitrate nitrogen is the electron acceptor and organic carbon is the electron donor. In some

plants, aerobic and anoxic oxidations are coupled with enhanced biological phosphorus



removal. All reactions are performed as part of the life cycle of the respective microorganism.
For each reaction type the bacteria require a carbon source, an electron donor and an electron
acceptor, which together yield an end product and form so called excess sludge that

determines the sludge age of the system.

The integration of biomass filtration into an activated sludge process has been
widely used in the field of wastewater treatment, due to their important advantages like high
effluent quality, good retention of all microorganisms and viruses, maintenance of high
biomass concentration [1]. Throughout the last two decades, rapidly developing new systems,
materials and decreasing media costs have been another important driving force for the
widespread application of membrane bioreactors (MBRs) [2]. Most commercial biomass
filtration units have been applied as either hollow fiber or flat sheet submerged membrane
modules, which have been in operation for over 15 years, and they have proven to be both

reliable and simple to operate [3, 4].

2.2. Filtration Principles

Filtration is one of the oldest unit operations that involves the mechanical
separation of a disperse phase (particle/fluid mixture) from a continuous fluid phase. The fluid
passes through a porous barrier, which is termed as the filter medium, and particles that are
larger than the pore size of the medium accumulate to form a filter cake on the upstream side
of the medium. Filters also may be described by the hydraulic arrangement employed to pass
water through the medium [5]. The driving force for this process, which forces permeate

through the filter, is the pressure difference across the filter medium and the cake.

Filters are classified according to the driving force used in the process: gravity

or pressure filters. Gravity filters are open to the atmosphere, and flow through the medium is



achieved by gravity. Pressure filters utilize a pressure pump to maintain the driving force and
filter the fluid through the medium. The two systems are merely two ways to provide a

hydraulic gradient across the filter [5].

The filtration processes, according to their flow characteristics, can be formed

as follows [6]:

* Constant pressure filtration
* Constant rate filtration
* Variable rate - variable pressure filtration

* Stepped pressure filtration

The method in which the applied pressure over the filter is held constant so that the rate of
filtration decreases continuously from the beginning towards the end of filtration is called
constant pressure filtration. In constant rate filtration, the applied pressure over the filter
system is adjusted to achieve a constant filtration rate at the downstream. In contrast to these
types of operations, industrial filtrations involving centrifugal pumps are accomplished under
variable pressure — variable rate conditions [7]. Stepped pressure filtration is carried out for
experimental purposes, it is possible to manually increase pressure during a filtration and

simulate various pumping conditions [7].

Filtration can be further classified according to the particle deposition
mechanism: separation by capturing of particles inside the porous filter medium is termed
depth filtration and separation at the filter medium’s surface is termed surface filtration. When
particles deposit on to already deposited particles the resulting particle agglomerate is termed
filter cake and the corresponding filtration mechanism is cake filtration. Cake filtration is

preceded by surface filtration [8].



2.3. Cake Filtration

Cake filtration is a solid-liquid separation process that can be described
basically as passing of a solid-liquid suspension through a porous medium while solids in the
suspension retained on the surface of the filter medium form a cake with porous structure,
which acts as another filter medium, as filtration proceeds. The more solid-liquid suspension is
filtered the cake becomes the actual filter medium that positively affects the filtration process.
Thus, cake formation is a critical step for obtaining the desired results from a cake filter. On
the other hand, as the cake thickness increases, the pressure resistance across the cake also
increases. The cake build-up is quite noticeable, often up to 3.5 cm thick and generally after a

filtering cycle, the cake is removed from the filter medium and discarded [9].

Since Ruth [10] carried out the classical theoretical analysis of cake filtration in
the 1930s many researchers have been working on filtration models and techniques. The
mechanism of flow within the cake and filter medium, and the external conditions imposed on
them are the basis for modelling a filtration process [6]. The analyses of cake filtration have
been made stating the fluid flow through the cake and medium under an applied pressure
gradient. Earlier cake filtration studies have been done by chemical engineers and the process
has been widely used in the chemical and process industry. Thus, the development of cake
filtration technology was left mainly to equipment manufacturers, which tended to be small-
scale operations [11]. The contribution of cake filtration mechanism in water filtration,
especially in wastewater treatment, has gained interest for various membrane filtration

systems.
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2.3.1. Sludge Cake Formation

Microorganisms can attach and colonize on any surface material, by the
vertical transport of fluid through the media. [12]. Within minutes of contact the first
microorganisms will adhere to the surface and the formation of cake is strongly influenced by
the concentration of cells in water phase. It was shown that dead cells of microorganisms
adhere at the same rate to the surface as living cells because these cells already carry the sticky
material, extracellular polymeric substances (EPS): polysaccharides, proteins, glycoprotein,
lipoproteins and other molecules of microbial origin which mediates adhesion as well as
cohesion [12]. EPS forms a slime matrix that keeps the biofilm or the cake together. The
adsorption of biopolymers on the membrane were found to modify its surface property and led
to easier biomass attachment and tighter sludge cake deposition, which resulted in a
progressive sludge cake growth and serious membrane fouling [13]. Sludge cake is kept
together by weak physio-chemical interactions which are hydrogen bonds, electrostatic
interactions and van der Waals interactions and the energy provided by these interactions
ranges between 0.1 — 10 percent of that covalent C — C bond depending on respective
formations of the macromolecules, water content, pH, ionic strength, temperature and other

parameters [12, 14].

The extend of biofilm accumulation will depend on different factors such as
nutrient concentration, type and availability, shear forces, mechanical stability of the biofilm
matrix, as influenced by: oxidizing agents, biodispersants, mechanical stress, temperature,

type of microorganisms, physiological activity, structure and physical strength of EPS [12].
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2.3.2. Pressure Drop through the Filter Cake

Once a cake is built up on the surface of a filter medium, the flow resistance is
not constant and a different approach is needed to determine the behavior of filter cakes,
which is considered as the complexity of cake filtration [15]. Cake formation increases
pressure drop across the filter and reduces the flow of filtrate. The development of cake
formation models began with the Darcy’s Law that describes the water flow through porous
sand media. According to conventional cake filtration theory, the flow rate of liquid is
proportional to the pressure gradient and for steady laminar flow through homogeneous and

incompressible porous media:

_fap, 2.1)

7 u dx

¢: : Superficial velocity of liquid (m s™)

pi - Liquid pressure (Pa)

x : Distance measured away from medium (m)
k : cake permeability (m?)

w : Liquid viscosity (Pa.s)

Filter cakes in general are compressible [16]. Applied pressure on compressible
cakes leads to particle deformation and rearrangement that can end up with either plastic
deformation or cake swelling after pressure release. It was demonstrated that activated sludge
forms highly compressible cakes even at low pressures [17, 18]. So, for a compressible cake,

Darcy’s equation may become as [19]:



i

_Ma’x

/

ps - Compressive stress (Pa)

2.2)

12

The liquid and particle velocities, ¢g; and g;, are in the opposite direction of x and within the

coordinate system are inherently negative. One major assumption of the conventional Thus, a

variety of pore liquid pressure and compressive stress, p; and p;, relationships can be

established. For one-dimensional cake filtration, the pressure terms are dominant and the

relationship between the pressure terms can be simplified as [20];

<+— Gs, Flow rate
of liquid

Migration
® o rate of

solids
& Es gs=es  g=¢g, Solidosity
Ps,, Ps ps=0
p|=0 p'm Pi Pi1=Po Po
- >(2(
L(1)
Cake Slurry

Figure 2.1. Schematic diagram of cake formation and growth [16].
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Loy 2.3)

The simplest case for p; — p;, relationship proposed by Tien and coworkers [20] is;
dp; +dps = 0 (2.4)

where f*=-1.

In cake filtration process, at the very initial short period, filtration runs without
cake formation, afterwards cake formation takes place. Once a cake builds on medium during
the filtration of a suspension, the cake itself takes a significant proportion of the total pressure
drop. This leads to a gradual drop in the flowrate and cumulative filtrate volume slows down
with time. Hence, the filtrate flowrate at constant driving pressure becomes a function of time
[19]. The filtered liquid passes through two resistances in series: that of the cake and that of
the medium. The overall pressure drop at any time is the sum of the pressure drops over the
medium and cake [21]. At the cake/suspension interface x = 0, p; is equal to p,, the applied (or
operating) pressure, at the downstream side of the medium, p; may be assumed to be zero and
pim 18 the pressure at the boundary between cake and medium. If the pressure drop over the

cake and the medium are 4p. and 4p;

Ap = po—0= (pi—pim) + (Pim—0) = Apc + Apm (2.5)

According to the expression with two resistances in series, Equation 2.1 can be written

as;



(2.6)
)

where, the resistance replaces the x/k.

R,,: Medium resistance (m™)

R.: Cake resistance (m™)

14

The resistance of the cake may be assumed to be proportional to the amount of cake deposited

on the filter medium.

R =la,], w (2.7)

[OCWL : Average specific cake resistance (m kg™")

Sm

(2, cake compressive stress at the cake/medium interface, Pa)

A4 : cake mass per unit medium surface area (kg m™)

Introducing the average specific cake resistance into Equation (2.6) gives;

1 Ap +Ap
q/ = — 4 ¢ (2.8)
H (A’ + [a ] .W)
m av }3”7
which can be also written as;
1 2
q/ = — 2 (2.9)

‘u([l’m+[aw]/p .w)



15

The Equation (2.9) is the basic equation of the conventional cake filtration theory that means
the instantaneous filtration rate (g;) is directly proportional to the pressure applied (p,) and

inversely proportional to the flow resistance of the cake and the medium [16].

For incompressible cakes, the specific cake resistance (o, m kg') should be
constant. Because the cakes formed during filtration processes are generally compressible, an
average specific cake resistance should be defined for related stages of filtration. Ruth [10]

defines the average specific cake resistance;

AP
e (2.10)

(04 =
ayv APF

1
Ja

The performance of cake filtration may be seen from the volume of filtrate collected and the
solid particles recovered per unit medium surface area (V" and w respectively) as functions of

time [10].

_ 2.11)

"=
The relationship between V and w can be expressed as follows;

wePS (2.12)

1=ms

V' : cumulative filtrate volume per unit medium surface area (m)

s :particle mass fraction of the suspension (-)

m > wet to dry cake mass ratio (-)

p - filtrate density (kg m™)



16

t :time (s)
Substituting the above expressions into Equation 2.9 gives;

1 2, (2.13)

” @ M{A’ +[a ] Vp_s}

AL = s

Equations 2.9 and 2.13 are equivalent and the difference of Equation 2.13 is, it has one
dependent variable, the cumulative filtrate volume ¥, if wet to dry cake mass ratio can be

treated as a constant [16].

2.3.3. Filtration Experiments and Expressing the Performance

In a large scale continuous filtration system, main control parameters are
applied pressure, pressure drop, concentration drop of the slurry and the performance
indicators are: filtrate flowrate and the rate of cake formation. The flowrate is a simple
monitoring tool, which can be even measured by the ‘bucket and stopwatch’ method, and used

for filtration analysis as the basic variable in the form of cumulative filtrate volume.

In constant pressure filtration, the applied pressure, p,, is constant; so, the only

variables are J and ¢. Rearranging Equation 2.13 gives;

—\! av av
= Up.s l—ms) o V—+ull — 2.14
2, =ups (@], 7 T+ ur, 2.14)
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Integration of Equation 2.14 between the limits (0, 0) and (t, V) and the assumption that R,,

remains constant gives;

2

— -1 v
prL= ups(l - ms) [aw ]P 5 +uR V (2.15)

S

Equation 2.15 expresses the main feature of the conventional cake filtration theory that is

widely used in design calculations and data interpretation and is known as the ‘parabolic law’

-1
of constant pressure filtration if the quantity (1— ms) [aw]P can be treated as constant. The

Sm

expression [O!W]P is a function of AZ and 2 [16]. In course of filtration, flow through a

cake causes particle rearrangement and collapse of pores, hence filter cake structure changes

and usually average properties are defined. Hence, the average specific cake resistance over

compressive stress ranging from 0 to /2 , which is the value at cake / medium interface, can

be expressed as;

(@), == (2.16)

If a,, and ;7 evaluated at A2 = py and Equation 2.13 is rewritten with the

assumption of the medium resistance to be equivalent to that of a fictitious cake layer

corresponding to a cumulative filtrate volume of V,, [16];



g = arv 2,
dr ps
[ av]@'”(pg) 1—;7S (y //1)
and
1—;7s
V = r
pS(aﬂv )’Dr”,(” )

Integrating Equation 2.17 gives;
(V+Vm)2 =A(1+fm)
where,

2p, (I—Zs)

A=
ula,),,., ps

and

Equation 2.19 may be written as;

2V
+ 7
A

Y

z
%

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

18
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According to Equation 2.22, for constant pressure filtration the plot of #V vs. V yields a

straight line with a slope of,

. -1
P T A (S

and an intercept of,

Thus, with significant cake thickness, negligible media resistance and 4P, approaching to py,

the quantities of R,, 7, [0.y] approach their respective constant values [22]. So, a linear

relationship between #/V vs. V' may be established.

Teoh and coworkers [22] has summarized four methods for the determination
of filtration data:
1. Method based on the linear plot of /" vs. V of constant pressure filtration data,
2. Method based on cake filtration data obtained with operating pressure increasing
stepwise,
3. Method based on the measurements of cake internal properties,

4. Method based on the knowledge of the instantaneous filtration rate.

As it is summarized above, the first method is a simple and commonly used procedure for

determining [Ofw] , the specific cake resistance. Thus, the interpretation of constant
2y

AP=
pressure filtration data is commonly based on the so-called parabolic law of the conventional

filtration theory. The basic assumptions of the theory are: the pressure drop across the cake is

essentially the same as the applied pressure (the medium resistance is negligible), the wet to
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dry cake mass ratio is constant and the particle velocity within the cake is small as compared
with the filtrate velocity [23]. Furthermore, the initial stage of filtration and cake formation are

generally analyzed separately [24].

2.4. Filtration Mechanisms

Many models have been proposed in order to deeply understand the filtration
mechanisms that actually explain when and why the fouling occurs. Filtration always leads to
an increase in the resistance to flow. In the case of a dead-end filtration process, cake
formation on the media, which increases the resistance, might be expected to be roughly
proportional to the declining permeate volume. For cross-flow processes, this deposition
continues until the scouring forces of the fluid passing over the media balance the adhesive

forces binding the cake to the media, resulting steady state conditions [2].

Four different kinds of blocking models were first proposed by Hermans and
Bredee [25]: complete blocking, intermediate blocking, standard blocking and cake filtration.
Grace [26] developed the models and Hermia [27] derived a common equation that applied to

all four fouling mechanisms for constant pressure filtration.

77

2
AL d"; (2.23)
dkf VA

Vr : Total volume permeated through the membrane at time t (mL)
k  : Multiplicative constant for plugging
n  : Fouling mechanism exponent

t  : Filtration time (s)
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2.4.1. Complete Blocking Filtration Law

In this model, it is assumed that each particle reaching the media pores
participates in the blocking phenomenon by pore sealing, which leads to the assumption that
particles are not superimposed one upon the other [27]. Darcy’s law given in Equation 2.1 is

also expressed as;

24

= 2.24
12 o (2.24)
For initial flowrate through filter and unclogged media the equation becomes;
A
=" 2.25
9= (2.25)
O :Flow rate (h™)
Oy :Flowrateatt=0 (h")
A : Filter surface area (m™)
u  : Filtrate Newtonian dynamic viscosity (Ns m™)
P : Filtration pressure (N m™)
R : Filter resistance (m™)
At time t;
PA
O=— (2.26)
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If the volume of filtrate, /'y has been filtered and blocked a portion of filter surface area equal

to ol

A =A~0V, (2.27)

For a constant pressure filtration;

7(4,-07,)
0= / (2.28)

Introducing Equation 2.25 into 2.28 gives;

0-0-2 (2.29)
u

If P—; is defined as the plugging constant for complete blocking, &, (s™), the equation can be
u

put in the following form, which gives a linear relationship between Vyand Q;
kY, =0,-0 (2.30)

Integrating Equation (2.30) with respect to time yields;

c/Vf
O=—rF=0-4/; (2.31)
av
L = (2.32)

(G-47)
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1 /

?/n(go —& ) =1 (2.33)
/]

gives,

O0=0e™" (2.34)

which is the O = f() relationship, while
kY, = g(1 - e"f»’) (2.35)
For a constant pressure filtration, the resistance coefficient can be defined as

the rate of variation with respect to filtrate volume of instantaneous resistance to filtration

which can be measured by the inverse of flow rate [27]:

2
- a4 (1\_4d7 (2.36)
ar \o) ar}

Introducing Equation 2.30 into 2.36 gives;

d’t  d

2
d’k/ cz’V/.

1
Gir ) (2.37)

The derivative gives;

7

- =
cz’V/.

b(o-47,) (2.38)
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2
4t _ A (2.39)
vy O
which can be written as;

) 2
LI | (2.40)
vy N\,

Fouling mechanism exponent for complete blocking is 2. This equation can be considered

as the characteristic form of the complete blocking filtration law under constant pressure [27].

2.4.2. Intermediate Blocking Filtration Law

This blocking law is based on the assumption that every solid particle contacted
with an open pore seals it. But in this case, the model is adopted in such a way that particles
are allowed to settle on other particles, which can also mean that each particle does necessarily

block a pore. So, the law evaluates the probability of a particle to block a pore [27].

If Ay is the initial active filter surface area and V" is a small prefilter volume

containing particles at time Az, the projected area on the filter, 2 is:
S=0/" = oV, (2.41)

The active surface area and the volume of filtrate will be reduced to:

(Ao—2)
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and,

Vi(Ao—2) / Aoy
The unblocked surface area at time ¢, 4, is equal to that at time ¢ — A¢t, A, 4 that states the new
blocked area, which is proportional to both the free surface at time ¢ — A¢ and filtrate volume

passing through this free surface [27].

For time lags to tend towards a limit dt:

Af
A,,=A-0 Q//;)(Z) (2.42)
A, ,—A =dd (2.43)

Introducing Equation 2.24 gives;

it =02y (2.44)
ur A

0

“dd _ oP |
Integrating | — =— ar gives;
]
A
A=—"0— (2.45)
ofF
1+——7
( ur )

and Equation 2.45 can also be written as;
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Q=—( i‘)j) (2.46)
1+ Z)

ure
If the equation is rearranged;

of

_1, / (2.47)

o G, uRg,

If C;j; is defined as the plugging constant for intermediate blocking, &; (m™), the equation
MLy,

can be put in the following form,

=k (2.48)

Rearranging the equation gives;

(Qo - Q)
£ = 7/ 2.49
IZQO Q ( )

Integrating kv, = % yields the following O = f(V)) relationship:
O0=0e"" (2.50)

Rearranging the Equation 2.50 in order to obtain V; = f(t) relationship gives;

—Fr+— (2.51)
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ar

For O = dV/dt, integrating O ———
! G (A'I.Qol + 1)

=dV, yields;

&Y, = n(#,00+1) (2.52)

The resistance coefficient for intermediate blocking filtration is;

d’t  d 1 (2.53)
= — .
av, ar, o
Introducing Equation 2.50 into Equation 2.53 gives;
2
AL 4 (iéﬂ/) (254
av, 4\
The derivative gives;
d*t  #, Vs
3 = z el’/V =7 (255)
7o 0
which can be written as;
d*t dar
> =4, (2.56)
vy

So, Equation 2.56 can be considered as the characteristic form of the
intermediate blocking filtration law for constant pressure [27]. Fouling mechanism exponent

for intermediate blocking is 1.
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2.4.3. Standard Blocking Filtration Law

Hermia [27] assumed that pore volume decreases proportionally to filtrate
volume by particle deposit on the pore walls. The decrease of pore volume will be equal to the

decrease of pore section with the assumption of constant pore diameter and length.

N (2mrdr)L=CaV, (2.57)

*

N : Number of media pores (-)
L : Pore length / Media thickness (m)
C

: Volume of solid particles deposited by unit volume of filtrate (-)

~N

: Pore radius (m)

Integrating the mass balance Equation 2.57 on solid particles gives;

*

N n(r;-rz)z=cyf (2.58)

Initial flow rate in standard blocking model is found Poiseuille’s equation,

which gives [28];

Gy=N

4
(zrtP
(” £ (2.59)

gu[

Poiseuille’s law defines the pressure drop in a fluid flowing through a long
cylindrical pipe with radius 7 and length L. In case of a laminar flow the volume of flow rate,

which is given by the pressure difference, 4P, divided by the viscous resistance, R, depends
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linearly on the viscosity of the fluid, x and the length of the cylinder but on the fourth power

of radius.

4
Volume of flow rate = £ = ALy
Sul

(2.60)

If it is assumed that there are a number of circular lamina of fluid (with radius »’
=0 to r) and having a velocity determined only by their radial distance from the center of the

cylinder; flow through each lamina (velocity x area), Q(r’), is given by [28]:

Q(r’)dr = LA—ID(/”2 - r’z)ZJU”d/’ = iA—P(/”}’2 - /‘,S)QI}‘ (2.61)
du L 2u L
Integrating over r’ from 0 to r gives;
7 4
Q=££f(r’r2—r’3)dr=AP”r (2.62)
2u L Sul

Hence, for N number of pores, the initial flow rate of standard blocking filtration law can be
expressed by Equation (2.62). The equation states that for a constant pressure filtration, the
decrease in the filtrate volume passing through the media is proportional with the decreasing

pore radius as a result of pore constriction. Thus,

4
7
- 2.63
p (2.63)

o
13

and,



N wlr? =N'mlr}-CV,

Hermia [27] derived following equation;

iv Y
— _ s 7
Q_Qo[l 2 )

where, plugging constant, k, for standard blocking (m™) is equal to;

f. 20
. V/,% ’62

Integrating Equation 2.65 gives the V= f{) relationship;

The Q = f(?) can also be derived from Equation 2.65;

12

0=
(1+A’JQ°Z)
2

Inserting Equation 2.65 into Equation 2.23 gives;

d’t  d 1
2 2
;A 0,(1-0547)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

30
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The resistance coefficient for standard blocking filtration is;

dz 1 3/2
L=t 0" (—) (2.70)
Ve 1z

If the resistance coefficient is simplified;

k" - &QW (2.71)

7 A\
| (2.72)
cz’sz. NV

Equation 2.72 represents the characteristic form of the standard blocking

filtration law for constant pressure [27]. Fouling mechanism exponent for standard blocking is
1.5.

2.4.4. Cake Filtration Law

The cake filtration theory may also be expressed with the common equation
that describes the filtration mechanisms (Equation 2.23). According to the resistance in series

rule, the total resistance at time 7, R, (m™) is the sum of filter media resistance, Ry (m™) and the

cake resistance R, (m™) [27]:

R=R+aWW /A (2.73)
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Equation 2.24 at time ¢ can be written as;

_4 (2.75)
Ur,
Equation 2.12, which results from a mass balance on cake, can be written as;
YV .ps
we=cr, = s 2.75)
' 1= s

where W (kg) is the cake mass accumulated on media and ¢ (kg m™) is the mass of dry cake
solids per unit volume of filtrate. Inserting Equation 2.75 into Equation 2.73 and rearranging

the equation gives;

aV .ps

R =R |1+ —=——
(l—ms)AA’O

(2.76)

and Ruth’s constant, kz, can be derived from the equation. Ruth’s filtration equation is:

cz’V_. _ P
" ula(”/ )+ %] =70

The equation states that differential or instantaneous rate of filtration per unit
area (dVy/Adt) is given as the ratio of a driving force, pressure P, to the product viscosity u and
sum of cake resistance o (W/A4) and filter medium resistance R, [29]. Equation 2.77 can be

rearranged and expressed as with the medium resistance neglected;



AP
uac

ar

y/dyf =

Integrating and rearranging the equation gives;

/

A

V¥ ap 2P(1—/77s)
=uac UCP.s

Thus, Ruth’s constant can be written as;

2P(1—Zs)42
é 3

R

uop.s
Equation 2.79 becomes;

V/ = Ayt

It is possible to define;

2 uap.s a aps
£, AzP(l—ms) AA’OQO(l—/ﬂs)

and plugging constant for cake filtration, . (s m™®), can be written as;

(2
C kﬁ

Then, Equation 2.76 becomes;

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)
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R =R (1+4£07,) (2.84)

so, Equation 2.75 becomes;

PA

0= (2.85)
urR (1+£.07,)
and,
g
o= 0 (2.86)
(1+£.97,)
Rearranging the equation gives;
by, =t L (2.87)
EZ
Integrating the equation to give Vy= f(t) relationship [27];
Lk, (2.89)
v, O ‘
Vo
S, 1 (2.89)
2 v, G
and, O = f{t) can be written as [27];
O- 12 : (2.90)
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Inserting Equation 2.88 into Equation 2.23 gives;

2 1+4£ 0V
A 52 f] 2.91)
a7 g,
The resistance coefficient for cake filtration is;

2
L _ 4 (2.92)
vy

The Equation 2.92 represents the characteristic form of the cake filtration law

for constant pressure [27]. Fouling mechanism exponent for blocking in cake filtration is 1.0.

2.5. Membrane Bioreactors

Membrane bioreactor (MBR) technology is advancing rapidly around the world
for both research and commercial applications. A membrane system can be defined as two
essentially uniform and homogeneous fluid phases between which matter and energy can be
exchanged at rates governed by the properties of a third phase or group of phases that
separates them [30]. The third phase is called the membrane and is simply a perm-selective

material that resists transport [2, 30].

The term membrane bioreactor refers to a system developed for wastewater
treatment that combines a biological reactor and a membrane module. MBRs offer several
advantages, including high biodegradation efficiency, high MLSS concentrations in the

process tanks, excellent effluent quality, low sludge production and compactness [31]. As a
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result, MBR is an attractive option for the treatment and reuse of industrial and municipal

wastewaters.

A membrane bioreactor, consists of an activated sludge (AS) reactor and a
microfiltration/ultrafiltration membrane, which simply replaces final clarifier, typically has
high bioreactor MLSS concentration and nominal pore sizes ranging from 0.1 to 0.4 um, has
the potential to fundamentally advance biological treatment processes. Membrane separates on
the basis of molecular (or particle) size, according to the pore size of the membrane, the
filtration process can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF) or reverse osmosis (RO) [32]. MF membranes are capable of rejecting bacteria, cysts,
and suspended solids. In addition to these materials UF membranes also remove viruses,

protein, and some natural organic matter.

Table 2.1. Membrane filtration types.

Membrane process Pressure (bar) Pore size (nm)
Microfiltration 0.1-2 100 — 1000
Ultrafiltration 0.1-2 10 - 100
Nanofiltration 4-20 1-10
Reverse osmosis 10 -30 0.1-1

The advantages of high MLSS operation and biomass filtration include:

* Tertiary filtration processes or UV disinfection can be eliminated, thereby reduces plant

footprint.
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» Unlike secondary clarifiers, the quality of solids separation is not dependent on the
MLSS concentration or characteristics and there is no reliance upon achieving good sludge
settleability. Because elevated mixed liquor concentrations are possible, the aeration basin
volume can be reduced, which further reduces the plant footprint.

* MBR can be designed with long sludge age, hence sludge production is considerably
lower than conventional systems.

* Membranes can produce an effluent quality suitable for reuse applications. Indicative
output quality of microfiltration/ultrafiltration systems include SS < 1 mg L™, turbidity <
0.2 NTU and up to 4 log removal of virus (depending on the membrane nominal pore size).
In addition, MF/UF provides a barrier to certain chlorine resistant pathogens such as

Cryptosporidium and Giardia [33].

The disadvantages of membrane technologies:

» There has been increasing operation experience in the last decade, however there is
limited information on large scale applications (MBR has been mostly preferred in rather
small-scale plants).

* Despite the decreasing material cost, high construction cost is still higher than
conventional systems and, more information is needed on full-scale operation and
maintenance cost.

* Lack of experienced operators (especially in Turkey).

* Operation and maintenance problems; in general the problems are well known but still
there is the need for cost effective improvements.

» Regulations of effluent quality is not stringent everywhere.

2.5.1. Technology Implementation

The new and more stringent legislations, which affect both sewage treatment

and industrial effluent discharge, to prevent and remedy water scarcity impacts (Figure 2.2)
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have led to the progress of membrane manufacturing technology. Hence, membrane filtration
(microfiltration or ultrafiltration) has replaced tertiary treatment steps and parallel to this,
membrane filtration has been used for solid/liquid separation in biological treatment processes.
Legislation is the primary driving force in Northern Europe and parts of the United States and
Canada, while in other parts of the world, China, India, Australia and the Middle East, water

stress is the dominant issue [34].

The researchers from the Department of Environmental Engineering,
Rensselaer Polytechnic Institute, Troy, New York, and Dorr-Oliver, Inc., Connecticut in the
U.S conducted first investigations into membranes for wastewater treatment [35]. The idea of
replacing the final clarifiers of the conventional activated sludge (CAS) process was attractive,
but it was difficult to justify the use of such a process because of the high cost of membranes,
low economic value of the product (tertiary effluent) and the potential rapid loss of
performance due to fouling. The first generation MBRs only found applications in niche areas
with special needs like isolated trailer parks or ski resorts. The breakthrough for the MBR,
came in 1989 by submerging the membranes in the reactor itself and withdrawing the treated
water through membranes [34]. In Europe, the first full-scale MBR plant for treatment of
municipal wastewater, which is a combination of common bioreactors and membrane
filtration units for biomass retention, was constructed in Porlock, UK (commissioned in 1998,
3800 p.e.). Since early 2000s, MBRs have become increasingly popular for wastewater
treatment. In 2002, one MBR line was commissioned in Brescia, Italy, with an initial flow of
38,000 m® d”' that was later increased to 42,000 m’ d”'. In 2004, the Nordkanal MBR plant (in
Kaarst, Germany) was commissioned with a design maximum daily flow of 45,000 m® d”' to

serve a population of 80,000 p.e. [36].
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Water Quality Challenges

Increased Demand Alternative Sources

Figure 2.2. Drivers of membrane technology implementation [38].

2.5.2. Membrane Materials

Membrane materials have been manufactured in different characteristics
including fouling resistance, hydrophobicity, hydrophilicity, mechanical strength or chemical
tolerance. Material properties influence the exclusion characteristic of a membrane. A
membrane with a particular surface charge may achieve enhanced removal of particulate or
microbial contaminants of the opposite surface charge due to electrostatic attraction [37]. On
the other hand, the separation characteristic of a membrane is defined by nominal weight cut-

off (NMWCO) ability provided by the pore size and distribution of the membrane.

The vast majority of membrane materials are polymeric based; other forms of
membranes include ceramic or metallic materials. Typical polymeric membranes are

manufactured using phase-inversion techniques like solvent evaporation or temperature
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change. Common membrane materials are, polysulfone (PS), polyethersulfone (PES),
polyacrylonitrile (PAN), polypropylene (PP), polyvinylidene fluoride (PVDF), polyethylene
(PE). Basically, the materials can be classified as hydrophilic and hydrophobic that is related
to the surface tension of membranes. Hydrophilic membranes adsorb water while hydrophobic
membranes have little or no tendency to adsorb water. Hydrophilic materials can be wetted
forming a water film or coating on their surface because of their surface chemistry [34].
Mechanical strength is another consideration, because a membrane with greater strength can
withstand larger transmembrane pressure (TMP) levels allowing for greater operational
flexibility [37]. Chemical, thermal, and hydraulic resistances of ceramic and stainless steel
materials are greater than any other membrane material. However, these membrane modules
are not preferred for MBR applications due to their high cost. On the other hand, replacement

cost of the modules is much less than polymeric membranes because they are hardly damaged.

2.5.3. Membrane Configurations

Flat sheet or hollow fiber forms are common manufacturing configurations of
membrane materials. Membrane modules are categorized as:
* Flat sheet /plate and frame
* Hollow fiber
*  Multi tubular
* Capillary tube
* Pleated filter cartridge

* Spiral wound

There are two types of membrane bioreactor configurations with membranes
placed either outside (side-stream) or inside (submerged) the bioreactor. For the external

configuration, the biomass is filtered under pressure in a membrane module, whereas for the
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submerged configuration, vacuum-driven filtration is carried out in the aeration tank. In
submerged configuration (Figure 2.3), the energy consumption required for filtration is
significantly lower for two main reasons: no recycle pump is needed since aeration generates a
tangential liquid flow in the vicinity of the membranes, and the operating conditions are much
milder than in an external MBR system because of the lower values of TMP and tangential

velocities [39, 40].

2.5.4. Membrane Fouling

The majority of membrane material and process research and development are
dedicated to its fouling problems. Membrane fouling is basically the accumulation of

suspended or dissolved materials on the surface and/or in the pores of membrane materials

Anoxic Oxic Membrane
zone zone modules
|
- v v 0
Influent o 0o ‘0 \ 0 V0 O .
. o Permeate
: (effluent)
A | | | I | I | | |

Internal recirculation
/ sludge recycle v

Waste activated

Figure 2.3. Nitrification/denitrification MBR plant scheme.
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that causes a decline in membrane flux or permeability with time. Thus, fouling is stated as the
filterability, which is related to volume of treated water, and reversibility of the fouling layer,
which is related to regaining the membrane performance after it was fouled. Filterability
defines the short-term flux changes and long-term flux filtration performance is affected by

both filterability and reversibility [41].

Furthermore, Braak and coworkers [42] summarized that fouling mechanisms
may arise usually in three ways:

* A fast but short rise in trans membrane pressure (TMP): conditioning fouling. Strong
interactions, among which adsorption between the membrane surface and colloids,
including extracellular polymeric substances (EPS), soluble microbial products (SMP),
cause initial fouling and pore blockage.

* A long period during which TMP increases slightly: slow, steady fouling. The particles
settle on the membrane surface and form the cake layer.

* A very strong rise of TMP: TMP jump. During the previous step permeability is not much
affected but fouling is not uniform. Some areas suffer stronger fouling because of flux

heterogeneities along the membranes.

It has been demonstrated that a critical flux exists, below which the membrane
fouling can be neglected and thus membrane cleaning is not required [43]. Hence it is
important to choose an adequate permeate flux or TMP. Once the critical flux is exceeded, an
exponential increase in TMP is expected due to rapid cake formation on the membrane.

However, some research has shown that significant irreversible fouling will occur during long

periods of sub-critical flux [44].

The common compounds that cause membrane fouling can be categorized as:
macro-scale and micro-scale foulants [45]. Macro-scale foulants include wastewater

originated leaves, hair etc. and can easily be removed by pretreatment e.g. microscreening.
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Micro-scale foulants may be summarized as [45]:

(a) Particulate / colloidal foulants
(b) Chemical reactions

(c) Organic foulants

(d) Inorganic foulants

(e) Biological foulants

Inorganic foulants such as metal hydroxides and other scalants are a major concern for
nanofiltraton and reverse osmosis. Thus, organic materials form bonds with the membrane
surface. Major organic foulants are known as humic materials and microbial originated EPS
(carbohydrate or protein) and SMP. Also, chemical reactions with the polymeric media may
cause rarely but highly irreversible fouling. In addition, bacteria and protozoa that easily

adhere onto the membrane surface are considered as major blocking tools.

2.5.5. MBR Operation

MBR operating conditions directly affect the fouling tendency of activated
sludge. Thus, the permeate flux is the most important operating parameter governing
membrane fouling [46]. As permeate velocity increases, drag forces acting on particles will
also increase, consequently bringing more particles to the membrane surface. Doubling the
permeate flux has been found to more than double the fouling rate due to an linear increase in
the forward transport of particles to the membrane surface and subsequent compaction of the
deposited fouling layer [47]. Fouling rate is a critical design and operation parameter for MBR
applications. To prevent fouling, membranes do not operate continuously; at specified
intervals (e.g. minutes or hours) in the operation cycle, permeate production is stopped and a
backwash or membrane relaxation is performed to improve the membrane permeability.
Generally, shear at the membrane surface is provided by coarse bubble aeration and a

tangential flow of liquid is created to mechanically scour some of the accumulated foulants.
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However, some metabolic products and wastewater originated organic or inorganic solids,
colloidal materials and macromolecules may still remain and accumulate on the membrane
surface or inside the pores that can lead to declining membrane flux over time [48, 49].
Inorganic compounds such as struvite, which lead to inorganic fouling, are more likely to
deposit on the membranes in anaerobic systems [48]. At much longer periods in an operating
cycle like weeks or months, membranes are chemically cleaned to remove accumulated
materials and restore flux. The chemical cleaning typically carried out by soaking membrane
in cleaning solutions of e.g. sodium hypochlorite (NaOCIl) for a several hours. Rapid loss of
flux over time increases the cleaning frequency, consequently increases operating and
maintenance (O&M) cost, decreases membrane lifetime. Those types of fouling, which can be
removed by relaxation or chemical cleaning, is considered as reversible fouling, however, the

residual unrecoverable membrane flux is considered as irreversible fouling.

Long sludge retention times (SRT) and the possibility of increasing mixed
liquor suspended solids (MLSS) are considered as benefits of MBR operation. Uncoupling of
hydraulic and solids residence times (HRT and SRT), yielding an additional degree of
freedom for process control and establishment of slowly growing microorganisms with
particular degradation features — reduced excess sludge production due to the enhanced
utilization of maintenance energy demands at high SRTs — intensify overall process operation

[36].

Membrane aeration is the biggest contribution to operating costs. In submerged
MBR applications, aeration is the act of circulating air that provides both oxygen for aerobic
metabolic processes and increases the cross flow velocity to scour the fouling layer from the
media. Many fundamentals of the interaction between hydrodynamics of the multiphase flow
in MBRs and fouling have been studied but experimental results still not satisfactory for
design and operation. Hence, applied scouring air rates are normally based on previous
experiences and manufacturers’ recommendations, which may lead to higher oxygen

consumption in operation.
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2.5.6. Bio-treatment in MBR

MBRs are capable of biological nutrient removal including oxic carbon
removal, nitrification, denitrification and biological phosphorus removal like any other
conventional activated sludge system. The MBR process achieves degradation of high COD
(>95%) with a wide variety of carbon sources and virtually complete TSS removal when
treating domestic wastewater. This yields treated wastewater of high quality and is particularly
important, as water quality regulations have become increasingly stringent. The use of
membrane filtration following biological treatment makes it possible to operate the bioreactor
at high MLSS concentrations like 10 - 20 gmiss L. Some researchers reported even higher
biomass concentrations up to 50 gyrss L [50, 51]. Consequently, a wide range of sludge
retention time (SRT) and hydraulic retention time (HRT) values can be successfully applied.
Thus, it is possible to use a short HRT and a long SRT at the same time. HRT becomes less
important and the system can work at high organic loading rates being insensitive to HRT with
efficient organics removal [52]. The increased SRT values of the MBR process can also result
in better degradation of (COD removal > 90%) refractory or difficult to degrade compounds

such as herbicides, high molecular weight compounds, oily wastes and explosives [53, 54,55].

The oxidation of wastewater in an MBR results in sludge production in the
form of waste activated sludge (WAS) like any activated sludge system. However, MBRs are
reported to yield lower sludge production compared to conventional systems [56, 57]. SRT is
an important factor affecting the performance of bioreactors, so SRT can have significant
influence upon biomass properties in an MBR system. Because, at high MLSS concentrations,
cell maintenance mostly replaces the cell growth on biodegradable organics. Moreover, due to
the accumulation of slowly growing microorganisms better nutrient removal is possible. On
the other hand, increased biomass concentrations accompanied by increased extracellular
polymeric substance (EPS) and soluble microbial product (SMP) concentrations (as proteins

and carbohydrates) and a shift toward smaller particles, give rise to a deterioration of sludge
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properties like viscosity and dewaterability that play an important role in the overall operation

economics due to their influence on filtration and sludge management [58].

Attention has been given to the relationship between MLSS concentration and
membrane fouling. Increasing MLSS concentration has been considered to intensify the
membrane fouling. However, literature reports about the influence of MLSS on MBR
operation are generally contradictory. Several authors report an increase on fouling with
increasing MLSS concentrations. Wu and Huang [59] showed that MLSS higher than 10 g L™
had a significant effect on membrane filterability due to increased viscosity of the mixed
liquor, and MLSS concentration lower than 10 g L™ had almost no effect. Similar results
reported by Lousada-Ferreira and coworkers [60]. However, Ng and coworkers [61] found
that the concentrations of total organic carbon, proteins, and carbohydrates in the mixed liquor
supernatant increased with decreasing SRTs of 3, 5, 10 and 20 d. In this study, the longest
SRT was 20 d, while in real practice the target SRT might be much longer.

Biological nutrient removal (BNR) in an MBR system is carried out like any
other conventional activated sludge system through manipulations of its biological process.
The most commonly applied configuration of total nitrogen (TN) removal is pre-
denitrification followed by nitrification. Besides, many researchers have reported complete
and stable nitrification with higher rates than CAS [62]. Teck and coworkers [63] reported the
specific nitrification rate as 1.71 mgyn gMLvss'l h'!' at final stable phase of their reactor. In
addition, MBRs have been combined with all common processes for nitrogen removal:
simultaneous, intermittent, and alternating nitrification/denitrification, and Anammox [36].
Generally, denitrification has been reported to be problematic when dissolved oxygen (DO) is
high in in an MBR, mainly because of constant scouring air need; but an anoxic condition can
be achieved in the reactor through intermittent aeration [64]. However, the growth of
denitrifying microorganisms, hence simultaneous nitrification and denitrification can be
stimulated under high DO concentrations, which rest upon the high MLSS concentration and

micro anoxic/anaerobic zones formed within flocs [65].
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Because MBRs are usually operated at elevated sludge ages, chemical P-
removal is commonly suggested when P-elimination is required. But, it has been shown that
enhanced biological phosphorus removal (EBPR) is also possible in BNR systems with
membrane separation. Ramphao and coworkers [66] stated that in multi-zone BNR systems
with membranes in the aerobic reactor and fixed volumes for the anaerobic, anoxic, and
aerobic zones, the mass fractions can be controlled (within a range) with the internal recycle
ratios. This zone mass fraction flexibility is a significant advantage in MBRs over
conventional BNR systems, because it allows for changing of the mass fractions to optimize
biological N and P removal in conformity with influent wastewater characteristics and the

effluent N and P concentrations required.

As it is stated above, stable and efficient nitrification can be achieved in MBRs.
High MLSS operating principle and consequently high SRT provides quiet sufficient
environment for slow growing nitrifiers. Nitrification is a two-step process that consists of
aerobic ammonium oxidation and nitrite and nitrate oxidation. The dominant group of bacteria
in an MBR system has been shown to be B-subclass Proteobacteria including some currently
characterized nitrogen converters such as Nitrosomonas and Nitrospira [67]. The groups of
microorganism that catalyze these processes are aerobic ammonia-oxidizing bacteria or
archaea (AOB, AOA), which convert ammonium to nitrite, and nitrite-oxidizing bacteria
(NOB), which oxidize nitrite to nitrate. These organisms both use oxygen as a terminal
electron acceptor. However, the discovery of anaerobic ammonium-oxidizing (Anammox)
bacteria has changed the traditional thought of ammonium oxidation to be a strictly aerobic

process [68].

In addition, elevated nitrification efficiency can provide more sustainable
membrane flux due to soluble microbial products (SMP) elimination [69, 70]. Drews and
coworkers [71] stated the inhibition of nitrification increased SMP rejection, which indicates
that SMP were too large pass through the media and were likely to form cake layer. However,

grazing of protozoa on nitrifiers cause decrease of nitrification activity. Higher concentrations
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of protozoa, particularly flagellates and free ciliates, have been reported for MBRs compared
with a conventional activated sludge operating at the same SRT [2, 56]. The decrease of
nitrifying activity may be due to the change in nature of the activated sludge with increasing
SRT, which can result in inert material accumulation and competition of biomass. Endogenous
respiration is a commonly used term representing all forms of biomass loss and energy
requirements not associated with growth by considering related respiration under aerobic
conditions: decay, maintenance, endogenous respiration, lyses, predation, and death [40].
Besides providing the growth slow growing bacteria, high SRT and high MLSS concentration
can encourage endogenous respiration of a microbial community in MBR and reduce the
viability of population, especially nitrogen converters as they comprise a small portion in the
total biomass. Thus, optimal biomass concentration should be determined and the biomass
content should be well understood for a successful operation of MBR, including sustainable

filtration flux, efficient biotreatment, sludge production and operating expenses.
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3. THE PILOT UNIT - CAKE FILTRATION BIOLOGICAL
REACTOR (CFBR) AND MEMBRANE BIOLOGICAL REACTOR
(MBR)

The Pasakdy Advanced Biological Wastewater Treatment Plant (Figure 3.1)
is a biological nutrient removal (BNR) system, consisting of anaerobic, anoxic and aerobic
zones, with a capacity of 200,000 m’® d”'. Influent wastewater source is of domestic origin
from households near Pasakdy region and contains high levels of nitrogen and suspended
solids, which are typical for Istanbul. The treated wastewater is channeled into the Riva
Stream through a tunnel and the stream flows into the Black Sea. The aeration tanks
consist of a series of four oxidation ditches in which anoxic and aerobic zones are created
with 10 hours of hydraulic retention time. Organic carbon oxidation and nitrification occur
in the same reactor and the reactors are operated at an average solid retention time of 20
days. Depending on the influent conditions, it has been operated as A20 (anaerobic/
anoxic/aerobic) or Johannesburg processes (anoxic for return activated
sludge/anaerobic/anoxic/aerobic), where carbon, nitrogen and phosphorus were removed
biologically. In 2009, the parallel Stage II of the treatment plant was put into operation as a
tertiary biological treatment plant with the same flowrate and operating conditions as those
of Stage 1. In addition to the removal of carbon, nitrogen and phosphorus in the Stage II
plant, a rapid sand filtration unit and a UV disinfection system were constructed following
the secondary clarifiers. The removal of waste activated sludge consists of direct
dewatering and sludge drying units. In addition, cogeneration unit has been mounted in

order to supply electric and thermal energy demand for sludge drying.

A pilot scale membrane bioreactor (MBR) and a cloth filter unit (CFBR)
with a capacity of 100 m* d”' (one per thousand of the dry weather flowrate of 2™ stage of
the full-scale plant) were constructed in the Pasakoy WWTP to compare the performance
of each system under field conditions (Figure 3.2). The pilot plant was constructed (Figure
3.3) as a nitrification-denitrification plant with internal recirculation and pre-anoxic zones.

A plan view of the plant and its location in the WWTP is given in Figure 3 4.
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Figure 3.2. General overview of fine screens, grit chamber, Parshall flume and the pilot

plant (A: Membrane permeate line B: Cloth filter permeate line).
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Figure 3.3. Atelier and on-site construction of the pilot unit.

The pilot unit is located near the aerated grit chambers of the Pagakoy
WWTP, and raw water that feeds the pilot plant is pumped from the effluent channel of the
grit chambers to the anoxic zone. The wastewater passes through 50 mm coarse screens,
10 mm fine screens, and through the aerated grit chambers before entering the 3 mm drum

screen of the pilot plant.

The treatment sequence in the pilot plant consisted of three consecutive
zones. The first zone was fully anoxic, the second was a time controlled anoxic/oxic zone
and the third was fully oxic. The second and third zones were equipped with fine and
coarse bubble diffusers respectively. The semipermeable membranes of the MBR and
CBFR, which separated the treated wastewater and the biomass, were located in the third

chamber.

The nitrate-rich sludge was re-circulated internally by a pump from the
third zone to the first zone, at a pumping rate of approximately four times of the influent
flow rate. However, the pre-anoxic zone provided denitrification of the nitrates generated
in the two oxic (nitrification) zones by utilising the influent biodegradable organic carbon

as carbon source. The second zone was a continuation of the anoxic zone as well as it was
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the first oxic zone; oxic conditions were achieved by aerating the tank 10 to 45 minutes in
an hour, depending on the influent load variations. Aeration of the tank was achieved by
fine bubble EPDM diffusers (second zone) and coarse bubble diffuser pipes (third zone)
installed at the bottom of the tank (Figure 3.5). Two rotary-lobe blowers provided air to the
diffusers (Figure 3.6). Coarse bubble diffusers were used to scour the membrane and the
cloth filter surface. The flowrate of the air used for scouring was 55 m® h™ per 100 m” of
filter area. Scouring air provided a parallel flow of mixed liquor to membrane surface, and
solid deposition continued until the scouring force of the air balances the adhesive forces,

binding the cake to the membrane.

The membranes were constructed as two parallel flat sheet microfiltration
modules consisting of 300 sheets (Table 3.1). Each module has 150 membrane cartridges
each of which has 0.8 m” effective filtration area, showing a total surface area of 120 m?
per module. The cloth filter system consisted of a 200 cm long 2” diameter HDPE pipe,
which had 314 holes with 0.3" diameters (Figure 3.7). The filter cloth, which had a surface
area equivalent to that of one side of the membrane sheets, was wrapped and sealed around
the 2 m long tube (27 diameter HDPE pipe) The specifications of the fabric was
determined by ITU Textile Engineering Laboratory (Table 3.2, Figure 3.8). Construction
cost of CFBR was approximately 10 percent of the pilot MBR unit.
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Figure 3.6. Control room: power panel, data logger, blowers and permeate instruments

(left); permeate line in detail (right).
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Table 3.1. Membrane Specifications.

Membrane type Flat sheet
Total membrane surface area 240 m’
Maximum pore size 0.4 ym

Maximum transmembrane pressure 1,000 mmWC

Membrane surface chemistry Hydrophilic

Membrane material Chlorinated polyethylene

Table 3.2. Cloth Filter Specifications.

Cloth Material 100% polyester
Total surface area of cloth 0.36 m*

Total surface area of filtration 0.015m’

Pore size 15 - 40 pm
Surface chemistry Hydrophobic
Weft strength 1,300 N

Warp resistance 1,207 N

Permeates of both systems were discharged by gravity, using the 2 metres
of water head over the two permeate pipes; thus, applied pressure for filtration was
constant (Figure 3.2). The effluent of both systems was discharged into the Parshall flume
channel of the treatment plant. Both the MBR and CFBR were operated continuously (24
hours/day); however membrane modules were relaxed three times a day (in three shifts)
for 3-5 minutes. Total process volume was 56 m3, which consists of 14 m® of anoxic zone,

21 m® of fine bubble aeration zone and 21 m’ of coarse bubble aeration zone.
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Figure 3.8. Microstructure of the cloth filter.

Online operational control tools were redox meters, oxygen meters, level
sensors and pressure indicators on both permeate lines and the aeration tanks. The unit
was operated automatically and was monitored using a SCADA system. Measurements
were transferred online to a computer by a data logger. All of the measured data was

collected for analyses.

Before start up of the pilot unit and the actual operation, the filters were
tested in clean water (Figure 3.9, top). Following inspections and preparation were
performed before starting the clean water test. The air supply piping connections, the
permeate piping connection, and level of each filter unit were re-checked; also, sands and
debris in the tanks were completely cleaned. Then, the pilot unit was filled with tap water
up to the level specified for a normal operation and the chemical injection valve was

opened in order to allow the air trapped in membrane cartridges to escape.

After the tanks were filled with clean water, the aeration blowers were

started to make sure that they operate normally and provide even and uniform aeration in
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the tanks. Permeate valves were opened and the permeate flow rate, pressure, and water
temperature were measured. The system was shut down and emptied for sludge seeding

and actual operation.

Figure 3.9. Clean water test and sludge seeding.

Direct membrane filtration of raw wastewater usually causes membrane
fouling. Therefore, sludge seeding is recommended before beginning the actual operation
in order to treat the wastewater biologically. Thus, the more the sludge is seeded, the more

stable the initial condition becomes. The seed sludge was taken from the return activated
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sludge (RAS) lines of the full-scale plant. The RAS sludge was pre-screened through 3
mm pore-sized portable screen and put into a separate tank from which it was pumped to
the pilot unit (Figure 3.9) until the sludge concentration in the tanks was around 3,000 mg

MLSS L.
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4. EVALUATION OF CAKE FILTRATION BIOLOGICAL
REACTORS (CFBR) VERSUS MEMBRANE BIOLOGICAL
REACTORS (MBR) IN A PILOT SCALE PLANT

4.1. Introduction

When the treated wastewater and biomass are separated by filtration, very
large quantities of mixed liquor contact with the filter material. Ideally the filter material
allows the passage of the fluid through its pores while retaining all suspended solid
particles originally present in the fluid. Microorganism cells tend to adhere to surfaces; this
is considered to be a survival strategy. Regardless of the surface material and
hydrophobicity or hydrophilicity in a membrane system, adhesion to a membrane surface
is facilitated by the water flow through the membrane. So, some organisms will settle on
the surface of the membrane material, and they will multiply and form a sludge cake that is
considered to be membrane biofouling during operation [12]. Biofouling is an operational
term applied when the effects of biofilms exceed a certain threshold or tolerance level, and

filtration always leads to increase in flow resistance, which consequently decreases flux.

Cake layer formation is the key factor limiting the flux when operating a
membrane bioreactor. The formed cake layer on the media can act as a secondary
membrane that determines filtration properties of the system, so the membrane material
itself may no longer be necessary. Thus, the membrane material may be replaced by a low
cost material, which does not provide excessive media resistance; coarse filters act as a
support over which a cake layer can be formed. Such systems, which solids rejection will
be provided by a cake layer defined in literature as self-forming dynamic membrane [72].
Moghaddam and coworkers [73] operated a non-woven coarse pore filtration activated

sludge process under high mixed liquor suspended solids (MLSS) concentration in aerobic
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and anoxic/aerobic conditions. Jeison and coworkers [74] studied with two types of
materials to act as a support for dynamic membrane formation in an anaerobic system; a
non-woven material which is used as a spacer material to cast membranes and polyester
mesh fabrics of different pore sizes in the range 1-150 um. Kiso and coworkers [75]
operated an aerobic bioreactor equipped with a 100 pm mesh, at fluxes over 20 L m>h™".
However, many other researchers have recently researched on self-forming dynamic
membrane formation over coarse filters and showed that such membranes can be operated

successfully under aerobic and anaerobic conditions [76 — 83].

The goal of the study presented in the chapter was to develop an alternative
to a membrane filtration system that could separate and concentrate the MLSS in an
activated sludge system. The membrane was replaced by a simple cloth filter, which
allows the accumulation of self-forming dynamic membrane layer on the filter surface.
The MLSS formed a cake on the filter cloth with a pore size that was much smaller than
the cloth fabric. The chosen filter material was a thin polyester cloth, which is actually
used for textile purposes, and by the help of cake formation, the mixed liquor is retained in
the reactor to form a target MLSS concentration of 15,000 mg L™ or higher. It was
previously found that bacteria could develop immobilised colonies on cotton cloth;
however, this is a relatively slow process that requires up to several days. More recent
studies have led to the conclusion that hydrophobic interaction is a predominant force
involved in bacterial adhesion to solid surfaces [84]. Because bacteria are immobilised on
the macro-porous surface of fibres, immobilised bacteria should have free access to
nutrients [85]. The effective pore size of the sludge cake that forms on the membrane
surface was reported to be 0.01 microns, smaller than the pore size of the membrane used
in this research (0.4 pm). The cloth filter reactor was called Cake Filter Biological Reactor
(CFBR). Moreover, the aim of this research was to compare a CFBR and an MBR system,

through analysing the filtration characteristics and the fouling mechanisms.
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4.2. Materials and Methods
4.2.1. Theoretical Section

The membrane filtration theory and conventional cake filtration theory is
based on the local properties in the filter cake, and assumes a one-dimensional Darcian
flow in the filter cake (see Chapter 2). Cake filtration is considered to be an important
method for solid and liquid separation and is widely used in the chemical and process
industry. Indeed, investigations of cake filtration have received considerable attention in
the past. The development of conventional theory can be summarized in two steps: 1.
Combining the mass balance equation and the momentum balance equation (Darcy's law)
for the liquid phase in the cake to form the governing equation with both porosity and
liquid pressure as the dependent variables and 2. Assuming that only point contacts exist

between particles [10, 86]:

The basic equations of the cake filtration theory used in filtration analyses

of this study, which are described detailly in Chapter 2, may be listed as follows:

arv 2,

q,= =
ar V
wlle,],, /2 |

4.1)

The above expression states that instantaneous filtration rate (¢;) is directly
proportional to the applied pressure p, and inversely proportional to the flow resistance

[16]. For constant applied pressure filtration, equation (4.1) may be written as:

— ! v v
1- ) e e 2 42
wsp(1-ms (@], 7 —ruk, =~ =2, (4.2)
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Integrating with initial condition V=0, t = 0 and R,, assumed to be constant:

2

— \-1 y
Msp(L—”ﬂ) [e..],, — tURS = pd (4.3)

For cross-flow filtration, by modifying the conventional filtration theory to account for the
presence of particle depolarisation in cake formation, instantaneous filtration velocity is

[16]:

7, =49,= Zo (4.4)

For the fraction of cake removal or fraction of particle flux being deposited,
S =1, the above expression reduces to Equation (4.1). In an ideal case, the surface shear
resulting from the cross-flow prevents the accumulation of particles on the membrane
surface. However, there is always cake formation on the membrane surface, and as this
cake grows its hydraulic resistance increases, and the filtration flux at a constant applied
pressure declines. Consequently, accumulation of particles on the membrane surface for
unit volume of filtrate decreases. This causes the decline of filtration flux to slow and, in

some cases, causes a steady or pseudo-steady flux [87].

From the conventional constant pressure filtration equation, a plot of #/V'
versus V' is expected to yield a linear relationship for the entire filtration data (see Chapter
2). The linearity of #/V' vs. V plot is observed only when the value of V' (or time) or the cake
thickness is sufficiently large. The initial part of the data contributes to the non-parabolic
behavior of the entire range of filtration data [88]. Flux decline in cross-flow filtration is
considered to be due to two distinct independent mechanisms: pore plugging and cake
deposition. The initial rapid flux decline is mainly due to pore plugging by particle
adsorption on the membrane wall or pore constriction, and the latter slow flux decline is

due to cake deposition on the membrane surface [89]. In usual cases, when filtering
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suspensions containing more than a few percent of solids, blocking of particles inside or on

the top of the membrane occurs, leading to a reduction in filtration flux [90].

The four filtration models describe the fouling mechanisms during a
filtration run can be summarized as [26, 92]:

* Complete blocking: plugging of pore entrances and the prevention of any flow
through pores as a result of the reduced open flow area.

* Standard blocking: particles accumulate inside the membrane on the pore walls.
Since the pores are constricted, the membrane permeability is reduced.

* Intermediate: plugging of pore entrances by a fraction of particles and a deposition
of the rest on top of them.

* C(Cake filtration: particles accumulate at the surface in a permeable cake of

increasing thickness that adds a hydraulic resistance to filtration.

For a constant pressure filtration, the common frame of following power-
law relationship were derived by the assumption of separate mechanisms (Table 4.1) [25,

27]:

a

2
TL_ | (4.5)
v, |\,

The standard blocking and conventional cake filtration theory on flux decline has
been shown be the best suited to membrane filtration [2, 93, 94]. Grenier and coworkers
[90] conducted the fouling analysis in two steps and identified two prevailing mechanisms
namely surface blocking and cake filtration. Ho and Sung [89] concluded that the initial
rapid flux decline was in good agreement with standard blocking filtration law, while the
latter gentle flux decline is attributable to the cake filtration law. On the other hand, Xu

and Chellam [95] stated that the initial stages of flux decline prior to the secretion of new
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extracellular polymeric substances (EPS) was quantitatively described by the intermediate

blocking law before transitioning to cake filtration at later times.

Table 4.1. Filtration models and fouling mechanisms.

Filtration model n  Derived form [27] Fouling mechanism

Complete blocking 2 0=00—k .Vy Pore blocking

Standard blocking 1.5 tVi=kJ2 .t+1/Q Pore constriction

Intermediate Pore blocking and surface
1 1VQ=k.t+1/Q

blocking deposit formation

Cake filtration 0 tVi=kd2.V,+1/Qp Surface deposit formation

4.2.2. Experimental Section

The filtration was performed in the pilot unit as described in Chapter 3. The
cloth filter and the membranes were operated continuously (24 hours/day) in parallel at all
times. The pressure and cumulative mass of filtered water were monitored both through
the data acquisition system of the full-scale plant and the data-logger of the pilot plant.
Thus, the data recorded by the data logger and carried weekly to a computer. The clean
filter resistances of both filter systems were calculated by measuring pressure difference at

four different fluxes.

Filtration ability of the selected cloth material was tested initially in a
laboratory filter set-up. Laboratory scale filtration experiments for cloth media were
conducted in a filtration cell. The cell had a height of 9.5 cm and an inner diameter of 10.1
cm. Test suspension entered the cell through the upper port and permeate left the cell
through lower orifice. The results of the laboratory set-up showed that, a cake layer

immediately builds up on the cloth filter and in less than 5 minutes, the cloth filter — cake
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system can hold almost the entire biomass subjected to be filtered through the cloth filter,
just like the membranes in the pilot plant. Because the cloth filter and the cake
accumulated (Figure 4.1), stabilized as a filter system in a negligible period of time
compared to the whole pilot plant operation period, the bioreactor performance of both
CFBR and MBR was considered as identical and they were constructed in the same
bioreactor zone. But their filtration behaviours, characteristics and mechanisms would be

different, as presented in this chapter.

In order to assure the biological activity and the treatment performance, the
following parameters were monitored throughout the experiments: pH, salinity, COD,
TKN, NH;"-N, NOs™-N, SS, VSS, total coliform, and faecal coliform. The operational
parameters, MLSS, MLVSS and filterability, were also measured during the operation.
Standard Methods for the Examination of Water and Wastewater were used for all
analyses [96]. The filterability was measured as volume (mL) of permeate in the first 5

minutes; total coliform and faecal coliform were measured by Sartorious laboratory kits.

4.3. Results and Discussion

4.3.1. Bioreactor Performance

Operation of the pilot plant was stable with respect to COD and ammonium
nitrogen (NH,;'-N) removals. The annual average raw water and effluent quality for the
CFBR is given in Table 4.2. The average COD and NH4-N removal rates were 96 % and
99 % respectively. Despite the excellent ammonium nitrogen removal, the nitrate nitrogen
(NOs™-N) removal efficiency fluctuated; approximately 70 % nitrate nitrogen removal was
achieved. Air scouring was performed constantly at the flow rate advised by the membrane
manufacturer. Because the amount of scour air was kept constant and was not controlled,
dissolved oxygen could be transferred to the anoxic zone causing fluctuations in the

effluent NO3-N values. The target MLSS of the system was around 15,000 mg L.
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Because the aim of this study was to compare the performance of the MBR and the CFBR,
more emphasis was given to the effluent quality achieved from the cloth filter and the

membrane.

Figure 4.1. Stabilised cake layer on the cloth filter.

Suspended solids concentrations in permeate of both the membrane and the
cloth filter were less than 10 mg L™, which is the guaranteed maximum SS discharge limit
of membrane modules. However, both CFBR and MBR systems produced effluent with O

pcs./100 mL faecal coliform, except for the few occasions mainly because of the loosening
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of the cloth from the hook-up points on the perforated pipe — cloth filter system. In such

incidences the peak values of faecal coliform reached 1,000 to 8,000 pcs./100 mL.

Table 4.2. The Raw Water and Effluent Quality for CFBR.

Parameter Raw Water Effluent of
(mg L™ CFBR (mg L™)
Chemical Oxygen Demand (COD) 465 35
Total Kjeldahl Nitrogen (TKN) 51 <0.5
Ammonia Nitrogen (NH4-N) 42 <0.5
Suspended Solids (SS) 280 <10

4.3.2. Filtration Analyses in Laboratory and SS Removal Efficiency of the Cloth
Filter

Before the start up of the pilot scale cloth filter system, clean polyester filter
material was tested in a similar laboratory set-up. Initial grab samples showed that the
cloth material without cake growth could hold only 75 % of suspended solids. This
removal efficiency would result in 4,000 mg L' MLSS concentration in the effluent of a
reactor operating at 16,000 mg L' MLSS concentration. However, as the cloth material
begins to form a cake on its surface, suspended solids concentration in the filtrate can be

reduced to values less than 10 mg L™ in less than 5 minutes.

As shown in Figures 4.2, SS results of the pilot scale unit were lower than
desired SS discharge limit. The first limit in the figure represents the SS discharge standard
from final clarifiers in the Pasakdy plant and the second limit represents the guaranteed
maximum SS discharge limit of the membrane modules. The pilot plant tests were

continued for one year and there were two separate runs done without changing cloth.
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Deterioration of the effluent SS values towards the end of the run periods is believed to be
due to loosening of the filter cloth from the pipe at the attachment locations after a long
operation period. However, the SS results (Figure 4.3) in the laboratory set-up were lower
than 4 mg/L at all samples, which show that the cloth — cake filter system is capable of

obtaining lower SS values in the permeate under idealised mechanical conditions.
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Figure 4.2. Permeate SS results of pilot scale cloth filter.

Figure 4.4 represents the laboratory filtration test results. Activated sludge
concentrations of both pilot plant sludge (MBR/CBFR) and return activated sludge (RAS)
concentrations were 16,491 mg L™ and 16,578 mg L™ respectively. Both sludges showed
similar behaviour during the filtration tests. According to conventional cake filtration
theory for constant pressure filtration, equation (3) gives time (#) as a second order
polynomial of cumulative filtration volume per unit area (V); or there is a linear
relationship between #/V and V that is commonly known as the parabolic law of constant
pressure filtration [16, 23]. Linearity deviations were previously believed to take place

because of greater medium resistance, sudden decrease of filtration area (filtration rate)
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and interior medium clogging [97, 98]. However, linearity deviations of laboratory scale
experimental results were due to the sudden decrease of filtration rate at after three
minutes of filtration. Also, as mentioned before, a sharp decrease in filtrate MLSS
concentration due to effective cake formation corresponded to these decreases of filtration
rate. Similarly, filtration experiments were conducted in the lab-scale unit with different
concentrations of pilot plant sludge (Figure 4.5). The plot of cumulative filtration volume
(V) vs. time (¢) for filtration of different MLSS concentrations was best fitted to second
order polynomial regression (R? > 0.98). Variations of MLSS concentration affected the
total filtrate volume. On the other hand, a linear relationship between the reciprocal of the

filtration rate (#//) and the cumulative volume was not observed (Figure 4.5).
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Figure 4.3. Permeate SS results of laboratory scale cloth filter.
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Figure 4.4. (b) Plot of #/V vs. V.
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Several factors can be recounted to explain the deviation from linearity,
including medium clogging because of the penetration of particles into the medium.
Similar to our results, Teoh and coworkers [22] stated no linearity between #V vs. V
initially and the extend of non-linearity increased with the increase of the medium
resistance. Tiller and Cooper [99] showed that, the average specific cake resistance at the
initial period is somewhat smaller than that of the latter period; in the conventional
filtration concept it is assumed constant during the entire filtration process. However, the
non-linear behaviour of #V vs. V diminishes by the progressive cake formation on the
medium and consequently the cake resistance becomes dominant. At the beginning of a
constant pressure filtration, pressure drop across the cake equals to zero (4p. = 0) and as
Ap. approaches asymptotically to operating pressure p,,, the medium resistance becomes
insignificant. In our experiments, as the pressure drop across the cake increased, the
linearity of #/V vs. V established in the latter period. Similar behaviour of the cloth filter
medium and the cake formed by the biomass in the pilot scale experiments is given in the

following sections.

In practice, the filtration behaviour is too complex to be expressed by one
single filtration model. In order to identify the prevailing filtration mechanism, the entire
filtration period was evaluated as initial and latter period of filtration, because an initial
time is taken by the cake to grow to a certain thickness until the pressure drop across the
cake and the septum becomes equal. Filtration behaviour and fouling mechanisms were
analysed according to the filtration models given in Table 4.1. The transition point of the
deviation from linearity (#/V vs. V) was considered to be around four minutes of filtration
in the lab-scale unit. Hence, initial period of filtration was plotted separately. Figure 4.6.
shows plots of experimental data obtained from a set of experiment for complete blocking
(a), intermediate blocking (b), and standard blocking (c) at the initial filtration period;
Figure 4.6. (d) shows a plot of filtrate volume (V) versus filtration time/filtrate volume
(#/V) for the cake filtration model at the latter filtration period. In the lab-scale unit,
standard blocking model plots of both MBR/CFBR and RAS sludge were fitted better (R
> (0.98) than complete blocking and intermediate blocking models with the measured data
for the initial period of filtration. However, the latter period of filtration was best fitted to

the cake filtration model (R? = 1.0).
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Figure 4.5. Plot of V' vs. ¢ (a) and #/V vs. V (b). Experimental data of constant-pressure
filtration used in the laboratory study at p, = 800 Pa. Different concentrations of activated
sludge samples from the pilot plant and 1.6% return activated sludge (RAS) of the full-
scale plant were filtered in the lab-scale unit and the medium was composed of two layers

of polyester filter.
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Figure 4.6 (continued) (¢) standard blocking model, and (d) cake filtration.

4.3.3. Filtration Analyses in the Pilot MBR/CFBR

Two different cloth filter and three different membrane runs were conducted in the
pilot plant on site. The cloth filter and membrane experiments were halted because of
maintenance requirements. The membrane experiments had to be stopped twice during the

first and the second runs to chemically clean the membranes (Figure 4.7). The end of third
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run was the maintenance period. This period was not taken into consideration for the cloth
filter because its operation was almost stable, so the cloth filter performance analyses were
done considering the pressure difference (Ap) and CFBR process to be two different runs.
As a result of the sharp change in the tendency of the pressure difference, CFBR was
stopped for observation and maintenance, but cloth filter was not changed. Thus, the

filtration process was defined in two runs.

Figure 4.7. Fouled membrane cartridges in the first run.

4.3.3.1. Trans-Membrane Pressures (TMP) and Flux Variations

In order to monitor variations of TMP and membrane flux, and detect the
blocking points throughout each filtration run, the data obtained by pressure transducers
and flow meters, which were mounted on permeate lines, was recorded automatically (with
a sampling frequency of once per every 5 seconds) using the data logger. The data
collected was then used to analyse the fouling mechanisms. Because the bioreactor
operated 24 hours a day, filtration through the membranes and the cloth filter was carried

out continuously and simultaneously, except the relaxation periods of the membranes (3 —
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5 minutes in three shifts per day). The increase of the trans-membrane pressure and flux

variations are shown in Figure 4.8 and Figure 4.9 respectively.

The design operation flux of membranes was 17.5 L h™ m™. Previous
studies using the same pilot plant showed that the maximum allowed trans-membrane
pressure of the membranes should be around 25 kPa, and any further increase in pressure
accelerates the need for chemical cleaning. Also, further increases of trans-membrane

pressure and decreases of flux will lead to irreversible fouling.

Filtration (first run) began at around 6 kPa cake resistance (adjusted due to
CFBR) and increased gradually from 6 L h ' m™ to the target flux; the increase of flux
retarded because of trans-membrane pressure peaks, however, the flux could be controlled
to adjust for desired values. The second run began at 18 kPa TMP, and TMP reached a
predetermined limit value (25 kPa) earlier. Third run began again at around 6 kPa cake
resistance and flux was sustainable around 9 L h ~ m™ almost the whole run. Consequently,
variations of TMP were lower. Trans-membrane pressure peaks observed during the first
and the second run were recovered by increased membrane relaxation period (20-30 min.)

and sludge wastage.

Fouling mechanisms (complete blocking, intermediate blocking, standard
blocking and cake filtration) were analysed for 59 days of operation; due to the stable cake
resistance, first 8 days were considered as initial filtration period. Standard blocking and
cake filtration models fit better than the other two models with the measured data for both
initial filtration (R* > 0.98) and the latter period (R? > 0.95). Figure 4.10 and 4.11 show
plots of experimental data obtained from the operation of the MBR unit for complete
blocking (a), intermediate blocking (b), standard blocking (c), and cake filtration (d)
models at the initial and latter periods of filtration respectively. Since the pore size of
membranes much smaller than the cloth, the cake formation effected the filtration from the
very beginning. However, unlike the cloth filter and the CFBR unit, standard blocking

model fits well for longer durations of filtration, which shows pore constriction continued
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at the latter period. Consequently, the cake resistance increased and flux declined slightly

during the entire filtration, which ended up with a chemical cleaning.
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Figure 4.8. Change of the trans-membrane pressure (Pa) of the membranes with respect to

operation time (hours).
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Figure 4.9. Change of the flux (L h”" m™) membranes with respect to time (hours).
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Figure 4.11 (continued) (d) cake filtration.

4.3.3.2. Pressure Drop across Cloth Filter and Flux Variations

Using the data logger, the pressure and flux data of the cloth filter was also
recorded automatically as it was described in Section 4.3.3.1. Initial flux of the clean cloth
filter was quite high. It was 1,517.5 L h™ m™, and start up cake resistance was around 6
kPa. The flux dropped sharply during the first run, and, at the end of first run, the flux was
110 L h”' m™. During the second run, the flux declined further from 60 L h' m?to 48 L h!
m™ and for the last 4,000 hours it was stable at 48 L h' m? The cumulative filtration
volumes per unit area depending on the decline of flux with run time for the cloth filter are
given in Figure 4.12. Cumulative filtration volume (V) vs. time (¢) results of the CFBR for
two different runs evaluated separately and the results best fit to second order polynomial
regression (R* = 0.995 for first run and R* = 0.989 for second run); however, the linear
relationship between the reciprocal of filtration rate (¢/V) and the cumulative volume was

observed individually.

As mentioned above, filtration through the cloth filter continued without

any cleaning. So, the cumulative filtration volume (V) vs. time (¢) and #/V vs. V results of
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two runs were plotted in series (Figure 4.13). The linearity deviation can be clearly
observed from the figure, and the tendency of cumulative filtration volume changed
sharply. As shown in Figure 4.14, the pressure difference (Ap) (and pressure drop across
the cake) increased steadily for about 2,300 hours until it reached a stable Ap value, which
was close to the operating pressure, at the termination of the run. Also at around 2,300
hours of operation time, the slope of the cumulative filtration volume per unit area curve

decreased dramatically.

In comparison to laboratory cell results, the deviation represented by the
sharp decrease of flux, was not considered to be related to the sudden decrease of filtration
area, but it was regarded as the end of a period of medium clogging. Depending on the first
permeate SS concentration (3.2 mg L), initial effective cake formation within the media
(sudden reduction of filtration area) occurred way before the first sampling period.
However, the reduction of effective filtration area as a result of medium clogging
continued during the first run, which led to the drop of filtration rate, and the pore

constriction completed by the end of the period.
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Figure 4.12. Plot of flux (L h™ m™) decline vs. t and V vs. t for the first and second runs of
the CFBR.
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Figure 4.12 (continued) Plot of flux (L h™ m™) decline vs. t and V vs. t for the first and
second runs of the CFBR.
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Figure 4.12 (continued) Plot of flux (L h™ m™) decline vs. t and V vs. t for the first and
second runs of the CFBR.

The system stabilised in the second run due to the sufficient cake growth on
the media. Thus, the plot of #/} vs. V' can be represented by two linear segments, which
show the change of this filtration behaviour. Therefore, the transition point in the plot of V'
vs. t and ¢/V vs. V, or a sharp departure from linearity, was considered to be a change in

filtration characteristics, and filtration proceeded around critical flux.
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Figure 4.13. Plot of V'vs. ¢ (a) and ¢/V vs. V' (b). Experimental data of the CFBR at p,= 20

kPa.
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Figure 4.14. Pressure difference (Ap, Pa) of filtration, cake resistance (Ap., Pa) on cloth
and cumulative filtration volume (m) vs. time (hours). Experimental data of the CFBR at

70=20 kPa.

The transition point of the deviation from linearity (#/V vs. V) was considered as the
end of pore constriction and the occurrence of sufficient cake growth on the cloth filter,
consequently the beginning of real cake filtration period. Hence, first run and second run
were evaluated as the initial and latter filtration period respectively. Figure 4.15 shows
plots of experimental data obtained from the operation of the CFBR unit, for complete
blocking (a), intermediate blocking (b), and standard blocking (c) at the initial filtration
period; Figure 4.15 (d) shows a plot of filtrate volume (V) versus filtration time/filtrate
volume (#/V) for the cake filtration model at the latter filtration period. The filtration
behaviours were compatible with that of the lab-scale unit. Standard blocking model plots
of CFBR, which suggests pore constriction of medium, were fitted better (R*> 0.95) than
complete blocking and intermediate blocking models with the measured data for the initial
period of filtration; the latter period of filtration was best fitted to the cake filtration model

(R*>0.99).
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5. SLUDGE PRODUCTION AND DEGRADATION AT HIGH BIOMASS
SYSTEMS WITH COMPLETE SLUDGE RETENTION

5.1. Introduction

The inclusion of a membrane for solid-liquid separation in activated sludge
provides a significant increase of MLSS concentration in the bioreactor and lowers the sludge
production. Hence, MBR systems can be run at very high sludge ages (SRT). However, the
application of high MLSS concentrations in membrane bioreactors (MBRs) has been usually
limited by problems of membrane fouling during filtration of the activated sludge, which

decreases the sustainable filtration flux.

Total suspended solid (TSS) concentration and excess sludge production are
clearly of great importance in wastewater treatment plants (WWTPs) [100]. The purpose of
sludge disposal is to remove inert and excess biological solids in order to prevent
accumulation of these solids within the system. Reducing sludge production will reduce
required wastage rate that means less sludge disposal cost [57]. So, a realistic prediction of the
concentration of active components like heterotrophic, autotrophic biomass and phosphorus

accumulating organisms is crucial.

Cronje and coworkers [101] classified the mixed liquor organic (volatile)
suspended solids in a bioreactor as: (a) ordinary heterotrophic organism active biomass, (b)
endogenous residue and (c) inert material for non-nitrifying aerobic activated sludge systems;
(d) autotrophic organism active biomass for nitrifying aerobic and anoxic/aerobic activated

sludge systems; additionally, (¢) phosphate accumulating organism active biomass and (f) this
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organism group’s endogenous residue if biological excess phosphorus removal (BEPR) is
included. The inert fraction of the organic content of wastewater is very important because it
indicates indirectly the biodegradable organic fraction that is available for microbial growth
and electron acceptor utilization. The magnitude of particulate residual products generation
has shown to be quite wastewater specific with significant difference for various organic
carbon sources, which increases as the wastewater composition changes from simpler to more
complex organic compounds [102]. However, some organic compounds that are
conventionally considered as inert can become biodegradable at high SRT. Hence, the inert
sludge concept in activated sludge may no longer be totally valid for MBR sludge. Some
recent studies stated that significant biodegradation of the endogenous residue may occur in
activated sludge systems operated at high SRTs. In these studies, extracellular polymeric
substances (EPS) associated with the endogenous residue are potentially of great importance

in explaining the biodegradability of this component [103].

MBR, as a high MLSS system, has drawn special attention in the research field
of zero discharge of activated sludge [104]. The yield coefficients obtained in MBRs remained
distinctly lower than those observed in conventional systems, which shows the behaviour of
the biomass is quite different from conventional operating conditions. Bacteria can assimilate
substrate entirely, which means there is a little tendency to synthesize new biomass. This
suggests that the metabolization route tends to be directed toward catabolism [105]. High SRT
increases the amount of energy spent on maintenance rather than on growth and also induce
bacteria predation, lysis and storage product uptake, cryptic growth, which allows a
conversion yield reduction from 0.3 to 0.041 [105]. This type of growth generally referred as
lysis-cryptic growth. It is considered in two stages: lysis, the rate-limiting step for overall
reduction of sludge production and biodegradation [106]. Dead cells cannot be degraded by
bacteria and contribute to inert biomass. However, higher organisms such as protozoa,
metazoa and nematodes can utilize both dead cells and living bacteria. However, cell lysis will
release cell contents into the medium, thus providing an autochthonous substrate, which

contributes to the organic loading. The growth, which subsequently occurs on this substrate,
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cannot be distinguished from growth on the original organic substrate and is therefore termed
cryptic growth [57, 107]. Yet, at long SRTs the accumulation of dead or inactive
microorganisms occurs in a bioreactor, and affects the sludge composition and activity. In
accordance with the microscopic investigations of biomass viability, the decrease in fraction
of active biomass (ammonia oxidizers, nitrite oxidizers and heterotrophs) was predicted to be

33 % to 14 % when SRT increased from 30 to 100 days [108].

The purpose of the study in this chapter was to investigate the sludge
production pattern and its effect on the fate of nitrifiers, and treatment efficiency in a pilot
scale biomass filtration system with complete solids retention. Also, to state the process can
reach to equilibrium sludge production conditions without any deterioration of filtration

process, hence no accumulation of inert material occurs at prolonged sludge ages.

5.2. Materials and Methods

5.2.1. Control Parameters

The pilot plant (Chapter 3) was operated for over two years, generally with
some weekly sludge wastage and the sludge age kept around 50 days. However, the results of
a particular period (approximately 6 months) were presented here. The period comprises a
complete sludge retention time without any sludge wastage and the system was evaluated in
terms of both production and degradation of inert sludge and biomass in the tanks. The
parameters monitored throughout the experiments of complete sludge retention were (Chapter
4): pH, salinity, COD, TKN, NH,"-N, NO;-N, SS, VSS, MLSS, MLVSS, filterability, total

coliform, and faecal coliform.
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5.2.2. Determination of the Sludge Production

During the determination of the sludge production (for about 6 months),
biological process was operated by maintaining a constant volumetric loading rate (VLR),
which is the amount of daily COD feed per litre of reactor volume. Wastewater strength varied
on hourly or daily basis, because the reactor was located on site and fed continuously by
incoming wastewater to the full-scale plant. In order to keep a constant VLR, influent
wastewater pumping rate varied between 2.5 — 1.7 m® h”', which corresponded to an average
flux between 0.25 — 0.17 m® m™ d”' in the membrane permeate and 0.96 — 1.2 m®> m™ d”' cloth
filter permeate. Thus, the trans-membrane pressure kept constant around 180 — 200 mbar,
which was a predetermined range, during one year of operation, to prevent any temporary or
permanent sludge accumulation on the membranes (in the filtration tank), which would effect
the bulk biomass concentration or lead to a membrane cleaning. However, in the CFBR
experiments, the period began after sufficient amount of cake formed on the cloth filter and

operated for 240 days with stable trans-cake pressure of 101 — 104 mbar (Chapter 4).

Before start up of this period the reactor was emptied, cleaned and refilled with
half diluted sludge (~2,500 mgmiss L) taken from the full-scale plant. Throughout this
experimental period, no sludge was intentionally removed except for the sludge samples taken
daily for analyses. The amount of sludge samples was negligible (approximately 250 mL)
compared to 56 m® of reactor volume. So, along with the thin layer of biomass stuck to the
reactor, the amount of samples was omitted in sludge yield calculations that was obtained by
dividing the amount of sludge accumulated weekly in the bioreactor (anoxic and fine bubble
aeration tanks) by the cumulative COD removed in the same period. The parameters used in
the mass balance equations for the pilot study are shown in Figure 5.1. At the end of the
experimental period, the pilot unit was emptied and checked for any sludge accumulation at
the bottom of the tanks and within the membrane cartridges. No sludge accumulation was

observed except for the above mentioned thin layer of biomass attached to the walls.
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Figure 5.1. Mass balance diagram.

O: Flowrate, m® d”!
X: Sludge concentration, kg m™
C: Substrate concentration, kgcop m>

Indices;

B: Biomass, I: Inert sludge, o: Influent, e: Effluent

V: Bioreactor volume, m’

t: Time, d

Because no sludge removed from the bioreactor, flowrate of the system is;

0=0,=0.

Total particulates within the system;

XOZXBO—’_/YIO; Xe:XBe+X}e; X:XB+)(1

Performing mass balance on sludge gives:
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VZ—{=QXO +VR, - OX,

—=MHR7

R,: Biomass growth rate, kgvss m> d?!

HRT: Hydraulic retention time, d
Equation (5.1) can be written as;

£=;(XO—X)+A’
dr HRT ¢/ T

Performing mass balance on substrate gives:

7w« _ OC,+VR - OC.
ar :

R,: Substrate utilisation rate, kgcop m>d!
Equation (5.4) can be written as;

d—c=;(6’0—€€)+ks
dr HRT

After COD removal reached to a steady state;

ac

ar
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(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)
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The relationship between sludge yield and growth rate can be expressed as;

1 /Yobs,B =1 /Ymax + b/(Ymax,u) (57)
Yuax: Real sludge yield, kgmrvss kgcoD'1
b: Decay rate, d”!

w: Specific growth rate, d”'

Assuming Yousp represents the observed yield coefficient of biomass (kgmrvss kgCOD'l)

including endogenous respiration, the relation between R, and R, can be written as;
Ry =-Yorsn. Rs (5.8)
u=R,/ X, 59

Rearranging equations (5.5) to (5.8) gives;

R =7 —(C,-C)) (5.10)

Substituting Equation (5.10) into Equation (5.3) and rearranging the formula;

L o) 2 (6] 10

Solving Equation (5.11) yields;

X,-x, =$[(Xo _Xe)"')]o/;y,b’(co _Ce)](fz _[1) (5.12)
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t,—t; = At , equals to 1 day in our study and assuming that X, is negligible, Equation (5.12)

gives Yops 5 as;

_(X/Z_le) X
L s = mﬁﬁf —m (5.13)

The term (X — X)) shows the daily yield in MLSS concentration, so if Equation (5.13) is
rearranged to give the daily yield in MLSS per removed COD;

x, (x,-x,)
Y, .+ (CO—OQ)_ == HRT (5.14)

The left hand side of Equation (5.14) represents an overall sludge yield, Yobs (kgmrss kgCOD'l)
that observed during the study:

v, =MHA’T (5.15)
obs (CO_Ce)

5.3. Results and Discussion

5.3.1. Evaluation of Sludge Production in the Bioreactor

The study presented here was performed during the third run, when the
operating conditions were quite stable. The end of third run was the maintenance and check up
period. Filtration (first run) began at around 12 kPa TMP and increased gradually from 6 L h™'

m™ to the target flux; the increase of flux retarded because of trans-membrane pressure peaks,
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however, the flux could be controlled to adjust for desired values. The second run began at 18
kPa TMP, and TMP reached a predetermined limit value (25 kPa) earlier. Third run began
again at around 14 kPa TMP and variations of TMP were lower. Flux was sustainable around
7 - 10 L h'm? almost the whole run as a consequence of relaxing the membranes in three

shifts instead of once per day.

Sludge yield in the pilot system was determined without excess sludge
withdrawal for 305 days till the biomass concentration reached from 2,360 mg L™ to 23,000
mg L under constant volumetric loading rate (VLR = 0.63 kgcop m™ d™). The stability of the
MBR flux and the trans-membrane pressure (180 — 200 mbar) could be maintained until
23,000 mg L' of MLSS and beyond this value, TMP jump (over 200 mbar) was observed. So,
the membranes were chemically backwashed with 900 L of 0.5 % NaClO solution when the
MLSS concentration increased to 23,000 mg L. On the other hand, once sufficient amount of
cake formed on the cloth filter the stability of the cloth filter flux did not related to MLSS
concentration. Although the MBR system was operated successfully when the MLSS
concentration was 23,000 mg L, the results about excess sludge production rate (observed
yield coefficient) presented below are between 2,360 mg L' and 15455 mg L' (at
approximately 22 °C of wastewater temperature in the tanks), because no significant change

was observed in terms of sludge production rate and operation cost after 15,455 mg L.

One advantage of the plant is the low sludge production, as it has been stated in
the literature. During the operation of the pilot plant in this period of six months, totally 1,260
kg of dry solids were produced (approximately 5,000 m® at 25% dry solids (DS) dewatered
sludge). In other words, nearly 1.3 tonnes of MLSS was produced from the treatment of
16,250 m® of domestic wastewater. Throughout the same period, 24,378,620 m® of wastewater
was treated in the full-scale plant; 19,895 tonnes of 25% DS sludge processed and 5,000

tonnes of 98% dry sludge was produced. In course of the treatment of same wastewater, 0.078
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kg dry matter produced per 1 m’ of permeate in the pilot plant and 0.204 kg dry matter

produced per 1 m® of treated wastewater in the full-scale plant.

In comparison with a conventional biological nutrient removal plant, sludge
production decreased by 62 % in the pilot plant. The sludge production per COD removed in
the full-scale plant was about 0.65 kgss kgCOD'1 and the MLSS concentration in the tanks was
kept around 5,000 mg L. The sludge yield per removed COD load in the pilot plant tanks
with no sludge withdrawal was analysed and calculated daily (Figure 5.2). The initial (21
days) average sludge yield (MLSS between 2,500 and 5,000 mg L") was 0.72 kgumrss kgcop ™
However, the major decline in the sludge yield was observed until the sludge concentration
reaches 7,000 mg L (after 62 days) and the average yield was about 0.25 kgwrss kgcop
when the MLSS concentration was nearly 15,000 mg L™ (after 140 days). Similar low sludge
production values — about 0.25 kg kg, for long sludge residence times — were given in the
literature [109, 110, 111]. The theoretical sludge yield coefficient, Y, and the decay rate, b
were calculated by the linear plot of the reciprocals of Y,z and u that were obtained from
Equation (5.8) and (5.9). Y,,,, and b were calculated as 0.386 kgy; vss’kg€cop and 0.037 d' from
the intercept and slope of Figure 5.3. respectively. The biomass yield was closer to the higher
values given in literature (Table 5.1). The reason for this was considered as higher COD

strength of the domestic wastewater including 89 % biodegradable COD.

In order to express the behaviour of sludge in the tank, the whole sludge
retention period was shown in 3 parts: a, b and c. The parts ‘a’ (45 days) and ‘b’ (60 days)
represents the first 105 days, when the sludge concentration kept increasing in the tank. In part
‘b’ sludge accumulation is considered to be dominated by inert material. The part ‘¢’
represents the stabilisation period. Figure 5.4 shows the sludge concentration (mgyrss L' and
mgmryss L) in the bioreactor under constant VLR, which was kept around 0.63 kgcop m> d!.
The rate of sludge accumulation was higher in the first 105 days of operation (parts ‘a’ and

‘b’) and inert sludge accumulation rate was approximately 2 times higher than biomass
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Table 5.1. Some sludge yield (Ymax) and decay rate (b) values given in literature.

Y max, kgmrvss kgcop ! b, d’ Wastewater source
Huang and coworkers [112] 0.37-0.28 0.32-0.05 Domestic
Liu and coworkers [113] 0.288 0.023 Synthetic
Sun and coworkers [104] 0.115 0.024 Industrial

accumulation rate. In the latter period (part ‘c’), the difference between the two rates was
almost 3 % and both MLSS and MLVSS growth showed the similar rate of increase. The net
growth in this period slowly declined resulting in stabilisation of average MLSS concentration.
Laera and coworkers [114] showed similar behaviour of sludge accumulation with negligible
sludge withdrawal. Sun and coworkers [104] stated that, the incoming suspended solids and
the inert matter were not accumulated in the bioreactor, possibly due to hydrolysis or
enzymatic solubilization producing compounds having molecular size compatible with
permeation; thus no sludge accumulation was observed in the longer term. However, different
from our results, the MLVSS/MLSS ratio was maintained during the operation at prolonged
SRT; in our study the ratio was maintained in the latter period (part ‘c’). Figure 5.5 shows that
the cumulative influent inert solids load to the bioreactor increased linearly as it was intended
to keep constant influent load. Thus, in the first 105 days, the inert sludge amount (kg)
retained in the bioreactor, which was determined as the difference between the MLSS and
MLVSS in the sludge, increased at a lower rate than cumulative inert material in the feed
wastewater. In part ‘a’ the ratio between these two rates was about 37 %, however, in part ‘b’
the ratio increased to 61 %. Then in part ‘c’ the amount of inert material remained constant

around 300 kg in the 56 m’ reactor.
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period.

Inerts found in activated sludge systems can be due to inerts in the influent and
can also be the result of protozoan activity, which may not degrade the bacterial cell walls
fully and leaving behind inert material or can be a result of the two possibilities. The microbial
endogenous processes play a significant role in design and operation of activated sludge
systems. The energy for growth and maintenance of the microorganisms is obtained from the
biochemical oxidation of substrate, so substrate deficient conditions results with endogenous
respiration, which can lead to a significant reduction in the overall sludge yield and increase in
electron acceptor utilization [115]. Besides endogenous respiration, the decreased biomass
yield is typically attributed to concepts like maintenance, death-regeneration, or decay-cryptic
growth. The decay mechanism is considered as internal decay, which does not reduce the
number of microorganisms but reduces the weight and activity of the biomass due to lack of
substrate, and external decay, which is caused by mechanisms like predation and cell lysis

leads to significant losses both in number of microorganisms, their mass and activity. Liang
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and coworkers [116] showed the example of Aeolosoma hemprichi growth, which predated on
sludge flocs, resulted by 39 to 65 % sludge reduction without any deterioration of
heterotrophic and autotrophic activity. However, the concepts like maintenance, death-
regeneration, or decay-cryptic growth cannot easily be distinguished from each other except
for the introduction of a fraction of inert material formation during death/lysis in the death-
regeneration concept. Basically the different approaches try to link the observed biomass yield
(YobsB) to @ maximal growth yield (Ymax) and solid retention time (SRT or 6y) through
coefficients for maintenance (ms), endogenous respiration (ke), or decay (b) and inert COD

formed (f;) [117].

Maintenance concept:

PSS L [5.16]
oos mnax 1+0/rm Y

s max

Endogenous respiration concept:

1

=V [5.17]
obs max 1 + e/r /ég
Death - regeneration concept:
1
=V [5.18]

obs max

1+Qﬁ@—@—/jzm)
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Figure 5.5. Cumulative inorganic material load to the bioreactor and the amount of inorganic

sludge accumulated in the bioreactor.

On the other hand, some researchers indicated that most bacteria probably do
not die; instead they become dormant when being exposed to starvation conditions [118, 119,
120]. It has been shown that a specific growth hormone like compound, which is made by a
fraction of metabolically active cells in a suspension, can readily bring the so-called dead
bacteria back to activity. However, in literature, endogenous respiration term usually includes
decay, lysis, maintenance, and predation of heterotrophic biomass that results in generation of
endogenous residue. Thus, activated sludge suspension is considered as a combination of
volatile suspended solids (MLVSS), which is mainly composed of three particulate portions:
the active biomass (heterotrophic Xy and autotrophic X,), the influent non biodegradable
organic portion (X o), the endogenous residue produced from the biomass (Xg) and inorganic
suspended solids (X;) coming from the influent. Thus, the origins, composition and
characteristics of X (hair, fibre and cellulose) differ greatly from Xg, which is generated as a
result of the endogenous respiration of microorganisms in the activated sludge. Recent studies

have identified the slow biodegradation of Xg in systems operated at long SRTs [103, 114,
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121, 122]; so, the accumulation of inerts inversely depends on the system’s SRT, and that they
can be degraded by slow growing bacteria, which means that inerts are not ultimately inert

[117].

Our results were compatible with the general concept stated above. The graph
of cumulative influent inert solids shows the potential accumulation pattern of the wastewater
originated inert material that was greater than the rate of real inert material accumulation in
the tank at all times. This comparison stated that microorganisms in the pilot tank degraded
some portion of inert material. However, the increased rate of inert sludge retention (part ‘b”)
might be as a result of endogenous residue accumulation in the tank. Thus, the general trend of
the MLVSS/MLSS ratio and the decrease in the ratio for this particular period expresses the
inert sludge retention pattern clearly. The stabilisation of MLVSS and the specific activities in
the latter period meant that both portions of inert material could be degraded and no
accumulation of ‘inert’ material occurred in the longer term. Moreover, the organic loading
rate (OLR) reached constant values in the latter period (Figure 5.6), which also means that the
system reached equilibrium conditions. The removed inert material amount, which is the
difference between the incoming inert material and retained inert material in the tank during
the process, was given in Figure 5.7. The amount of removal increased steadily in parts ‘a’
and ‘c’, however, partially decreased or ceased in part ’b’, which shows that more inert

material accumulated after 45 days of complete sludge retention.
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Figure 5.6. Organic loading rate to the reactor.

The mixed liquor volatile suspended solids ratio (MLVSS/MLSS) was 0.50 at
the beginning of the study. After one month of complete solids retention (part ‘a’), the ratio
increased to 0.60 indicating that MLVSS increased faster than inert material, then decreased
back to 0.50 indicating higher inert solids production in following 2 months (part ‘b’). Finally,
the ratio increased again and stabilised around 0.57 during the latter period of 3.5 months (part
‘c’). The inerts are found in many activated sludge systems in considerable amounts, as a
result of inert material in the influent. The incoming wastewater was screened in two steps (50
mm and 10 mm respectively) and after grit/sand removal, the wastewater was pumped to the
pilot tank to be screened through a 3 mm pore sized drum screen in order to prevent inert
material entrance to the pilot tank. Because most inerts were eliminated constantly before
entering the bioreactor, the change in MLVSS/MLSS ratio was considered to be due to
endogenous microbial activity. Constancy of the MLVSS/MLSS ratio together with zero net
growth and no discernible accumulation of inert material provide evidence for the absence of

excess sludge production under sufficiently long sludge retention times [114, 123, 124].
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5.3.2. Effect of Complete Sludge Retention on Nitrogen Converters

Endogenous processes also known to affect the microbial community of
activated sludge systems, consequently the capacity, efficiency and stability of treatment
systems. Slow growing nitrification bacteria needs longer SRTs than ordinary heterotrophs
and their growth rate is used to determine the minimum required sludge retention time of a
BNR system. But also, predation due to long SRT could result in overgrazing on nitrifying
bacteria and could provoke deterioration of nitrification process [56]. The oxidation of
ammonia to nitrite by autotrophic nitrifiers is a key process in the global cycling of nitrogen.
The nitrification rate is controlled by the concentration of active autotrophic bacteria (X,)
stabilized in the process, which is imposed by the conversion yield (Y,), the influent
nitrifiable nitrogen, and the decay rate (b,) [100]. Three groups of microorganisms are known
to be responsible for ammonia oxidation: aerobic ammonia-oxidizing bacteria (AOB), aerobic
ammonia-oxidizing archaea (AOA), anaerobic ammonium-oxidizing bacteria (Anammox). In
the first step of aerobic conversion, oxidation of ammonia to hydroxylamine, is catalyzed by

ammonia monooxygenase (AMO); the gene coding for a subunit of this enzyme is amoA.

The investigation of the activity and diversity of nitrogen converters in the pilot
unit (see Chapter 6 for details) with complete sludge retention showed that gradually increased
MLVSS and MLSS concentrations adversely affect the biomass fractions of aerobic ammonia
oxidisers in the pilot tank, whereas fraction of nitrite oxidising population did not change
significantly. However, complete sludge retention did not affect the Anammox bacteria to the
same extent and they showed a more stable growth pattern. The ratio of aerobic and anaerobic
ammonia oxidizing bacteria among all microorganisms represented by amoA AOB to 16S
rRNA and Anammox to 16S rRNA ratios respectively (Figure 5.8). The amoA AOB enzyme
peaked at day 22, increasing approximately 2.5 times of its initial value. Parallel to the
decrease in MLVSS/MLSS ratio (part ‘b’) the enzyme was also decreased sharply and

remained as 33 % of its peak value. Despite the increase in MLVSS concentration, the
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detected amount of the enzyme decreased beyond one month of operation and after 92 days of
complete solids retention, reached to its minimum equilibrium value, which was almost half of
its initial amount in the seed sludge. However, the amount of inert suspended solids increased
inversely proportional to the amoA AOB enzyme and came to its maximum value after 3
months of operation. The further degradation of inert solids and stabilisation of MLVSS in the
reactor (part ‘c’) did not affect the amoA AOB enzyme.

Inert material removed in
the tank, kg

0 30 60 90 120 150 180

time, days

Figure 5.7. Inert material removal in the pilot unit.
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Figure 5.8. Variations of MLVSS/MLSS ratio and the AmoA enzyme (copy numbers/mL
extracted MLVSS).

On the other hand, Anammox bacteria did not show the same decreasing
pattern. Conversely to the aerobic ammonium oxidizers, Anammox bacteria doubled
consecutively at day 22 and day 50 and ended up 36 % higher than its initial amount (Figure
5.8). Anammox bacteria have low growth rates with doubling times about 11 days in both
laboratory and full-scale wastewater treatment systems [125]. They have also been stated as
strictly anaerobs [126]. However, coexistence of aerobic ammonium oxidizers, nitrite
oxidizers and Anammox bacteria has shown by many researchers [127, 128, 129]. At an
aerobic-anaerobic interface within a biofilm or a floc, competition can occur between
anaerobic Anammox bacteria and aerobic ammonium- and nitrite-oxidizing bacteria; aerobic
nitrite (NO;") oxidizers compete with aerobic ammonium oxidizers for oxygen, and Anammox
bacteria compete with ammonium oxidizers and nitrite oxidizers for ammonium and nitrite,
respectively [130, 131]. Anammox bacteria need both NH4 " and NO, as electron donor and
electron acceptor respectively, and bicarbonate (HCO5') is the carbon source. Both NO3

reduction and aerobic NH,  oxidation might provide NO; to Anammox bacteria. Yet at



110

elevated concentrations of NHy4", the reduction of NO, to NOj by nitrospira could be inhibited
because of increasing free ammonia concentration that provides total nitrogen removal over
NO; [132]. Sliekers and coworkers [133] stated the cooperation between aerobic and
anaerobic ammonium oxidizers. Zhang and coworkers [134] reported that partial nitrification
followed by anammox process can carry out efficiently in a system. Our results confirmed that
coexistence of these bacteria could continue under complete sludge retention in the bioreactor
(32% non-aerated and 68% aerated zones). Thus, Anammox bacteria were not inhibited by

oxic conditions or decreasing sludge production rate and showed rather stable growth pattern.

The amount of all microorganisms represented by 16S rRNA (gene copy
numbers/mL extracted MLVSS) (Figure 5.9). The decrease in 16S rRNA correlated with
decreasing MLVSS/MLSS ratio. Hence, in part ‘b’ the declining ratio of MLVSS/MLSS could
be dominated by deceleration of growth rate and endogenous activity, rather than
accumulation of inert material coming from the influent wastewater. On the whole, the
significant decline of the amoA enzyme did not cause an important change in the nitrification
efficiency. Thus, Anammox bacteria probably covered the decreased aerobic ammonia
oxidation efficiency. The effluent NH4-N concentration was lower than 0.5 mg L™ at all times
(99% removal efficiency). However, the effluent concentration was 0.1 mg L™ initially, which
was then increased to an average of 0.4 mg L' and 0.3 mg L" in part ‘b’ and part ‘c’

respectively.
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Figure 5.9. Variations of MLVSS/MLSS ratio and 16S rRNA (gene copy numbers/mL

extracted MLVSS).
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6. INVESTIGATION OF NITROGEN CONVERTERS IN HIGH
MLSS FILTRATION SYSTEMS

6.1. Introduction

In biological domestic wastewater treatment plants, growth rate of nitrifiers
defines the WWTP design and operating strategies. The nitrogen removal is performed by
nitrification - denitrification processes. Nitrification includes the aerobic oxidation of the
reduced nitrogen, (i.e., ammonium, to nitrite and nitrate). It is the key process in nitrogen
removal and is carried out by two different groups of microorganisms:
chemolithoautotrophic ammonia-oxidizing bacteria (AOB) and nitrite oxidizing bacteria
(NOB). The key enzyme for AOB is ammonia monooxygenase. The gene coding for a
subunit of this enzyme is amoA, which has been shown to be a good molecular marker and
can serve as a useful target for environmental studies because it reflects the phylogeny of
AOB very well [135]. Recently, new players, such as ammonia oxidizing archaea (AOA)
and Anammox bacteria have been discovered as a promising alternative to conventional
nitrification / denitrification process and these players were suggested to play a significant
but previously unrecognized role in the global nitrogen cycle [126, 136, 137]. Activated
sludge system is a consortium of variable and mixed-culture microorganisms in an aerobic
environment in which different species cooperate or compete with each other. The carbon
degrading heterotrophs and nitrifiers are the most dominant microorganisms present in
activated sludge simultaneously. Grady and Lim [138] reported that heterotrophic bacteria
have maximum growth rates of 5 times and yields of 2 to 3 times of that of autotrophic
nitrifying bacteria. The ratio of AOB in all bacterial population should therefore be low in

a typical domestic wastewater.
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The fraction of nitrifiers in all bacterial culture can be best determined by
the help of molecular microbiological tools like real-time PCR technology, which allows
quantitative determination of amoA and 16SrRNAgene copies [139]. Some researchers
indicate that C/N ratio is an important parameter in determining the amoA/16S rRNA ratio
[140, 141]. The fraction of nitrifiers in a whole bacterial community is expected to increase
with decreasing C/N ratio. Sludge age might be playing a role in the relative amount of
nitrifiers in a system due to its control on the biomass concentration. However, the positive
effect of high sludge age on nitrification rate is still controversial. In literature, there are
several studies on the effect of sludge retention time on nitrification efficiency [112, 142 —
145]. Several researchers had also reported that MBR operating at a long SRT could
achieve high nitrification efficiency [144, 145]. However, the role of sludge retention time
or high VSS concentrations on nitrogen converting microorganism and their fractions has
not been extensively investigated using molecular methods. Therefore, the aim of this
research is to investigate and monitor the activity and diversity of nitrogen converters,
ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB), ammonia
oxidizing archaea (AOA) and Anammox bacteria in a pilot scale membrane bioreactor

(MBR) by using a quantitative real-time PCR method with complete sludge retention.

6.2. Materials and Methods

6.2.1. Sampling from the Pilot Bioreactor

For the identification of the microbial communities, sludge samples were
taken with specified periods (days 1, 22, 50, 71, 92, 127, 148) from the oxic zone of pilot
tank (Figure 6.1). Sludge samples were concentrated by gravity settling prior to molecular
analyses. The samples were processed within 24 hours after their collection and stored in a

freezer at —20 °C after DNA isolation.
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6.2.2. DNA Extraction and PCR Amplification

Nucleic acid extraction was performed using the FastDNA SPIN kit (Q-
BlOgene) according to the manufacturer’s instructions [146]. Quantification of the
extracted DNA was performed using Quant-iT' " PicoGreen dsDNA Reagent Kit
(Molecular Probes) according to the manufacturer’s protocol with a few modifications.
Stock PicoGreen dye was diluted to 1/80 instead of 1/200 in 1x TE buffer and 10 uL of the
diluted PicoGreen dye was mixed with 10 L of the extracted DNA within the LightCycler
glass capillaries. Fluorescence was measured on the LightCycler Instrument (Roche,
Mannheim, Germany). For calibration, a serial dilution of lambda DNA standard ranging
from 50 to 2000 ng mL™' was prepared with TE buffer. Each sample was quantitated in
triplicate. The template DNA was diluted 10-fold to prevent PCR inhibition.

The PCR amplification was done using a Progene thermocycler (Techne,
Cambridge, UK) with the following temperature cycle: denaturation at 95 °C for 5 min,
followed by 30 cycles of denaturation at 95 °C for 60 s, annealing at 52 °C for 90 s,
elongation at 72 °C for 90 s and post-elongation at 72 °C for 10 min. The reactions were
subsequently cooled to 4 °C. PCR products were examined on ethidium bromide-stained
agarose gels and were used for cloning analysis. All PCR amplifications were carried out
in a total volume of 50 uL in 500 4L microtubes that contained 0.5 uM of each primer, 1.5
U of Taq DNA polymerase (MBI Fermentas), 1 x PCR buffer, 1.5 mM MgCl,, and 1.25
mM of ANTP and 2 uL of 10-fold diluted template DNA.

6.2.3. Real-time PCR

Quantitative real-time PCR reactions were carried out using the LightCycler
Instrument (Roche, Mannheim, Germany) with the FastStart DNA Master SYBR Green |
kit (Roche) following the manufacturer’s protocol. After an initial polymerase activation

and denaturation step at 95 °C for 10 min, the cycling program was followed by 40
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amplification cycles, each comprising denaturation (95 °C for 10 s), annealing (57 °C for
10 s), and extension (72 °C for 45 s). The temperature transition rates were programmed at
20°C s™. The PCR reaction mixture (20uL) contained 2xL, 10x Mastermix (Roche); 2 uL.,
25 mM MgCly; 1.25 uM concentrations of forward and reverse primers (Table 6.1), PCR-
grade nuclease-free distilled water and 2 uL, 10-fold diluted template DNA.

Grit Chamber Anoxic Tank Aeration Tank
Y Wi > » Effluent

MBR Tank R Bxcess Sludge

— Returned Sludge

Figure 6.1. A simple box-flow diagram of the pilot unit.

To increase the specificity at the lower annealing temperature, KCI was
added to real-time PCR mixtures instead of MgCl, with a final concentration of 18 mM,
targeting the 16S rRNA gene of Nitrobacter [139]. In all applications, negative controls
without template DNA were subjected to the same procedure to detect any contamination.
Evaluation of real-time PCR data was performed using the LightCycler data analysis
software (version 4.0). To verify nonspecific amplification, the reaction products were
performed by DNA melting curve analysis, with a temperature transition rate of 0.1 «C s™
from 65 °C to 95 °C with a continuous monitoring of fluorescence. An external DNA
standard curve was constructed using serial dilutions of a known copy number of target
genes. The standard curves were obtained using PCR fragments that were excised from a
0.8% agarose gel, purified using a MinElute Gel Extraction Kit (Qiagen) and quantified
with the Quant-iT'VPicoGreen dsDNA Reagent Kit [147]. The R? values were always

greater than 0.99 for all of the standard curves.
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6.2.4. Cloning and Sequencing Analysis

The PCR products of amoA and 16S rRNA Nitrobacter genes were purified
from the gel using QIAquick PCR purification kit (Qiagen). The pDrive vector (Qiagen)
was used for cloning. Then, the ligation products were transformed into EZ Competent
Cells following the manufacturer’s guidelines (QIAGEN PCR Cloning”* Kit). White
colonies were picked up from each cloned sample. The fragments containing the target
were then amplified using the plasmid-specific M13 primer set. Before DNA sequencing,
the plasmids of selected transformants were purified using the Fermentas PCR purification
kit. DNA sequences were analyzed in Iontek Laboratories (Istanbul, Turkey). Afterwards,
a similarity search was performed in the GenBank database using the BLAST search
program of the National Center for Biotechnology Information sequence search service
[148]. Sequences were analysed using ChromasPro software (Technelysium Pty Ltd., Eden
Prairie, MN) and aligned by the multiple alignment Clustal W program. Phylogenetic tree
was constructed with the neighbor-joining method using molecular evolutionary genetics
analysis package (MEGA version 2.1). The robustness of the phylogeny was tested by

bootstrap analysis with 1000 iterations.

6.3. Results and Discussion

Organic loading and TKN loading rates fluctuated between 6.3 — 53.4 kg
COD m™ d' and 0.83 — 5.50 kg TKN m™ d'. The influent and effluent wastewater
characteristics in the pilot plant during the sampling period were shown in Table 6.2.
Experimental results showed that high and stable COD and ammonia removal efficiencies
were recorded for this system during the study. MBR requires air scouring to prevent
fouling and maintain performance, but during low wastewater flow periods (midnight to
6:00 AM) denitrification efficiency dropped to 60 percent because of high oxygen
influence to the anoxic zone. The MLVSS concentrations soon after the start of the reactor

began to increase and reached to 10,855 mg L™ after 148 days of operation (Table 6.3).
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At the same time the MLSS concentrations increased from 4,600 mg L™ to 18,820 mg L™
and MLVSS/MLSS ratios of the reactor slightly varied between 0.49 and 0.60 without any

trend for change.

Table 6.1. Primer sets used in conventional and real-time PCR assays.

Target gene Primer Nucleotide sequence (5° -3’) Ref.
Partial 341f CCTACGGGAGGCAGCAG [149]
165 rRNA 907r CCGTCAATTCCTTTRAGTTT | [150]
amod AOB amoA-1F GGGGTTTCTACTGGTGGT [151]
amoA-2R CCCCTCKGSAAAGCCTTCTTC | [151]
16S rRNA FGPS872 TTTTTTGAGATTTGCTAG [152]
Nitrobacter sp. | FGPS 1269 CTAAAACTCAAAGGAATTGA | [152]
16S rRNA NSR 1113F CCTGCTTTCAGTTGCTACCG | [153]
Nitrospira sp NSR 1264R GTTTGCAGCGCTTTGTACCG | [153]
amoA AOA Arch-amoAF STAATGGTCTGGCTTAGACG | [137]
Arch-amoAR GCGGCCATCCATCTGTATGT | [137]
16S rRNA Pla46F GGATTAGGCATGCAAGTC [154]
Anammox AMX667R ACCAGAAGTTCCACTCTC [155]

Despite the high removal efficiencies, one of the most problematic aspects
of an MBR with complete sludge retention was the extensive membrane fouling, which is
considered to be caused by the formation of extracellular polymeric substances (EPS). EPS
formation is almost unavoidable at high SRT operation. The advantages of working with
high MLVSS in biological systems are well discussed in the literature. High biomass
concentration is usually associated with high sludge retention times. Higher SRT allows

the retention of slow growing microorganisms, like nitrifying bacteria and hence, improves
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nitrification [156]. In recent years, a new trend in high biomass system operation has been
working with lower solid retention times (around 10-20 days) and higher MLSS
concentrations by lowering HRT. This approach results in stable operation, complete
nitrification and reduced bio-solids production [157 — 159]. Cicek and coworkers [159]
found that biomass production rate and biomass viability generally increased with

decreasing SRT.

At lower SRTs (2 days), nitrification was noticeably affected by the sludge
age supposedly due to the wash out of nitrifying microorganisms. On the other hand, Han
and coworkers [143] investigated the influence of sludge retention time on membrane
fouling and bioactivities in membrane bioreactor system at higher sludge ages. They found
that regardless of SRT change, COD removal efficiency was high and stable throughout
the experiment. However, they also found that biological activity, especially specific
nitrification rate (SNR), slightly decreased with the increase of SRT from 50 to 70 days.
Additionally, findings of this study showed that prolonged SRT (100 days) gives rise to

Table 6.2. Average influent and effluent wastewater characteristics in the pilot tank.

Parameters Influent Effluent
BODs (mg L™) 249 6
COD (mgL™) 465 35
SS (mg L) 280 <10
TKN (mg L") 51.2 0.5
Ammonia-nitrogen (mg L) 41.8 0.3
NOy (mg L™) <0.5 15.3
TP (mg L) 7.2 5.1
pH 7.5 7.2
Conductivity (S cm™) 1028 954
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deterioration effects on SNR. Although total nitrification rate slightly increased, SNR
decreased significantly. The authors pointed out that the decrease of the specific
nitrification rate at longer SRT might be due to the lower oxygen transfer and deficient
substrate. However, the percentage of nitrifier community in the biomass directly affects
the SNR. To evaluate the impact of SRT on nitrifier population in an MBR, it is necessary

to quantify nitrogen converters and their fraction in mixed liquor.

Table 6.3. Sampling periods, operational parameters and VSS concentrations in the pilot

tank.
Samples VSS TKN load TKN Extracted SNR
(mgL™") | (kgm™d™") Removal DNA (mgN gVSs™
Efficiency | (nguL™) dh
(%)
Day 1 2,454 0.83 99.67 288.2 3.36
Day 22 3,750 3.22 99.66 501.9 8.56
Day 50 4,425 3.76 99.86 306.7 8.48
Day 71 6,995 2.80 99.87 393.3 4.00
Day 92 6,500 3.01 99.72 296.4 4.61
Day 127 9,716 242 95.08 255.6 2.37
Day 148 10,855 3.00 99.33 374.2 2.75

All sludge samples were concentrated by gravity settling prior to molecular
analyses. Therefore, approximately the same amount of MLVSS was taken for DNA

isolation. According to quantitative real-time PCR results, the total 16S rRNA gene copy
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numbers varied from 6.58 x 10’ to 1.02 x 10® copy numbers mL"' extracted MLVSS.
Abundance of amoA gene copy number for AOB population in the pilot tank ranged from
430 x 10° to 2.29 x 10° copy numbers mL™" extracted MLVSS (Table 6.4). The ratio of
nitrifying bacteria among all bacteria represented by amoAd to 16S rRNA ratio has a
decreasing trend with increasing VSS concentrations. AOB cell numbers/16S rRNA
bacterial cells ratio increased from 2.94 to 4.05 percent when the VSS concentration
reached to 3750 mg L. Afterwards, the fraction of AOB cells gradually declined to 1.15
percent when the VSS concentrations reached to 10,855 mg L™ throughout 148 days of
operation (Table 6.5).

The number of Nitrospira sp. 16S rRNA gene (or cell numbers) was
approximately 100 times greater than the number of Nitrobacter 16S rRNAgene (Table
6.4). Additionally, the fraction of Nitrospira cells was also considerably higher (5-10
times greater) than AOB population and there were not apparent differences throughout
operational period. The proportion of Anammox bacteria with respect to total bacterial 16S
rRNA gene copy number varied between 0.41 percent and 0.84 percent whereas the
ammonia oxidizing archaea (AOA) ranged between 0.05 percent and 0.09 percent in the
pilot tank (Table 6.5). Low fraction of AOA indicated that bacteria rather than archaea in
the pilot plant drive the nitrogen conversion. Moreover, significant amount of Anammox

bacteria considered that nitrogen removal through Anammox might occur in the tank.

In a study conducted by Yu and coworkers [160], the fraction of AOB
among all bacteria at MBRs operated at different SRTs (30 d, 90 d, and infinite) is
estimated by fluorescence in situ hybridization (FISH) analysis. Based on the results,
authors indicated that detecting AOBs with FISH technique led to some inaccuracy in
detection. They concluded that MBR having an infinite sludge age contained the highest
fraction of AOB (4.9%) among all bacteria indicating that no sludge purge strategy led to
the increase in AOB ratios. Similarly, Duan and coworkers [158] investigated the effects of
short solids retention time (3 d, 5 d and 10 d) on microbial community in a lab-scale
nitrifying MBR. They found that bacterial diversity as revealed by DGGE analysis

decreased with decreasing SRT values and gene copy numbers as quantified by real-time
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PCR analysis increased with increasing SRT. They also indicated that the increased sludge
age could decrease the microbial activity in MBR. In the studies of Li and coworkers [161],
a bench-scale MBR reactor with complete sludge retention is operated with decreasing
hydraulic retention times and the microbial community dynamics was investigated by a
combination of the MPN method, fluorescence in situ hybridization (FISH) and quinone

profiles.

Table 6.4. The gene copy number of 16S rDNA bacteria, amo4 AOB, Nitrobacter,

Nitrospira, amoA AOA and Anammox bacteria in the MBR samples.

Target gene copy number

Sample
16§ rRNA | amoA AOB | Nitrobacter | Nitrospira | amoA AOA | Anammox
Days1 | 5.13x10" | 838x10° | 1.73x10* | 1.59x 10° | 7.50x 10° | 5.90x 10*
Days 8 6 4 6 4 5
’ 1.02x10° | 229x10° | 4.83x10* | 3.40x10° | 2.62x10* | 1.22x 10
Days 7 5 4 6 4 5
s 9.18x 10" | 7.55x10° | 1.71x10* | 2.10x 10° | 2.04x 10* | 2.14x 10
Days 7 5 4 6 4 5
. 924x10" | 7.70x10° | 3.20x 10* | 3.34x 10° | 2.16x 10* | 1.20x 10
Days 7 5 4 6 4 5
0 7.69x 10" | 5.13x10° | 1.44x10* | 2.76x10° | 1.45x 10" | 1.46x 10
Days 7 5 4 6 4 5
17 6.58x10" | 430x10° | 1.56x10* | 1.75x10° | 1.25x10* | 1.01x 10
Days 7 5 3 6 4 5
4 7.54x10" | 4.84x10° | 8.05x10° | 2.24x10° | 1.55x 10" | 1.34x 10
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In contrast to previous studies, they have found a gradual increase in
MLVSS concentration coupled with a decrease in the number of nitrifiers. Another study
conducted by Han and coworkers [143] confirmed the negative influence of prolonged
SRT on specific nitrification rate, which was explained by impeded transfer rate of both
substrate and oxygen and accumulation of inert biomass due to endogenous respiration.
However, the results of the real-time PCR study clearly showed that AOB fraction
decreased with increasing MLVSS concentration. Lower fraction of nitrifiers in the

bacterial community results in declining rate of specific nitrification (Table 6.3).

Table 6.5. Nitrogen converting microorganisms ratio in the MBR based on bacterial 16S

rRNA gene.

amoA AOB/ | Nitrobacter/ | Nitrospira/ | amoA AOA/ | Anammox/
Sample 16S rRNA 16S rRNA 16STRNA | 16StRNA | 16StRNA
Days 1 2.94 % 0.12 % 11.19 % 0.05 % 0.41 %
Days 22 4.05 % 0.17 % 12.02 % 0.09 % 0.43 %
Days 50 1.48 % 0.07 % 8.23 % 0.08 % 0.84 %
Days 71 1.50 % 0.12 % 13.01 % 0.08 % 0.47 %
Days 92 1.20 % 0.07 % 12.92 % 0.07 % 0.68 %
Days 127 1.18 % 0.09 % 9.57 % 0.07 % 0.55%
Days 148 1.15% 0.04 % 10.69 % 0.07 % 0.64 %
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Phylogenetic analysis of the amoA sequences indicated that AOB
populations in the initial sludge taken from the Pasakoy WWTP were phylogenetically
related to uncultured bacterium clone NineSprings-83W, uncultured ammonia-oxidizing
bacterium clone BXA-294, uncultured bacterium B-clonel4, uncultured bacterium clone 4-
17 and uncultured bacterium clone T58. On day 71, when the VSS concentration reached
to about 7 g L', Nitrosospira related species appeared, uncultured Nitrosospira sp. clone
B2 and Nitrosospira sp. LT2MFa. However, most of the clones were phylogenetically
affiliated with Nitrosomonas lineage (Figure 6.2). Other ammonia oxidizing bacteria were
phylogenetically related to uncultured bacterium clone NineSprings-83W, uncultured
bacterium isolate DGGE gel band M33, uncultured ammonia-oxidizing bacterium clone
BJ-082-6, uncultured bacterium clone B-clonel4, uncultured ammonia-oxidizing beta
proteobacterium clone Psedi-29, uncultured ammonia-oxidizing bacterium isolate DGGE
gel band F2, uncultured ammonia-oxidizing bacterium clone AOBd-A4D2, uncultured
bacterium clone 4-24 and uncultured bacterium clone 14-10. After 148 days of operation,
uncultured bacterium clone T58 related to the Nitrosomonas lineage and Nitrosospira sp.
Nsp58 related to the Nitrosospira lineage became dominant species in the MBR (Figure
6.2). Other ammonia oxidizing bacteria were phylogenetically related to uncultured
ammonia-oxidizing bacterium clone AOB-F11, uncultured bacterium clone LM 3,
uncultured ammonia-oxidizing bacterium clone BXA-141, uncultured bacterium cloneRT-

600-29 and uncultured bacterium clone M-amoA-31.

Previous studies have shown that members of the beta proteobacterial
genera Nitrosomonas and Nitrosospira are the dominant ammonia-oxidizing bacteria in
wastewater treatment systems [135]. As shown in Figure 6.2, sequence analysis revealed
that Nitrosomonas related AOB species were dominant in the seed sludge and Nitrosospira
sp. were the dominant AOB in the MBR after 148 days of operation. Similar to this study,
Yu and coworkers [160] indicated that the fast-growing Nitrosomonas sp. were the
dominant AOB at 30 days SRT, while considerable slow-growing Nitrosospira sp. existed
in MBR operated without sludge purge. The authors also indicated that in spite of the
differences of the community structures of AOBs, MBR possibly possessed similar
heterotrophic community structures. On the other hand, the authors thought that low

specific ammonium-oxidizing and low specific nitrate forming rate caused by slow-
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growing Nitrosospira sp. during non sludge purging period. However, the results of this
study revealed that decreasing trend of AOB fraction might affect the specific activity of

nitrifiers.

The sequence analysis of 16S rDNA Nitrospira gene revealed that all
sequences were related to previously identified Candidatus Nitrospira defluvii (FP929003)
with 99 —100 percent sequence similarity in the MBR sludge samples. The genus
Nitrospira can be subdivided into at least four monophyletic sublineages -1V [162]. So far,
three different species of Nitrospira have been isolated; Nitrospira marina [163]
Nitrospira moscoviensis [164] and Candidatus Nitrospira defluvii [165], which were
isolated from seawater, freshwater and activated sludge environment, respectively.
Candidatus Nitrospira defluvii was affiliated to Nitrospira sublineage I, which is most
important for sewage treatment [166]. Sublineage I contained only sequences retrieved
from nitrifying bioreactors. In comparison, the distribution of Nitrospira-like bacteria in
Sublineage II ranged from WWTPs to natural habitats like soil, lake and freshwater

environments and also an isolated representative, Nitrospira moscoviensis [162].

According to real-time PCR results high fraction of Nitrospira species in
the pilot tank pointed out that Candidatus Nitrospira defluvii species probably have more
functions than only nitrite oxidation. However, the usage of organic substrates as a carbon
source or for energy generation by Nitrospira species, has not been proved by any scientist.
Recently, Liicker and coworkers [167] speculated that the presence of nirK genes in Ca. N.
defluvii indicates that this organism may denitrify NO, by using organic substrates as an
electron donor. However denitrification by Ca. N. defluvii has not been experimentally
demonstrated yet. This unknown function of Candidatus Nitrospira defluvii can be the

reason of high fraction of Nitrospira (up to 13.01%) in the MBR samples (Table 6.5).
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Figure 6.2. Neighbor-joining phylogenetic tree of AOB sequences generated from amoA

gene. The significance of each branch is indicated by bootstrap values (1,000 replicates).

The scale bar represents 0.05 inferred substitutions/nucleotide positions.
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7. HIGH BIOMASS FILTRATION SYSTEMS: ENERGY AND COST
ANALYSIS OF SLUDGE PRODUCTION

7.1. Introduction

Since research on membrane bioreactor technology began over 30 years ago,
several generations of biomass filtration systems have evolved to treat municipal wastewater
and all has been reported to have chemical or biological oxygen demand (COD or BOD) and
nitrogen removal efficiencies of more than 95 %. However, because of some disadvantages of
MBR, such as high-energy consumption and membrane fouling, it has seen as high-risk
compared to conventional technologies. MBRs are viewed by many customers as high capital
and operating expenditure, mainly due to membrane installation and replacement costs and
higher energy demand compared to conventional activated sludge systems. Therefore, unless a
high output quality is required, organisations generally do not perceive a need to invest large
sums of money in an MBR [2, 168 — 171]. On the other hand, comparison cannot be done with
a secondary treatment activated sludge system but with a system that provides same effluent
quality. However, controversial comparison results of MBR to conventional activated sludge
(CAS) system with tertiary filtration have been stated in different studies. 10 — 20 % higher
MBR operating cost was described previously [172], while latter studies showed that MBR
operation was less expensive than operating a combination of CAS and tertiary filtration [173,
174]. Yet limited reports have been published regarding the in-depth analysis of operating
parameters over the lifetime of an MBR installation compared to that of CAS and tertiary

filtration.

The most significant aspects of MBR operation cost are energy consumption
and membrane material replacement; because the installation of many full-scale MBR plants

is barely older than a decade, there is limited information available about impacts of operation
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on membrane material’s life [175]. Several manufacturers have modified different operational
strategies so as to lower the expenses. One of the most efficient strategies to limit membrane
fouling is the use of a gas/liquid two-phase flow to enhance the mass transfer [42]. However,
the energy demand of membrane bioreactors in order for membrane scouring and cleaning or
to filter water through the membrane has been reported to be a factor of two to four times
higher, compared to the conventional activated sludge process (CASP) [176]. More than 50 %
of the energy is used for aeration, which is approximately 30 to 40 % of the energy demand
resulting from scouring air of the membrane [4, 177]. Generally there is a linear relationship
between membrane permeability and membrane aeration up to a threshold value, beyond
which permeability is unchanged with membrane aeration [178]. Scouring air is provided
through coarse bubble diffuser system, which is 10 to 20 % less efficient than fine bubble
aeration for supplying oxygen to the biomass (standard oxygen transfer efficiency, SOTE of
19 to 37 % at 5 m depth) but have the advantage of lower cost. In some operations, e.g.
treatment of high strength liquors, coarse, and fine bubble aeration are used in combination
[179]. On the other hand, aeration sequencing management is important: intermittent aeration,

especially working with intermittent filtration, enables to save energy [42].

It has been shown through different researches, that the energy demand of
municipal MBR could be as low as 0.7 — 0.8 kWh m™ or as high as 6 — 8 kWh m™. In
submerged MBRs, it is the turbulent aeration which generates the cross flow at around 1 m s™
(as compared with 2 — 4 m s in a side-stream system) without the need for a recirculation
pump to remove the accumulated solids around the membranes, as well as scouring the
membrane and providing oxygen to the biomass for aerobic biodegradation process [180, 181].
Hence, the energy consumption of submerged MBRs is potentially lower than that of side
stream MBRs. Air demand for membrane scouring is usually higher than the actual biological
demand. Around 0.2 kWh was reported to be used for oxygen supply of the activated sludge
and 0.7 kWh for the deposit reduction by air scour in some applications. Depending on feed
wastewater strength a further 10 to 50 % of energy is demanded for bio-treatment; it is also
shown in literature that aeration is the main cost associated with submerged units [179].

Aeration is thus an important aspect of MBR because it has a dominant influence on operating
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cost and filtration flux [182]. Hence, there is a need to reduce this fraction of air used for
membrane surface scouring in order to make the filtration technology with high MLSS
concentration more commercially applicable alternative to conventional wastewater treatment

Processes.

Despite the increased aeration cost, a possible strategy for operational cost
limitation is reduction of sludge withdrawal. The cost of excess sludge treatment accounts for
more than half of the total operating cost in CASs [183]. In comparison with CASs, MBRs can
be operated in a wide range of MLSS concentrations and sludge retention time (SRT) because
SRT can be controlled completely independently from hydraulic retention time (HRT) by
membrane. Several researchers studied the possibility of operating MBR without sludge
withdrawal. Theoretical investigations have showed that biomass production can be limited in
MBR by appropriate operational strategies like limiting biomass withdrawal, consequently
minimizing bacterial growth [124]. A major problem associated with MBRs for sludge
reduction is the severe membrane fouling caused by the high concentrations of sludge and
organic matter [183]. Long SRTs were also investigated for their effects on the biomass.
These conditions may cause some modifications in the sludge properties and dynamic
behavior, as a result of change in metabolic state of bacteria due to substrate limitation, lower
enzymatic activity, smaller yield and decay coefficients, biomass loss by endogenous
mechanisms, decay, lysis and predation [112]. However, the separating technique selects non
floc-forming bacteria and modifies the nature and structure of bioflocs [184]. Some
researchers emphasized the accumulation of organic inerts and inorganic material within the
biomass under complete sludge retention [185, 186]. Separately, the stabilization of volatile
suspended solids and the specific maintenance activities of biomass were reported, which

means no accumulation of inert material was also possible [114].

As per the discussion above, the pilot scale high biomass filtration system was
evaluated in terms of energy consumption and operational costs based on energy and sludge

withdrawal. The system was compared to that of the full-scale conventional biological nutrient
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removal (BNR) plant. The full-scale plant combined with tertiary filtration and disinfection for

effluent reuse purposes.

7.2. Operational Cost Calculations

Operational costs were determined as follows: energy, sludge disposal,
maintenance, laboratory, personnel and consumables. In addition, the energy demand analysis
was composed of aeration, sludge disposal, wastewater pumping and others and a specific
energy cost of 0.0751 € kWh' was used. The energy consumption was measured with

wattmeters.

7.2.1. Pilot Plant Operational Costs

The equipment of the pilot plant in which energy consumption varied were
influent pump, drum screen, recirculation pump and fine bubble aeration blower; however the
coarse bubble aeration blower consumed a constant amount of energy. The P&I diagram of the

pilot plant is given in Figure 7.1.

The influence of MLSS concentration and aeration type on oxygen transfer and
thereby the aeration energy was computed using the findings of Cornel and Krause [187] and
Yoon and coworkers [188]. The average total acration energy in kWh d”' was obtained by
summing blower power consumption for both membrane scouring and excess biological

oxygen demand.
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Pumping energy requirements comprised of inlet pumping (average headloss 5
m) and internal recirculation (average headloss 0.5 m). Because sludge wastage was possible
through a branch and valve on the internal recirculation line, no additional pump was used. A
constant mixing power of 2.5 kW was used in the anoxic tank and no mechanical mixing was

required for the other zones.

The pilot plant was operated for over two years and results of a particular
period (6 months), which comprises complete sludge retention time, were presented as the
sludge yield as it was described in Chapter 5. Except for this particular period, some portion of

sludge withdrawn weekly in order to maintain the MLSS concentration around 15,000 mg L.

The membrane clean in place (CIP) protocol was applied every 6 to 8 months
and the consumed chemical amount was taken into consideration in operational cost

calculations; however no chemical consumed for cloth filter cleaning.

7.2.2. Full-scale Operational Costs

Operational cost comprise of the annual expenditure for personnel,
maintenance, sludge disposal, laboratory, consumables and energy. A simple block diagram of
the full-scale plant is given in Figure 7.2. Energy consumption was analysed considering the
major demanding processes: inlet pumping (Pasakoy main, Uzundere, Mimar Sinan), aeration,
sand filtration and UV disinfection, sludge processing (dewatering, drying) and the others. The
daily electricity consumption was recorded separately from the power distribution units of
these processes. The parameters involved in calculating the electricity cost is given in Table

7.1.
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Because there is no primary sedimentation in the full-scale plant, the processed
and disposed sludge is entirely waste activated sludge. Hence, wasted sludge has been
dewatered directly without thickening and then dried. So, the sludge processing and disposal
cost basically composed of energy consumed during the processes, personnel expenses,
polymer cost for dewatering, maintenance, hauling cost (diesel oil, amortisation) and ultimate
disposal price (Table 7.2). On the other hand, electricity has been produced in the co-
generation unit that consumes natural gas and sludge drying process has been carried out using

the benefit of the water vapour produced in the turbine, however, the process is actually

depended on the natural gas price (0.22 € m™).

Internal Recirculation
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Figure 7.2. Block diagram of the BNR plant.



Table 7.1. Parameters involved in the energy cost.

Flow rate m’ d’
Consumed natural gas m’ d’
Consumed water vapour kg d!
Electricity production in turbines kWh d’!
Electricity purchased from Ayedas (in case of
maintenance) kWh d’!
Consumed electricity in the plant kWh d’!
Average natural gas cost €d’
Ayedas electricity cost €d’
Total electricity cost €d’

Unit electricity cost (per treated wastewater) kWh m™
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Table 7.2. Parameters involved in the ultimate sludge disposal (dry product cost from 1% to

99% dry solids, DS).

SLUDGE DRYING
Daily energy consumption for sludge drying | kWh d”!
Anual energy consumption for sludge drying | kWh year
Anual energy const for sludge drying | € year
Turbine | kg year’
Water Vapour Auxillary boiler | kg year
Turbine | m? year’'
Natural Gas Auxillary boiler | m? year™
Energy produced by turbine | kWh year'
Natural gas cost for turbine | € year
Cost (Ayedas) of energy produced by turbine (if electricity B
. € year
was supplied from Ayedas)
Energy cost difference (Ayedas-Turbine) | € year”
Auxillary boiler energy cost | € year”
Annual energy cost for drying | € year
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Table 7.2. Parameters involved in the ultimate sludge disposal (dry product cost from 1% to

99% dry solids, DS) (continued)

Cost of one operator (worker) | € month™

Drying unit, Turbine, Number of operators

Boiler Monthly operator cost | € month™
Annual operator cost | € year'1
Total sludge drying cost | € year™

Total dry product (99% DS) | kg year”

Drying (25% DS to 99% DS) cost per kg | € kg™

Drying (25% DS to 99% DS) cost per ton | € ton™

Drying cost of 3,960 kg sludge (25% DS to 99% DS) | € kg
SLUDGE DEWATERING

Sludge dewatering cost (1% DS to 25% DS) | €
Cost of one operator (worker) | € month™
Number of operators
Sludge Dewatering Hourly operator cost | € h”'
Operation period of operator | h
Operator cost | € d'
Total dewatering cost (1% DS to 25% DS) of sludge | € d”

Total dewatering cost (1% DS to 25% DS) of sludge | € year™

MAINTENANCE (SLUDGE PROCESSING UNITS)
Maintenance cost of sludge processing | € year

SLUDGE DISPOSAL
Ultimate disposal unit price of 99% DS sludge | € ton™
Average amount of dry product (99% DS) hauled daily | ton d”'
Total daily dry product disposal cost | € d”!
Total annual dry product disposal cost | € year”
Unit price of diesel oil | € L™
Diesel oil diesel oil consumption per ton of 99% DS sludge | L ton™
Total daily diesel oil consumption | L d”'
Total daily diesel oil cost | € d'
Total annual diesel oil cost | € year
Daily amortization | € d’
Annual amortization | € year
Total daily dry product hauling cost | € d’
Total annual dry product hauling cost | € year™




135

Table 7.2. Parameters involved in the ultimate sludge disposal (dry product cost from 1% to

99% dry solids, DS) (continued)

Disposal cost per ton of dry product (99% DS) | € year™
DRY PRODUCT COST

Daily dry product (1% DS to 99% DS) cost | € d”'
Annual dry product (1% DS to 99% DS) cost | € year™

Dry product (1% DS to 99% DS) cost per ton | € ton™

7.3. Results and Discussion

7.3.1. Bioreactor Performance and Energy Consumption

The pilot plant was operated for 26 months. The rated power of two rotary-lobe
blowers, which were installed for the pilot plant, was 7.5 kW each and for the average
ambiance air temperature, power consumption (absorbed power) of one blower was 3.66 kW
(ambient temperature around 30 °C). Operation of 1 blower for scouring of filters consumed
0.88 kWh per m’ treated wastewater. Second blower was operated intermittently for fine
bubble aeration, mostly 5 minutes on and 20 minutes off depending on the strength of
incoming wastewater. The total energy consumption (at 15,000 mgMLSS L) of inlet pump (7
m of water head), recirculation pump, drum screen, anoxic tank mixer and blowers together
was about 1.03 — 1.17 kWh m” of permeate. 65 — 70 % of this energy was consumed for air
scouring (unit price of electricity was 0.0751 € kWh™). On the other hand, the full-scale plant
consumed 0.45 kWh m™ of treated wastewater on the average. The full-scale plant included,
43 m of wastewater pumping, preliminary treatment, biological treatment (aeration with turbo

blowers), clarification of treated wastewater, sand filtration and UV disinfection of effluent
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water, sludge processing (waste activated sludge pumps, dewatering, drying), administration

building, lightning of site etc.

7.3.2. Sludge Yield in the Bioreactor

High MLSS and SRT conditions decreased sludge production by 62 % in the
pilot plant. Thus, 0.078 kg dry matter produced per 1 m® of permeate in the pilot plant, while
0.204 kg dry matter produced per 1 m® of treated wastewater in the full-scale plant (Chapter 5).
This difference can provide a significant decrease in sludge processing and disposal cost in a
larger scale wwtp like Pasakoy. Namely, total energy cost for sludge processing decreases by
45 % and daily polymer consumption cost for sludge dewatering decreases by 61 %. Including
all parameters given in Table 7.2, the overall sludge processing and disposal cost, which is the
dry product cost from one percent to 99 % DS, declines 43 %. The lower sludge processing
energy demand leads to consume six percent less natural gas in the plant’s electricity
production. The contribution of sludge amount in operation cost and energy consumption in a

larger scale plant is discussed in Section 7.3.3.

7.3.3. Effect of Biomass Filtration Instead of Gravity Removal in Final Clarifiers

The existing process of the full-scale plant and the option of operating it as a
biomass filtration system were compared in accordance with the results of the pilot plant.
Second stage of the Pasakoy WWTP has sand filtration and UV disinfection units. The
effluent water quality of the plant is equivalent to that of a CFBR/MBR filtration plant.
Turbidity in the BNR effluent water is decreased below 2 NTU in the sand filters (it is
required < 10 NTU before entering the UV unit) and finally the filtered water is disinfected in
the UV unit; the final quality of the treated wastewater is 0 — 14 total coliform and 0 — 4 fecal

coliform.
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The comparison of the two systems was done based on the concepts of aeration
and sludge production, thus the operational cost for energy and sludge disposal. Common
structures for a membrane filtration plant and a conventional BNR plant, like inlet pumping
station, screens, grit chamber etc. were also taken into consideration; also, sludge drying
process was included for both systems. The natural gas consumption of the co-generation unit
for electricity production was calculated and the price of corresponding kWh energy
consumption was given here as the energy cost. The items like personnel and maintenance
were determined by calculating the number of equipment (pump, centrifuge, blower, drier,
etc.) required in case of operating the full-scale plant as a biomass filtration system and
estimating the number of operators needed to operate the system. So, the operation costs for
items like these were found by adapting the unit costs in real case operation to the biomass

filtration option.

The operational data shows the following differences. There is a need for
scouring air in a submerged biomass filtration unit, which countervails some of the oxygen
requirement for nitrification from time to time but generally higher than the actual requirement
of a typical domestic wastewater. Besides, the MBR needed a relaxation period about five
minutes, one to three times a day and no permeate was produced during relaxation; however, it
needed chemical cleaning in six or eight months period. During a chemical cleaning process,
approximately 3 L of 0.5 % sodium hypochlorite consumed per membrane cartridge. On the
other hand, the cloth filter was operated without relaxation and chemical cleaning. In the full-
scale BNR plant six pieces of sand filters were backwashed in turns in approximately every 18

hours and 2500 m® h™! backwash water was used.

Because the above mentioned common aspects of two systems (gravity vs.
filter separation) were taken into consideration, the term “operation cost” in the rest of the

chapter represents the whole operating expenses, as well as a separate evaluation of sludge
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disposal cost and the energy cost (for aeration, sludge processing and the sand filter-UV
disinfection unit for the conventional BNR plant). Sludge disposal consists of processing
(excess sludge pumping, dewatering, drying), transportation and ultimate disposal. The dried
sludge has been disposed to a cement factory, where it has been used as fuel. Despite the huge
construction cost distinction between the two filtration systems (the cost of CFBR was
approximately 10 % of that of the MBR), the operation cost of CFBR and MBR assumed to be
identical. Because the annual chemical cleaning cost was even less than one per thousands of
the monthly operation cost and the relaxation periods caused about 0.6 % less permeate
production. These slight cost differences were omitted. Moreover, the term “electricity cost”
in the rest of the chapter represents the electricity consumed in the whole plant. The energy
consumption of aeration system, sludge processing and the sand filter-UV disinfection units

for the conventional BNR plant was presented separately.

Table 7.3 shows the comparison of three options for Pasakdy WWTP operation.
Also, same comparison was done by eliminating the sludge drying, because it is not a
requirement for sludge processing in every treatment plant (Table 7.4). Option 1 is the real
case, which is a conventional BNR operation. Options 2 and 3 represent operation of the plant
as a biomass filtration system with two different fluxes regarding the experience of the pilot
unit. The fluxes in Option 2 and 3, which were considered to be feasible for the flat sheet
membranes, were taken as 0.42 m® m™ d”' (at peak flow: 0.52 m® m™ d') and 0.53 m’ m? d’!
(at peak flow: 0.65 m® m™ d') respectively. But, as it was exemplified in the pilot plant, the
flux in Option 2 (or even slightly lower) was more likely to operate steadily in terms of trans-
membrane pressure. The operation cost was calculated for existing inflow conditions:

approximately 114,000 m® d' of flow rate for the 2™ stage plant.



Table 7.3. Proportional values of important operation parameters (with sludge drying).
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(Option 1: full-scale BNR plant; Option 2: biomass filtration, flux: 0.42 m®> m™~ d™'; Option 3:

biomass filtration, flux: 0.53 m® m™ d'l) [189].

Option 1 Option 2 Option 3

Electricity cost for sludge processing /

Electricity cost 22.92 11.14 12.72 %
Sludge disposal cost / Operation cost 35.79 24.57 26.28 %
Electricity cost / Operation cost 40.44 51.30 48.01 %
Sludge disposal cost / Aeration cost 88.50 47.90 54.73 %
Aeration cost / Operation cost 18.33 33.61 29.09 %
Aeration cost / Electricity cost 45.32 65.52 60.60 %

Table 7.4. Proportional values of important operation parameters (without sludge drying).

(Option 1: full-scale BNR plant; Option 2: biomass filtration, flux: 0.42 m®> m™~ d™'; Option 3:

biomass filtration, flux: 0.53 m® m™ d™").

Option]l  Option2  Option 3

Electricity cost for sludge processing /

Electricity cost 8.72 2.51 291 %
Sludge disposal cost / Operation cost 29.36 16.51 17.63 %
Electricity cost / Operation cost 36.44 45.83 4224 %
Sludge disposal cost / Aeration cost 80.58 36.03 41.74 %
Aeration cost / Operation cost 19.56 32.94 28.47 %
Aeration cost / Electricity cost 53.68 71.88 67.41 %
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The oxygen transfer efficiency in process conditions (a.OTE) highly depends
on MLSS concentration. The a factor, which is a ratio of mass transfer coefficients in process
to clean water, decreases exponentially with increasing MLSS concentration [187, 190 — 193].
In addition, the OTE of aeration diffusers in clean water contributes to the overall efficiency
of oxygen transfer. However, expansion of conventional activated sludge process with
nitrification or nitrification/denitrification, and higher sludge ages improve the a.OTE [194].
The aeration demand declines, when SRT was increased by extending hydraulic retention time
(HRT) at fixed MLSS concentrations [174]. Also, the a factor increases gradually from its
lowest value through the length of an oxidation ditch [195]. The a.OTEs per meter for the two

different MLSS concentrations were calculated by using the following expression [187, 188]:

a.OTE (%/m) = 9.00 — 8.63 x 10™* x MLSS + 2.56 x 10™® x MLSS? (7.1)

During the period of the study, air requirement in Option 1 for nitrification and
excess carbon removal after denitrification was 37,180 Nm® h™' (specific oxygen transfer
efficiency per meter, a.OTE/m: 4.74%). Scouring air amounts in Option 2 and Option 3 were
calculated as 91,985 Nm’ h' and 73,588 Nm’ h' respectively. Because the biomass
concentration in these two options was higher, the volume of air to be supplied for nitrification
and carbon removal was higher (77,892 Nm® h™', specific oxygen transfer efficiency per meter,
a.OTE m™: 1.82%) as a consequence of lower oxygen transfer efficiency in the biomass. The
amount of scouring air in Option 2 meets the oxygen demand of the treatment, however in
Option 3, the biological oxygen requirement was higher. So, the scouring air volume in Option
2 was taken as the total air to be provided for both oxidation and membrane cleaning and in

Option 3, the air requirement for treatment was taken into consideration.

Over the two years of operation, eight pieces of membrane sheets out 300
membranes have been damaged. Considering an approximate membrane cost of 50 m™, the
contribution of membrane replacement cost for Option 2 and Option 3 would be less than one

per thousand of the total full scale operation. So, membrane replacement costs for Option 2
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and Option 3 were 1.08 % and 0.95 % of the operation cost respectively. Thus, a possible

membrane replacement cost was accepted as a part of all consumables.

According to the above-mentioned calculations about operating the plant as a
biomass filtration system, despite the increase in the electricity cost for aeration by 28 to 41 %
as a result of membrane scouring air, the total operation cost decreases by 9 to 15 % because
of the decrease in the expenses for sludge dewatering, drying and ultimate disposal. The unit
energy consumption in the full-scale plant has been approximately 0.45 kWh m™; the unit
energy consumption in Option 2 and 3 was calculated as 0.54 kWh m™ and 0.47 kWh m™
respectively. Hence, assuming the electricity price was 0.0751 € kWh', the electricity cost per
treated wastewater of the full-scale plant, Option 2 and 3 was 0.034 €/ m’, 0.04]1 € m™ and

0.035 € m™ respectively.

Figures 7.3 to 7.8 show the distribution of operation and electricity costs for the
three options. In the full-scale plant, the electricity cost is 36 % of the total operation cost;
however, if a biomass filtration system with 0.42 m’> m™ d”' flux was designed this value
would increase to 45 %. Increasing the flux by 25 % (decreasing the filter surface area)
decreases the electricity cost to 42 % of the operation cost. But, at this condition sustainability
of flux could not be maintained because of earlier fouling of membranes. Also, the period
between two chemical cleaning in MBR extends 2 or 3 times at low flux conditions. Despite
the higher electricity cost of the biomass filtration design that is advisable for operation, the
total monthly operation cost is nine percent lower than that of the full-scale plant. Here the
important point is verification of the decrease in total sludge production (observed yield
coefficient) by two-thirds and its applicability in design of high biomass filtration systems.
Because there are 40 % higher or lower values in literature than the average 0.25 mgmiss
mgcop of biosolids yield at 15,000 mg L' MLSS concentration in the pilot plant. However,
according to the results in the pilot plant, it is possible to reduce monthly sludge processing

cost of the full-scale plant by switching the process to a high biomass filtration system.
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Figure 7.4. Distribution of electricity costs for Option 1.
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8. CONCLUSIONS

The main objectives of the study were to bring up a submerged filtration
system that depends on cake filtration principles and evaluate the main features of the high
MLSS cake filtration (nitrification — denitrification) bioreactor; namely, filtration and
treatment efficiencies, low sludge production potential regarding the growth pattern of
nitrogen converters and operating cost in comparison with a membrane bioreactor. The results
of the long-term filtration behaviour and characterisation of the parallel CFBR and MBR pilot
units in Pasakoy WWTP, were presented in Chapter 4. The 0.4 um flat sheet microfiltration
membranes and a polyester cloth filter were operated in same tank at a target MLSS
concentration of 15,000 mg L. The air scouring system used for the membrane also scoured
the cloth filter (55 m® h™' per 100 m® of filter area). Both the cloth filter and the membrane
produced effluent with suspended solid concentrations less than 10 mg L™. Cloth filters can
act as an alternative to final clarifiers while taking full advantage of the MBR systems, such as
high MLSS operation, a smaller footprint, higher treatment efficiency depending on

composition of biomass at higher concentrations and low sludge production.

The design operation flux of the commercial membrane used in this study was
17.5 L h"' m™. The system was operated around design flux values; however, more stable
operation was achieved when flux was around 9 L h-' m™. The overall operating flux of the
cloth filter was higher than that of a commercial membrane. The flux declined to 48 L h-' m™

at the end of the one-year operation.

One year of continuous operation with the cloth filter showed that pressure

differences across the cloth filter reached a steady value, after which no considerable changes
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of Ap could be observed. The initial cost of a cloth filter is much less (approximately 90 %)

than the cost of a membrane system.

Flux decline of the cross-flow cloth filter was observed in two steps, which
were characterized by the deviation from the linear relationship between #// and V. Initial
filtration period was compatible with the standard blocking model, hence pore constriction and
growth of a sufficiently thick cake layer over the media were considered as the basic fouling
mechanisms. However, the latter period of filtration was considered as the stable cake

filtration period.

In Chapter 5, the system efficiency and sludge production were monitored at
constant volumetric loading rate in a pilot scale submerged CFBR and MBR unit. 4moA
enzyme, which peaked in day 22, declined dramatically after one month of operation and
stabilised in the latter period. However, the system showed insignificant and negligible
deterioration of nitrification process, and stable COD and NH,-N removal efficiencies were
achieved. Also, no deterioration of filtration was observed until 23000 mg,, s L. The results
confirmed coexistence of aerobic and anaerobic ammonia oxidizers in a partially aerated
system. Anammox bacteria grew at a significantly lower rate than that of aerobic ammonia
oxidizers. However, they were more resistant to the effects of complete sludge retention (e.g.
overgrazing on bacteria). The average observed sludge yield in the system was 0.25 kgmiss
kgecop! (MLSS > 15,000 mg L). Long-term experiments with complete solids retention
showed that equilibrium conditions were reached after 3 months and could be maintained in
terms of sludge production. MLVSS/MLSS ratio showed 3 different patterns: increasing,
decreasing and finally increasing — stable. Stabilisation of the ratio, while constant inert
material in wastewater was fed, evidenced that some portion of the inerts has become
degradable at prolonged sludge retention. Hence, the study verified the feasibility of high
MLSS filtration.
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Moreover, the molecular study on the nitrogen converters at high MLSS
concentrations (Chapter 6) showed that gradually increased VSS concentrations adversely
affect the biomass fractions of AOB in the MBR, whereas fraction of NOB population did not
change significantly. Phylogenetic analysis revealed that membrane bioreactor harbored
diverse ammonia oxidizing community related to the Nitrosomonas and Nitrosospira linegae.
However, 16S rDNA Nitrospira gene analysis revealed that all clones were related to
previously identified Candidatus Nitrospira defluvii. According to the quantitative real-time
PCR results, Nitrospira species had the highest fraction of nitrogen-converting organism,
which was up to 10-fold greater than AOB. It is considered that high fraction of Nitrospira
species may have alternative functions than only nitrite oxidation. To understand the
discrepancy between the number of bacterial genes and their known functions more

investigations on the molecular tools are needed.

The system efficiency, sludge production and energetic parameters in a pilot
scale submerged CFBR/MBR unit, and a full-scale BNR were analysed in Chapter 7. Also,
three scenarios of a plant operation (conventional BNR plant and high biomass filtration plant
with two different fluxes) were evaluated in terms of operation cost and energy consumption.
The pilot plant provided a reliable operation except for the nitrate nitrogen removal. But the
limited facilities of the pilot plant would be overcome in a real, larger scale plant and the
contribution of oxygen from the coarse bubble aeration zone can be prevented resulting a
robust nitrate nitrogen removal. The most important advantage of all in the pilot plant was low
sludge production, which was approximately one thirds of the unit sludge production in the
BNR plant. The disadvantage of operation with such elevated MLSS concentration was lower
oxygen transfer efficiency, but the operation cost calculations showed that decreased sludge
yield could overcome the handicap. Although the total energy cost increased by 6 to 9 % in
the two scenarios of biomass filtration, the total operation cost was 9 to 15 % less than that of

the full-scale plant.
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