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ABSTRACT

A novel biofilm reactor named as ‘rotating perforated tubes biofilm reactor
(RPT)’ was used for treatment of synthetic wastewater with and without liquid phase
aeration. Also a rotating bio-disc (RBD) system was operated under the same
conditions as that of the RPT, in order to compare the performances of both reactors
under the same operating conditions such as influent COD concentration and A/Q
ratio (A=1.34 m?). The effects of major process variables such as feed wastewater
flow rate, COD concentration and COD loading rate, liquid phase aeration, rotational
speed of tubes and number of tubes on COD removal performances of both reactors
were evaluated.

Rotating perforated tubes biofilm reactor consists of two stages each containing
25 perforated tubes mounted on vertical discs. The discs containing the battery of
tubes were rotated by using a motor and a shaft passing through the central hole on
the discs. Organisms grow in form of biofilm on inner and outer surfaces of the tubes
during rotation of tubes. The holes on surfaces of the tubes help the biofilm
organisms on inner surface of the tubes to be exposed to air more effectively. The
outer surfaces of the tubes were rough to facilitate biofilm formation. Due to
immersion of all tubes in wastewater and better mixing in liquid phase, RPT is more

advantageous as compared to classical rotating biodiscs.

Liquid phase aeration was proven to be advantageous especially for high strength
wastewaters at high COD loading rates. COD removal efficiency increased with
increasing A/Q ratio and rotational speed of the tubes, but decreases with increasing
feed COD and COD loading rate. Rotating perforated tubes biofilm reactor was

found to be more advantageous as compared to rotating biodisc system resulting in



higher COD removal efficiencies especially at low A/Q ratio and high COD loading
rates.

Kinetics of COD removal were investigated and Kkinetic constants were
determined for both reactors. Empirical design équations were developed 1o describe
the systems’ performance as a function of major process variables such as A/Q ratio
and feed COD content. '



OZET

Yeni bir biyofilm reaktér(i olan dénen delikli borular biyofilm reaktdrii (DBBR)
stvi fazin havalandirmali ve havalandirmasiz oldugu durumlarda sentetik atiksularin
antiminda kullamlnagtir. Dénen delikli borular biyofilm reaktoriinii donen biyodisk
reaktorii ile kargilagtirabilmek igin donen biyodisk reaktorii, aym A/Q oram (A=1.34
m?) ve giris KOI derigimi gibi igletme sartlarinda isletildi. Temel proses degiskenleri
olan giriy KOI derigimi, A/Q orani, KOI yiikleme hizi, sivi fazin havalandiriimas,
borularin donme hizi, borularin sayisi gibi parametrelerin KOI giderim verimine ve
hizina olan etkileri incelendi.

Dénen delikli borular biofilm reaktori iki kisimdan olugmakta ve her kisim diigey
disklere yerlestirilmig 25 delikli boru (toplam 50) icermektedir. Disklerin ortasindan
gaft gegmekte ve borular saftin bagl oldugu bir motor yardimiyla déndiriilmektedir.
Organizmalar donme sirasinda borularn hem i¢ yiizeyinde hem de dis yiizeyinde
biyofilm tabakast olusturmaktadir. Borularin iizerindeki delikler, borularin ig
yizeyinde olusan biofilm organizmalaninin hava ile temasm saZlamaktadir.
Borulann di§ yiizeyi biofilm olusumunu kolaylastirmak igin piirizlidir. Borulann
tamammn atiksu igerisine batmast ve sivi fazida daha etkili bir karigma olmasindan
dolay: klasik donen biyodisk reaktdre kiyasla daha avantajlidir.

Siv1 fazi havalandirmamn, 6zellikle yiksek KOI yikleme hzlarinda atiksudan
KOI giderimi igin etkili oldugu bulundu. KOI giderim verimi artan A/Q orant ve
borularin donme hizi ile artti, ancak, artan girig KOI derisimi ve KOI yikleme hiz1
ile dustii. Donen delikli borular biofilm reaktori KOI giderim verimleri, aym
sartlarda donen biyodisk sistemiyle karsilastinldiginda 6zellikle diigiik A/Q oranmi ve
yitkksek KOI yiikleme hizlarinda daba avantajli oldugu bulundu.



VI

Her iki reaktor igin KOI giderim kinetikleri aragtinldi ve deneysel vériler
kullanilarak kinetic sabitler bulundu. Temel proses degigkenleri olan A/Q oram ve

giris KOI iceriginin bir fonksiyonu olarak sistemin KOI giderim performansim
belirleyen matematiksel tasarim esitlikleri gelistirildi.
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CHAPTER ONE
INTRODUCTION

1.1. INTRODUCTION

Rotating biodisc contactors has been the most widely used type of rotating biofilm
contactors. The rotating biological disc (RBD) is an attached biofilm system which
typically consists of series circular discs mounted on a horizontal shaft and rotated by
a motor. Many types of proprietary RBD systems have been developed. RBD’s were
commonly used in wastewater treatment, since they offer several advantages over
other biofilm reactors such as trickling (downflow) and upflow biological filters and
fluidized beds. Control of the environmental conditions and the biofilm thickness is
easier in rotating biofilm discs, since the liquid phase is more homogenous; the
biofilm is visible and reachable during the operation as compared to the biological
filters. Aeration is much more effective in rotating biodiscs as a result of direct
contact of biofilm and air during rotation. For the treatment of high strength
wastewater, gentle aeration of liquid phase was shown to improve the COD removal
performance of the system (Kargi, 1997). In addition to some mechanical problems
associated with the use of rotating biodiscs, insufficient mixing in the liquid phase,
falling off the biofilm from disc surfaces during operation and limited surface area of
discs for biofilm formation due to 40% immersion in wastewater can be mentioned

as disadvantages of rotating biodisc systems.

Modifications of rotating biodisc contactors were developed to overcome some of
the aforementioned disadvantages such as addition of wings and use of porous disc
surfaces. In order to overcome some of the problems associated with rotating
biodiscs, a novel biofilm contactor called ‘rotating perforated tubes or pipes biofilm

reactor’ was developed in this study.



Rotating biological contactors were widely used in biological treatment of
wastewater for COD/BOD removal (Clark, 1978; Andreadakis, 1987; Fujie, 1983;
Pan, 1992; Poon, 1979; Wilson, 1980, 1993; Kargi, 1999) and nitrification/
denitrification (Wu, 1981; Poon, 1981; Watanabe, 1985; Goneng, 1985; Hing, 1976)
purposes. Diffusion limitations and COD removal kinetics coupled with diffusion of
nutrients in biofilm reactors such as rotating discs were investigated by many
researchers (Kornegay, 1968; La Motta, 1976; Rittmann, 1980; Shieh, 1982; Trulear,
1982; Williamson, 1976; Atkinson, 1974).

Effects of various operating parameters such as hydraulic residence time or A/Q
ratio (Kargy, 1997, Kugaprasatham et al., 1991), organic loading rate, liquid phase
aeration (Kargy, 1997), disc rotational speed (Friedman et al., 1979) on performance
of rotating biodiscé have been studied. |

Liquid phase aeration in RBC systems is not common in practice. Almost all RBC
operations are performed without liquid phase aeration resulting in dissolved oxygen
limitations in liquid phase at high organic loading rates. Use of supplemental liquid
phase aeration in RBC’s was shown to improve the COD removal rate in one
reported study (Surampalli&Baumann, 1993). The overall performance of
RBCs receiving supplemental aeration was significantly better with respect to COD
removal efficiency than the RBCs without supplemental air. (Surampalli& Baumann,
1995)

Several studies have reported problems with initial stages of RBC systems
reflected by heavy biofilm growth, the presence of nuisance organisms, such as
beggiatoa, and a reduction in organic removal rates. These problems have been
attributed to excessive organic loadings resulting in low dissolved oxygen conditions.
(Chesner& Molof, 1977; Hitdlebaugh& Miller, 1981)

Surampalli and Baumann (1987) used the first order model to describe

performance of RBC reactor under high concentration of dissolved oxygen. Other
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authors used first order kinetics on RBC reactor in order to minimize the disc area
required by RBC. (Fujie ef al, 1983; Leducé& Buchanan, 1993).

Wilson (1993) reviewed RBCs described by first and zero order kinetics but other
kinetic models such as the half-order kinetics have also been proposed (Shiek, 1982;
Arvin&Harremoes, 1990) as well as more complex models such as those presented
for multi-staged RBC’s by Pano&Middlebrooks (1983) and Bunchanan&Leduc
(1994). References using Monod kinetics for modeling RBC’s are also quite frequent
(Kornegay& Andrews, 1968; Clark ez al, 1978).

In order to overcome some of the problems associated with rotating biodiscs a
new biofilm reactor called ‘Rotating perforated tubes biofilm reactor’ was developed.
The rotating perforated tubes biofilm (RPT) reactor consists of a battery of
perforated tubes mounted on perforated discs through the holes on the discs. The
shaft and the tubes are rotated with the aid of a motor. The battery of the tubes is
immersed in the wastewater tank during rotation. Organisms grow in form of biofilm
on the inner and outer surfaces of the tubes. Aeration is provided by direct contact of
the biofilm organisms with air during rotation.

The rotating perforated tubes biofilm reactor was used for treatment of synthetic
wastewater of different strength with and without liquid phase aeration. Effects of
important process variables such as feed COD concentration, COD loading rate, feed
flow rate, rotational speed, number of tubes and liquid phase aeration on the system’s
performance were investigated. In addition all experiments were repeated by using
rotating biodisc reactor under the same conditions in order to compare the

performances of both reactors.

Kinetics of COD removal from the wastewater was investigated and kinetic
constants were determined by using the experimental data. Empirical design
equations were developed to estimate COD removal efficiency as a function of A/Q

ratio and feed COD content for both reactors.



1.2. Objectives and Scope

Major objectives of this thesis can be summarized as follows;

o to develop a new biofilm reactor consisting of rotating perforated tubes for
wastewater treatment as an alternative to rotating biodisc systems

e to investigate COD removal performance of the novel biofilm reactor named
as ‘rotating perforated tubes biofilm reactor (RPT)’.

e to ennance biological treatment efficiency of high strength wastewater by
liquid phase aeration.

* to compare performances of RBD and RPT reactors for treatment of different
strength synthetic wastewaters under the same experimental conditions.

e to determine the effects of important process variables such- A/Q ratio, feed
COD concentration, COD loading rate, rotational speed of perforated tubes,
number of tubes on COD removal efficiency.

e to develop mathematical models describing systems’ performance for both
RPT and RBD systems.

o to determine kinetic constants by using experimental data.

In the first part of the thesis, rotating perforated tubes biofilm reactor’s COD
removal efficiency was studied without liquid phase aeration. Effects of important
processes variables such as A/Q ratio and feed COD concentrations and COD
loading rate on COD removal efficiency were investigated. Kinetic constants were
determined by using experimental data without liquid phase aeration and an
empirical mathematical model was developed. Effects of the number (surface area)
and rotational speed of the tubes on COD remcval performance was also investigated

without liquid phase aeration.

In the second part of the thesis, system was studied with liquid phase aeration.
Effects of major process variables such as feed wastewater flow rate, COD

concentration and loading rate on the rate and extent of COD removal were



investigated. An empirical design equation was developed to describe the system’s
performance with liquid phase aeration.

In the third part of the thesis, rotating bio-disc reactor was used without liquid
phase aeration under the same conditions as that of the RPT, such as the same feed
COD concentration, A/Q ratio and other environmental conditions in order to
compare the performance with that of the RPT. Effects of process variables on COD
removal efficiency and the rate were investigated. Kinetic constants were determined
by using experimental data without liquid phase aeration. An empirical mathematical

model was developed.



CHAPTER TWO
MATERIALS AND METHODS

2.1 Experimental setup

Figure 2.1.1 depicts a schematic of the rotating perforated tubes biofilm reactor.
The system consists of a feed reservoir, wastewater tank containing battery of
rotating tubes, driving motor, shaft and wastewater pump. Feed reservoir was placed
in a deep refrigerator to keep the temperature below 5 C in order to avoid any
decomposition. The rotating tube system had two sections mounted on the same shaft

each having 25 perforated tubes (total of 50 tubes) made of PVC. Outer and inner

diameter of the tubes were D, = 2.1 ¢m and D; = 1.3 cm resulting in a total surface
area of A = 1.34 m®. Each tube had twenty holes of 0.5 cm in diameter on their
surfaces, which would allow air passage to the inner surface of the tubes. The tubes
were completely immersed in the semi cylindrical tank with a .length of 60 cm,
diameter of 30 cm and depth of 18 cm. The tubes were located on the peripheral area
of the discs and were completely immersed in the wastewater in the tank. Total liquid
volume in the tank was V., = 9 L. Therefore, the biofilm area per unit wastewater
volume in the tank was a = 149 m% m®. Liquid phase acration was accomplished by
an air pump and perforated tubes/ diffusers located underneath the battery of tubes in
the liquid phase. The discs were rotated with a constant speed of 5 rpm which was a
typical value on the basis of literature reports. In some experiments, the rotational
speed was changed between 3 and 12 rpm.

Figure 2.1.2 depicts a schematic of the rotating bio-disc (RBD) reactor. The RBD
system consists of a feed reservoir, wastewater tank containing battery of rotating

tubes, driving motor, shaft and wastewater pump. Feed reservoir was placed in a



deep refrigerator to keep the temperature below 5 °C in order to avoid any

decomposition.

The rotating bio-disc reactor contained only biodiscs mounted on a shaft through
the central hole. The system had two sections containing 11 discs of diameter D,= 20
cm in each (total of 22 discs) resulting in a total disc surface area of A = 1.38 m?.
Discs were made of polypropylene and were 40% immersed in water; however, the
whole surface area of the discs was covered by biomass. Total liquid volume in
aeration tank was Vi, =9 L resulting in biodisc surface area per unit reactor volume of
a =153 m*/m’. Discs were rotated with a constant speed of n=5 rpm with a driving
motor. Total disc surface area was approximately equal to the total tubes surface area
in RPT.

2.2. Wastewater Composition

Synthetic wastewater used throughout the studies was composed of diluted
molasses, urea, KH; PO, and MgSO; resulting in COD/N/P = 100/10/1.5 in the feed.
COD concentration in the feed was varied between COD, = 1,000-11,000 mg/L and
COD/N/P ratio was kept constant throughout the experiments. Feed COD
concentration in experiments with variable flow rate was approximately 2,000 £ 200
mg/L. MgSO, concentration in the feed was 50 mg/L in all experiments. pH of the
feed media was 6.9 and increased up to pH = 7.9 in the treatment tank as a result of

ammonia release from hydrolysis of urea.

2.3. Organisms

The activated sludge culture used as inoculum was obtained from Pmar Meat
Industry wastewater treatment plant located in Izmir, Turkey. This culture was
cultivated in the laboratory on a shaker by using the same media and was used for the

inoculation of the system.
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2.4. Experimental Procedure

Experiments were started batch wise for both studies. About 9L of the synthetic
wastewater was placed in the treatment tank containing support materials (perforated
tubes for RPT experiments/discs for RBD experiments) and was inoculated with the
activated ‘sludge culture. RPT and RBD systems were operated batch wise by
changing the media in every three days until significant biofilm was developed on
the surfaces of the tubes or discs. The batch operation usually took about two weeks
to obtain a biofilm thickness of about 1-1.5 mm. During continuous operation feed
was provided from one end and was removed from the other end of the tank.
Temperature and pH were approximately T = 20 + 2 C and pH = 7.5+ 0.3 ‘during
operation. pH was controlled around 7.5 by manual addition of dilute sulfuric acid
twice a day. Experiments were conducted with and without liquid phase aeration.
Biofilm thickness was controlled around 1.5 mm by manual removal of thick biofilm
from surfaces of the tubes. The system was operated at steady- state at least for five
days for each experimental condition and the last three data points were considered

in evaluations.
2.5. Analytical Methods

Samples were removed daily during steady-state operation from the feed reservoir
and the effluent. In order to avoid any interference on COD measurements by
organisms, the samples were centrifuged to remove the biomass (Kargi & Dinger,
1999). Soluble COD measurements were made on clear supernatant according to the
Standard Methods (1989). Average of the last three steady-state measurements were
used in data anaiysis with standard deviations of less than 5%.
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CHAPTER THREE
RESULTS AND DISCUSSION

3.1, Performance of Rotating Perforated Tubes Biofilm Reactor
without Liquid Phase Aeration

Four sets of experiments were performed. Feed flow rate was changed to yield
8u =2-10 h in the first set of experiments, while the feed COD was approximately
constant around 2,000 + 200 mg/L. Feed COD content was changed between 1,000
mg/L and 11,000 mg/L in the second set of experiments, while the feed flow rate was
kept constant to yield Oy = 6 h. Rotational speed of perforated tubes was changed
from 3 to 12 rpm in the third set of experiments while feed COD concentration and
feed flow rate were constant. In the fourth set of experiments, number of perforated
tubes (surface area) was changed between 14 and 50.

3.1.1. Experiments with Diifferent Feed Flow Rates

The major goal in this set of experiments was to investigate the system’s COD
removal performance at different A/Q ratios while the feed COD was kept
approximately constant around 2,000 + 200 mg/ L.

Figure 3.1.1 depicts variation of effluent COD and COD removal efficiency (E)
with A/Q ratio. The effluent COD decreased and COD removal efficiency increased
with increasing A/Q ratio. In order to obtain COD removal efficiency (E) larger than
95%, the A/Q ratic should be larger than 1,200 m>l/ m".

Figure 3.1.2 depicts variation of COD removal rate (Rs = Q (So- S) / A) with A/Q
ratio. The rate decreased with increasing A/Q ratio as a result of decreasing flow rate



14

(Q) at constant A and S,. A fivefold decrease in A/Q (from 1500 to 300 m2.h / m®)
resulted in the same degree of reduction in the rate (from 7500 to 1500 mg/ m’ h).
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Figure 3.1.1 Effluent COD (S.) and COD removal efficiency (E) as a function of
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Figure 3.1.2 Variation of COD removal rate (Rs) with A/Q ratio
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3.1.2. Experiments with Different Feed COD Concentrations

The objective of this set of experiments was to investigate the system
performance at different organic loading rates per unit biofilm surface area
(Ls = Q.S//A). Variations of the effluent COD concentration (S¢) and COD removal
efficiency (E) with the feed COD concentration (S,) are depicted in Figure 3.1.3. The
effluent COD increased and COD removal efficiency decreased with increasing feed
COD. This variation was more significant especially for feed COD values above
3,000 mg/L (3 kg/ m®).

Variations of the effluent COD and COD removal efficiency with COD loading
rate (L) are depicted in Figure 3.1.4. Increases in COD loading rate resulted in
significant decreases in COD removal efficiency especially for L, values above 3,000
mg/ m%.h. COD loading rate should be kept below 3000 mg/ m?.h for more than 90%
COD removal.
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3.1.3. Effects of Rotational Speed of Tubes on COD Removal

The effect of rotational speed of perforated tubes on COD removal efficiency and
COD removal rate without liquid phase aeration were investigated. Rotational speed
of perforated tubes was changed between 3 with 12 rpm while the feed COD
concentration (So) was constant around 2,000 mg/L. Feed flow rate was also kept

constant to yield 8g=6h.

Figure.3.1.5. depicts variation of effluent COD concentration and COD removal
efficiency with rotational speed of tubes. The effluent COD (S.) decreased and COD
removal efficiency (E) increased with increasing rotational speed (rpm).

Variations of COD removal rate (Rs) with rotational speed of perforated tubes
(rpm) are shown in Figure 3.1.6. Increases in rotational speed of tubes resulted in

increases in COD removal rate.
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Figure 3.1.5 Effects of rotational speed of perforated tubes on COD removal
efficiency and the effluent COD (Se).
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Figure 3.1.6. Variation of COD removal rate (Rq) with rotational speed of perforated
tubes.
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3.1.4. Effects of Number of Perforated Tubes on COD removal

The effects of number of perforated tubes (tube surface area) on COD removal
efficiency and rate of COD removal without liquid phase aeration were investigated.
The feed COD concentration was Se= 2,000 mg/l and the hydraulic residence time

was 6 h in all experiments.

RPT unit consisted of two stages containing 50 perforated tubes. Perforated tubes
were equally removed from each stage during the experiments. The number of tubes

were varied between 44 and 14 tubes.

Variation of effluent COD (S.) and COD removal efficiency (E) with number of
tubes are depicted in Figure 3.1.7.Feed COD concentration increased from S.=500
mg/l with N=44 tubes to S;~1290 mg/L. with N=14 tubes. COD removal efficiency
decreased with decreasing number of the perforated tubes from 76% (N=44) to 39%

(N=14).

Figure 3.1.8 depicts variation of surface COD removal rate with the number of
tubes. Surface COD removal rate (Ry) decreased with the increasing number of the
tubes as a result of increasing tube surface area. Surface COD removal rate (R) with
44 tubes was 2.5 kg COD/m*h and which increased to 3.24 kg COD/m’.h with 14

tubes.
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3.1.5. Kinetic Analysis of the System

Following kinetic model was proposed for COD removal from the wastewater by
rotating perforated tubes biofilm reactor. By assuming a Monod type COD removal

rate, a COD balance around the reactor yields the following equation:

kX S Ra S
Q(S.-9)= A= A G.1)
K. +S K+ S
or
Q(Se-9S) kXS R S
= Ry= =~ (.2)
A K.+ S Ko+

where, Q is flow rate of the feed wastewater (m*/h); So and S are the feed and
effluent COD (kg/m’); A is the total biofilm surface area (m?); k is maximum COD
removal rate constant (d7); X is the biomass concentration on the tube surfaces (kg/
m?); K is the saturation constant (kg/m’). Since the liquid phase in the tank was not
aerated, suspended cell’s concentration in the liquid phase was less than 500 mg/L.
Therefore, suspended cell’s contribution for COD removal was neglected. It was
assumed that mainly biofilm organisms on the tube surfaces removed COD from the

wastewater.
In double reciprocal form, eqn 3.2 may be written as,

1 A 1 K 1
= + (3.3)

Re QSe-S) R Ra S

A plot of 1/ Ry versus 1/ S yields a line, with a slope of Ky/ Ry, and an intercept of
1/Rm.

Experimental data obtained with different flow rates at constant feed

COD, of 2,000 £ 200mg/L were plotted in form of A/Q.(So- S) versus 1/S and from
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the slope and intercept of the best-fit line the following values were found for Ry and
K, (Figure 3.1.9).

Ra =5.9x107 kg/ m*> h =5900 mg/m®h and K, =260 mg/L = 0.26 kg/m’,

R? =0.90)

Therefore, the rate eqn. may be written as,

Rm S 5,900 S

R= where S is in mg/L and R is in mg/m?h (3.4)

Ki+S  260+S

Typical biomass concentrations on tube surfaces and in liquid phase were X¢= 50
g/m? and X; = 0.3 g/L resulting in total amount of biomass in biofilm and in liquid
phase as Xrr = 67 g and X1s = 2.7 g, respectively. Therefore, COD removal by
suspended cells can be neglected as compared to that of the biofilm. From the
definition of Ry = k X¢, the maximum COD removal rate constant was found as

k=012h'=294d"

1R (m% hikg)
8

300 A
200 - .
ool © Iy = 43,923x + 170,36
R?=0,8978
0 T T T H T T
0 2 4 6 8 10 12 14
1S, (m°/kg)

Figure 3.1.9 Double reciprocal plot of 1/R, versus 1/S for determination of the

kinetic constants
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3.1.6. Empirical Model Development

An empirical model describing the COD removal efficiency as a function of A/Q

ratio and feed COD concentration was developed. The model has the following form:

S
E=1-—= a(A/ Q)" S (3.5
So

In linearized form this eqn.may be written as
LoE=Lna+bLn(A/Q)+cLnS, (3.6)

Experimental data ‘were obtained at constant feed COD of approximately,

—=2,000 mg/L and at different A/Q ratios. The data were plotted in form of Ln E

versus Ln (A/Q) and from the slope of the best-fit line the exponent b was found as
b =0.24 (R*=0.90).

Similarly, experimental data obtained at different feed COD (1,000~ 11,000 mg/L)
and constant A/Q of 894 m*.W/ m°® were plotted in form of Ln E versus Ln S,. From
the slope of the best fit line the exponent ¢ was found as ¢ = - 0.2 (R = 0.93). Also,
from the intercept of the aforementioned plots the coefficient ‘a’ was found as

a=0.21.
Therefore, the empirical eqn would have the following form,
E =0. 21 (A/Q)** §,%7 (3.7)

COD removal efficiency of the system can be estimated by using eqn 3.7 for

different operating conditions.



24

3.2. Performance of Rotating Perforated Tubes Biofilm Reactor with
Liquid Phase Aeration '

Two sets of experiments were performed with liquid phase aeration. In the first set
of experiments, feed flow rate was changed while the feed COD, was approximately
constant around 2,000 mg/L. Feed COD content was changed between 1,000 mg/L
and 11,000 mg/L in the second set of experiments, while the feed flow rate was kept

constant to yield 8g =6 h..
3.2.1 Experiments with Different Feed Flow Rates

Figure 3.2.1 depicts variation of effluent COD and COD removal efficiency with
A/Q ratio for both cases. Effluent COD decreased and COD removal efficiency
increased with increasing A/Q ratio for both aerated and unaerated liquid phase.
Effluent COD levels obtained with liquid phase aeration were somewhat lower than
those obtained in the absence of aeration. However, the difference between the two
cases was not that significant since the feed COD was low as 2000 mg/L. In order to
obtain COD removal efficiencies of larger than 90%, A/Q ratio must be larger than
1200 m.1/ m® for both cases.
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Figure 3.2.1 Effluent COD and COD removal efficiency as a function of A/Q ratio
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-3.2.2. Experiments with Different Feed COD Concentrations

The objective of this set of experiments was to investigate the system performance
at different COD loading rates per unit biofilm surface area Ls = Q S. / A)
Variations of the effluent COD concentration and COD removal efficiency with the
feed COD content are depicted in Figure 3.2.2, with and without liquid phase
aeration. The effluent COD increased and COD removal efficiency decreased with
increasing feed COD. This variation was more significant especially for feed COD of
above 3,000 mg/L (3 kg/ m’). Liquid phase aeration was proven t0 be significantly
advantageous especially for high strength wastewaters of CODo >3,000 mg/ L
resulting in lower effluent COD levels or higher COD removal efficiencies as

compared to the results of unaerated liquid phase.

Variations of the effluent COD and COD removal efficiency with COD loading
rate (L;) are depicted in Figure 3.2.3. Increasing COD loading rate resulted in
significant decreases in COD removal efficiency especially for L values above 3,000
mg/ m>.h.. COD loading rate should be kept below L < 3000 mg/ mZ.h for more than
90% COD removal in the absence of liquid phase aeration. Effluent COD values
with liquid phase aeration were significantly Jower than those obtained without liquid
phase aeration indicating significant advantage of liquid phase aeration at high COD
loading rates. The difference betweén the two cases is negligible at low COD loading
rates of L,< 3000 mg COD/ m”h.
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Figure 3.2.4 depicts variation of COD removal rate (Rs) with COD loading rate
(Ls = Q S,/A) in the presence and absence of liquid phase aeration. The rate
increased with increasing COD loading rate for both cases. The rate of COD removal
with aerated liquid phase was significantly higher than that of the unaerated liquid
phase, especially at high COD loading rates. The difference between the two cases at
low COD loading rates (L, < 3. 10 kg COD/ m" h) was negligible.

0 2 4 8 8 10 12
L.*10%(kg/n?’.h)

» Aerated liq.phase O Unaerated lig.phase

Figure 3.2.4 Variation of COD removal rate (R,) with COD loading rate (L,)

3.2.3. Kinetic Analysis of the System

Since liquid phase aeration was proven to be advantageous for treatment of high
strength wastewaters, the kinetic analysis presented in this section covers the case of
aerated liquid phase. By assuming Monod type COD removal kinetics, a COD
balance around the reactor yields the following equation:

ke Xe S kXS Ruxr S Rax S
Q(S.-9)= A+ V= A+ vV (38)
Ko+ S K, +S K, +S K. +S
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The first term on the right hand side of eqn 3.8 represents COD removal rate by
the biofilm organisms and the second term by the suspended organisms in liquid

phase.

Equation 3.8 can be rearranged as,

S Ra S
Q (S0-8) = R+ Rans/ @) A= A 3.9
K+ S Ki+ 8
or
Q(S.-5) S R S
........ = Ry= (Rt + Rans/ 2) = (3.92)
A K.+ S K+ S

where, Q is flow rate of the feed wastewater (m’/h); S, and S are the feed and
effluent COD ( kg/m’); A is the total biofilm surface area (m?); ke and k, are
maximum COD removal rate constants for biofilm and suspended organisms @y, Xe
and X; are the biomass concentrations on the tube surfaces (kg /m”) and in the liquid
phase (kg/ m’), respectively; K; is the saturation constant (kg/ m°), ‘a’ is the biofilm
surface area per unit wastewater volume in the tank ( m? surfarea/ m* ww volume),
Ry¢ (kg COD/ m” h) and Res (kg COD/ m®.h) are maximum COD removal rates for
biofilm and suspended organisms, respectively. Since liquid phase was aerated, both
biofilm and suspended cell’s contributions for COD removal were considered in the

analysis.
In double reciprocal form, eqn 3.9a may be written as,

1 A 1 K 1
+ . (3.10)

R Q(:-S) Ra Ra 8
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A plot of 1/R versus 1/S yields a line, with a slope of Ky/Rn, and an intercept of
1/Rap.

Experimental data obtained with different flow rates at constant feed COD, = 2,000
mg/L. were plotted in form of A / Q (Se- S) versus 1/S and from the slope and
intercept of the best-fit line the following values were found for Ry, and K,

(Figure 3.2.5).
Re =3.4x 10° kg/ m’.h =3400 mg/m” h and K, = 110 mg/L. = 0.11 kg/ m’
Therefore, the rate eqn. may be written as,

Rm S 3,400 S
R= = where S is in mg/L and R is in mg/ m’h (3.11)

K+ S 110+ 8
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Figure 3.2.5 Double reciprocal plot of 1/Rs versus 1/S for determination of the

kinetic constants.
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3.2.4. Empirical Model Development

An empirical model describing the COD removal efficiency as a function of A/Q
ratio and feed COD concentration was developed. The model has the following form:

S

E=1-—= a(A/Q)" S, (3.12)

So
In linearized form this eqn.may be written as

LnE=Lna+bLn(A/Q)+cLnS, (3.13)

Experimental data obtained at different flow rates or A/ Q ratio and constant feed
COD of approximately, 2,000 mg/L were plotted in form of Ln E. versus Ln (A/ Q).
From the slope of the best-fit line the exponent ‘b’ was found as b= 0.48 R>=0.91).

Similarly, experimental data obtained at different feed COD (1,000- 11,000 mg/L)
and constant A/Q of 894 m>.h/ m® were plotted in form of Ln E versus Ln S,. From
the slope of the best-fit line the exponent ‘¢’ was found as ¢ = - 0.16 ®R* = 0.92).
Also, from the intercept of the aforementioned plots the coefficient ‘a’ was found as

a=0.04.

Therefore, the empirical eqn has the following form,
E = 0.04 (A/Q)** §,%1¢ (3.14)

COD removal efficiency of the system can be estimated by using eqn 3.14 for
different operating conditions with liquid phase aeration.

Alternatively, COD removal efficiency was also correlated with COD loading rate

by the following equation,
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S

E=1-—=2,(QSJ/ A)*" =2, L (3.15')

So
In linearized form eqn 3.15 can be written as
LnE=Lna; +b; Ln(Ls) (3.16)
Experimental data was plotted in form of Ln E versus Ln (L;) and from the slope
and intercept of the best-fit line the constants were found as a;= 0.46 and b=~ 0.11
(= 0.89).

Therefore, eqn 3.15 takes the following form.

E = 0.46 (L) ! (3.17)
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3.3 Comparison of RPT and RBD under the same conditions.

Two sets of experiments were conducted with each system. In the first set of
experiments, the feed COD concentration was kept approximately constant at
COD, = 2000 % 200 mg/L and the A/Q ratio was changed by varying the feed flow
rate. In the second set of experiments the feed flow rate was kept constant to yield
A/Q = 894 m*./m® and the feed COD was changed between 1,000 and 10,000 mg/L
in order to change the COD loading rate.

3.3.1 Experiments with Different Feed Flow Rates

Feed flow rate was changed in this set of experiments while the feed COD was
kept constant at COD, = 2000 £ 200 mg/L. The results of this set of experiments are
depicted in Figure 3.3.1 in form of effluent COD and COD removal efficiency versus
A/Q ratio. Effluent COD decreased and COD removal efficiency increased with
increasing A/Q ratio for both RBD and RPT biofilm reactors. However, the decrease
in effluent COD or increase in COD removal efficiency (E) were more significant in
rotating perforated tubes (RPT) as compared to rotating bio-discs (RBD). COD
removal efficiency (E) increased from 68% at A/Q = 298 m’./m’® to 96% at
A/Q = 1489 m?.h/m® with RPT. However, increases in COD removal efficiency with
the RBD were from 32% to 79% for the same values of A/Q ratio.

The differences between COD removal performances of both reactors become
more significant in favor of RPT at low A/Q ratios. These results clearly indicated
the fact that RPT was more advantageous as compared to the RBD reactor.

Figure 3.3.2 depicts variation of COD removal rate (Rs = Q.(So-Sy/A) with A/Q
ratio for both reactors. Since Q was decreased in order to increase A/Q ratio, R,
values decreased although the effluent COD (S) gets smaller and (So-S) gets larger at
high A/Q ratios. This drop was sharper with RPT as compared to RBD as shown in
Figure 3.3.2. At low A/Q ratios, the rate of COD removal (Rs) with RPT was
significantly larger than the R, values obtained with RBD. However, at high A/Q
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ratios such as A/Q > 1200 m2h/m> this difference becomes negligible. Since the

operation at low A/Q ratios is preferable, RPT is clearly more advantageous as

compared RBD.
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3.3.2 Experiments with Different Feed COD concentrations

Major objective in this set of experiments was to investigate variations of COD
removal efficiencies with the feed COD and COD loading rate for both systems.
Feed wastewater flow rate was kept constant to yield 6y = 6 h or A/Q = 8%4 m?./m’
while the feed COD varied between 1,000 mg/L and 10,000 mg/L.

Figure 3.3.3 depicts variation of the effluent COD and COD removal efficiency
with the feed COD for both RPT and RBD. As seen from the figure, the effluent
COD increased and COD removal efficiency (E) decreased with increasing feed
COD. However; the extent of drop in efficiency was more significant with the RBD
as compared to the RPT. At low feed COD concentrations the performances of both
systems were comparable; however, at high feed COD values RPT results in lower
effluent COD values or higher COD removal efficiencies as compared to the RBD.
These results indicate clear advantage of RPT over RBD for high strength
wastewater treatment.

Variations of the feed COD and COD removal efficiency with the COD loading
rate (L, = Q SJ/A) are depicted in Figure 3.3.4. Effluent COD increased with
increasing COD loading rate for both systems, as expected. However, effluent COD
values obtained with RBD were higher than those of RPT indicating clear advantage
of RPT over RBD. A similar trend was observed when COD removal efficiencies
were compared for both systems. COD removal efficiencies obtained with the RPT
were larger than those obtained with the RBD at all COD loading rates tested. This
difference is more significant at high COD loading rates.
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3.3.3 Empirical Model Development for RBD and Comparison of Empirical -
Design equations for RPT and RBD

Empirical models were developed to estimate the systems’ performance as

functions of important process variables such as A/Q ratio and the feed COD (S,).
The proposed equation has the following form:

S
E = 1- — =2 (A/Q)" (So)° (3.18)
So

In linearized form the eqn 3.18 can be written as follows,
LnE=Lna +bLn(A/Q)+cLnSo (3.19)

Experimental data obtained at constant S, of 2000 % 200 mg/L and variable feed
flow rate were plotted in form of Ln E versus Ln (A/Q) for both systems. From the
slope of the best-fit lines the exponent (b) was found to be b = 0.24 for the RPT
(* = 0.90) and b= 0.57 for the RBD (* = 0.99). ~

Similarly, experimental data collected at constant A/Q value of 894 m’h/m’ and
variable S, of between 1000 and 10,000 mg/L were plotted in form of Ln E versus
Ln S, for both systems. From the slope of the best fit-lines the exponent (c) was
found 1o be c= - 0.2 for the RPT (* = 0.93) and ¢ = -0.29 for the RBD (= 0.95).
From the intercepts of both lines with the y-axis the constant (a) was found to be

a=0.21 for the RPT and a = 0.02 for RBD.

As an aliernative approach, the COD removal efficiency (E) can be correlated

with the COD loading rate (Ls = Q S/A) as follows:

S
E = 1 - =] st (320)
So
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In linearized form eqn 3.20 can be written as,
LnE=Lna+bLn(Ly) (3.21)
Experimental data were plotted in form of Ln E versus Ln Ly and from the slope
of the best-fit line the constants were found to be a=0.37 and b=-0.14 for the RPT

(* = 0.86). The constants for the RBD were found as a= 0.12and b=-029 (=

0.92) by using a similar procedure.

The final forms of the empirical equations with the experimentally determined

constants are summarized in Table 3.3.1 for both biofilm reactors.

Table 3.3.3.1. Comparison of empirical design equations for RPT and RBD.

Reactor type Design Equations
RPT E=021(A/Q) "Z(S)* or E=037(Ly) -0
RBD E=0.02 (A/Q)™ (Soy ¥ or E=0.12 L)™”

As can be seen from the Table 3.3.3.1, RPT is more advantageous as compared to

the RBD resulting in higher COD removal efficiencies under the same conditions.
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CHAPTER FOUR
CONCLUSIONS

A novel biofilm reactor named as ‘rotating perforated tubes biofilm reactor’ (RPT)
was developed and used for synthetic wastewater treatment with and without liquid
phase aeration. Performances of RPT were compared with rotating biodisc reactors

(RBD) under the same conditions as a function of major process variables.

Effects of major process variables such as A/Q ratio, feed COD concentration and
COD loading rate on the rate and extent of COD removal were determmed for both
reactors. Empirical design equations were developed to describe reactors’ behavior

and the constants were determined by using the experimental data.

When RPT was operated without liquid phase aeration, the effluent COD
decreased and COD removal efficiency increased with increasing A/Q ratio. In order
to obtain COD removal efficiency larger than E > 0.95, the A/Q ratio should be
larger than A/Q > 1,200 m” b/ m’.

The effluent COD increased and COD removal efficiency decreased with
increasing feed COD. This variation is more significant especially for feed COD of
above 3,000 mg/L (3 kg/ m’) m® without liquid phase aeration in RPT.

Increasing COD loading rate resulted in significant decreases in COD removal
efficiency especially for L, values above 3,000 mg/ m*h. COD loading rate should
be kept below L, < 3000 mg/ m”.h for more than 90% COD removal by the RPT

reactor without liquid phase aeration.

When the rotational speed of the tubes varied between 3 rpm and 12 rpm, the
effluent COD decreased and COD removal efficiency increased with increasing

rotational speed. The maximum percent COD removal cbiained at 12 rpm was 92%.
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COD removal efficiency decreased with decreasing number of the perforated
tubes from 90% with 50 tubes to 76% with 44 tubes and to 39% with 14 tubes when
the flow rate and COD content of the feed wastewater were constant.

When the liquid phase was aerated, the effluent COD increased and COD removal
efficiency decreased with increasing feed COD. This variation was more significant
especially for feed COD values above 3,000 mg/L (3 kg/ m°). Liquid phase aeration
was proven to be significantly advantageous especially for high strength wastewaters
of COD, >3,000 mg/ L resulting in lower effluent COD levels or higher COD

removal efficiencies as compared to the results of un-aerated liquid phase

When the performances of RPT and RBD were compared under the same
experimental conditions, COD removal efficiency increased with increasing A/Q
ratio; however, decreased with increasing feed COD concentration and COD loading
rate for both reactors. In general, COD removal efficiencies obtained with RPT were
higher than those obtained with the RBD. The RPT was found to be more
advantageous especially at low A/Q ratio and high COD loading rates as compared to
RBD.

Empirical design equations were developed for both RPT and RBD and the
constants were determined by using the experimental data. Based on the constants of
the empirical design equations, it is obvious that the RPT results in better COD
removal efficiencies as compared to the RBD. Therefore, the RPT can be preferably

used over RBD for wastewater treatment.



RECOMMENDATIONS

Following recommendations can be made for future studies on rotating perforated

tubes biofilm (RPT) reactor:
1. Design of the reactor can be improved to obtain better results

2 The reactor can be used for treatment of some industrial wastewaters of interest

such as food and chemical industries

3. Biological oxidation of toxic chemicals can be studied in this reactor under

different conditions. Toxicity removal can be quantified.

4 The RPT reactor can be used for nitrification and denitrification.

5. The reactor can be used for nutrient removal (N, P) from wastewaters

6. The system can be operated at larger ranges of the operating parameters such as

the rotational speed, A/Q ratio and COD loading rates to determine the

performance.
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NOMENCLATURE

surface area of the perforated tubes or discs (m?)

wet surface area of the perforated tubes or discs (m?)

surface area of discs per unit volume of liquid (m?*/m’)
chemical oxygen demand (kg/m’)

efficiency of COD removal

saturation constant (kg/m’)

rate constant for COD removal by biofilm (h™)

rate constant for COD removal by suspended cells (h™)
maximum substrate utilization coefficient @b

surface COD loading rate (kgCOD/m2 1)

number of perforated tubes

flow rate of wastewater (m’/h)

maximum surface COD removal rate by biofilm (kgCOD/m’h)
maximum COD removal rate by suspended cells (kg COD/m’.h)
total maximum COD removal rate (kg CODY m”h)

COD removal rate based on surface area of perforated tubes
or discs ( kgCOD/ m?.h)

specific rate of COD removal (kg COD/ kg biomass.h)

COD in effluent wastewater (kg/m’)

COD in feed wastewater (kg/m’)

volume of reactor (m3)

biomass concentration in form of biofilm (kgdw/mz)
biomass concentration suspended in liquid (kg dw/m’)
growth yield coefficient (kgX/keS)

maximum specific rate of growth for biofilm organisms )

maximum specific rate of growth for suspended cells )

hydraulic residence time (h)
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