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Abstract

A laboratory scale aerobic fixed film bioreactor packed with glass beads for biofilm growth was used to
evaluate the removal efficiencies of COD and phenol for a carbohydrate—phenol mixture in wastewater. It
was done by an indigenous mixed culture inoculums developed after collecting sludge from a return line of
an activated sludge plant. The test result on continuous flow in the above biofilm reactor indicated an opti-
mum hydraulic loading range of 4-6.4 m*day'm™ for attainment of reasonable amount of COD removal in
case of carbohydrate substrate only. The COD removal efficiency, however, gradually depleted from 100%
to 54% by gradual increase in organic loading (OLR) from 0.72-4.32 kgday 'm”, beyond which removal was
not significant. For the identical loading conditions, in presence of phenol in the substrate along with carbo-
hydrate, the COD removal was observed varying from 100-40% in the above organic loading range. The
COD removal kinetics in presence of phenol also shows a decreasing trend compared to data obtained with-
out the presence of phenol in wastewater that reveals biological inhibition. The experimental data were fitted
in a simple plug flow model for evaluating the zero order, first order and Monod form of rate equations to
evaluate the kinetics. It was found that Monod type rate equations combining a zero and first order rate ex-
pression is the best fit for the above hydraulic and organic loading that gives a best fit half velocity constant

value of 35 mgL™" (R*=0.9612).
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1. Introduction

Biofilm reactor is a popular method for biological treat-
ment of wastewater to combat high organic strengths
owing to enhanced mean cell residence time and eco-
nomical oxygen supply [1-4]. However, adequate mixing
in the biofilm reactor is important to ensure uniform dis-
tribution of substrate, sufficient contact between the mi-
croorganism and substrate and prevention of localized
accumulation of toxic matter. In absence of recirculation,
mixing can be achieved to some extent by uniform sup-
ply and distribution of oxygen in the reactor. Wastewater
emanated from petrochemical, pharmaceutical, coke
oven plant etc contains high phenolic compounds along
with appreciable amount of COD. COD removal from
wastewater can be obtained by either pure culture organ-
ism or by mixed culture system. As wastewater from
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industry contains mixed nature of organic matters and
toxic compounds, and the maintenance of pure culture in
industry for the treatment process of wastewater is diffi-
cult to achieve, so it is advisable to use mixed culture for
treatment of wastewater having high COD and phenol
concentration.

Phenol biodegradation by pure cultures of bacteria has
been described by substrate inhibition models [4-7]. Oth-
erwise, when mixed cultures are used there is no unique
kinetic model for general agreement, but phenol is often
considered as inhibitory at high concentrations [8-10]. At
low substrate concentration, however, the inhibition is
negligible; the model proposed by Monod may be used
to describe the biodegradation process by either pure or
mixed cultures. Furthermore, if the substrate concentra-
tion is much lower than the half-velocity constant (K),
then a first-order kinetic model often applies.
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Wastewater having high concentration of COD and
phenolic compounds can be treated mainly by either
physico-chemical method e.g. adsorption, chemical co-
agulation, membrane filtration process or by biological
methods such as activated sludge or anaerobic cultures
under acclimatized condition. Some researchers consider
activated sludge more attractive due to its various ad-
vantages [11-13]. Activated sludge reactors have been
widely used for COD and phenol removal from industrial
wastewater [14-16], but immobilized cell reactors offer
several advantages over suspended cell reactors. These
include higher biomass concentrations, allowing higher
loading rates, and resistance to shock loading of inhibi-
tory compounds, then requiring less time to revert to
normal operation. Fixed film reactors are receiving in-
creasing interest in wastewater treatment. Most of the
works on fixed bed reactor have been done in anaerobic
condition [17-19]. Few works have been done on com-
bined aerobic-anaerobic fixed film reactor system for
COD removal. G. R. Moosavi et al. [20] investigated the
COD removal for high strength organic wastewater in
this reactor and found COD removal efficiency about
95% under organic loading of 0.8-7.6 kg CODm day™.
R. Del Pozo and V. Diez [21] have studied the COD re-
moval for organic matter containing wastewater in aero-
bic-anaerobic packed bed reactor and they found the ef-
ficiency to be 92% at organic loading of 0.39 kg COD
m~day™. They have also found that most COD removal
occurred mainly by aerobic process. In another study,
Lorenzo Bertin et al. [22] has shown that an aerobic re-
actor, fed with olive mill effluent from anaerobic GAC
reactor, could be a stable process to remove 24% and
39% of organic load under 50.42 and 2.04 gL'day” of
COD and phenol loading rates, respectively. In the pre-
sent work, the activated sludge was collected from a re-
turn line of a nearby sewage treatment plant. The micro-
bial consortia was grown on glass beads forming a fixed
biofilm and used for further experiment. The main pur-
poses of the present investigation are as follows: 1) To
understand the behavior of the reactor under different
operating conditions like different hydraulic and organic
loading and finding out the optimum operating condi-
tions of it. 2) To find out the change in efficiency of the
reactor to treat the carbohydrate containing wastewater in
the presence and absence of phenol. 3) To use the ex-
perimental data for fitting in the kinetic model for COD
removal.

2. Materials and Methods

2.1. Collection of Inoculum

Biomass from a return line of a sewage treatment plant
operating as activated sludge process was collected as
inoculum for the reactor starting up. The inoculum was
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first grown as batch mode with nutrient medium in the
reactor and air was supplied from the bottom through a
mini-compressor. The culture was replenished with fresh
substrate medium time to time so that the bacterial cul-
ture can get sufficient nutrient for their growth. After 6
weeks of operation, a thin film coating was found to de-
velop on the glass beads, and then the operation was
changed to continuous mode. Microorganisms were first
grown on easily degradable substrate (up to 1000 mgL™
COD contributed) and then acclimatized to phenol. Ac-
climatization of the activated sludge sample grown in the
trickle bed reactor was carried out to initiate the ability
of the sludge to biodegrade phenol along with other or-
ganic matter.

2.2. Nutrient Medium and Culture Condition

The required nutrients for the growth of the microorgan-
isms were supplied by the medium with compositions as
follows in 1L of solution: Glucose 0.5 g, peptone 0.2 g,
beef extract 0.2 g, Yeast extract 0.2 g, K;HPO4 0.3 g,
KH,PO, 0.15 g, NH4C1 0.2 g, CaCl, 0.1 g, FeCl; 0.1 g,
MgCl, 0.1 g. The glucose concentration was varied to
vary the inlet COD to the reactor according to need of
organic loading variation, while peptone and yeast ex-
tract concentration dropped to zero during the study of
COD removal performance of the reactor.

2.3. Analytical Procedure

COD was measured by standard closed reflux method in
HACH (USA) make reflux apparatus. The sample was
oxidized with K,Cr,0O; in a strong acidic condition
(H,SO,), followed by titration of the excess dichromate
with Mohr salt solution. Phenol was determined by stan-
dard 4-amino antipyrene method.

2.4. Experimental Set Up

The experimental set up is shown in Figure 1. The bio-
reactor was 65 cm high with 2.5 cm internal diameter of
cylindrical Borosil make glass column. Glass beads with
average 3 mm diameter were used as inert support media
for the biofilm growth. There was an in-built perforated
support at the bottom to hold the glass beads. The treated
water after filtration was taken as the effluent. Inlet and
outlet for the wastewater were provided at the top and
bottom of the bioreactor, respectively. There were two
other sampling ports at 25 cm and 45 cm from the top of
the reactor for collecting intermediate samples at times.
The synthetic wastewater was prepared with glucose, as
concentration ranging from 100-400 mgL" by diluting
the glucose stock in distilled water along with necessary
nutrients in proportionate amount as stated above. The sy-
nthetic wastewater was fed to the reactor from an aspirator
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Figure 1. Experimental set up.

bottle in the down-flow mode. The effluent was collected
from the bottom outlet of the reactor and filtered to re-
move the suspended solids. Then the samples are tested
for residual COD. All the COD removal studies were
done for a single pass of wastewater though the biorea-
ctor without any recirculation. After finding out the op-
timum hydraulic and organic loading rates for the reactor,
50 mgL™"' phenol was fed to the reactor having glucose as
the major carbon source other than phenol in the syn-
thetic wastewater. In these set of experiments, residual
COD was tested in the effluent.

2.5. Hydraulic Loading Rates (HLR)

The flow rates of the wastewater fed to the reactor were
calculated in order to operate at low hydraulic loading
rates. Although there is no general agreement about lim-
its for operating in this regime, but first superficial ve-
locities were selected in such a way that the correspond-
ing hydraulic loadings ranged from 4.27-9.96 m’m~day".
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The reactor performances in steady state conditions were
evaluated at four hydraulic loading rates: 4.27, 6.4, 7.11
and 9.96 m’m~day™".

2.6. Organic Loading Rates (OLR)

For each of the hydraulic loading rates, initially, the bio-
reactor was fed with synthetic wastewater containing
carbohydrate without phenol at different organic load-
ings. Total COD of the influent for each run is measured.
The inlet COD concentrations range were 100-400 mgL™"
corresponding to organic loading rate varying from
0.72-4.8 Kgm~day™'. Percentage removal of COD at each
HLR and OLR were determined. The COD removal per-
formances of the reactor at the optimum HLR were also
examined for treatment of wastewater having 50 mgL
of phenol along with glucose as organic matter. The
concentration of glucose in the influent wastewater was
varied in such a way that the total organic loading fell
within the range of OLR stated above even in presence
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of phenol in inlet wastewater.
3. Results and Discussion

3.1. Effect of Hydraulic Loading Rates on
Organic Removal Efficiency

Figure 2 shows that the percentage COD removal vs.
hydraulic loading at different organic loadings. It is seen
from the above figure that for a particular HLR, the re-
moval efficiency decreases as OLR increases. Organic
matter was well degraded almost 100% corresponding to
the hydraulic loading of 4.27 m’m™day” and organic
loading of 0.72-1.44 Kgm™day'. At OLR of 2.037 Kg
m~day”, the percentage COD removal was 88.33, but a
further increase in OLR, a sharp descend of COD re-
moval to 60% is observed for the HLR at 4.27 m*m™day .
Further, when HLR is increased to 6.4 m’m™day”, then
also 100% COD removal is achieved at OLR of 1.08 Kg
m~day™. The COD removal was decreased to 83% when
the applied OLR was doubled at 2.16 Kgm™day™, keep-
ing the HLR constant at 6.4 m’m™day”'. While studying
the performance of the reactor at higher HLR i.e. at 7.11
m’m~day”’, 100% removal was possible to achieve only
up to an OLR of 1.2 Kgm™day™, beyond that, a further
increase in OLR to 2.4 Kgm™day™, the percent removal
was declined significantly to 66.5%. An Increase of HLR
up to a value of 9.96 m’m™day™ exhibited poor removal
efficiency.

3.2. Optimum Operating Range of Bioreactor

From the reactor performance data as given in Table 1,
and shown in Figure 2, it is evident that the optimum
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Figure 2. Percentage COD removal from wastewater con-
taining organics (no phenol) versus hydraulic loading at
different organic loading (noted at the top of each bar).
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Table 1. Rector performance a different HLR an OLR with
and without phenol condition.

Hydraulic loading Organic Loading

(HLR) m'm’day’  (OLR)Kgm'day' K %R
9.96 1.68 67
9.96 336 50
9.96 475 24
7.11 12 100
7.11 24 66.5
7.11 3.396 50
7.11 438 46
7.11 42 50
6.4 4.1 57
64 4.32 54 40
6.4 3.78 60
6.4 324 ) 50
6.4 2.16 3 s
6.4 1.08 100 92
427 0.72 100 100
427 1.44 100 915
4.27 2.037 88.33
427 216 ) o
427 2.88 60 50

%R": Percentage removal of COD without phenol
%R": Percentage removal of COD with 50 mg/L phenol

range of HLR for the bioreactor should be between 4-6.4
m’m~day” and the optimum OLR up to 4.32 Kgm~day ™.
It was also observed that the COD removal efficiency
shows a range from 100-54% at the above corresponding
HLR range for the organic loading 0.72-4.32 Kgm~day'
as shown in Figure 2. G. R. Moosavi et al. [20] have
tested an upflow anaerobic/aerobic packed bed reactor
for COD removal studies. They have operated their re-
actor with volumetic flow rate of 1.26 Lday" and under
organic loading rates of 0.8-7.6 Kgm~day™. They have
found that under the tested organic loading rates, the
aerobic section of the reactor could remove COD in the
range of 38-92%. It was also shown by their study that
92% COD removal was achieved at organic loading rate
of 4.7 Kg m>day™". Their result of COD removal agrees
well with our present experimental studies under similar
range of operating condition.
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3.3. Effect of Phenol on Organic Removal Rate

Phenol was found to possess a marginal inhibitory effect
on the organic matter biodegradation in the reactor cor-
responding to a concentration of 50 mgL™" of phenol.
From Figure 3 and Figure 4 it is evident that in presence
of phenol, the total COD removal efficiency showed a
decreasing trend than treating the wastewater without
phenol. The percentage removal of COD ranged from
100-54%, in case of without phenol in the inlet waste-
water. The range was marginally fallen to 100-40% in
presence of phenol along with other organic substrates at
optimum hydraulic and organic loading range and under
same operational conditions as stated above. The com-
parative performance was listed in Table 1. Studies have
been done by Lorenzo Bertin et al. [22] for real life olive
mill effluent. They have found that post treatment of that
effluent (coming out from reactor packed with granular
activated carbon) by aerobic packed bed reactor showed
only 24% and 39% COD and phenol removal respec-
tively, when charged the reactor with 50.42 + 4.78 gL
day™ of COD loading and 2.04 £ 0.27 gL"'day™ of phe-
nol loading rate. Here percentage COD removal is far
less compared to the result obtained in present study.
This is because of the fact that both COD and phenol
concentrations were sufficiently high in olive mill efflu-
ent than that tested in our study.

3.4. Kinetic Model

A simple kinetic model to represent the biodegradation
behavior obtained in the laboratory was used to under-
stand the reaction rate. The major independent variables
in the process were the flow rate (Q), inlet concentration
of organic matter in terms of COD (Cin), Outlet COD
concentration of the stream (Cout). Assuming there was
no growth during the experiment and no diffusion resis-
tance within the biofilm, the usual plug flow model could
be used as proposed by [23],

Q J-Coutd_C
(1-e)a~cn —r

(1

where V is the packing bed volume, “a” is the dry weight
of biomass per volume of packing, “e” is the void frac-
tion, and apparent reaction rate term r can be defined as
r = COD removed time™' biomass™.

Assuming zero order kinetics, where r =k, k is a con-
stant and r is independent of C, then Equation (1) can be
easily integrated to give a well known linear relationship
between Cin and Cout with slope 1.00 as follows:

QCout =QCin—(1-e)kva )
The experimental data were plotted assuming zero or-

der kinetics in Figure 5, showing not suitable for present
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Figure 3. Comparison of percentage COD removal from
wastewater containing only carbohydrate (without phenol)
and carbohydrate in presence of phenol, against different
organic loadings at 4.27 m*day™m hydraulic loading rate.
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Figure 4. Comparison of percentage COD removal from
wastewater containing only carbohydrate (without phenol)
and carbohydrate in presence of phenol, against different
organic loadings at 6.4 m*day*m hydraulic loading rate.

experiment as slope of the straight line far away from
1.00.
If the fist order kinetics is assumed where, r = kC, then

we obtain,
-Q Cout
V= 1 3

(l—e)ka[nCin} 3

This can be written as
QInCout =QInCin—(1-e)kaV 4)

Here a linear relationship between Q In Cin and Q In
Cout is expected. Assuming first order kinetics, experi-
mental data plotted in Figure 6. But the experimental
data were not fitted well to this model following a R
value of 0.7779.
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Figure 5. Zero order model for the bioreactor performance.
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Figure 6. First order model for the bioreactor performance.

However, the Monod form of rate equation combining
the zero order and first order rate expression has been
chosen, which seems to be more powerful and realistic
expression for removal kinetics has the form

e kC
K+C

where k is reaction rate constant with unit (time”. con-
centration ') and K is the half saturation constant having
the same unit of COD concentration.

Putting this expression to Equation (1) we get,

. -Q e Cout
\% =T e [(Cout Cin)+Kln cin } 5

(1-e) i
This can be rewritten as

Q(Cout + K InCout) =Q(Cin+ K InCin)
—(1-e)kav

(6)

In this form, the data can be linearized for a suitable K
and plotting each Q (C + K In C) term on linear paper.
The best fit value of K is that gives best fit straight line
(by maximizing the coefficient of determination R?).
Clearly the slope of the straight line plotted as Q (Cout +
KInCout) vs. Q (Cin + Kln Cin) is expected to be unity
and intercept to be negative.
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The same experimental data were tested for Equation
(6) assuming different K values. Different K values and
corresponding values of slope and coefficient of deter-
mination are listed in Table 2. Comparing the goodness
of fit of the present data in Equation (6) with different K
values, it was established that the rate equation described
in Monod type form is most suitable for the present study.
The half velocity constant values (K) are found between
25-35 mgL™ for satisfying both of the conditions of val-
ues of slope and high value of R* (Figure 7, Table 2).
But the study done by Tomas Wilson et al [24] shown
that phenol biodegradation by mixed culture had fol-
lowed zero order kinetics at 50 mgL™" phenol concentra-
tion under batch mode. The difference in order of kinet-
ics of that result with the present study may be due to the
fact that they have studied the phenol degradation under
high salt concentration (10% W/V NaCl) and by halo-
philic bacteria. But the culture for the present study was
collected from activated sludge unit of coke oven plant
and does not contain any halophilic bacteria. In another
study by Gerrard et al. [23] for kinetic modeling of phe-
nol removal by packed bed, it has been reported that
mixed culture follow neither zero order nor first order
kinetics for phenol biodegradation. This result agrees
with our observation. They have shown that using a co-
coa-fiber packing in the bioreactor, microorganisms fol-
low Monod type reaction kinetics quite well with K
value 100 gm™ with phenol concentration upto 350
mgL™"'. But the goodness of fit increased when the kinet-
ics was fitted to substrate inhibition model. If the present
study is compared with that result, it can be stated that
present study does not require the necessity of fitting the
kinetics in substrate inhibition model. Because it is al-
ready established in this work that phenol had marginal
inhibitory effect on COD removal from organic waste.

Table 2. Value of half saturation constant (K in mg/L) and
corresponding value of slope and value of coefficient of
determination R? for expression of the reaction rate equa-
tion in the form of Monod model.

K (mgL™) Slope® R?
100 1.2851 0.8547
50 1.1431 0.9594
45 1.1181 0.9606
40 1.0904 0.9612
35 1.0599 0.9612
30 1.0261 0.9603
25 0.9887 0.9584

slope® = Slope of Equation (6) when plotted as Qcout + K In Cout vs.
Q Cin + K In Cin without phenol.
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Figure 7. Monod type model for the bioreactor perform-
ance with K =35 mg/L.

This is obvious because the concentration of phenol used
in the influent synthetic wastewater was only 50 mgL™.
So, fitting the kinetics in Monod type reaction rate model
is quite justified. The K value obtained in our study
slightly differs from that obtained by Gerrard et al. [23]
due to different reasons. Probably their mixed culture
consortium contained different microorganisms than that
being studied in present investigation. It should also be
noted that Gerrard et al. have studied the biodegradation
of phenol only, where as, present study deals with COD
removal in presence of glucose and phenol as the duel
carbon sources in the wastewater where both of these
organics contribute to COD value.

4. Conclusions

A packed bed bioreactor has been studied for its COD
removal efficiency from wastewater. The reactor is
packed with glass beads that are covered by biofilm gen-
erated by the growth of indigenous mixed microbial cul-
ture. The biodegradation efficiency is measured in terms
of percentage COD removal from wastewater. The opti-
mum hydraulic and organic loading rates of the bioreac-
tor are found to be in the range of 4-6.4 m’day'm™ and
upto 4.32 kgday'm>, respectively. Under this range of
operating conditions, the COD removal varied between
100-54%. The performance of the bioreactor decreased
marginally under 50 mgL™ phenol charging along with
other carbohydrate in the influent wastewater. A mathe-
matical model accounting for reaction kinetics, hydraulic
and organic loading rates, is used to describe the steady-
state biodegradation of organic matter in presence and
absence of phenol, for the bioreactor. In spite of many
simplification assumptions made in the mathematical
model, our experimental data fits to that model quite
satisfactorily. It has been also observed that the rate of
biodegradation by the mixed microbial culture in the
biofilm followed Monod type rate equation combining a
first order and zero order rate expression. By fitting data
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in the model, half saturation constant value for biodeg-
radation is calculated to be in the range of 25-35 mgL ™.
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