oJ. Biochem. 136, 177-182 (2004)
DOI: 10.1093/jb/mvh110

Anaerobic Treatment of Antibiotic Production Wastewater and

Kinetic Evaluations

ilda Degirmentas and Nuran Deveci®

Chemical Engineering Department, Chemical and Metallurgical Faculty, Istanbul Technical University, 34469,
Maslak, Istanbul, Turkey

Received April 14, 2004; accepted May 11, 2004

In this study, the anaerobic treatment of high-strength antibiotic production waste-
water and the development of a mathematical model for the treatment were
attempted. Anaerobic treatability was investigated using synthetic solutions and
original wastewater of which the initial chemical oxygen demand (COD) was deter-
mined. Initial COD of solutions was increased from 3,000 to 43,000 mg O,/liter in an
anaerobic bioreactor. The bioreactor pH was maintained at 6.5-7.5. The temperature
was kept constant at 37 + 1°C. Raw materials and original wastewater containing pen-
icillin antibiotics were obtained from Fako Pharmaceutical Factory (Fako) in Istan-
bul, Turkey. Anaerobic sludge used for treatment was obtained from Pakmaya
Baker’s Yeast Producing Factory (Pakmaya) in Izmit, Turkey and the Fako. A mathe-
matical model based on substrate (total COD) concentration was developed assuming
that only three consecutive reactions, namely, hydrolysis, acidogenesis and methano-
genesis, are significant. From the experimental data, a model that can be used for
COD calculation as a function of time was developed using the first- and the second-
order kinetic approaches. Making use of the developed model equation, it was proved
that the anaerobic treatment of high strength (COD > 25,000 mg O,/liter) antibiotic

production wastewater fits the second-order kinetics.
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Anaerobic digestion is a multistage biochemical process
that can stabilize many different types of organic mate-
rial. Digestion occurs in three basic stages. In the first
stage, the hydrolysis phase, extracellular enzymes break
down solid complex organics, cellulose, proteins, lignins,
and lipids into soluble organic fatty acids, alcohols, car-
bon dioxide, and ammonia. In the second stage, the acido-
genesis phase, microorganisms convert the products of
the first stage into acetic acid, propionic acid, hydrogen,
carbon dioxide, and other low molecular weight organic
acids. In the third stage, the methanogenesis phase, two
groups of methane-forming bacteria work. One group
converts hydrogen and carbon dioxide to methane; the
other converts acetate to methane and bicarbonate (1, 2).

Since wastewaters from pharmaceutical companies
have high biochemical oxygen demand (BOD) and sus-
pended solid (SS) concentrations, and high flow rate, they
need to be treated with the most suitable method before
discharge. However, research into the treatment of anti-
biotic production wastewaters or the treatment of
extremely contaminated wastewater has not been
reported in the literature. So our research will clarify
these points.

This paper presents a mathematical model developed
for anaerobic treatment of high-strength antibiotic pro-
duction wastewater by using data from laboratory exper-
iments.
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MATERIALS AND METHODS

Raw materials and original antibiotic wastewater were
obtained from the Fako Medicine Producing Factory at
Istanbul, Turkey. The characteristics of high-strength
process effluents from Fako antibiotic production factory
(Fako) are presented in Table 1.

Wastewater was stored at 4°C to avoid biodegradation
and treated as soon as possible. Anaerobic sludge was
obtained from Pakmaya Baker’s Yeast Producing Factory
(Pakmaya) at Izmit, Turkey and Fako.

Anaerobic treatability was investigated using syn-
thetic solutions and original wastewater, of which the ini-
tial chemical oxygen demand (COD) was determined at
the beginning of experiments. The anaerobic biodegrada-
tion was investigated in a laboratory-scale bioreactor
(Fig. 1) of 2 liters in volume. The stirred reactor was suit-
able for nutrient addition, pH and temperature control.
The bioreactor contents (penicillin wastewater) were
maintained at pH 6.5-7.5. The temperature was kept
constant at 37 + 1°C, and mixing speed 150 rpm.

Table 1. Characteristics of high-strength process effluents
from Fako Medicine Producing Factory, Istanbul-Turkey.

Parameter Range
COD (mg O4/1) 10,000-43,000
pH 7.75-10.62
TS (mg/D) 16,800-23,800
VTS (mg/l) 6,210-8,240
SS (mg/1) 120-580
VSS (mg/l) 100-560

© 2004 The Japanese Biochemical Society.
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EXPERIMENTAL STUDY

In the experimental studies, the wastewater samples
were prepared by diluting the original wastewater and
preparing synthetic solutions to obtain various COD val-
ues between 3,000 and 43,000 mg O,/liter. During the
experiments, COD, volatile fatty acids (VFA), total solids
(TS), suspended solids (SS), dissolved solids (DS), volatile
total solids (VTS), and volatile suspended solids (VSS)
were determined according to standard methods (3). pH
control was carried out in the samples taken at start-up,
shut-down and periodically during the treatment. A
mathematical model of anaerobic treatment was devel-
oped. Reaction rate constants &, &, and &5 (given in ital-
ics) were calculated according to the first-order kinetic
equation, given by Ciftci (4). The constants of the devel-
oped model were calculated according to the second-order
kinetic approach by using the Levenberg-Marquardt
algorithm (Sigma Plot Scientific Graph System Program,
Jandel Scientific Co.).

Model Development—In the literature, kinetic analy-
ses of anaerobic treatment of industrial wastewaters
have been reported. Kinetic models that have been suc-
cessfully tested include the Monod model, the Haldane
model, the Stover-Kincannon model, and the Contois
model. Of these, the Monod model seems to be employed
most frequently to describe the anaerobic treatment
kinetics. However, in some situations, the Monod model
is insufficient to explain the treatment kinetics (5—10).

In a recent study, a mathematical model for the anaer-
obic treatment of Baker’s yeast effluents was developed
(4). The purpose was to develop a practical mathematical
model for the anaerobic digestion of the wastewater
taken from the baker’s yeast industry and to describe the
reduction of COD by using the data obtained from labora-
tory experiments. According to this study, the biodegra-
dation of the baker’s yeast effluents fitted first-order
kinetics, and could be defined with Eq. 1 given below
(COD of low and medium strength wastewater of 3,000—
22,500 mg Oy/liter):

y e—kzt_e—klt
Sp =Sy -e ' +kISAO[W]

i [a=hs) e oy kg (g —y) e
1remA (ky—Fky)(ky—kg)(ky—ky)
(1)

where £, is the hydrolysis stage reaction rate constant, %,
is the acidogenesis stage reaction rate constant, and k4 is
the methanogenesis stage reaction rate constant accord-
ing to the first-order kinetic model.

This study also made use of this equation (i.e., Eq. 1)
for describing the biodegradation reaction of antibiotic
wastewater with respect to first-order kinetics.

The purpose of this study was to develop a mathemati-
cal model for anaerobic treatment of the high-strength
antibiotic production wastewater by using laboratory
data. Therefore, the following assumptions were made to
simplify the development of the model.

I. Degirmentag and N. Deveci

Biogas

Stirrer discharge

4

O Sampling

—

Biogas
collecting
bottle

pH and heat
control unit

Anaerobic jar

Fig. 1. Experimental apparatus.

(1) Anaerobic degradation of organic matter is a compli-
cated biological process, and the conversion of organic
matter through microbial activities to methane and
carbon dioxide consists of several independent, con-
secutive and parallel reactions. From a practical point
of view, it may be accepted that only the three major
steps, hydrolysis, acidogenesis and methanogenesis,
are significant. The proposed mechanism is given
below:

k, k, k
ASBFCSD 2)

where A is the original complex organic material, B rep-

resents hydrolysis products, C volatile fatty acids, D

biogas, and k;, ko, ks are reaction rate constants.

(2) All three reactions are assumed to be irreversible and
follow second-order kinetics because of the big differ-
ences between the model and experimental data for
the anaerobic treatment of high strength (COD >
25,000 mg Oy/liter) antibiotic production wastewater.
For this reason, it is thought that the overall mecha-
nism cannot follow first-order kinetics.

(3) Microbial growth is negligible in the stoichiometry.

(4) The model is based on the unit of COD due to the com-
plexity and variability of substrate concentrations.
Because of the compatibility between the consecutive
anaerobic digestion stages (i.e., the product of each
stage is the reagent of the following stage) during the
treatment reaction; A (the total COD) is converted
into a measurable quantity C (i.e., VFA) without accu-
mulation of B in the system.

(5) Methane is insoluble in the liquid.

Using the assumptions above, the material balances
for the four components may be shown as follows:

% = k,S% 3)
ddif = k,S8% - k,S5 (4)
ddif = k,S2% - k,S2 (5)

s

d_tD = k4S5 (6)
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Table 2. Second-order reaction rate constants k;, k, and k;."

COD (mg O4/1) k; x 107 (I/mg-h)

k, x 10* (/mg-h) ky x 102 (/mg-h)

3,000-10,000
11,000-22,500
31,500-43,000

2.0460-9.3360
0.8957-3.5980
0.4459-0.9207

0.3071-9.8530
0.0825-2.6510
0.0342-0.0397

2.7480-75.1600
6.6020-287.700
605.800-719.800

"The rate constants k;, ky, and k; were calculated for the given COD interval.

where S, is hydrolysable substrate concentration, Sy is
hydrolysis products concentration, S is volatile fatty
acids concentration, and Sy, is biogas concentration.

Solving the above equations for these consecutive reac-
tions, the following equations can be obtained:

_ _ Sao
1+k;S 0t
Sp=1/2ky(1 + thySy) x [2/ky kg + 4k, Sy
(2.1 Ry + ARy S 50) / (1 + (14 £k, S )7 #6 s
(kySpo + A/kim S0 — 2kySpo) /
(kySyo + «/kim S0 + 2kySpo))]
+ k1S40 / 2k, + 2tk kyS 4 (8)

Sa (7

_ KiSao Jig (K2 + 4k k, + 4k, kq)S%,
2kg + 2tk k3S 5 zmk?,(l +tk1Sy0)

Sp = (k42 + 4k k, + 2k,k3)S ),

+ JK + 4Ky, [k, (2 + 4k, k, + 4k,k,)S2)

(-1 + (ky + 4ky2ky? (1 + tkyS,)) /

20k, + 4ky)ky(1 + tk,S,)) (10)

S¢ (9)

where S, is the initial substrate (total COD) concentra-
tion (mg Oy/liter). Because of the mathematical complex-
ity of the above equations, it is extremely difficult to
determine the concentration of each component for each
step. However, the effluent concentration (Sp), which is
measured in the units of COD, represents the total con-
centration of all components in the system.

So the following mathematical model can be developed:
_ ( S a0 ) + ( k1S40 . 1
T7 14k, Supt/  \2ky + 2tk kyS,y  2ky(1+ Kk, S,g)
{- Jl?l ki +4koS 0+
2 /i, +4k,S )
—Jky + 4k, [ [k,
1+ [(1 + kS ﬁ(k1SAo +Jky ey + 4k2SA0)J
—k;Sp0 + iy ki + 4Ky Syg

. [ KiSpo J (K + 4k ky + 4k2k3)Sio]
2kg + 2tk k3Sng 2 [k, + 4k kg(1 +tk;S,)

+ (K2 + 4Kk, + 2k;ky)S
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+ Jk; + Ay [k (62 + 4k, k, + 4k,k,)S2)
(-1 + (ky + 42k (1 + £k, Sp0)) /
2(k, + 4ky)ky(1 + £k, 5) (12)

Reaction rate constants k;, k, and ks were calculated
according to the second-order kinetic equation (12) by
using the Levenberg-Marquardt algorithm. These rate
constants are given in Table 2.

Furthermore, the maximum specific growth rate (u,,,),
half-velocity constant (Kg), growth yield coefficient (Y)
and microbial decay coefficient (ky) (11) were calculated
according to equations 13—21 proposed by Monod, and
the calculated values of these kinetic constants are given
in Table 3. Here u is specific growth rate (h™!) and q is
specific substrate utilization rate (h™1).

S
= —_— 1
H HmaxKS+S (13)
dX 1
= L= 14
dt X (14

where, dX/d¢ = rate of microbial growth (mg/liter-h); X=
concentration of microorganism (mg/liter).
Specific substrate utilization in microbial cultures is
expressed by
ds 1
ao 1 _ 15
a 'x 1 (15)
where dS/dt is substrate utilization rate (mg/liter-h).
Growth yield Y is defined mathematically as

y = (dX/d?)
(dX/de)
It is possible to develop a relationship between specific

substrate utilization rate, specific growth rate, and
growth yield which has the form

(16)

((dX/dt))
(dS}/{dt) cg- ﬁ S 17)
dsS

Substrate utilization can be described by an equation
similar to Monod, where q,,,, is maximum specific sub-
strate utilization rate (h™1),

q=qu. =S
MK+ S

In microbial systems used for wastewater treatment,
the distribution of cell ages is such that not all the cells in
the system are in the log-growth phase. When the specific
growth rate decreases, observed biomass production
decreases. Therefore the expression for the rate of growth
must be corrected to account for the energy required for

(18)
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Table 3. Values of kinetic constants.”
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COD (mg 0,/1) ey (W7D K, x 1073 (mg/l) Y x 10% (mg/mg) by x 102
10,000-22,500 36-100 16-50 8.20-11.80 4.09-5.88
31,500-43,000 125-132 75-296 7.25— 4.23 21.80-21.10

cell maintenance. This decrease is often identified in lit-
erature as the endogenous decay (in the log-growth phase
k4 is equal to zero). The endogenous decay term can be
formulated as follows:

ax

X _ . .x 1
2= kg (19)
w=Y-q—k, (20)

In Eq. 20, p corresponds to the net specific growth rate,

1 kg
= u—=+== 21
RESULTS AND DISCUSSION

In this study, the main objective was to develop a mathe-
matical model for anaerobic treatment of antibiotic
wastewater. By use of Eq. 12, calculation of total COD as
a function of time was possible, especially for wastewa-
ters having COD exceeding 25,000 mg O,/liter.

For antibiotic production wastewaters (of COD values
ranging between 3,000-43,000 mg O,/liter), the model-
calculated values were in satisfactory accord with experi-
mental data as shown in Figs. 2—4.

For this reason, it can be stated that the anaerobic
treatment kinetics of high strength (COD > 25,000 mg
Oy/liter) antibiotic production wastewater fits the second-
order biodegradation model.

Also, according to this model equation, %, ky and ks,
(i.e., the rate constants of the anaerobic biodegradation
reactions) were determined. Because of the conformity of
the anaerobic degradation of medium strength (COD =
10,000-20,000 mg Oy/liter) antibiotic production waste-
water to the first-order kinetic equation given by Ciftci

3.5
e 3
o
g 2.5
S 5]
%
8
O 1.5 'y
g e experimental
= 1 —u— 1 st order model
—o— 2 nd order model
0.5 ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600
Time (Hour)

Fig. 2. Decline of total COD with time, as experimentally
measured, and theoretically predicted according to first-
and second-order kinetic models (inital COD = 3,077 mg O,/
liter).

Mmaxs Ko Y and &y were calculated for the given COD interval.

(4), reaction rate constants k;, k, and ks (given in italics)
were calculated according to the latter equation pre-
sented in the literature. Thus, the advantage of the devel-
oped second-order model equation is mainly its applica-
bility to fairly concentrated solutions of high COD
content.

The maximum biodegradation efficiency of the anaero-
bic treatment obtained in approximately 60 d was 97 %.
In all the anaerobic degradations, except the blank exper-
iment with distilled water, there was an inert COD. This
inert COD had values of 725-3,250 mg O,/liter. One of
the reasons of low efficiency in the treatment of low-
strength antibiotic production wastewater (COD =

25
® experimental

= 20 4 —m— 1 st order model
o) —o— 2 nd order model
en
g
= 15 ]
S
&
g 10|
O
E
g s

0 L]

0 300 600 900 1200 1500 1800
Time (Hour)

Fig. 3. Decline of total COD with time, as experimentally
measured, and theoretically predicted according to first-
and second-order kinetic models (inital COD = 22,326 mg O,/
liter).

45
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Fig. 4. Decline of total COD with time, as experimentally
measured, and theoretically predicted according to first-
and second-order kinetic models (inital COD = 42,623 mg O,/
liter).
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Fig. 5. Statistical evaluation of AS; inverted time data
(according to first-order kinetics; COD of 3,000-11,000 mg
Oy/liter).

3,000-10,000 mg Oy/liter) was this inert COD. However,
this inert COD has not affected the efficiency of the
anaerobic treatment of the high-strength antibiotic pro-
duction wastewater because of its relatively small magni-
tude.

Regarding the results of this study, using the second-
order kinetic and first-order kinetic equations, statistical
evaluations for comparing theoretical and experimental
values were made (12). As a result of these studies, which
are shown in Figs. 5 and 6, the difference between exper-
imental and calculated S; values along the time axis
shows a random deviation with no systematic correla-
tion, and it was concluded that there is no missing term
in the model equations (Eqgs. 2 and 12, see Figs. 5 and 6).
Added to this, the linear correlation coefficient (R) of ASy
with respect to time was 0.99-1.0, given in Table 4, which
proves that the suggested model is appropriate and the
biodegradation of anaerobic treatment of high-strength
antibiotic production wastewater fits the second-order
kinetics. The magnitude of R shows that the proposed
model Eq. 12 is valid for high-strength antibiotic waste-
water, and does not apply or dilute solutions.

CONCLUSIONS

The proposed mechanism, which was developed for the
anaerobic treatment of high-strength antibiotic produc-
tion wastewater, gave a good fit to experimental results.
Consequently, the developed model can be used in such
systems, provided that they do not show substrate inhibi-
tion.

Table 4. Data of linear regression analysis.

COD (mg O,/1) The linear correlation coefficient (R")
First-order kinetics ~ Second-order kinetics
3,000-6,000 0.13-0.97 0.31-0.77
10,000-22,500 0.96-1.00 0.52-0.86
31,500-43,000 — 0.99-1.00

“The linear correlation coefficients were calculated for the given
COD range. “Since the reaction does not follow first-order kinetics;
the coefficients have big deviations, and therefore are not acceptable.

Vol. 136, No. 2, 2004

0.1
® 31284 mg/l A 42623 mg/l A
- 0.05
"E oA
@ ®
Y S UL PN N SE—
g 200 A 40 680 3004 1000 1200
gOOS 4
= d A
2
L A
4 -0.1
A
-0.15

Time (Hour)

Fig. 6. The statistical evaluation of AS; inverted time data
(according to the second-order kinetics; COD > 25,000 mg O,/
liter).

According to the model equation that follows second-
order kinetics, the rate constants, k;, k, and k;, of the
anaerobic biodegradation reactions were determined. As
a result of this study, k;, the rate constant for the hydrol-
ysis step, was found to be smaller than the k, and k; val-
ues. For this reason, it can be concluded that hydrolysis is
the rate-limiting step in the anaerobic treatment reac-
tions of antibiotic production wastewater.

The developed model can be used for the calculation of
total COD at certain times of treatment (for wastewaters
having COD exceeding 25,000 mg O/liter) and also this
model equation follows second-order kinetics.

According to the results of this study, the anaerobic
biodegradation of medium strength (10,000 < COD <
20,000 mg Oy/liter) antibiotic production wastewater fits
the first-order kinetics, and the anaerobic biodegradation
of the high strength (COD > 25,000 mg O/liter) wastewa-
ter fits the second-order kinetics. However, neither rate-
equation precisely describes the biodegradation of low-
strength (COD < 10,000 mg O,/liter) wastewater.

It is suggested that making use of half order (such as 1/
2, 3/2, etc.) reaction approximations, similar studies can
be done to precisely determine the order of the overall
reaction.

Generally, the hydrolysis step fits the first-order kinet-
ics in the anaerobic treatment systems.

If the following steps (acidogenesis and methanogene-
sis) assume second-order kinetics, the overall reaction
order may be fractional, and this argument may form the
basis of developing further models.
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