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Abstract

The anaerobic digestion of the ketchup industry’s wastewater in a three-stage 60 L capacity baffled re-
actor has been studied. The effect of concentrations of the initial chemical oxygen demand (2727.3-
12086.7 mg/L), on the ABR performance and kinetic models were investigated. The ABR performance
was evaluated by measuring the concentrations of each compartment of the COD, calculating its per-
centage removal, and the acquired data were fitted to the kinetic models. From the initial input, the
three-stage ABR successfully removed 90 % of COD, for the initial COD until the concentration was
5324.6 mg/L it achieved stationary phase with HRT 5-10 days, while for initial COD until the concen-
tration was 12086.7 mg/L is attained, the stationary was at 10 days. The kinetic model of second order
Grau was suitable for the data, with k2 of 0.6061 d-1 and R2 of 0.9955. Copyright © 2019 BCREC Group.
All rights reserved
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1. Introduction Ketchup is a complementary food in Indone-
sian tradition, it is a condiment in the form of a
black-colored liquid, with a sweet or salty taste.
The most popular type of soy sauce in Indone-
sian cuisine is “kecap manis” or sweet soy sauce,
which has a thick syrupy consistency. One of
the familiar ketchup brands is “Superindo”,
which is produced by Superindo, one of the gi-
ant retailers in Indonesia. It comprises of palm,
sugar, water, soybean, salt, spices, sodium ben-
zoate, and monosodium glutamate.

However, the linear increase in the produc-

The food industry is one of the fastest grow-
ing industries in Indonesia, and one of its prod-
ucts is the sauce, which can be produced using
both modern and traditional methods. Products
of sauce (ketchup, tomato or chili), have huge
potential market values of up to 1.5 billion rupi-
ahs. This is mainly due to the changes in peo-
ple’s lifestyles, which demands practicality and
efficiency in consuming food [1].

tion of ketchup increases the generation of
* Corresponding Author. wastewater. The main raw material for the
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the generation of biodegradable wastes. The
wastewater from the processes has high or-
ganic content, with a COD value higher than
4.5g/L, which confirms the characteristics of
food industry wastes. High protein content in
soybean affects the characteristics of the
wastewater, with high chemical oxygen de-
mand (COD) (10-20 g/L), and biological oxygen
demand (BOD) values [2].

Some researchers have conducted
wastewater treatment using ABR with dif-
ferent number of baffles, which are: Boopathy
[38] with 2, 3, and 4 baffles, Feng et al. [4]
with 6 baffles, Krishna et al. [5] with 8 baf-
fles, Ghaniyari-Benis et al. [6] with 3 baffles,
Ahamed et al. [7] with 2 baffle, Hahn et al. [8]
with 4 baffles, Agqaneghad et al. [9] with 5
baffles, and Gulhane et al. [10] with 3 baffles.
The number of baffles in the ABR provides
better  physical contacts between the
wastewater and the activated sludge. Less
study conducted on substrate removal rate
evaluation using kinetic model of the first-
order, Monod, Stover-Kincannon, and that of
the second order Grau, for ketchup’s
wastewater. Therefore, the objective of this
paper is to investigate the performance of
ABR with three baffles in the ketchup’s
wastewater treatment, and the dominant ki-
netic model to this wastewater.

2. Materials and Methods
2.1 Materials
2.1.1 Wastewater preparation

The synthetic wastewater for the experi-
ment was obtained from the dissolution of
ketchup in distilled water. The said measure-
ment of ketchup (2 g/200 mL distilled water)
contains COD (11,244.99-13,540.15 mg/L),
BOD (6,596.70-6,937.79 mg/L), total solid
(4,987.18-7,011.50 mg/L), total suspended sol-
id (6.99-8.54 mg/L), and total dissolved solid
(4,978.64-7,003.63 mg/L). It can be used to
calculate the requirements of the ketchup to
volume, 60 L and the COD (2727.3-12086.7
mg/L).

2.1.2 Sludge preparation

The anaerobic sludge for the experiment was
collected from an anaerobic reactor of the
Centralized wastewater Treatment Plant, for
small-scale industries at Lamper Tengah, Se-
marang Municipality, and Central Java, Indo-
nesia. The sludge was taken from the bottom of
the anaerobic reactor by using water sam-
pler. The sludge’s conditioning was carried out

using synthetic wastewater with 2 g/I. concen-
tration of sucrose, the sludge was set up us-
ing the pH of 7.5, Ca2* ion of 40 mg/L, addi-
tion of N and P macro nutrients with ratio
(COD:N:P) of 300:5:1, and micro nutrients
with the composition (per g COD) [12] : 500
ug of Co, 300 pg of Cu, 4000 pg of Fe, 150 pg
of Mo, 6000 pg of Ni, and 600 pg of Zn. This
conditioning was run for a month with flow
rate of 20 L/day to swipe the light density of
the sludge from the ABR [13].

2.1.3 The ABR dimension

A 60 L ABR bio-reactor with transparent
Plexiglas sheet was designed and fabricated
into three pairs, the down flow, up, and
sample ports. The ABR dimension has 60 cm
length, 25 cm width, 40 cm height, 10 cm dis-
tance between baffles, and 1.5 cm distance be-
tween baffle and bottom reactor. The ABR
was sectioned into three equal compartments,
and each has a pair of down and up flow baffles
(hanging and standing baffles), and sample
ports (Figure 1).

The temperature difference between inside
and outside the reactor, due to the changes in
the temperature during the day and night,
was observed to be less than 3 °C. Hence, the
reactor did not require further cooling or
heating in order to maintain the tempera-
ture. A peristaltic pump was used to intro-
duce the wastewater to the ABR system, this
pump was chosen because its flow rate can be
set to the required range of volume, or time.

2.2 Methods
2.2.1 Procedure of wastewater digestion

Experiments were conducted with peristal-
tic pump using the volumetric feed rate of 20
L/day, initial pH of 7-7.5, and additional trace
elements per gram COD (Co: 500 ug, Cu: 300
ug, Fe: 4000 pg, Mo: 150 pg, Ni: 6000 pg, and
Zn: 600 pg). The experiments were carried out
at room temperature, and atmospheric pres-
sure, with calcium ion (40 mg/L), and
MLSS (7,200 mg/L). The research variable was
the 1initial COD concentration (ranges of
2727.3-12086.7 mg/L). Samples were taken
from each compartment of the ABR
ports. For the first day, the samples were
taken only from the first port. On the Second
day, they were from the first and second
ports, and on the third day and beyond that,
they were taken from the three ports. Pa-
rameters observed during this research are
pH, COD, and total suspended solid (T'SS). The
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selection of the COD as the main parameter is
based on the quantity of the organic material
[14].

3. Results and Discussions
3.1 Reactor Performance

The results of the experiments correspond-
ing to the initial COD concentrations are
shown in Table 1. The best ABR operation
conditions were observed at the OLR of 5.342
g/L..d. In this operation, a steady-state condi-
tion with the best reactor performance was as-
sumed, and the experiments were conducted
in mixed conditions for kinetics evaluation.
According to Table 1, the maximum COD re-
moval efficiency obtained was up to 98.16%
(corresponding OLR = 5.342 g COD/L.d) [15].

3.2 Performance of Compartments

Figure 2 indicates the percentage of COD
removal for the various initial COD concen-
trations. The slope indicates the rate of COD
removal for the first-two initial COD concen-
trations (2727.3 and 5342.6 mg/L), the curves

3rd sample port

2nd sample port

were closed and higher than that of the last-
two data (8113.7 and 12086.7 mg/L). The
first compartment consists of the first contact
between the wastewater and activated sludge,
this plays an 1important role in the removal
of organic substances. Food products usually
have high organic substances and high de-
gradable substances. The result of the COD
removal indicates the good performance of the
activated sludge in decomposing the organic
substances into simpler forms. Carbohydrate,
lipid, and protein exhibit high degradation
rates, and it has major influence on their Kki-
netic values. In acidogenesis, the soluble mon-
omers are converted into simple organic com-
pounds, and are attacked by acetogenic bacte-
ria:

Acidogenesis :
CeH1206 + 2H2 — 2CH3CH2COOH + 2H20 (1)
CsH1206 — 2CH3CH2:0H + 2COsq (2)
Acetogenesis :
CH3CH2COO- + 3H:0 — CHs3COO- + H*
+ HCOs- + 3Hz: 3)
1st sample port
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Figure 1. Diagram of the anaerobic baffled reactor (ABR) and its baffles with dimensions (cm) a = 60

cm; b =40 cm; ¢c=105cm; d = 1.5 cm; wide: 25 cm [13]

Table 1. Typical operation conditions of ABR at MLSS of 6000 mg/L and HRT of 1 day

No OLR pH (first to third com- COD removal Effluent TSS
(g/L.d) partments) (%) (mg/L)
1 2.7273 7.6-7.1 97.62 3.7
2 5.342 6.8-7.2 98.16 14.4
3 8.1137 7.1-7.3 97.59 26.7
4 12.086.7 76.9-7.2 96.89 42.8
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CsH1206 + 2H20 — 2CH3COOH +2CO2 +4H3 (4)
CH3CH:20OH + 2H20 — CH3COO- + 2Hz + H* (5)
2HCOs + 4H2 + H* —» CH3COO- + 4H20 (6)

There was no lag-phase for the activated
sludge to indicate successful adaptation of the
microorganism to the wastewater, or the ac-
climatization condition of the activated
sludge was sufficient to decompose organic
substances. It indicates that the soluble mate-
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Figure 2. Performance of the compartments to
the COD removal (a). First compartment, (b).
Second compartment and (c). Third compart-

ment

rial in the liquid phase of the substrates was
quickly consumed by the anaerobic micro-
organisms [16]. Food-grade waste is charac-
terized as having high degrees of readily de-
gradable materials as well as digestibility. For
the first two COD concentrations (2727.3 and
5342.6 mg/L), the degradation occurred in
high rate for six days of digestion, resulting to
more than 85% COD removal. Micro-
organisms in the activated sludge were able to
decompose the organic substances in the
wastewater. During the first contact, abundant
organic biodegradable substances were availa-
ble in the wastewater, and it resulted to high
rate of degradation [17,18]. The stationary
curve resulted after 6 days digestion time, the
graph describes the additional time of digestion
obtained during insignificant increase in the
COD removal.

At the COD concentration of 8113.7 and
12086.7 mg/L, increasing the load of the
wastewater affected the degree of decomposi-
tion of the organic substances. The activated
sludge can reduce the COD of wastewater
but the rate was lower than that of the previ-
ous load. The curve of 8113.7 and 12086.7
mg COD/L indicated that the rate of re-
moval was lower than that of 2727.3 and
5342.6 mg COD/L. The stationary curve had
not been achieved yet until the twelfth day.
In the first compartment, increasing the COD
concentration will also increase the number of
degradable substances, but the micro-
organisms in the activated sludge has limited
degradation ability. The degree of removal was
lower than that of previous load. At the elev-
enth day, the four curves were very close, in-
creasing the load of the organic substances,
required longer HRT to reach the degradation
[7].

For the second compartment, the degree of
removal was lower than that of the first com-
partment, large quantity of degradable organ-
ic substances had been degraded in the first
compartment. The remaining organic materi-
als would be continuously degraded in the
second compartment. With low COD content
(2727.3 and 5342.6 mg COD/L), the stationary
curve has been achieved during five to six
days of digestion time, the degree of removal
is 82-90 %. While for 8113.7 and 12086.7 mg
COD/L, the curves had not indicated the sta-
tionary condition, which shows that the deg-
radation of organic materials has not finished
yet. With excessive increase in the concen-
tration, the removal efficiency decreased,
which might be attributed to the extra con-
centration of volatile fatty acids in the reactor
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[19]. The total removal in the second compart-
ment was lower than that in the first, due to
the lesser quantity of organic degradable ma-
terials in the waste water.

The third compartment is a zone used to
accomplish the degradation of the organic
substances in the anaerobic process. The fi-
nal removal of these various contents was
above 95 %. This final COD concentration is
sufficient to further process the wastewater
(aerobic), in other to fulfill the standard regu-
lation. This result of the COD removal is
higher than other researchers using ABR [3-
10].

It can be said that three stages of ABR is
enough to treat the Indonesian wastewater
for the production of the tradition food
(Ketchup). The baffles’ design with equal in-
tervals 1s easy to construct, and also limited to
area requirements.

3.3 Kinetic Model
3.3.1 First order kinetic model

First order kinetic model states that the
rate of substrate with variation concentration
in a reactor with respect to time can be ex-
pressed as follows [20,21]:

- [dsj _Qg_ [sto kS %)
a )" v v

where, Sp and S are substrate concentrations in
influent and effluent (mg COD/L) respectively,
Q is flowrate to reactor (L/d), V is reactor total
volume (L), 6r is hydraulic retention time
(HRT) or (V/Q), and k; is first order constant
rate. Under steady-state condition, the rate of
substrate concentration is negligible and the
Equation (7) reduced to:

S-S,
04

=k,S (8)

The value of k; is determined by plotting of
(So-S)/6r and effluent substrate concentration
S of Equation (8). The value of k; and regres-
sion were calculated from the data acquired
from the experiments. Figure 3 shows the
graph obtained by plotting of (So¢-S)/0r and S. It
can be seen that the value of ki obtained from
the slope of linear line of the graph is
0.3997/day and regression value (R2) is 0.9738.

3.3.2 Monod kinetic model

Monod model is proposed by theory that
substrate concentration around microorganism

is also significantly considered in evaluation of
kinetic parameter [22]. In the 1949, Monod
proposed an equation to indicate the relation of
rate of specific growth and rate limiting sub-
strate concentration.

ﬁ —_ “maxX S + KdX (9)
dt Y K+§ Y
(s (10)
“ p’ma.\' K:} +S

u 1s specific growth rate (d-1), S is substrate
concentration (mg COD/L), gma is rate of maxi-
mum growth when substrate unlimited (d-1),
K;: half saturation constant (mg/L), X is bio-
mass concentration in reactor (mg/L), and Y is
yield coefficient (mg VSS/mg COD). Under the
steady-state, it can be assumed that effluent
biomass concentration is negligible (dX/dt = 0
and —dS/dt = 0).

=—+K 11
u ec d (11)

K is decay coefficient and Oc¢ is mean cell resi-
dence time (ratio of total biomass in the reactor
to the biomass wasted for a given time, time
represent the average time).

_ VX (12)

0. =
T RX,

Combination and rearrangement of Equations

(11) and (12), the kinetic parameter Y and Kg
can be obtained :

Se-S_1f(1), 1 (13)
o X Y\6.) Y+K,

Regression coefficient and kinetic parameter

can be obtained by plotting curve of [(So-
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R?=0,9738
1400 |
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2 1000 | e
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f x )
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0 I L I
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S

Figure 3. Graph of regression value of first
order kinetic model
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8S)/(6uX)] to the (1/6¢). Figure 4 shows the re-
gression graph of the Monod kinetic model. The
regression value is 0.8351, the slope is 11.963
(= 1/Y), hence, the of Y is 0.0836 mg VSS/mg
COD, while the intercept value is 0.3892
(=1/(Y+K,) and the value of Kq is 2.4858/day.

In order to determine the value of K; and
Umax, Introducing Equation (13) to Equation (12)
to obtain Equation (8).

0. _K S

= S 4+
1+KdeC l"tmux “‘mwz (14)

Figure 5 shows the graph of (SO6c)/(1+6cKa) to
the S based on the data acquisition of the ex-
periments. The slope is the value of 1/ume and
the intercept is for constant of Ki/um«. Based on
the Figure 5, the value of slope is 0.4029, hence
the tma 1s 2.482/d and the value of intercept is -
4.3448 and the value of K is -10.7838/d with
regression coefficient is 1.

3.3.3 Stover-Kincannon kinetic model

Stover-Kincannon model [23] is a mathe-
matical model which mostly applied to deter-
mine the kinetic constant of Up-flow Anaerobic
Sludge Blanket (UASB) reactor. Firstly, the
model was set up for Rotating Biological Con-
tactor (RBC). Stover-Kincannon provided flexi-
bility to predict rate of degradation of the inde-
pendent substrate of kinetic reaction (zero or-
der, first order or second order) at the various
organic loading [24]. This model assumed that
substrate removal rate as the function of sub-
strate loading rate.

o
o
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Figure 4. Graph of Monod kinetic model to
determine the values of Y and Kq

Stover-Kincannon derived the kinetic model
for biofilm reactor based on the total organic
loading rate. The modified model of Stover-
Kincannon described total organic loading rate
as the primary parameter to explain the kinet-
ic of an Anaerobic Filter (AF) by means of or-
ganic substance removal and methane produc-
tion [25]. Stover-Kincannon model was applied
to analyze the reactor removal efficiency at the
fixed bed region with different organic loading
rate [26]. The equation of Stover-Kincannon
can be written as :

QZQ(SO —S) (15)
dt V

as _ UW(%) _ ( K, + [@D (16)
dt V V

Unax 1s rate of maximum substrate utilization
(gL/d), Kpis saturation constant (g/L.d). Rate of
substrate removal (dS/dt) in Equation (15) can
be defined by using Equation (16) into the mod-
ified Stover-Kincannon:

(dsj‘_ v _ KV (1
dt - Q(SO - S) - QUmaxSO Umax (17)

Unex and Kp were obtained from the linear
graph of 1/(S.-S) and 1/S as intercept and slope
of the graph [26]. Figure 6 shows the regres-
sion coefficient is 0.4276, the intercept value is
0.0004 (=1/Unax), hence, the value of Upax 18
2500 mg/. and the slope 1is -0.1245
(=KB.VIQ.Upa) therefore, the value of Kp is
311.25.
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Figure 5. Graph of Monod kinetic model to
obtain the values of uma: dan K;

Copyright © 2019, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 14 (2), 2019, 332

3.3.4 Second order Grau model

Second order Grau model [28] was devel-
oped to determine the removal of multicompo-
nent substrate by activated sludge [29]. This
model was expanded in the basic concept of lin-
ear removal of the special case of Monod model.
In this model, reaction order was analogous to
the order of chemical reaction with constant
rate is not limited to integers. Second order
chemical kinetic can be written as :

2
18
_dS 4 xS as)
dt S,
S04 _g S, (19)

=0, +
So—S "k —-X

S. 1s effluent substrate concentration (mg
COD/L), S; is influent substrate concentration
(mg COD/L), k2 is constant of second order sub-
strate removal (1/d), and X is biomass concen-
tration (mg/L).

Second order Grau model derived of combin-
ing Monod model (Equation (10)) and chemical
reaction kinetic (Equation (18)). Figure 7 indi-
cated the linear model of second order Grau
model between HR'T/E and HRT as :

Sy HRT _ nm  So (20)
(S, -9) kX

X is biomass in the reactor (mg/L), HRT is hy-
draulic retention time (d), and k2 is constant of
second order rate (1/d). The term of (S,-S)/S in-
dicated substrate removal efficiency, E and
second term of right side (Si/(k2X)) often as-
sumed as a constant. Hence, the equation :

0.0006 .
0.0005
y = -0.1245x+0.0004
— 00004 R2=0.4276
) [ ]
g o
0.0003 o e
“oas i
oo002 T e . .
0.0001
0
0 0.0005 0.001 00015 0.002 00025

1/S0

Figure 6. Graph of regression of Stover-
Kincannon model

S.0
‘_g =a+b0,

i e (21)

where a (= Si/k2X;) for substrate kinetic, a de-
pends on initial concentration of specific sub-
strate Si.X; and b 1is other constant
(dimensionless) with the value approach unity
that reflect impossible to achieve the zero val-
ue for substrate concentration at given 6.

Figure 7 shows the linear line regression of
second order Grau model by plotting HRT/E
and HRT. The value of intercept (a) is So/k2.X is
2.3675, hence, the k2 1s 0.3761/d, while the re-
gression coefficient 1s 0.9955. Hence, the for-
mula for predicting substrate concentration in
the effluent can be given as [30]:

_5 - S04 (22)
" 1.4693+0.90640,,

Result of the calculation of each compartment
and overall reactor for four model kinetics is
presented in Table 2.

3.3.5 Model testing

Kinetic constants of four models are pre-
sented in Table 2. These four models were used
to determine the output COD exiting the ABR
reactor and compares it with the input concen-
tration entering the reactor. Based on the re-
gression coefficient (R2) for overall reactor, the
second order Grau model is clearly higher than
others. Hence, it can be stated that the output
values of COD observed in the reactor are more
consistent with second order Grau.

16
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y=0.9204x+2.3675 e
R?=0.9955 .
12 .
e
10 =
@ e
£ 8 ™
I
)
6 .
L
4 e

HRT

Figure 7. Graph of regression of second order
Grau model
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4. Conclusion

The performance of ABR, the highest COD
removal efficiency was achieved in the first
compartment, while for subsequent compart-
ments have lower COD removal efficiency.
Based on bacterial kinetics, lower substrate
concentration caused lower growth rate. Dur-
ing the initial stage, activity of the seed sludge
influenced by environmental change and mi-
crobe was needed to adapt to the new situation.
Therefore, the COD concentration of the efflu-
ent was high, and the total removal efficiency
was lower. With the operation of the reactor
continuously, the activity of the sludge would
be higher, and the COD of the effluent of the

was lower. The regression coefficient (R2) for
four models indicated that second order Grau
model has highest value. It means that kinetic
models for prediction of effluent substrate con-
centration of the ABR at the similar operation
conditions represents the experimental data
obtained.
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Table 2. The values of kinetic parameter for four kinetic models

.. Anaerobic .. Regrggs ion
Kinetic model Kinetic parameter Value coefficient
compartment (R?)
First order Comp-1 ki (d1) 0.3997 0.9738
Comp-2 ki (d1) 0.6719 0.9683
Comp-3 ki (d1) 0.4193 0.7632
Overall ABR ki (d1) 0.6632 0.8723
Monod Comp-1 Y (mg VSS/mg COD) 0.0836 0.8351
Kai(dY) 2.4858
Umax (dl) 2.4820 1
K, (mg/L) -10.7838
Comp-2 Y (mg VSS/mg COD) 0.1252 0.8692
Ka (d1) 3.4184
Umax (dl) 3.4165 1
K (mg/L) -5.0475
Comp-3 Y (mg VSS/mg COD) 0.1315 0.9344
Kai(dY) 10.8939
Umax (1) 109.0513 1
K, (mg/L) -5.9978
Overall ABR Y (mg VSS/mg COD) 0.131451 0.9344
Ka (dY) 5.297431
tmax (A1) 5.302227 0.9999
K (mg/L) -0.41092
Stover-Kincannon Comp-1 Unax (g/L.d) 2500.00 0.4276
K3z (g/L.d) -311.25
Comp-2 Unax (g/L.d) 2000.00 0.4818
K3z (g/L.d) -185.40
Comp-3 Unax (g/L.d) 1250.00 0.4182
Kz (g/L.d) -59.50
Overall ABR Unax (g/L.d) -24 0.5947
Kz (g/L.d) 5000
Second order Grau Comp-1 ke (1/d) 0.3761 0.9955
Comp-2 ke (1/d) 0.3981 0.9957
Comp-3 ke (1/d) 0.1498 0.9622
Overall ABR ko (1/d) 0.6060 0.9951
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