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Abstract

The objective of this study is to investigate the performance of using
an advanced fluidized bed reactor (AFBR) of a double column
configuration in breaking down leachate into biogas. The relationship
of the kinetic parameters with the operating conditions and the
performance of the double-column reactor during anaerobic
digestion was examined. The substrate concentration,
microorganism population, hydraulic retention time value, growth
rate, and death rate of microorganisms were employed as reference
points for evaluating anaerobic digestion performance and assessing
the operating conditions. The results demonstrated that there was no
notable correlation between the formation of volatile fatty acids (VFA)
in the acidogenic reactor (R1), the degradation of VFA in the
methanogen reactor (R2), and the methane production rate in the
methanogen reactor (R2). The simulation results for VFA formation
(dCVFAL1/dt) and VFA degradation (dcVFA2/dt) exhibited a tendency
to overestimate when operated at low HRT and underestimate at
short HRT compared to the experimental results. The steady state of
the simulation results exhibited a faster rate of progression than the
experimental outcomes. The fitting data for Ksx1 and Ksx2
predominantly comprise dynamically evolving values that exert an
influence upon uml and uml, as well as kd1 and kd2, when the
reactor is operated in continuous mode. Furthermore, the factors of
inhibitor compounds and microorganism adaptation were not
observed across all HRT values in this investigation.
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INTRODUCTION

One of the principal consequences of rapid
population growth, coupled with economic and
industrial development, is the production of
substantial  quantities of waste. Waste
management presents one of the most significant
challenges facing humanity today, particularly in
developing countries where the infrastructure to
deal with this issue may be lacking or inadequate.
The most commonly employed method of solid
waste disposal is landfill, which generates a
considerable amount of leachate as a result of the

natural process of decomposition and rainwater
infiltration [1]. The leachate produced in landfills
can comprise a heterogeneous mixture of
dissolved complex organic compounds (including
volatile fatty acids and combustible organic
matter), ammonia, and heavy metals (Cd?*, Cr3*,
Cu?*, Pb?*, Ni?*, Hg?*), inorganic salts, and other
xenobiotics (aromatic hydrocarbons, phenols, and
pesticides) [2][3]. The treatment of leachate is a
critical process, as improper treatment could lead
to significant environmental impacts [4]. The
development of leachate treatment methods,
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including physicochemical, biological (e.g.,
anaerobic or aerobic), and electrochemical
methods, is ongoing with the objective of

achieving the best possible environmental and
energy efficiency outcomes [5][6]. Amongst these
technologies, anaerobic digestion has been
identified as the treatment method most likely to
be effective, given its capacity to stabilize and
reuse sludge [7]. However, the most prevalent
issue in anaerobic digestion is bacterial washout.
This can be mitigated by employing biofilm
formation on the reactor. The biomass attached to
the carrier biofilm has the capacity to move freely
within the reactor's water volume, enabling its
collection via the reactor’s filtration system at the
outlet.

The fluidized bed biofilm reactor (FBR)
represents a common approach to biofilm
treatment in wastewater treatment plants. The
FBR offers a level of mixing between two packed
bed reactors and the STR, which may be regarded
as a more intensive approach to treatment [8]. A
homogeneous system is more easily monitored
and controlled, with the advantage of good mixing.
Higher mass transfer and heat transfer rates are
also to be expected. Furthermore, scale-up can be
achieved without increasing the concentration
gradient [9]. However, the effects of anaerobic
digestion of leachate using two-stage reactors and
the underlying mechanisms remain unclear at
each stage, particularly in the processes of
acidogenesis and methanogenesis. The optimal
requirements for the growth of the various groups
of microorganisms involved, including nutrient
concentrations and substrate pH, vary significantly
[10]. In the single-stage anaerobic digestion
process, the three principal stages of hydrolysis,
acidogenesis, and methanogenesis occur in a
single reactor. As a consequence, volatile fatty
acids (VFAs) may accumulate due to a faster
acidogenesis process relative to the slower
methanogenesis process. This phenomenon has
the potential to negatively impact the
methanogenesis process, ultimately inhibiting
biogas production [11].

The double-stage reactor represents an
innovative approach to the optimization of
conditions at each stage of the anaerobic
digestion process. Previous research has
indicated that a two-stage reactor system can
facilitate the most optimal growth of
microorganisms under varying conditions [12].
The optimal process conditions, including those of
the fermenter settings, as well as their effects on
the rates of substrate degradation, are well
described in the scientific literature. This pertains
to two-stage methane and hydrogen production,
which is derived from both wastewater and food

and agricultural waste [13]. A different study has
reported that two-stage decomposition of grass
silage has been shown to result in 7% higher
methane production compared to a single-stage
system [14]. Research by [15] reported that the
use of a two-stage anaerobic CSTR of food waste
resulted in 23% higher methane production (419
mL CH4/kg.VS) than a single-stage system (371
mL CHa/kg.VS). However, the authors observed
that there was no data on hydrogen production.
The objective was therefore to optimise the
acidification process and to maximise methane
yield, with the generation of hydrogen not being a
priority. Further research should be conducted to
investigate the performance of the two-stage
filtered bed anaerobic reactor in producing biogas
from leachate at different stages of operation.

Process kinetics serves as a valuable tool
for predicting and describing the performance of
anaerobic digestion systems. Mathematical
models assist in predicting kinetic parameters and
clarify each stage of the anaerobic digestion
process. Several mathematical equations have
been developed to represent the anaerobic
digestion process, including the exponential
model, Monod model, Gompertz model, transfer
function-based model, and cone model [16]. The
results of a comprehensive literature survey
indicate that the Monod kinetics model is a widely
utilized framework to elucidate the kinetics of
anaerobic digestion processes [17]. However, the
applicability of Monod kinetics is limited when
dealing with complex substrates such as leachate,
where inhibitors are present. Indeed, other
researchers have also considered the issue of
specific growth rates under the assumption of
Monod kinetics with substrate inhibition [17][18].
Obtaining kinetic data in anaerobic digestion to
represent the conversion of acetate to methane
represents a complex and limiting study within the
Monod model [19]. In optimizing the design of a
two-phase anaerobic digestion system, the
Contois kinetics model is the preferred approach.

Research conducted by [20] revealed that
the Contois kinetic model represents the most
suitable approach for optimizing the design of a
two-phase anaerobic digestion system to treat
complex solid waste. The use of Contois kinetics
with an inhibition of 30 g/L of VFA vyielded
satisfactory outcomes in the treatment of organic
waste [21]. The mechanism of VFA inhibition was
studied through a series of experiments on
organic solid waste treatment [22]. The results
demonstrated that non-ionized VFA and
guantifiable levels of VFA were not inhibitory,
while acidic pH was the inhibitory factor between
apHof5and7.
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This study has developed a kinetic model
that describes the anaerobic digestion of leachate
in two stages. The hydrolysis process was
considered in the first reactor at the VFA formation
stage, while the subsequent decomposition of
VFA into methane and carbon dioxide by
methanogenic bacteria was examined in the
second reactor. The application of mathematical
modelling and perfect mixing systems, as
referenced in [23], is suitable for this study
because of the small dimensions of zeolite
particles, making mass transfer from liquids to
solids negligible.

The modified mathematical models utilized
were specifically adapted to the process variables
that can be analyzed using the available facilities.
All input data for these models must be based on
steady-state reactor performance. In these
models, it is assumed that the microorganism
immobilization media granules are spherical within
the reactors in question, with the relative
concentrations of acid-forming and methanogenic
bacteria also adjusted for each reactor. The
developed dynamic mathematical model provides
a more quantitative description of the process
operation, which facilitates the design of a better
control system to improve stability, enhance the
performance of the anaerobic digester, and
optimize the process performance. The
experimental results are compared with the
theoretical data to determine their alignment.

METHOD
Material

The leachate was obtained from an
integrated waste management facility (TPST)
Piyungan located in Bantul Regency, Yogyakarta
Province. The leachate was employed as a
substrate with (soluble chemical oxygen demand)
sCOD values in the range of 3000-5000 mg/L and
pH 8.0-8.5. The immobilization media was
composed of a mixture of natural zeolite with
bentonite, with a specific surface area of 15,178
m?/g, Total pore volume of 40,778 x 10-3cc/g, and
average pore radius of 53,735 A. The zeolite was
derived from Mojokerto Regency, while the other
supporting raw materials were obtained from the
active digester effluent of the Center for
Agrotechnology Innovation (PIAT) UGM biogas
plant in Berbah, Sleman Regency, Yogyakarta,
and the Sleman Regency biogas plant. The
inoculum was filtered prior to its introduction into
the bioreactor to prevent the entry of large debris
into the system. The inoculum was characterised
to determine the chemical oxygen demand (COD)

and volatile suspended solids (VSS) in
accordance with the standard methods set out by
the American Public Health Association [24]. The
detailed characteristics of the inoculum utilized in
this study are presented in Table 1 and Table 2.

Experiment Design

This research was conducted in two stages:
batch and continuous stage. The objective of the
initial batch stage is to facilitate the growth and
adaptation of the microorganisms prior to
transitioning to continuous operation. The batch
stage was completed once the results of VFA,
sCOD, and biogas volume analyses indicated
stable value.

Subsequently, the reactor proceeded to
operate continuously, initiating from the largest to
the smallest hydraulic retention time (HRT).
Modifications to the HRT values were
implemented when the VFA, sCOD, and biogas
volume measures remained consistent over time,
indicating a state of equilibrium.

The operating conditions for each reactor
are described in Table 3 and Table 4. Each reactor
was operated without any input (feeding) or output
until a steady state condition was achieved. The
study's batch stage was carried out at leachate
sCOD concentrations ranging from 3000 to 5000
mg/L in acidogenic reactors with a total volume of
15 L and methanogenic reactors of 10 L. Each
reactor was dosed with a mixture of leachate water
and inoculum in an 80:20 (v/v) ratio. To prepare
the acidogenic reactor, an acetic acid solution was
added to adjust the pH to 5.5. Conversely, a
solution with a pH of 7-7.5 was added to prepare
the methanogenic reactor.

Table 1. Characteristics of Inoculum KP4 PIAT

UGM
Characteristic Value
pH 7.3
TS (mg/L) 25,830.305
VS (mg/L) 16,252.500
VFA (mg acetic acid/L) 425.820
SCOD (mg/L) 1,385
Anaerobic microorganism 2.0 x 107

(cells/mL)

Table 2. Characteristics of Inoculum Turgo

Village
Characteristic Value
pH 7.0
TS (mg/L) 32,102.620
VS (mg/L) 22,930.252
VFA (mg acetic acid/L) 560.820
SCOD (mg/L) 1,502
Anaerobic microorganism 3.0 x 107

(cells/mL)
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Table 3. Operation Condition of Acidogenic

Reactor
Parameters Values
Dimension iD = 19.8 cm, oD = 20 cm, V
Reactor effective =15 L

Superficial Velocity

Settling Velocity
Fluidization level
Density of media
Mass of media

Diameter of media

Temperature
pH
COD influent

3.8033 cm/s
7.9120 cm/s
40-50%

1.82 gr/cm?®

150 gr

14 mesh

32°C

55-6

8500 — 9500 mg/L

Table 4. Operation Condition of Methanogenic

Reactor

Parameters

Values

Dimension of Reactor

Superficial Velocity

Settling Velocity

Fluidization level
Density of media

Mass of media

Diameter of media

Temperature
pH
COD influent

effective =10 L
3.8033 cm/s

11.0580 cm/s

30%-40%

1.82 gr/icm?®

150 gr

14 mesh

32°C

7-7.5

Effluent reactor acidogenic

iD=14.8 cm, oD =15cm, V

Inffluent
tank

FLZR

|

Acidogen

Drain

Pengukur Gas

Tangki
sirkulasi

Sirkulasi
Pump

Valve

Intermediet

The continuous phase was conducted at
HRT values of 20, 15, 10, 5, 2, and 1 day with
Organic Loading Rates (OLRs) of 1.2 gCOD/L.day
for each reactor. The device's main components
comprise a series of interconnected systems, as
illustrated in Figure 1. The components of the
double-stage reactor include influent tanks,
effluent tanks, intermediate tanks, anaerobic
reactors engaged in the acidogenesis process,
anaerobic reactors engaged in the
methanogenesis process, and biogas volume
measuring equipment (GM).

The anaerobic reactors were constructed
from transparent polymer acrylic, with an
acidogenic reactor volume of 15 litres and a
methanogenic reactor volume of 10 litres. Each
reactor was equipped with two centrifugal pumps
for circulation. The immobilization media utilised in
this study was a mixture of zeolite and bentonite in
the form of powder with a diameter of 0.5-0.8 mm.
According to these studies, the optimal reactor
circuit should allow for a smooth flow of fluid,
ensure the proper functioning of all equipment,
and maintain a fluidisation level (FL) within the
range of 40% to 50% of the effective tube depth
[25].

S

Pengukur Gas Effluent

Tank

"_ _n Valve ‘ |

Tangki
Sirkulasi

7

Sirkulasi Pump

B

Drain

A
A

Flow
Meter

Figure 1. Scheme of AFBR Double Column
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Laboratory Methods

Influent and effluent samples were taken
from the acidogenic (R1) and methanogen (R2)
reactors for COD, sCOD, and VFA analyses.
Acidity and dissolved oxygen in the reactors were
observed using Metler Toledo electrodes
(Columbus, Ohio, USA). TS and VS analyses
were conducted on the raw materials at the
beginning of the study. The analysis method was
in accordance with the APHA 2005 standard. The
biogas volume was measured on a daily basis
utilizing a high-gasometer apparatus. The high-
gasometer is a closed cylinder or column that is
partially submerged in an open container
containing 75% saturated salt water with a pH of 2
as a barrier solution. To determine the volume of
biogas produced, the equation proposed by [26]
was employed.

Mathematical Modelling

In order to conduct a kinetic study of
anaerobic digestion, kinetic data were obtained at
each steady state condition in each reactor. The
decomposition of soluble chemical oxygen
demand (sCOD) in the acidogenic reactor (R1)
was performed by acidogenic bacteria (xi) for
growth (Mg1) and VFA production based on the
hydraulic retention time (8) value of the reactor.
The growth of methanogen bacteria (ug2) occurs in
the methanogen reactor (R2) due to the
consumption of VFA and the formation of methane
over time. The kinetic constant value employed in
the Contois growth kinetics equation is derived
from [27], where the anaerobic digestion of
leachate water was conducted in batch using a
single-stage immobilized anaerobic fluidized bed
reactor (AFBR) with leachate as the substrate
(Table 5). The batch condition was selected for the
study due to its suitability for microorganisms. The
data obtained from this ideal state was used as a
reference point to evaluate the reactor's
performance under continuous  operating
conditions. Based on the Contois equation, a
model was created for the growth of both types of
bacteria.

dXx 1
dtl :,unettl'xl ( )
dXx 2
dt2 :/uneltZ'XZ ( )

The pnett value was calculated using the
following equation:

3)
Hpett = ﬂg —kd

Acidogenic Reactor equation for
microorganism growth, sCOD, and VFA
formation

The acidogenic reactor (R1l) has the

primary function of degrading organic compounds
with chemical oxygen demand values and
generating volatile fatty acids (VFA) for the
methanogen reactor (R2). The growth of
methanogen bacteria is contingent upon the rate
at which the influent substrate is decomposed,
exhibiting a specific chemical oxygen demand
(COD) value. The Ky coefficient is derived from
the Contois equation, wherein the microbial
growth rate is influenced by the microbial
concentration and substrate concentration, as
elucidated by the following formula.

4, = U Cocon
 =——m el
? Ko X #+Cocop

dX C
aA, :( Hm-Cscop kdl}x1 5)
dt Ksx1-X +Cycop

The reduction in sCOD when the growth of
acidogenic bacteria is already in a steady state dx;

X (4)

dt
can be observed in the mathematical equation of
sCOD, as presented in the following equation.

d(CsCOD): (CSCODln_CsCOD) _ 1 /‘m-cscoo kXL (6)
dt o1 Y Koo X Coon )

The formation of VFA, resulting from the
decomposition of sCOD by acidogenic bacteria
(X1), can be described by the following equation.

d(Corar) [ (Copg = Cirain) i Cocop (7)
= HYo x| oo kg X
dt o1 N Koo X #Cocop

Methanogenic Reactor Equation for
microorganism growth and CH4 formation

The methanogenic reactor serves as the
principal conduit through which VFA generated by
the acidogenic reactor (R1) is converted into
methane (CH4) by methanogenic bacteria. The
growth and methane production of these bacteria
is contingent upon the concentration of VFA
derived from the acidogenic reactor.

_ Mo Cupr X (®)

stz X 2+CVFA2 ’
9)
- kd2 -xz

IuQZ =

dXx, _ Hina Curaz
dt Ksx2-X 7+Cyaz

d(CVFAQ)_ (Corar ~Cipar) 1 fng Cipz
= - ~ky, 1X, (20)
dt 62 YXz Ko X #Cirsy

/ CVFA 2
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dCey, Con Hnp Cens
f=— 4, —— kg, | X
dt 0, CH, /X2 Koy X #Cus d2 [N (11)

RESULT AND DISCUSSION
sCOD Degradation in Acidogenic Reactor

The decrease in the soluble chemical
oxygen demand (sCOD) value of leachate water is
indicative of a successful acidogenic reactor
process. The simulation results utilizing equation
9, in conjunction with experimental data obtained
from the acidogenic reactor, are presented in
Figure 2.

The sCOD values demonstrated a notable
decline when the reactor operated at a longer
hydraulic retention time (HRT). An increase in the
residence time was found to be correlated with an
enhancement in the COD removal efficiency,
suggesting a high microbial population that is
capable of rapidly converting complex organic
matter into useful by-products. It was reported by
[28] that longer solid retention times facilitate the
formation of a better system potential and result in
greater COD removal due to increased contact
time with microorganisms. During the course of
the simulation, the sCOD value of the effluent
remained constant at the beginning of the HRT
operation. This phenomenon demonstrates a
divergence from the results observed during the
experimental phase of the process.

Figure 2. Profile of sCOD degradation: (a) HRT of
20 days, (b) HRT of 15 days, (c) HRT of 10 days,
(d) HRT of 5 days, (e) HRT of 2 days, and (f)
HRT of 1 day

During this phase, the sCOD value of the
effluent exhibited an increase at the beginning of
the continuous process. This indicates that the
microorganisms require a certain period of time in
order to recover from their previous environment
and adapt to new conditions until they reach a
stable equilibrium [29]. The simulation results do
not take into account the microbial adaptation
factor within the mathematical equation, which
only measures the population level of
microorganisms in terms of their specific
conductivity value (sCOD) (YL> Consequently,

sCOD
slight discrepancies occurred between the initial

stages of the HRT operation and the simulation
outcomes.

The simulation results suggest that a
decrease in HRT value leads to an accelerated
attainment of the steady state, as demonstrated
by the sCOD value. This phenomenon is attributed
to the assumption of a constant bacterial growth
velocity (umi1) across all HRT values in the
simulation. In scenarios where HRT values are
reduced and incoming organic loads are
augmented while pm1 remains at a relatively
constant low value, the dsCOD/dt value remains
comparatively unchanged. The simulated sCOD
value is in accordance with the mathematical
model presented in (9). The experimental effluent
sCOD value implies that reducing the HRT
extends the adaptation period, while the value of
um1 (bacterial growth velocity) increases over time.

The majority of models employed to
investigate biodegradation kinetics are based
upon the assumption of a maximum specific
growth rate (max), which is predicated upon the
existence of a short retention time, a parameter
that is not feasible for complex biomasses [30].
This suggests that the steady state speed may
become longer. However, at a specific point in
time, the speed of bacterial growth and death will
reach equilibrium, implying the achievement of a
steady state [31]. The effluent sCOD value of the
experimental results signifies that the optimum
steady condition is reached when the reactor
operates at an HRT of 10 days. At an HRT of 10
days, steady state was achieved on day 8, with a
removal efficiency of 73.4% and an effluent sCOD
value of 2,200 mg/L. This suggests that at 10 days
of HRT, the substrate requirement is proportional
for acidogenic bacteria. The proportional amount
of substrate for the system ensures that the speed
of bacterial growth is equal to the speed of death,
thus enabling the steady state speed to be
achieved [32].
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The results of the acidogenic reactor
simulation using the MATLAB approach
demonstrated a correlation with the experimental
data at a specific HRT value. This suggests that
constant value data and mathematical modelling
may be applicable to leachate decomposition in a
dual-stage AFBR.

VFA Formation in Acidogenic Reactor

Volatile fatty acids (VFASs) result from the
biotransformation of complex polymeric organic
molecules into monomers. These monomers are
produced by acidogenic bacteria through the
hydrolysis of sSCOD compounds. Figure 3 presents
simulated and experimental VFA concentrations.

The value of the simulated effluent VFA
shows no decline at the 20, 15, and 10 HRT, unlike
the mathematical model of the ideal acidogenic
reactor (R1) which indicates an increase. It can
therefore be surmised that in this instance, the
acidogenic bacteria population dominates in the
production of VFA, while the methanogen bacteria
population is suppressed to the lowest possible
level. This represents the ideal condition of the
simulation results.

In contrast to the mathematical model, the
experimental results for HRT of 20, 15, and 10
days did not correspond with the anticipated
outcomes, indicating that the reactor has not yet
achieved the necessary acidogenic dominant
conditions at this point in the HRT cycle.

3 1500 ..'.y“”“"'“

myl

VFA

*
.
®0%eee® %
LLTTTTN

1000 /\

2 P

day

—— o sl ¢ efdopedmen | ——ef smnlasi

®  of dopeimen

Figure 3. Profile of VFA formation: (a) HRT of 20

days, (b) HRT of 15 days, (c) HRT of 10 days, (d)

HRT of 5 days, (e) HRT of 2 days, and (f) HRT of
1 day

A double-stage reactor was employed by
[33] for observations, revealing a significant
increase in the number of fluorescent bacteria,
both methanogens and non-methanogens, in the
acidogenic reactor when operated at a long HRT.
It is possible that methanogenic bacteria may be
able to grow well by Day 5, and therefore, when
the HRT is increased, these bacteria can grow and
develop in the acidogenic reactor (R1), leading to
the consumption of VFA [34]. In the simulation, the
optimal condition is depicted by equation 10,
which illustrates the situation where methanogenic
bacteria (X2) cease to grow due to the VFA
consumption (y , )-

The expecrlfrl;fent results demonstrate a trend
comparable to that of the simulation, particularly at
the HRTs of 2.5 days and 1 day. The simulation
showed that the lower the HRT, the less sCOD
was degraded to produce VFA, contributing to a
lower simulated effluent VFA value. Leachate
represents a complex substrate that necessitates
a protracted retention period to facilitate
hydrolysis, with the subsequent production of
simpler end-products in the context of anaerobic
digestion. The research conducted by [35]
reported that reducing the HRT facilitates VFA
production when simple substrates are used,
whereas longer reaction times are required to
digest complex substrates. The simulated VFA
values do not take into account the biofilm
formation process, resulting in lower VFA
formation process (M) by acidogenic bacteria

at short HRT values.X]The lower simulated VFA
value for the effluent indicates that the population
of acidogenic bacteria (X1) is considered to
remain constant across all HRT values [36]. This
contrasts with the experimental results, which
show that the lower the HRT, the higher the VFAs
in the effluent from the acidogenic reactor. The
high yield value is correlated with the optimum
growth rate (Um1) and the higher population of
acidogenic bacteria when the reactor is operated
at a short HRT. At short HRT, the increased
availability of substrate for acidogenic bacteria
suggests higher VFA formation by these bacteria.
It can be concluded that the Ileachate
decomposition process using the AFBR two-stage
system can be optimally achieved in terms of VFA
formation when the reactor is operated at short
HRT. When the OLR is low, the acidogenesis and
methanogenesis processes will take place
simultaneously in the acidogenic reactor and the
whole two-stage system will not be fully utilized
[37].
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By comparing the simulated and
experimental results, it leads to the conclusion that
mathematical modelling using single-stage AFBR
constants requires adjustment to be applied in the
two-stage AFBR.

VFA Degradation in Methanogenic Reactor

The acidogenic reactor effluent provides the
substrate for the methanogenic reactor in the form
of VFA. Figure 4 shows the influent VFA value of
the simulation results and experimental data for
the methanogenic reactor.

The experimental and simulated effluent
VFA values revealed different trends across all
HRT values. When the methanogenic reactor was
operated at a short HRT, the effluent VFA value of
the simulation results did not exhibit any increase
at first. This is due to the fact that the simulation
results did not take into account the adaptation
process of the micro-organisms, which influences
their growth rate. If the growth rate (ug2)
decreases due to the adaptation process, the yield
value produced will also decrease. [38] showed
that the methanogenic microbial growth tends to
decline until day six and then rise until the final
day, when the bacterial concentration drops from
6x107 to 0.6x107 to 1x107/mL, and the activity is
no longer convertible. The experimental effluent
VFA value, which increased after day 20 at each
HRT, was attributed to changes in HRT within the
acidogenic reactor.

These changes cause the concentration of
substrate flowing into the methanogenic reactor to
increase; thus, when the system becomes
unbalanced at a short HRT, it can only metabolize
the substrate into organic acids (measured as
VFA) without sufficient time to convert them into
CH4 [39].

o o dopesimen — of srnlas

VEA (mgh)
.
|

VEA (mg/

® effeloperimen — off samulass o effeloperm —

Figure 4. Profile of VFA degradation: (a) HRT of
20 days, (b) HRT of 10 days, (c) HRT of 5 days,
(d) HRT of 2 days.

Additionally, [40] stated that the hydrodynamics
associated with anaerobic digestion can influence cell
physiology, resulting in a shift from further production to
the generation of unwelcome secondary metabolites
accumulated within the system. Furthermore, inhibition
of fermentative bacteria populations by their primary
product, volatile fatty acids (VFASs), has been observed
when glucose serves as the primary substrate [41].
These observations suggest that the bacteria
require a period of time to adapt to changes in
substrate concentration or influent discharge. This
adaptation process impacts the growth rate
constant and the yield value in the methanogenic
reactor. These results cannot be replicated by
simulation, where the constant value remains
unchanging regardless of the microorganism
recovery process. The constant value that
remains throughout the process contributes to the
discrepancy between simulation and experimental
results. The constant velocity value is correlated
with the steady state observed in the simulation
results.

The simulated effluent VFA value signifies
that the steady state can be achieved with a
similar temporal pattern between the 10th and
11th day. In contrast, the effluent VFA values of
experimental results demonstrate that each HRT
exhibits a distinct temporal profile in reaching the
steady state. This is attributed to the varying
growth speeds at different HRTs, which
consequently influence the duration of reaching
the steady state. The simulated effluent VFA value
reached a steady state of 100 mg/L at each HRT.
The experimental effluent VFA value reached a
steady state of 400 mg/L at each HRT. This
indicates that methanogenic bacteria require a
certain minimum VFA concentration to survive
[42]. In order to prevent a reduction in effluent
VFA levels below 400 mg/L, it was necessary to
determine the optimal substrate concentration for
X2 production. The results of the reactor
simulation suggest that the minimum substrate
requirement for X2 bacteria is only 100 mg/L, a
finding that is consistent with the experimental
observations. The differing minimum substrate
requirements are specified due to the influence
that biofilm formation has on the microbial load in
a bioreactor [43]. Research conducted by [44]
explained that an increase in biofilm thickness is
anticipated with extended operation times within a
reactor, which may influence the simulation
outcome.

CH4 Formation in Methanogenic Reactor

The formation of methane (CHj) is an
indicator of the success of the methanogenic
reactor. Methane production results from the
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consumption of VFA by methanogenic bacteria.
The value of VFA produced is proportional to the
value of sCOD decomposed. Figure 5 and Figure
6 exhibits the methane production data of
experimental and simulation results in the
methanogenic reactor.

In comparison to the experimental results
observed in the continuous phase of the
methanogenic reactor, the simulated results tend
to underestimate the CH4 production values.

This phenomenon appears to be correlated
with the findings presented in Figure 5, where at
shorter residence times, there was a notable
increase in CH,4 production, which consequently
affected the accumulation value observed in
Figure 6.

Figure 5. Profile of Production CH4: (a) HRT of 20
days, (b) HRT of 10 days, (c) HRT of 5 days, and
(d) HRT of 2 days

3 1000

day

o coperimen samlasi o doperioen

Figure 6. Profile of Accumulation Production CHa:
(a) HRT of 20 days, (b) HRT of 10 days, (c) HRT
of 5 days, and (d) HRT of 2 days

Gradual increase in OLR and HRT has
been demonstrated to enhance the efficacy of the
anaerobic digestion process, with a concomitant
impact on methane production [45]. The YCH4/X2
constant demonstrated an inherent low value,
which can be attributed to the characteristics
observed during the batch phase. During this
phase, there was a decline in substrate demand
over time, reducing the yield of methane, a product
of methanogenic bacteria. The kinetic constants
observed in different reactor types exhibited
distinct values and characteristics [46], and thus,
adaptations are imperative when adopting batch
reactor kinetic constants for continuous reactor
operation.

The VFA substrate obtained from the
methanogenic reactor in the continuous phase
transferred from the acidogenic reactor had a
consistently high level of availability and
stimulated the growth rate of methanogenic
bacteria (Um2). It is evident that the high substrate
value influences the CH, vyield generated by
methanogenic bacteria and their accelerated
growth speed (um2), which consequently affects
the elevated RS value (substrate consumption)
[47]. The growth rate of X2 (methanogenic)
bacteria will impact the YCH4/X2 value produced
in the methanogenic reactor. Furthermore, it is
possible that the number of methanogenic
bacteria will be lower than that of acidogenic
bacteria that grow at a faster rate [48] at the
acidogen reactor (R1) when operating at short
residence times. The accumulation of acid at this
stage is associated with the formation of
significant quantities of methane. This observation
is in accordance with prior studies which reported
that conditions with high OLR can result in
methane concentrations exceeding 60% [49]. The
constant value employed in the batch phase
proved to be unsuitable when the reactor operates
continuously. This inadequate constant value
resulted in simulation data that is significantly
divergent from the experimental data.

Kinetic Constant Evaluation

The objective of evaluating kinetics through
mathematical modelling is to identify any
discrepancies that may arise as a result of the
kinetics data and mathematical equations
employed. A comparison of the experimental data
from the AFBR double-column reactor with the
simulation results of the methanogen reactor (R2)
revealed significant discrepancies in the
decomposition of volatile fatty acids (VFA) and
methane (CH.,) production.
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Table 5. Summary of kinetic parameters

Constant Value

Hm1 0.6739 day™

Hm2 0.6041 day™

Ksx 0.6054 mg COD/mg acidogenic

Ksxa 0.7110 mg VFA/mg methanogen

Yxucop 2.3018 mg acidogenic/mg COD

Y xarvra 0.0892 mg methanogen/ mg VFA

YcHaixz 580.95 (mg CH4/L) / (mg methanogen
cell/L)

Yveaxi 0.9332 mg VFA/mg acidogenic

kd 0.2427 day™*

kd> 0.2248 day™*

The simulation data indicates an

underestimation of CH, production, while the VFA
decomposition simulation data tends to
overestimate compared to the experimental
results. The underestimation in CH4 production
suggests that the constant Ks value used in the
continuous reactor may not be accurate. As the
microorganism adaptation process increases, so
does the tendency for the Ks value to decrease,
particularly at low HRT or high OLR. The values of
Ks that tend to decrease have an impact on the
affinity between microorganisms and the substrate
they are growing on, as well as the growth rate of
these microorganisms. The Ks value based on the
Monod equation implies that when good affinity
between bacteria and substrate is observed, the
growth rate of bacteria will approach the maximum
growth rate. This is less relevant for reactors that
operate continuously. In contrast, low affinity
between bacteria and substrate will impact the
growth rate of methanogenic bacteria during the
process [50]. The Monod equation's Ks value, as
well as the Contois kinetics model, are more
pertinent for ideals substrate scenarios and are
therefore not applicable for complex ones, such as
leachate. The Contois model incorporates a
microbial concentration term, which enables a
description of both the microbes and the finite
conditions of the substrate [51]. In his explanation
regarding the differing conduct of the Ks values
observed in continuous anaerobic digesters and
batch reactors, [52] highlighted the importance of
recognizing these variations.

Table 5 demonstrates the unchanging
growth value of methanogen microorganisms (u2),
which is inconsistent with previous findings,
indicating that the growth rate of microorganisms
(umax) tends to rise as the Ks value increases
[36]. An increase in growth could potentially be
explained by the utilization of microbial
immobilization media for biofilm formation.
Research carried out by [53] reported that the
addition of immobilization media can affect the
efficiency of biogas formation. A subsequent study
suggests a positive correlation between biogas

formation and the use of zeolite as an
immobilization medium, with an impact on the
specific growth rate of 59% and a methane yield
of 320 mL-CH4/g-COD [54]. The formation of
biofilm on immobilized media is not
accommodated within the constraints  of
conventional kinetics, [55] posits that biofilm
growth is driven by diffusion, interactions, and
competition for bacterial growth at elevated VFA
concentrations.

Furthermore, the deviation of CH,
production values (y¢Hs ) in the methanogen

X
reactor is due to the cons%ant. The increase in VFA
concentration transferred from R1 to R2 resulted
in an increase in CH4 production by X2. The
increase in VFA concentration at low HRT should
have resulted in a higher Y value of y X, thus

. . . XHy
increasing the value of y ¢Hs. This conclusion is

X
consistent with findings repczjrted by [55, 56, 57],
which demonstrated that methane production
tends to increase in concert with elevated
concentrations of VFA and is associated with the
proliferation of methanogenic microorganisms
(u2). It is evident that there is a discrepancy
between the simulated and experimental results
with regards to the degradation of VFA. This
discrepancy can be attributed to the fact that the
kinetic constants associated with the acidogenic
reactor were not included. Consequently, the
value of y X, was not taken into consideration.

VFA
This has led to the assumption that all the
substrate is utilised by X1 to pm1, resulting in the
production of VFA (Y @).

X1

CONCLUSION

The verification results between the
calculated simulation and experimental data lead
to the conclusion that the mathematical
modification of the Contois and Monod kinetics
constants is representative of the double-stage
AFBR reactor at short HRT operation in the
decomposition of leachate water complex
substrate. The mathematical model considers the
specific characteristics of each acidogenic and
methanogen reactor under ideal conditions.
Despite the simplifications made in this
mathematical model, it still encompasses the
phenomena observed in biological processes.
However, the batch phase kinetic constant value
is not suitable for application to the double-stages
AFBR reactor when the reactor operates
continuously with a long HRT. Furthermore, the
proposed model also accounts for OLR changes,
accurately predicting the trends observed.
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