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Abstract 

Background Spoiled milk from the dairy industry was subjected to anaerobic treatment to produce biogas at 37℃ 
in this experiment. Parameters such as inoculum dosage, pH, Chemical Oxygen Demand (COD), and retention time 
were optimized in a laboratory-scale batch reactor for 90 days.

Methods The anaerobic digestion of spoilt milk was carried out in a laboratory setting using a batch reactor. Then, 
using the recognized protocols of the APHA, the characteristics of the spoilt milk were assessed. In order to enhance 
the accuracy of predicting the reactor’s performance, the research adopted two different models for kinetic analysis: 
the Stover-Kincannon model and the Grau second-order multi-component model. The reactor’s improved perfor-
mance, as indicated by evaluated kinetic parameters, was shown by the superior results from both of these models.

Results The results attained from the reactor’s performance were then used as a reference to improve biogas produc-
tion in a 100 L Anaerobic Sequential Batch Reactor (ASBR) for 45 days. The ASBR achieved a high COD removal efficiency 
of 92.4% and produced a maximum of 70.4 L of biogas per liter of spoiled milk, equivalent to 69.6% methane content.

Conclusion The Stover-Kincannon model yielded kinetic parameters of  Umax = 0.295 gCOD/L and  KB = 12.87 gCOD/L, 
whereas the Grau second-order model presented kinetic coefficients a = 6.744 and b = 2.578. The results obtained 
from the two models suggest that the investigated kinetic coefficients could be improved upon to increase the reac-
tor’s capability for handling different substrates during the AD process.

Keywords Spoiled milk, Anaerobic digestion, Hydraulic retention time, Biogas, Mesophilic temperature

Background
Biogas can be produced from dairy industries through 
the anaerobic digestion of organic waste materials such 
as cow manure, spoiled milk, and other dairy processing 
byproducts [50]. This process breaks down the organic 

matter, producing biogas which can be used as a renew-
able energy source for heating, electricity generation, or 
transportation. Biogas production from dairy industries 
not only generates energy but also helps to manage waste 
and reduce greenhouse gas emissions [29, 51]. Dairy 
wastewater is a type of industrial wastewater that is pro-
duced during the processing of milk and dairy products 
such as cheese, butter, and yoghurt [22]. It is character-
ized by high levels of organic matter, suspended solids, 
nutrients, and fats [10].
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The composition of dairy wastewater can vary depend-
ing on the specific production processes but typi-
cally includes lactose, proteins, fats, and minerals such 
as phosphorus and nitrogen [9, 38]. The high levels 
of organic matter such as biological oxygen demand 
(BOD) and chemical oxygen demand (COD) make dairy 
wastewater highly biodegradable, but it also makes it a 
potential source of environmental pollution if not prop-
erly treated [47]. The presence of fats and oils in dairy 
wastewater can cause blockages and fouling in pipes and 
equipment if not removed or treated appropriately [18]. 
Researchers are focusing on waste produced by dairy 
industries because of their abundance and inadequate 
management. For instance, the National Institute of Sta-
tistics ISTAT conducted a survey that revealed Italy’s 
milk production in 2011 was 2.653 million tonnes, and 
around 2.5–3.0% of this quantity was discarded as spoiled 
and sent back to the processing plant [16].

In most cases, dairy wastewater has been treated 
conventionally using physical–chemical methods such 
as coagulation, flocculation, precipitation, adsorption, 
and filtration [37, 54]. Nevertheless, there are several 
challenges that limit the broad adoption of these 
traditional techniques, such as the requirement for 
chemicals like flocculants and coagulants that are non-
recyclable and difficult to economically regenerate 
[6, 15]. Increasing the expense of operations, regular 
maintenance, and regeneration are further concerns. 
Chemical adjustments are also required to improve 
effective adsorption [39].

Anaerobic treatment of dairy wastewater and spoiled 
milk is an important process because it can effectively 
treat the high levels of organic matter and nutrients found 
in the wastewater while also producing biogas as a valu-
able byproduct [16, 43]. For instance, spoiled milk (Fig. 1) 
contains water, fats, carbohydrates, and proteins as its pri-
mary components [24]. Hence, anaerobic digestion (AD) 

is an effective technique to process it, as it generates a 
considerable amount of methane and assists in the stabi-
lization of the organic matter [20, 31]. Nonetheless, there 
is a scarcity of experimental data regarding the anaerobic 
digestion of this waste. The AD process involves the use of 
specialized anaerobic bacteria to break down the organic 
matter in the wastewater, converting it into biogas which 
can be used as a renewable energy source [41]. Initially, 
the composition of biogas is around 65–70% methane, as 
well as carbon dioxide and some impurities like siloxanes, 
ammonia, and hydrogen sulfide in small quantities [27].

There are several reasons why there has been an 
increase in interest in developed countries for the 
advancement of technologies for exploiting renewable 
energy sources such as biomass. In most cases, the cli-
mate change such as global warming has been one of the 
major reasons [30]. Global efforts are being made to min-
imize emissions and switch to renewable energy sources 
in response to the risk of environmental changes brought 
on by greenhouse gas emissions from fossil fuels [13, 35]. 
Because it only emits the same amount of carbon dioxide 
as was absorbed by the plants throughout their growth, 
biomass is regarded as a carbon–neutral energy source. 
Additionally, the dependence on imported fossil fuels 
can lead to energy security concerns for many developed 
countries [34]. For instance, energy shortages and price 
spikes, can have significant economic and social conse-
quences. The use of domestic biomass resources can help 
to reduce this dependence and improve energy security.

Because spoiled milk can contain high levels of bac-
teria and other contaminants, it is important to handle 
and dispose of it properly to prevent contamination of 
the environment or other products [4]. In some cases, 
spoiled milk may be treated or processed to reduce the 
bacterial load before it is discarded or repurposed. In 
this study, spoiled milk that was obtained from the Aru-
sha Milk factory was analyzed to determine its potential 

Fig. 1 Images of spoiled milk and pure milk
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for biogas generation. A range of laboratory experiments 
were carried out to optimize various parameters for the 
pilot plant. The pilot plant involved the use of an Anaero-
bic Sequencing Batch Reactor (ASBR) to generate biogas 
on a larger scale. Before milk processing, milk is collected 
from various livestock keepers in the Arusha region using 
specific containers of varying capacities. Before being 
processed, the milk is then treated through the pasteuri-
zation process to kill various microbes. However, a small 
proportion of milk may deteriorate during the treatment 
process due to bacterial contamination. This quantity of 
spoiled milk is regarded as waste and is discarded before 
being discharged from the factory together with other 
effluents.

Nevertheless, the choice of reactor is critical for a suc-
cessful AD process and may enhance the quality of the 
biogas produced. The AD process often involves the use 
of reactors as the continuous stirred tank reactor (CSTR), 
upflow anaerobic sludge blanket reactor (UASBR), anaer-
obic sequencing batch reactor (ASBR), etc. For example, 
in the UASBR, wastewater is introduced at the bottom 
of the reactor, and the sludge bed acts as both a support 
medium and a source of microorganisms for the diges-
tion process [25]. Conversely, the ASBR which operates 
in batch mode, with the wastewater introduced into the 
reactor for a set period of time before being removed is 
also used. The ASBR system includes mixing, settling, 
and decanting phases, which can be adjusted to opti-
mize the digestion process [46]. In this experiment, the 
batch reactor was adopted for laboratory scale due to its 
simplicity and affordability. However, in order to maxi-
mize the amount of biogas for practical usage into vari-
ous social institutions such as schools, hospitals, and jails 
where energy demand is high due to a higher population, 
anaerobic sequencing batch reactor (ASBR) depicted 
higher performance with incredible results. The suc-
cessful performance of this reactor prompted for further 
modeling of its operation in order to gain insight into its 
application at a wider scale and to make performance 
predictions easier.

The performance of the anaerobic reactors is usually 
described using various modelling techniques in which 
kinetic models such as Graef and Andrews’s model, 
Michaelis–Menten model, Monod model, McCarthy and 
Young Model, Contois model, Grau second-order mul-
ticomponent substrate removal model, modified Stover-
Kincannon model and Borja substrate balance model are 
used. Depending on the anticipated reactor efficiency 
during anaerobic digestion, the approach for each model 
varies. The modified Stover-Kincannon and Grau second-
order models will be deployed during this study in order 
to efficiently identify the kinetic parameters necessary for 
predicting the concentration of effluent substrate.

The main objective of this study is to prevent the mix-
ing of spoiled milk from the source with effluent, which 
is potentially recycled for other purposes, such as irriga-
tion. However, the level of nutrients in the solid sludge 
can be increased during the AD treatment, in which the 
recovered digestate can be employed as fertilizer. Moreo-
ver, the energy in the form of biogas is recovered through 
the AD process of spoiled milk and performance of the 
reactor is also evaluated through kinetic models.

Kinetic modeling of ASBR
Kinetic modeling is a mathematical tool used to describe 
the physical, chemical, and biological processes taking 
place in the reactor during the AD process [28, 45]. The 
modeling technique enables the reactor’s design and 
operation, which in turn makes the process of optimizing 
parameters and the reactor’s performance simpler. 
Kinetic modeling often contributes in the analysis of the 
reaction rates of various microorganisms involved in the 
AD process during biogas production. As a result, based 
on the reaction rate, various parameters can be optimized 
as well as the reactor configuration.

Methods
Materials and inoculum
The experiment utilized spoiled milk sourced from the 
Arusha Milk Factory in Arusha, Tanzania. The spoiled 
milk was mixed with cow dung at a concentration of 
10% w/v and passed through a 45 mesh screen to remove 
larger particles. The resulting sludge was employed as 
a seed culture for creating inoculum for the study. The 
sludge was subjected to a 90-day anaerobic acclimation 
process with the spoiled milk to ensure complete digestion. 
This acclimated inoculum aided the rapid initiation of the 
biogas digester.

Analytical methods
The properties of the spoiled milk were evaluated 
according to the APHA’s established procedures [8]. The 
Chemical Oxygen Demand (COD) at both the inlet and 
outlet points was measured using the ISO 6060 tech-
nique. The quantity of biogas obtained was determined 
through volume measurement utilizing a wet gas meter 
of appropriate scale, while its constituents were identi-
fied by subjecting it to gas chromatography using a Var-
ian Analytical Instrument CP-3800 series apparatus. 
Two kinds of detectors were utilized, namely the flame 
ionization detector and the thermal conductivity detec-
tor. Elemental composition in the substrate mixture was 
analyzed by using inductively coupled plasma – optical 
emission spectroscopy (Thermo iCap 6200 ICP – OES). 
The characteristics of the spoiled milk are summarized 
in Table 1.
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Batch reactor
A laboratory-scale batch reactor was employed to con-
duct anaerobic digestion of spoiled milk. The reactor 
had a total capacity of 7 L, with 5.5 L of working volume 
designed for the experiment (Fig.  2). To ensure uni-
formity of the mixture, a stirrer rotating at 40 rpm was 
installed in the reactor and operated once per day. How-
ever, additional wastewater was eliminated at regular 
intervals to maintain a constant volume in the reactor. 
Additionally, a water jacket was incorporated into the 
reactor to regulate the temperature. Temperature sen-
sors were submerged in the water jacket, which was set 
to maintain a mesophilic condition at a temperature of 
37℃. In addition, a gas outlet pipe was connected at the 
top of the reactor, which was linked to a wet gas meter 
of appropriate scale set at room temperature. The pH 
was regulated to the needed level using a solution of 5% 
sodium bicarbonate.

The preliminary experiment
The initial setup included a floating drum ASBR, which 
had a capacity of 100 L for operation (Fig.  3), made of 
fiber glass materials. The reactor was then fed with influ-
ent consistently while maintaining the desired pH level. 
A 4.5-L capacity acclimatizing tank was employed to 
dose aqueous solutions of sodium bicarbonate, which 

helped in regulating the pH of the influent. This research 
was carried out at a room temperature range of 37 ± 3℃, 
where the amount of biogas produced on a daily basis 
was determined. To ensure a consistent volume of the 
reactor, additional wastewater was eliminated at regular 
intervals. When necessary, the biogas was sampled, and 
its volume was measured at room temperature before 
being released.

Kinetic modelling reckonings
Modified Stover—Kincannon model
Early in the 1980s, Stover and Kincannon proposed an 
organic loading rate utilized in monomolecular kinetics 
for biofilm bioreactors that was related to the substrate 
consumption rate in a kinetic model for biofilm reactor 
[28]. Equation  1 represents the original Stover-Kincan-
non model, which was originally put forward for rotating 
discs in the biological wastewater treatment systems.

Where A is the disc surface area supporting the active 
biomass,  S0 denotes the initial concentration (gCOD/L), 
S is the substrate concentration in the reactor at time t, q 

(1)
dS

dt
=

Umax
qS0
A

KB +
qS0
A

Table 1 Evaluation of different parameter characteristics

Physicochemical properties and elemental composition of spoiled milk in mg/L The relationship between COD digested at various 
concentration with biogas produced

Parameter Concentration (mg/L) COD (mg/L) Volume of biogas 
produced per gram of 
COD (L/g)

pH 6.5 ± 0.5 50,000 ± 100 0.452

Total solids 148,715 ± 1500 75,000 ± 100 0.410

Total volatile solids 98,210 ± 1612 100,000 ± 100 0.382

Suspended solids 1642 ± 228 125,000 ± 100 0.358

Volatile suspended solids 1702 ± 210 150,000 ± 100 0.317

Total COD 198,812 ± 58,800 175,000 ± 100 0.286

Total phosphorous 143 ± 12 200,000 ± 100 0.240

Lipid 29,215 ± 380 225,000 ± 100 0.362

Chloride 529 ± 62 250,00 ± 100 0.331

Calcium 1394 ± 88

Magnesium 99 ± 10

Sodium 1112 ± 152

Potassium 1482 ± 153

Copper 4 ± 0.5

Manganese 6 ± 1

Nickel 3 ± 0.5

Iron 18 ± 3

Zinc 4 ± 0.5
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is the flow rate,  Umax is the maximum removal rate con-
stant and  KB is the saturation value constant.

Equation  1 was modified by replacing the organic 
loading rate as represented by Eq.  2 with the substrate 
utilization rate.

Where V is the volume of the reactor. However, the 
expression of dS/dt in the Eq.  3 suggests that it might 
linearize under steady-state circumstances without any 
organic matter building up inside the bioreactor.

(2)
dS

dt
=

Umax

(

qS0
V

)

KB +

(

qS0
V

)

(3)dS

dt
=

q
(

S0− S
)

V

Equation  4 is the outcome of Eq.  2 being linearized 
with Eq. 3.

At steady state, the hydraulic retention time is given by 
Eq. 5;

Equation 4 can be re-arranged using Eq. 5 to give Eq. 6;

Therefore, Eq. 6 will give a straight line with a slope of 
KB

Umax
 and an intercept of 1

Umax
 when 

(

HRT
S0 − S

)

 is plotted 

(4)
V

q(S0− S)
=

KB V

Umax q S0
+

1

Umax

(5)HRT =
V

q

(6)
HRT

(S0− S)
=

KB HRT

Umax S0
+

1

Umax

Fig. 2 Laboratory scale experimental set up

Fig. 3 Preliminary experiment for ASBR biogas production
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against 
(

HRT
S0

)

 , giving the Stover—Kincannon kinetic 
parameters.

However, both the effluent substrate amount and 
reactor performance may be predicted using these 
parameters. Dividing HRT to Eq.  6 gives a simplified 
Eq. 7;

To determine the substrate concentration in the 
reactor’s effluent, Eq. 8 can be derived from Eq. 7 further, 
and thus provides a correlation.

Grau second‑order model
Grau [36] created a multi-component substrate model 
with linear characteristics to explain and estimate 
substrate concentration. This model incorporates second-
order chemical reaction kinetics and the Monod model 
[32], where the influent substrate concentration remains 
unaffected by the effluent substrate concentration. 
Equation  9 presents the overarching formula for the 
second-order kinetic model developed by Grau.

By integrating and linearizing Eq.  9, we arrive at 
Eq.  10. This equation establishes a relationship that 
can be utilized to calculate the parameters of the Grau 
second-order multi-component substrate removal 
model, necessary for the prediction of effluent substrate 
concentration.

Equation 10 can be further simplified to Eq. 11.

Where; a denotes the substrate kinetics 
(

S0
KS X

)

 , E 
represents the substrate removal efficiency given by 
(

S− S
S0

)

 and b is the coefficient of the HRT.

Results
As observed in Table  1, different parameter character-
istics were analyzed from spoilt milk. The parameters 
analyzed included the COD, TS, VS, pH, elemental com-
position, and volume of the biogas. Results indicated that 

(7)
1

S0− S
=

KB

Umax S0
+

1

HRT ×Umax

(8)S = S0−
Umax

KB

S0
+

1
HRT

(9)−
dS

dt
= KS . X .

(

S

S0

)2

(10)
HRT . S0

S0− S
= HRT −

S0

KS . X

(11)
HRT

E
= a+ b ·HRT

the highest biogas (49.5 L) was produced at a pH ranging 
between 6.5 and 7.5 (Fig. 4). However, the findings pre-
sented in Fig.  5 indicate that the largest biogas volume 
was obtained with a 10% inoculum dosage. As demon-
strated in Table  1, the biogas output per gram of COD 
degraded decreased from 0.452 to 0.331 L in the range of 
50,000 to 250,000 mg/L.

On the other hand, a lower concentration of COD 
resulted in a greater rate of COD breakdown, particu-
larly when COD in various ranges was treated over reac-
tion periods of 12 to 24 hours (Fig.  6). The stability of 
the digestion process and biogas production in the pre-
liminary experiment was achieved on the second day, as 
illustrated in Fig.  7. The cumulative biogas production 
for the entire 45-day period was 15.84  m3 from a total of 
225 L of influent spoiled milk in which the COD removal 
efficiency in the large-scale production was found to be 
92.4% from an average effluent COD of 15,210±80 mg/L. 
However, this achievement aligns with the VFA/Alka-
linity ratio falling between 0.1 and 0.3, as illustrated in 
Fig. 8, which is within the acceptable range.

The linear regression with a value of 0.923 (Fig. 9), the 
maximum removal rate constant (Umax) at 0.295 g/L, and 
the saturation value constant  (KB) at 12.87 g/L, were the 
parameters derived from the Stover – Kincannon model. 
The parameters derived from the Grau second-order 
model yielded substrate kinetics parameters with values 
of 6.474 for parameter "a" and 2.578 for the coefficient of 
hydraulic retention time "b" as indicated in Fig. 10.

Discussion
Characteristics of spoiled milk
A sample was analyzed for its physicochemical charac-
teristics to determine the extent of spoilage in milk over 
a period of 90  days, with a consistent interval between 
each analysis (Table  1). The physicochemical properties 
of spoiled milk include measurements of chemical oxy-
gen demand (COD), total solids (TS), and volatile solids 
(VS). The results indicate that higher levels of COD can 
signify greater levels of bacterial activity and decompo-
sition [5]. Total solids (TS) refers to the total amount of 
solids present in the milk, including both organic and 
inorganic materials. Volatile solids (VS) refers specifi-
cally to the organic portion of the total solids and can 
give an indication of the level of biodegradability of the 
milk. In general, as milk spoils, the levels of TS and VS 
may increase due to the breakdown of milk proteins and 
other organic matter by bacteria [33]. The COD may also 
increase due to the production of acids and other organic 
compounds by the bacteria which lowers the pH. These 
measurements are useful in assessing the degree of spoil-
age in milk and in determining the best methods for dis-
posal or treatment.
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Nevertheless, the elemental composition of spoiled 
milk can vary depending on the type of bacteria or 
other microorganisms present and the extent of spoil-
age. In general, milk contains a variety of essential 
minerals such as calcium, phosphorus, magnesium, 
potassium, and sodium, as well as trace elements such 
as iron, zinc, copper, and manganese. However, the 
concentrations of these elements may change as milk 
spoils.

Batch reactor test
The effect of pH
The pH of the anaerobic digester and inoculum plays a 
crucial role in the microbial activity and the production 
of biogas. The optimal pH range for methane-producing 
bacteria in this study was typically ranged between 5 and 
8. For all pH studies, a Hydraulic Retention Time (HRT) 
of 48 h was kept constant while using an inoculum that 
accounted for 10% of the initial COD loading, which was 
measured to be 125,000 ± 100 mg/L. At lower pH (acidic), 
it was evident that the methane-producing bacteria was 
inhibited, leading to a decrease in biogas production. 
The decrease in pH is anticipated to impede the prolif-
eration of methanogenic bacteria that consume hydro-
gen, leading to an increase in hydrogen partial pressure 
[12]. Methanogenic bacteria use hydrogen as part of their 
metabolic process to convert  CO2 to methane  (CH4), a 
process known as methanogenesis [49, 55]. This process 
lowers the partial pressure of hydrogen because the bac-
teria use hydrogen as an electron donor [42, 44]. This, in 
turn, results in the further accumulation of volatile fatty 
acids.

The highest biogas production was observed within the 
pH range of 6.5 to 7.5, with the best result obtained at a 
pH of 7 as indicated in Fig. 4. On the other hand, at an 
elevated pH level (alkaline), the activity of other micro-
bial populations are favored, resulting in the production 
of less desirable gases like hydrogen and carbon dioxide, 
and an increase in methane production. Therefore, it is 
important to maintain the pH within the optimal range to 
maximize biogas production. However, the pH and HRT 
are interdependent factors that need to be carefully man-
aged in anaerobic digestion processes to achieve efficient 
biogas production. Generally, a longer HRT results in a 
higher biogas production, because it allows more time 
for the microbial community to convert the substrate to 
methane and carbon dioxide. However, if the HRT is too 
long, it may lead to substrate accumulation and inhibi-
tion of methane-producing bacteria due to the accumula-
tion of intermediate metabolites.

The influence of inoculum on biogas production
Different volumes of inoculum dosage were employed, 
ranging from 5 to 25%. However, the slow growth rate 
of microorganisms caused instability in the anaerobic 
digestion process at the start, as these microorganisms 
require time to adjust to the spoiled milk environment 
in the reactor to ensure efficient anaerobic digestion. 
The findings presented in Fig. 5 indicate that the largest 
biogas volume was obtained with a 10% inoculum 
dosage. However, increasing the dosage did not result in 
significant changes to the biogas yield. Hence, this study 
recommends a 10% inoculum dosage as the optimal level 
for this experiment.

Fig. 4 The effect of pH on biogas production
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The effect of COD and TS loading
The correlation between the quantity of initial COD 
loading and the amount of biogas generated is displayed 
in Table  1. According to the findings, greater amounts 
of COD lead to a reduction in biogas volume, whereas 
smaller amounts of COD result in an increase in biogas 
volume [1, 17]. However, the production of biogas in this 
experiment was observed to follow a linear increase ini-
tially, followed by a slower non-linear increase, and finally 
reaching a state of saturation, referred to as complete 

digestion [2, 11]. The duration of complete digestion was 
affected by the initial COD concentration, as the ratio of 
food to microorganisms differed as a result. A balanced 
ratio is essential for optimal performance, as too much or 
too little food can lead to problems such as acidification 
or inhibition of the microorganisms, resulting in reduced 
biogas production [7, 52]. This study indicates that a 
greater amount of COD necessitates a lengthier duration 
for microorganisms to decompose it. This, in turn, affects 
the quantity of biogas generated, as a substantial decrease 

Fig. 5 The effect of inoculum on biogas production

Fig. 6 The effect of COD loading
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in the volume of biogas produced occurs with an increase 
in the COD concentration [48]. As demonstrated in 
Table  1, the biogas output per gram of COD degraded 
decreased from 0.452 to 0.331 L in the range of 50,000 
to 250,000  mg/L. The occurrence of this instability is 
typically observed when the feed is overloaded. That not-
withstanding, Table  1 shows that the amount of biogas 
produced at total COD (0.286 L/g COD) is less than the 
amount generated at TS (0.410 L/g COD). Therefore, it 
is essential to balance the parameters of TS and COD 
in order to improve the stability of the AD process, as 

TS contains both organic and inorganic substances [3, 
23].On the other hand, a lower concentration of COD 
resulted in a greater rate of COD breakdown, particularly 
when COD in various ranges was treated over reaction 
periods of 12 to 24 h (Fig. 6).

The preliminary experiment
The laboratory experiment provided the optimal 
parameters, including inoculum, pH, and retention 
time, which were used to feed the ASBR reactor for 
large scale production of biogas. Spoiled milk with an 

Fig. 7 The effect of hydraulic retention time on biogas production

Fig. 8 Evaluation of the Stover—Kincannon kinetic parameters on the ASBR
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average COD of 200,000 ± 100 mg/L was chosen as the 
optimal range, and a daily loading of 5 L/day was main-
tained for 45 days with a feeding rate of 1 kg COD/day. 
These data were used to compare the daily biogas pro-
duction in relation to the retention time. After acclima-
tization, the average biogas production was observed 
to be 352 L per day, which was equivalent to a meth-
ane content in the range of 60.5 to 69.6% for the entire 
digestion process. The stability of the digestion process 
and biogas production was achieved from the second 
day, as illustrated in Fig. 7, because milk was found to 
be easily biodegradable compared to other substrates 

like cow dung [40], abattoir waste [26], municipal 
solid waste [53], and food waste [14]. The cumulative 
biogas production for the entire 45-day period was 
15.84  m3 from a total of 225 L of influent spoiled milk. 
Therefore, for every liter of spoiled milk, an aver-
age of 70.4 L of biogas can be produced. However, the 
COD removal efficiency in the large scale production 
was found to be 92.4% from an average effluent COD 
of 15,210 ± 80  mg/L.  Nonetheless as Fig.  8 shows, this 
accomplishment is consistent with the VFA/Alkalinity 
ratio laying within the permissible range, specifically 
between 0.1 and 0.3 [27].

Fig. 9 VFA/Alkalinity ratio of ASBR

Fig. 10 Evaluation of the Grau second order kinetic parameters on the ASBR
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The stover – Kincannon model
The assessment of linear regression with a value of 0.923 
(Fig.  8), the maximum removal rate constant (Umax) 
at 0.295  g/L, and the saturation value constant  (KB) at 
12.87  g/L, demonstrates a strong model’s precision. 
These parameters, derived from the slope and intercept, 
collectively contribute to the high level of confidence 
in the model’s accuracy. The findings suggest that the 
reactor tailored for the anaerobic digestion (AD) of 
spoiled milk exhibited superior performance, as the 
kinetic parameters acquired exceeded those documented 
in other research studies. As an example, in the 
investigation conducted by Kapdan and Aslan [21], who 
utilized a photobioreactor setup for nitrogen removal, 
the highest removal rate constant,  Umax, was 0.013  g/L, 
while the saturation value constant,  KB, was 0.0103 g/L.

However, this achievement aligns with the VFA/
Alkalinity ratio falling between 0.1 and 0.3, as illustrated 
in Fig.  9, which is within the acceptable range [27]. 
Conversely, the elevated VFA/Alkalinity ratio observed 
on the 25th day of anaerobic digestion was attributed 
to the acidification levels stemming from the microbial 
analysis of spoiled milk before the methanogenic bacteria 
acclimatized.

Grau second order
The parameters derived from the Grau second order 
model were suggestive of the model’s effectiveness, 
showing improved substrate removal efficiency denoted 
by E in Fig. 10. This efficiency increased with the exten-
sion of hydraulic retention time. The Grau second-order 
kinetic model characterizes the elimination of multiple 
components in the substrate. In this model, the bioreac-
tor retains packing materials and other granules, which 
influences the kinetics of various parameters. This reten-
tion of organic matter within the anaerobic digestion 
process has an impact on these parameters.

In general, the Grau second-order model yielded 
substrate kinetics parameters in this investigation, 
with values of 6.474 for parameter "a" and 2.578 for the 
coefficient of hydraulic retention time "b". Nonetheless, 
outcomes from the research conducted by Njoya and 
coauthors [28], focusing on the anaerobic treatment 
of poultry slaughterhouse wastewater using a reactor, 
indicated that the substrate kinetics parameters "a" and 
the coefficient of hydraulic retention time "b" were 0.058 
and 1.112, respectively. These values were lower than 
those acquired in the present study. As noted by Isiki 
and Sponza [19], the augmentation of kinetic coefficients 
contributes to enhanced removal efficiency, attributed 
to greater biomass retention influenced by the reactor’s 
effectiveness in amalgamating and retaining non-uniform 
substrate mixtures.

Conclusion
The laboratory experiment played a crucial role in optimiz-
ing the performance of the reactor. By optimizing certain 
parameters, the production of biogas using the same sub-
strate was improved. Results showed that the ASBR reac-
tor in the pilot plant was able to produce a high amount 
of methane content, reaching approximately 69.6%. This 
resulted in an average of 70.4 L of biogas produced per liter 
of spoiled milk. Additionally, a high COD removal efficiency 
of 92.4% was achieved. Accordingly, the linear regression 
equations derived from the Stover-Kincannon and Grau 
second-order multi-component models revealed  R2 values 
exceeding 80% for each of them. The findings from both 
models indicate the potential for refining the studied kinetic 
coefficients to enhance the reactor’s efficiency in treating 
various substrates during the AD process. In conclusion, 
treating spoiled milk with the ASBR proved to be an effec-
tive way of producing more biogas as an alternative energy 
source and promoting environmental conservation.
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