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Abstract

Inoculum plays a vital role in providing initial microbial population in anaerobic process. There is unavailability of
standard inoculum in the Pakistan and the available inoculum requires pretreatment and preparation before use. Thus,
in this study the effect of inoculum type and organic loading (OL) on the biogas yield of sunflower meal and wheat
straw was evaluated. For this purpose, lab scale batch experiments were conducted at OL of 2 g VS L− 1 in 225mL glass
bottle using digested manure, acclimatized sludge and septic tank sludge as inoculum. The highest biogas yield and
volatile solids reduction of 768 NmL g− 1 VS and 78%, respectively, were observed from sunflower meal with digested
manure. Reactor inoculated with digested manure also showed better buffering capacity in terms of pH. The inoculum
selected from first experiment was used to study the effect of OL (2, 6, 10 and 14 g VS L− 1) on biogas yield. Results
showed that biogas yield decreased with the increased in OL. Stability parameters revealed that reactors can be
operated safely up to OL of 10 g VS L− 1. Biogas production data were modelled by modified Gompertz function.

Keywords: Anaerobic digestion, Digested manure, Septic tank sludge, Inoculum, Wheat straw, Sunflower meal
Introduction
Pakistan is an energy deficient country and facing severe en-
ergy crises [1]. To overcome energy crisis, the country is
looking for different renewable energy options [2]. On the
other hand, Pakistan is an agricultural country and generates
huge quantities of biomass. It generates around 69 thousand
Mt. of agricultural crop residues per year [3], which can be
employed for production of bioenergy. Wheat straw (WS) is
an example of such crop residues produced in huge quan-
tities from agricultural fields amounting to approximately 25
thousand Mt. every year [4]. Major portion of this agricul-
tural by-product is consumed by livestock in the country,
while rest of the produced WS is burned in the open envir-
onment which leads to serious environmental pollution.
Sunflower meal (SM) is the byproduct of edible oil industry
produced in huge amounts. It is obtained by pressing
already extracted oil seeds. Pakistan annually produces 202
kt of sunflower residue which is considered as a significant
biomass resource [5]. This agro-industrial residue is pro-
duced in huge quantities and has very limited re-use [6].
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Agricultural by-products are thus considered as one of
the promising feedstock for anaerobic digestion (AD), a
technique used to produce renewable bioenergy. In
addition, AD gives several other benefits such as
stabilization of organic waste as well as production of
digestate that can be used as a soil amendment, and
mitigation of greenhouse gas emission. Batch AD of or-
ganic waste is a simple way to assess its biogas produc-
tion potential. Many laboratory scale batch studies have
been conducted in the past on the AD of different or-
ganic wastes, and in all of them, inoculum source played
a key role in the degree of biodegradation due to differ-
ences in microbial consortia [7–9].
Biodegradation rate and lag time of organic waste rely

on concentration of microorganisms. Lignocellulosic
structure of agricultural and industrial by-product is the
main hindrance in their bacterial degradation [10].
Moreover, these by-products, such as WS and SM, can-
not be easily digested by microbes, thus external source
of anaerobic microorganisms is required to start AD
process. An active inoculum can provide extra methane
producing microorganisms [11]. Further, a good source
of inoculum can enhance anaerobic biodegradability,
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shorten lag phase and can make process more stable
[12]. Digestates from anaerobic project can also provide
extra nutrients source during the AD of agriculture
waste. Micronutrient concentration in an inoculum can
increase the enzyme activity and biogas yield [13].
Digestates from engineering anaerobic project are thus

promising source for these inoculums [14]. Unfortu-
nately, such standard anaerobic inoculum is not available
in the study region due to presence of very few wastewa-
ter treatment plants, most of which are based on aerobic
process. Digested manure and fresh cow dung are two
main sources of the inoculums readily available in
Pakistan [15]. Due to unavailability of standard inocu-
lum, available inoculum requires pretreatment. Inocu-
lum pretreatment involves steps like dewatering, sieving,
pre-incubation and degassing [16]. Pre-incubation of
manure or cow dung is performed as it helps in decreas-
ing biogas production from endogenous material of in-
oculum [17]. The purpose of pre-incubation is to
minimize the gas production from inoculum and to
maximize gas production from the fed substrate.
Several factors affect the performance and stability of

AD process, which include feedstock characteristics, op-
erational conditions and reactor design. The organic
loading (OL) is an important design parameter as it indi-
cates the amount of volatile solids (VS) to be fed per
unit volume of the digester. The parameter is important
because overloading of substrates can cause digester fail-
ure in a very short period. Many studies have been con-
ducted about the effect of VS loading or OL on the
performance of digester [18–20]. However, the effect of
OL of the newer substrates like SM and WS in the pres-
ence of available inoculum could produce valuable infor-
mation which could be useful for optimization of
digesters under prevailing conditions of the region.
Non-linear kinetic model fitting is an effective way to

predict kinetics of biogas production. Modified Gom-
pertz model is one of the non-linear models used glo-
bally to predict biogas production. This model can
predict important parameters of biogas production such
as biogas production rate and lag phase.
The focus of the study is to assess the effect of inocu-

lum type and OL on the AD of SM and WS. Further, ef-
fect of inoculum type and OL on the buffering capacity
of digesters has also been studied. In addition, modified
Gompertz model was also fitted on biogas production
data obtained from the experiments. Results of the study
provide vital information about these inoculums where
standard source of inoculum is not available.

Materials and methods
In this study two laboratory scale experiments were con-
ducted under mesophilic conditions. In first experiment,
three different types of inoculum including digested
manure, septic tank sludge and acclimatized sludge were
assessed for their effectiveness to digest SM and WS at
OL of 2 g VS L− 1 in 225 mL glass bottle and substrate to
inoculum ratio of 1 (on weight of VS basis). In second
experiment, best inoculum in terms of higher biogas
yield from experiment 1 was used to study the effect of
different OLs (2, 6, 10 and 14 g VS L− 1) of the two sub-
strates. The detail of materials and methods is given in
the following sections.

Inoculums and substrates
In this study three different inoculums (digested manure,
septic tank sludge and acclimatized sludge) were used.
Digested manure was collected from local biogas plant
near the study area. The acclimatized sludge used in the
study was the sludge collected from pilot scale aerobic
membrane bioreactor plant of 50 m3 d− 1 capacity treat-
ing municipal wastewater, which was acclimatized under
mesophilic anaerobic conditions without addition of any
substrate. Lastly, septic tank sludge was obtained from
septic tank treating municipal wastewater. Further, all
the inoculums were prepared according to method de-
scribed by Rajput et al. [21].
Two different substrates including SM and WS were

used in the study. SM was collected from local edible oil
extraction plant and WS was collected from local farmer
near study area. WS and SM were oven dried at 60 °C to
balance the moisture in both substrates. WS was crushed
up to the size of 5mm with the help of lab scale crusher
and then stored at 4 °C in a refrigerator until used.

Experimental setup
In this study 300mL glass bottles served as batch reactors
with a working volume of 225mL. Known quantities of
substrates and inoculum were added to reactor bottles.
Glass bottles were sealed with the help of rubber septum
and aluminum crimp cap. The reactors were flushed with
nitrogen gas to ensure anaerobic condition. The reactors
were placed in an incubator at mesophilic temperature
(35 °C) for 45 d. The experiment ended after 45 d as bio-
gas production plateau was achieved in this time period
[22]. Mixing was provided to all the reactors twice a day
by manually shaking for 1min. No external nutrients were
added, as the nutrients present in the active inoculum
served the purpose. The experiments were conducted at
substrate to inoculum (S/I) ratio of 1 to maximize degrad-
ation [23]. Biogas was collected in gas collection bags for
the determination of methane content.

Experimental conditions
Experimental conditions for experiment 1
In first experiment, three different inoculums obtained
from their respective sources were assessed for AD of
SM and WS. Three sets of reactors viz., SM-I1, SM-I2
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and SM-I3 were run for AD of SM using digested ma-
nure, septic tank sludge and acclimatized sludge as in-
oculum. Respectively. Similarly, AD of WS inoculated
with digested manure, septic tank sludge and acclima-
tized sludge was performed in another three sets of reac-
tors namely WS-I1, WS-I2 and WS-I3, respectively. For
correction of produced biogas, blank reactors consisting
of inoculums alone were also run. The experiment was
performed in triplicate at a constant OL of 2 g VS L− 1,
and S/I ratio of 1 (on g VS basis). The required quan-
tities of substrates and inoculums to achieve these con-
ditions were added into batch bottles. The experiment
was conducted at mesophilic (35 °C) temperature for 45
d in triplicate.

Experimental conditions for experiment 2
In second experiment, the inoculum with the best re-
sults in experiment 1 was subjected to AD of SM and
WS, both at four different OLs of 2, 6, 10 and 14 g VS
L− 1. The experiment was conducted at constant S/I ratio
of 1. Four sets of reactors viz., SM-OL2, SM-OL6,
SM-OL10 and SM-OL14 digesting SM were run at OLs
of 2, 6, 10 and 14 g VS L− 1, respectively. Similarly, AD
of WS was performed at OL of 2, 6, 10 and 14 g VS L− 1

in another four sets of reactors viz., WS-OL2, WS-OL6,
WS-OL10 and WS-OL14, respectively. Known quan-
tities of substrates and inoculums were added in each
bottle. All the reactor bottles were incubated at meso-
philic temperature (35 °C) for 45 d. The experiment was
performed in triplicate.

Analytical parameters
Daily volume of biogas was measured with the help of
gas syringe. For measuring total solids, VS and buffering
capacity and rector stability before and after 45 d of di-
gestion samples were taken to determine pH, total alka-
linity (TA) and volatile fatty acids (VFA) according to
Standard Methods [24]. pH of solids like SM and WS
was analyzed in 1:5 suspension of biomass to water. For
the determination of methane content in biogas, biogas
analyzer (Geotech 5000, UK) was used.
VS removal was calculated with the help of Eq. (1).

VS removal %ð Þ ¼ VS addedð Þ−VS Finalð Þ
VS addedð Þ

� �
� 100 ð1Þ

Where,
VS (added) = g VS of substrates added in to the reactor

at the start of experiment. VS (Final) = g VS of substrates
after 45 d of digestion.

Statistical analysis
All the experiments and analysis were performed in trip-
licate and the average values were presented in tables
and figures. Furthermore, analysis of variance was per-
formed to find the significance differences between the
results. Principal component analysis (PCA) was per-
formed using SPSS 16 to find the relationship between
OLs and parameters. In PCA results F1 and F2 are the
principal axes with the percentage of variance and pHo,
TAo and VFAo denotes the parameters of SM and pHi,
TAi and VFAi related to WS.

Kinetic study
In this study modified Gompertz model was used for
kinetic model fitting of the observed biogas production
data. The same kinetic model was used to predict hydro-
gen production as shown in Eq. (2) [25].

M ¼ Pb � exp −exp
Rm:e
Pb

λ − tð Þ þ 1

� �� �
ð2Þ

Where M is the cumulative biogas yield (NmL biogas
g− 1 VS) with respect to AD time t (d), Rm is the max-
imum biogas production rate (NmL biogas g− 1 VS d− 1),
Pb is the maximum biogas potential (NmL biogas g− 1

VS) at the end of AD, λ is the lag phase time (d) and e is
a Euler’s function equal to 2.7183. The kinetic estimation
was performed using the IBM SPSS Statistics 16.

Results and discussion
Effect of inoculum type on biogas production and solids
removal
In first experiment, three different inoculums including
digested manure, septic tank sludge and acclimatized
sludge were evaluated for AD of SM and WS. Daily bio-
gas yield from AD of SM and WS is presented in Fig. 1.
Digested manure and acclimatized sludge gave better
biogas yield as compared to septic tank sludge. Highest
daily biogas yield was observed from SM inoculated with
digested manure after 20 d of digestion as shown in Fig.
1. Reactors inoculated with septic tank sludge gave a
high daily biogas yield at the beginning, which quickly
decreased as the digestion progressed further.
Cumulative biogas yields from reactors SM-I1, SM-I2,

SM-I3, WS-I1, WS-I2 and WS-13 were 768, 381, 691,
556, 297 and 397 NmL biogas g− 1 VS respectively as
shown in Fig. 1. Highest cumulative biogas yield of 768
NmL biogas g− 1 VS was observed for SM inoculated
with digested manure as shown in Fig. 1. Methane con-
tent in produced biogas from batch reactors inoculated
with different inoculums SM-I1, SM-I2, SM-I3, WS-I1,
WS-I2 and WS-I3 were 58, 53, 55, 56, 52 and 53% re-
spectively. Lowest cumulative biogas yield of 297 NmL
g− 1 VS was observed for WS inoculated with septic tank
sludge. SM inoculated with digested manure showed 102
and 11% higher biogas yield as compared to septic tank
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sludge and acclimatized sludge. Similarly, WS inoculated
with digested manure showed 87 and 40% higher biogas
yield as compare to septic tank sludge and acclimatized
sludge. A study conducted on SM using anaerobic
sludge as inoculum at 2 g TS L− 1 under mesophilic
temperature (35 °C) reported biogas yield of 693 mL g− 1

TS, which is almost in line with the result of present
study [26]. Biogas yield of WS in the present study is
higher than another study [27]. Higher biogas yield
might be due to inoculum preparation, pre-incubation
and degassing [28]. The purpose of pre-incubation and
degassing was to prepare various types of inoculum for
their subsequent use in the comparative study of biogas
production from the substrates. Therefore, the results of
pre-incubation and degassing were not included in the
present study, rather the results of effect of various types
of inoculum prepared through a common method on
biogas production from substrates were compared an-
other reason might be the use of a sufficiently low OL in
the reactors which resulted in stable operation and
hence produced increased volume of biogas. It is note-
worthy that the lowest biogas yields from both the sub-
strates were achieved from the reactors inoculated with
septic tank sludge, which might be due the accumulation
of VFA as shown in Fig. 2b, which in turn might have
caused acidification. The reason for accumulation of
VFAs might be that the septic tank sludge was partially
digested with VFA production as it was taken from sep-
tic tank [29].
Based on Fig. 1, it can be concluded that significant

differences (p < 0.05) in the results of digested manure,
septic tank sludge and acclimatized sludge were ob-
served, when used as an inoculum. Higher and steadier
biogas yield from WS and SM was observed from the re-
actors inoculated with digested manure as compared to
other inoculums. The results of the study are similar to
another study which compared different inoculum
sources for the AD of rice straw and digested manure
performed better in terms of higher biogas yield, buffer-
ing capacity and nutrients content [30]. Various bio-
logical or biochemical reasons have been provided by
other researchers for increase in biogas yield due to in-
oculum. For instance, inoculum affects the anaerobic
process by providing initial microbial population which
plays a key role in enhancing biogas production [31].
Another reason in enhancing biogas production might
be the micro and macro nutrients content of inoculum
which is required by anaerobic process [32] Enzymes ac-
tivity of inoculum in degradation of cellulose and hemi-
cellulose might be another reason for enhancing biogas
production [30]. Stable production of VFAs and TA due
to inoculum might provide the sufficient buffering cap-
acity to the anaerobic reactor and ultimately affect diges-
tion process [11].
VS reduction is another useful parameter for assessing

the effectiveness of AD process. VS removal from WS
and SM inoculated with digested manure, septic tank
sludge and acclimatized sludge is presented in Fig. 3. VS
removal from reactors SM-I1, SM-I2, SM-I3, WS-I1,
WS-I2 and WS-13 were 78, 31, 72, 70, 26 and 52%, re-
spectively. Highest VS reduction of 78% was observed
from SM inoculated with digested manure, while lowest
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VS reduction of 26% was observed from WS inoculated
with septic tank sludge as shown in Fig. 3. Higher VS re-
duction yielded higher production of biogas as the trend
in VS removal was same as biogas yield. A study con-
ducted on the effect of mixing ratio of food waste and
rice husk, and substrate to inoculum ratio on biogas
production reported similar relationship between biogas
production and solids removal [15]. Further, Abudi et al.
[33] also supported these results and found similar trend
between biogas production and solids removal from AD
of rice straw and municipal solid waste.
Effect of inoculum type on buffering capacity and reactor
stability
Stability parameters of anaerobic reactor are the environ-
mental variables which affect the harmonic relationship
between acid formers and methane formers during AD
process. Disturbance of these parameters affects the effi-
ciency of methane formers, which causes the accumula-
tion of acids in the reactor and may lead to digester
failure. The environmental factors known to be important
in affecting anaerobic digester stability include ammonia
concentration, VFA concentration, pH, concentrations of
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various cations, sulfide concentration, partial pressure of
hydrogen, and the carbon to nitrogen ratio (C:N) of the
feedstocks. Several authors have analyzed AD process in
terms of stability for different type of waste by means of
monitoring parameters such as pH, TA, VFAs, VFA/TA
ratio and biogas production [34, 35].
Initial and final pH of all the reactors was measured as

presented in Fig. 2a. Initial pH for all the reactors were in
the range of 6.9–7.5 which was in suitable range for AD.
The final pH of all reactors was in the range of 6.9–7.1 ex-
cept SM-I2 and WS-I2. Methane producing organisms re-
quire an optimal pH range of 6.5–8.2 [36], when the pH
value is higher than 8.5, it has toxic effects on the AD [37].
The final pH for the reactors inoculated with septic tank
sludge (SM-I2 and WS-I2) was in the range of 3.8–4.2 as
shown in Fig. 2a. It dropped to 4.2 for slowly biodegrad-
able substrate of WS and 3.8 for relatively easily biodegrad-
able substrate of SM. The reason for drop in pH from 7.5
to about 4 in reactors inoculated with septic tank sludge
might be the accumulation of VFA as depicted in Fig. 2b.
Alkalinity is another reliable parameter after pH to as-

sess the imbalance of digesters. In this study, the only
source of external alkalinity was inoculums. No extra
chemical alkalinity was added in the reactors. Initial and
final alkalinity of digesters is shown in Fig. 2b. Reactors in-
oculated with digested manure showed higher initial and
final alkalinity. The degradation of protein present in the
waste releases NH3, which reacts with CO2 and H2O
forming NH4HCO3 alkalinity. The degradation of salt of
fatty acids may produce some alkalinity as NaHCO3. Sul-
fate and sulfite reduction also generate alkalinity. Due to
higher initial and final alkalinity, biogas yield was higher in
digesters inoculated with digested manure for digestion of
both the substrates. Initial and final VFAs concentrations
in all the reactors are shown in Fig. 2c. It has been re-
ported that VFAs concentration higher than 5000mg L− 1

may inhibit AD [38].
Another important parameter required in monitoring
of digester stability is VFA/TA ratio. Initial VFA/TA ra-
tio of reactors were SM-I1, SM-I2, SM-I3, WS-I1,
WS-I2 and WS-I3 0.38, 0.31, 0.32, 0.28, 0.31 and 0.36,
whereas final VFA/TA ratio were 0.33, 1.6, 0.37, 0.31, 1.6
and 0.4, respectively. All the reactors inoculated with
digested manure and acclimatized sludge had VFA/TA
ratio in the range of 0.31 to 0.40 except the reactors in-
oculated with septic tank sludge in which it was higher
than this range. It might be due to the rapid production
of VFAs as shown in Fig. 2d. According to Kafle and
Kim [39], VFAs/TA ratio should be less than 0.4 for a
heathy anaerobic digester. It can be concluded that di-
gesters inoculated with digested manure and acclima-
tized sludge showed desirable range of VFA/TA ratio
with both the substrates indicating better stability and
buffering capacity of the anaerobic process.

Effect of OLs on biogas production of SM and WS
In second experiment, the effect of four different OLs 2,
6, 10 and 14 g VS L− 1 on biogas yield of WS and SM
was studied with the best selected inoculum (i.e.,
digested manure) from experiment 1. The results have
been presented in Fig. 4. Cumulative biogas yield from
reactors SM-OL2, SM-OL6, SM-OL10, SM-OL14,
WS-OL2, WS-OL6, WS-OL10, WS-OL14 were 768,
636, 518, 226, 509, 477, 434 and 198 NmL biogas g− 1

VS, respectively. The highest cumulative biogas yield of
768 NmL biogas g− 1 VS was achieved from SM at OL of
2 g VS L− 1 and the lowest biogas yield of 198 NmL bio-
gas g− 1 VS was observed from WS at 14 g VS L− 1 as
shown in Fig. 4. As shown in the results, with increase
in OL, there was almost a proportional decrease in bio-
gas yield. Overall, the biogas yield of SM was higher
than that of WS. SM at OL of 2 g VS L− 1 gave 21, 48
and 240% higher biogas yield as compared to that at
OLs of 6, 10 and 14 g VS L− 1, respectively. Similarly,



0

100

200

300

400

500

600

700

800

900

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43

C
um

m
ul

at
iv

e 
bi

og
as

 y
ie

ld
 (

N
m

L 
g-

1
V

S
)

Time (d)

SM-OL2 SM-OL6 SM-OL10 SM-OL14

WS-OL2 WS-OL6 WS-OL10 WS-OL14

Fig. 4 Cumulative biogas yield from SM and WS at different OLs

Table 1 Effect of OLs on stability parameters of digesters

Reactors pH VFA (mg L−1) TA (mg L− 1) VFA/TA

Initial Final Initial Final Initial Final Initial Final

SM-OL2 7.1 6.9 390 598 1011 1750 0.38 0.34

SM-OL6 7.3 6.8 370 688 1014 2128 0.36 0.32

SM-OL10 7.3 6.2 331 1422 1141 3610 0.29 0.39

SM-OL14 7.2 3.9 389 2150 1112 1924 0.34 1.11

WS-OL2 7.4 7.1 289 360 1014 1155 0.28 0.31

WS-OL6 7.2 6.9 280 712 1014 1955 0.27 0.36

WS-OL10 7.4 6.3 261 958 1024 2405 0.25 0.39

WS-OL14 7.3 4.6 270 2055 988 1611 0.27 1.27
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WS at OL of 2 g VS L− 1 produced 7, 17 and 157% more
biogas as compared to that at OL of 6, 10 and 14 g VS
L− 1, respectively. Significant differences (p < 0.05) were
noted between different OLs tested in the study in terms
of biogas production.
In this study strong relationship between OL and bio-

gas yield was observed. As the OL increased biogas yield
tended to decrease. A study conducted on the effect of
feeding frequency and OL on biogas yield of rice straw
reported results in line with the present study [40]. Fur-
ther, Elsayed et al. [27] studied the effect of different VS
loadings on the batch mesophilic co-digestion of WS
and primary sludge and observed a decreased biogas
yield at increased OL which is also in line with the
present study.
Biogas yield from SM and WS decreased 3.3 and 2.6

times respectively when the OL was increased from 2 to
14 g VS L− 1. This might be because of low OL of 2 g VS
L− 1 which provided suitable conditions for anaerobic
microorganisms to grow and reproduce and convert the
carbon content of the SM and WS to biogas through the
anaerobic process. This study presented the results of
batch experiment. However, semi-continuous operation
is the goal for most AD processes. In semi-continuous
the inoculum is added only at the start of the process,
the nutrients provided by the inoculum are diluted with
time due to addition of feedstock lacking required ratio
of nutrients, which may adversely affect the process. The
issue can be overcome by using feedstock of suitable nu-
trient ratio [41]. Furthermore, the present batch study
used OLs of 2, 6, 10 and 14 g VS L− 1, however, in case
of semi-continuous operation, a relatively more import-
ant term of organic loading rate is used. In semi-
continuous mode the digesters are normally operated in
the range of 1–5 and 5–15 g VS L− 1 d− 1 in the case of
low-solids and high-solids digestion respectively.
VFA concentrations of both the substrates inoculated

with digested manure showed sufficient values as shown
in Table 1, which led to the biogas production. The PCA
revealed that VFA concentrations increased with in-
crease in OL for both the substrates and observed a very
high correlation as shown in Fig. 5. Biogas yield de-
creased with increase in organic loads for both the sub-
strates that might be due to rapid production of VFAs
which could not be consumed as quickly as produced
and might have resulted in lower biogas production.
Further, strong relationship between VFAs, pH, TA and
OL was observed as shown in Table 1. PCA further



Fig. 5 PCA results of OLs and process parameters

Table 2 Kinetics parameters of modified Gompertz model for
various inoculum type and OL

Conditions Rm (mL g−1 VS d−1) Pb (mL g−1 VS) λ (d) R2

SM-I1 33.3 735 9.97 0.994

SM-I2 28.9 381 2.77 0.989

SM-I3 40.6 687 6.81 0.995

WS-I1 21.0 573 2.38 0.998

WS-I2 15.5 295 0.93 0.974

WS-I3 18.1 391 2.87 0.999

SM-OL2 31.6 720 9.44 0.993

SM-OL6 24.4 610 4.86 0.997

SM-OL10 18.4 478 8.33 0.983

SM-OL14 18.7 224 18.38 0.970

WS-OL2 19.6 485 4.0 0.998

WS-OL6 19.4 464 3.43 0.997

WS-OL10 13.2 383 3.91 0.985

WS-OL14 5.0 168 3.86 0.952
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revealed that reactors with high OL showed decrease in
pH and increase in VFAs concentration which ultimately
affected the biogas yield as shown in Fig. 5. Reactors fed
with SM and WS at OLs higher than 10 g VS L− 1

showed a decrease in biogas yield due to an increased
VFA/TA ratio as shown in Table 1. VFA/TA ratio is a
very important parameter in assessing the stability of
AD process. In this study, VFA/TA ratio obtained after
digestion was in the range of 0.31 to 0.39 at OL of 2 to
10 g VS L− 1, however, it increased to 1.11 and 1.27 at
OL of 14 g VS L− 1 for SM and WS digesters, respect-
ively. A study suggested that VFA/TA ratio should be
less than 0.4 for successful commencement of AD [39].
Reactors digesting both the substrates at OL equal and
lesser than 10 g VS L− 1 exhibited a better buffering cap-
acity as shown in Table 1. AD of WS and SM was found
unfeasible at an OL higher than 10 g VS L− 1 under pre-
vailing set of experimental conditions. Thus, a suitable OL
should be chosen for optimizing the AD process [42].
Lower biogas yields were observed at higher OL due the
rapid production of VFAs which might have caused acid-
ification and resulted in lower biogas production [43].

Kinetic study
The results of kinetic study about the effect of inoculum
type and OL on biogas production by using modified
Gompertz model are presented in Table 2. In the first
part of the study, R2 values for various inoculum types
fell in the range of 0.974–0.999. Moreover, the biogas
production values estimated by the model for the reac-
tors inoculated with digested manure were fairly high as
compared to other reactors. Further, it is important to
note that septic tank sludge inoculated reactors showed
very short lag phase time as compared to other reactors
as shown in Table 2. This may be attributed to the inher-
ent anaerobic and pre-acclimatized nature of septic tank
sludge due to prevailing conditions of septic tank.
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Valencia et al. [44] treated septic tank sludge by its
co-digestion with municipal solid waste in bioreactor
landfill simulator and reported that septic tank sludge
exhibited a 200 d shorter lag-phase as compared to the
350 d required by the control landfill simulator. In sec-
ond part of the study, R2 values for different OLs were
in the range of 0.952–0.998. Reactors SM-OL2 having
SM and WS-OL2 with WS both at OLs of 2 g VS/L
showed the highest biogas production rate (Rm) as esti-
mated by the model. Reactor SM-OL14 digesting SM at
the highest OL of 14 g VS L− 1 showed the longest lag
phase time as compared to other reactors. Overall, suc-
cessful kinetic model fitting was performed, and biogas
production data was reproduced by using modified
Gompertz model.

Conclusions
Significant differences in performance of the reactors in-
oculated with different inoculums were noticed in terms
of biogas yield, buffering capacity and VS removal. The
performance of digested manure was the best, followed
by acclimatized sludge and septic tank sludge. Digested
manure showed the highest biogas yield, buffering cap-
acity and solids removal. Biogas yield of both the sub-
strates were the lowest when inoculated with septic tank
sludge, however, the lag time with this inoculum was the
shortest. In second experiment, the highest biogas yield
from both substrates was observed at OL of 2 g VS L− 1.
Biogas yield decreased as the OL increased. Based on
the results of stability parameters, it can be concluded
that reactors can be operated safely at OL of up to 10 g
VS L− 1. Biogas yield data of both the experiments was
reproduced by modified Gompertz model with R2 values
in the range of 0.95 to 0.99.
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