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Bio-methane from agricultural waste has enough
potential to compete with other sources of energy.
This study aims to examine the bio-methane potential
of numerous agricultural wastes, including cotton
waste, wheat bran, lentil straw, barley straw, rice
bran and peanut peels straw with the aim to produce
renewable energy and solve waste disposal issues. The
proximate, ultimate and chemical composition analyses were performed to predict the theoretical biomethane potentials in silico. However, the potential
was experimentally assayed at mesophilic conditions.
Moreover, elemental and lignin based biodegradability of substrates have also been determined. The
methane contents in biogas are in the range 57–64%
and the yield varied from 216.3 (barley straw) to 317.6
(cotton waste) ml/g volatile solids. These results indicate that higher biodegradability of substrates resulted in higher methane production. The prediction
of bio-methane potential from chemical composition,
elemental composition and organic fraction were not
as fit accurately as being assessed for methane potential. It merely provided the extent of biodegradability.
During digestion, volatile fatty acids were produced,
viz. acetic acid (58–63%), butyric acid (28–32%), propionic acid (6–13%) and converted into methane but
limited concentrations of intermediate acids indicated
similar microbial consortium in all digestions. Hence,
it was also concluded that the lignin and hemicellulose
content played a limiting role in digestion and posed
negative impact on biogas production.
Keywords: Acid detergent fibre, acid detergent lignin,
anaerobic digestion, neutral detergent fibre, volatile fatty
acids.
PAKISTAN is an agricultural country with more than 60%
of agricultural land producing large number of agricultural goods and waste residues. These wastes have been globally recognized as a promising source of renewable
energy. Bioenergy has been gaining interest over the past
decade as it is cheap and eco-friendly (reduced 60%
greenhouse gases) and is well acknowledged as a second
generation biofuel. Agricultural waste substrates (AWSs)
do not require any special input for growing. More than
50% of AWSs are reported to have been used in energy
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production in Europe1. Hence, AWSs should be utilized
for energy production in developing countries like Pakistan,
where huge quantities of agricultural wastes are available
around the year.
Anaerobic digestion (AD) is a prominent and economically favourable (waste-to-energy) technique for the production of bio-methane from AWSs1. AD converts
organic matter into biogas via four consecutive stages,
i.e. hydrolysis, acidogenesis, acetogenesis and methanogenesis. In the initial stages, organic compounds are converted into simple monomers, volatile fatty acids (VFAs)
and hydrogen (H2) and finally these intermediate products
are converted into CH4 in methanogens2. Typical composition of biogas is 55–80% CH4 and 20–45% CO2, with
other impurities such as H2 and H2S (traces)3. A number
of reports illustrate that bio-methane potentials (BMPs)
ranged from 200 to 450 ml/g volatile solids (VS) of different AWSs1,4; e.g. 20–360 ml/g VS for barley waste5,
270–350 ml/g VS6 for grasses, 202–410 ml/g VS for maize waste7, 67–230 ml/g VS for sugar beet waste6. The
produced biogas can be used without modification in
power gas engines for combined heat and power3,8.
A variety of different agricultural wastes are being
produced in Pakistan including, cotton waste (CW),
wheat bran (WB), lentil straw (LS), barley straw (BS),
rice bran (RB) and peanut peels straw (PPS). Therefore,
they can be used for energy and power generation. This
study aimed at examining the various locally produced
agricultural wastes for biomethane potential by BMP
assays. In addition, nutritional composition of substrates
and their effect on BMP were determined. The various
BMP predication methods used in this study were
ultimate analysis BMP (BMPCHNO), stoichiometry
BMPOFC by organic fraction and BMPNDF,ADF,ADL from
neutral detergent fibre (NDF), acid detergent fibre (ADF)
and acid detergent lignin content (ADL).

Experimental procedure
Substrate and inoculum
Indigenous agriculture wastes such as CW, BS, LS, WB,
RB and PPS were collected, dried and ground with a laboratory blender to a fine powder (size ranging from 0.2
to 0.3 cm). The active and developed inoculum was taken
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from the biogas plant, located at National Institute for
Biotechnology and Genetic Engineering (NIBGE), Faisalabad, Pakistan.

BDexp VS =

Analytical methods
Total solids (TS), VS and ash were determined by gravimetric method9. The elemental composition (C, H, O, N,
and S) of substrates was analysed by an elemental
analyser CHNS/O analyser (PE 2400 Series II, Perkin
Elmer, USA). NDF, ADF and ADL were determined by
modified methods of Van Soest10. Hemicellulose (HC)
was calculated by the difference of NDF and ADF
(HC = NDF – ADF) while cellulose were determined
from the difference of ADF and ADL (cellulose = ADF –
ADL). Crude fibre content (CF) was determined by modified Maynard method of food analysis10. Crude protein
(CP) was estimated by multiplying nitrogen content with
5.7 (i.e. N × 5.7). The nitrogen content was determined
by CHNS/O analyser while 5.7 is a protein factor used to
calculate CP of agricultural waste11. Total carbohydrates
were measured by anthrone method. Theoretical CH4
yields were predicted by using the following Buswell and
Mueller eqs (1) and (2) based on the elemental composition of substrates12
a b 3c ⎞
⎛
C nHaO bNc + ⎜ n − − + ⎟ H 2O
4 2 4⎠
⎝
⎧ n a b 3c ⎫
⎛ n a b 3c ⎞
→ ⎨ + − − ⎬ CH4 + ⎜ − + + ⎟
⎩2 8 4 8 ⎭
⎝2 8 4 8 ⎠

× CO2 + cNH3.

(1)

BMPCHNO (ml/g VS) =
22.4 × 1, 000 × (n / 2 + a / 8 − b / 4 − 3c / 8)
.
12n + a + 16b + 14c

(2)

Organic fraction composition (OFC), i.e. carbohydrates
and CP values were used to calculate BMPOFC by eq. (3)13
BMPOFC = 415 × % carbohydrates + 496 × % proteins
+ 1014 × % lipids.
Similarly, eq.
BMPNDF,ADF,ADL

(4)14

was

(3)
used

for

calculating

× ADF% – 1.2422 × ADL%.

(4)

Elemental biodegradability (BDele) of the substrate was
estimated by eq. (5)15
BMPexp
BMPCHNO

VSi−VSf
× 100.
VSi

× 100.
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(6)

Bio-methane potential assay
For assessment of BMPexp at mesophilic temperature and
batch conditions, bottles of 250 ml volume (Schott Duran, Germany) were used and 100 ml prepared media was
added in each bottle. The media was prepared according
to Angelidaki17. A 2% VS of substrate and 10 ml inoculum was poured in the bottles. Each bottle was flushed
with N2 and CO2 mixture (80/20% by volume) for 5 min
and was tightly closed to maintain anaerobic conditions.
These bottles were incubated at 37°C for 35–40 days and
vortexed twice a day. The CH4 production was measured
on a daily basis during the 1st week, alternate days in the
2nd week and then after every two or three days in the
3rd, 4th and 5th week of incubation.

Biogas analysis
Biogas volume was measured through water displacement
method by alkaline solution (2% NaOH)17. A gas composition analysis was measured using gas analyser (GFM
4XX series, UK). The sample was withdrawn regularly
for VFA analysis. The individual short chain volatile fatty acids (SCVFAs) were determined after 6 days, 15 days
and 30 days of experiment by APHA standards18. The total volatile fatty acids (tVFAs) was determined19 by eq.
(7) at regular time intervals.
tVFA mg/l =

N × V × 5000
,
A

(7)

where A is the volume of sample in ml, N the normality
of acid used (0.1N H2SO4) and V is the volume of acid
used in attaining end point pH = 4.3.
Biodegradability (BD) based on lignin BD (BDLB) is
calculated by the model described by Chandler20 using
eq. (8)
LB% = (0.83 – (0.028 × Xi)) × 100,

BMPNDF,ADF,ADL = 5.4729 × NDF% – 4.0630

BDele =

Similarly, the experimental biodegradability (BDexp) was
determined by using eq. (6) based on initial and final
values of VS16

(8)

where B is the biodegradable fraction of VS and Xi is initial lignin concentration of VS.

Statistical analyses
All statistical analyses were performed using Excel of
MS 2016. One-way ANOVA was applied on average of
CH4 yields of AWSs.
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Table 1.

Components

Ultimate analyses of substrate along with physical properties

CW

BS

LS

WB

RB

PPS

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

42.0 ± 0.8
5.1 ± 0.2
0.7 ± 0.2
0.05 ± 0.03
52.2 ± 0.6
11.8 ± 2.4
66.9 ± 1.6
5.7 ± 0.3
72.6 ± 1.3

40.2 ± 0.6
5.6 ± 0.5
1.3 ± 0.2
0.07 ± 0.02
52.8 ± 0.9
9.7 ± 0.4
64.3 ± 1.9
2.4 ± 0.3
66.7 ± 1.8

C%
56.5 ± 2.3
53.2 ± 2.7
52.9 ± 1.6
48.4 ± 2.1
H%
3.9 ± 0.4
3.6 ± 0.4
4.6 ± 0.3
5.3 ± 0.7
N%
0.13 ± 0.05
0.41 ± 0.2
1.2 ± 0.1
0.3 ± 0.03
S%
0.32 ± 0.4
0.08 ± 0.03
0.08 ± 0.02
0.06 ± 0.03
O%
39.2 ± 2.8
42.7 ± 3
41.2 ± 1.9
45.9 ± 1.8
Moisture %
15.3 ± 1.2
18.3 ± 2.1
19.1 ± 1.0
12.7 ± 0.8
VS%
75.4 ± 2.3
52.7 ± 1.9
57.7 ± 2.2
69.6 ± 1.5
FS% (Ash)
4.3 ± 0.2
5.7 ± 0.5
7.6 ± 0.5
4.4 ± 0.3
TS%
79.7 ± 2.1
58.4 ± 1.5
65.3 ± 2.6
74.02 ± 1.1
The ultimate analyses of substrates included CHNSO contents and ash contents.

Table 2.
Components
NDF%
ADF%
ADL%
HC%
Cellulose%
CF%
CP%
Carbohydrates%

Main chemical composition of substrates

CW

BS

LS

WB

RB

PPS

73.3 ± 0.8
50.4 ± 2.4
8.6 ± 0.8
22.9 ± 3.1
41.7 ± 1.9
1.0 ± 0.1
0.7 ± 0.3
77.8 ± 4.1

72.3 ± 1.6
50.3 ± 2.7
14.0 ± 0.9
22.0 ± 2.2
36.3 ± 2.1
1.1 ± 0.1
3.1 ± 1.0
65.3 ± 1.6

63.3 ± 0.9
32.6 ± 1.6
8.4 ± 0.2
30.6 ± 1.8
24.2 ± 1.4
1.2 ± 0.3
6.8 ± 0.6
69.0 ± 3.9

43.2 ± 0.9
11.8 ± 0.4
3.4 ± 0.3
31.4 ± 1.2
8.3 ± 0.7
1.2 ± 0.2
1.6 ± 0.2
72.1 ± 4.8

29.1 ± 0.6
13.3 ± 1.0
4.3 ± 0.6
15.8 ± 0.4
8.9 ± 1.6
1.4 ± 0.3
3.8 ± 1.2
61.1 ± 5.2

38.9 ± 2.2
17.4 ± 1.9
7.7 ± 0.6
21.5 ± 3.9
9.7 ± 2.3
1.3 ± 0.1
7.3 ± 1.2
60.6 ± 0.4

Results

Biogas analysis

Ultimate and proximate analysis

The CH4 contents in biogas composition were in the
range 57–64%; an average of CH4 content in the 3rd and
4th week are given in Table 3. The CH4 contents were not
constant throughout the process and increased gradually
from 40% (first week) to 50–60% (second and third
week) and finally reached a peak of 65–67%. The rate of
production was highest in the first and second week of
AD and gradually reduced in remaining weeks of AD.
Maximum CH4 production per day is given in Table 3.
This production was noted between the 6th and 9th day
of AD. The cumulative BMPexp is shown in Figure 1 and
actual rate of CH4 production is given in Figure 2.

In the ultimate analyses, carbon content varied from
40.2% to 56.5% in the order CW > BS > LS > WB >
RB > PPS while hydrogen content varied from 3.6% to
5.6% and oxygen varied from 39.2% to 52.9% in the reverse order of carbon, i.e. PPS > RB > WB > LS >BS >
CW. Nitrogen and S were low. VS and TS content varied
from 52.7% to 75.4% and 58.4% to 79.7% respectively,
in the order CW > LS > PPS > RB > WB > BS (Table 1).

Chemical compositions
The chemical compositions of AWSs used in this study
are listed in Table 2, along with their distinctive properties. The NDF content varied between 29.1% (RB) and
75.6% (BS) in the order BS > CW > LS > WB > PPS >
RB. The ADF content varied between 11.7% (WB) and
55.1% (BS) in the order BS > CW > LS > PPS > RB >
WB. The ADL content varied between 3.4% (WB) and
8.7% (CW) in the order CW > LS > PPS > BS > RB >
WB. HC content varied from 15.8% to 31.4% in the order
WB > LS > CW > BS > PPS > RB. Cellulose content
varied with a large difference from 8.4% to 41.7% in the
order CW > BS > LS > PPS > RB > WB. Carbohydrate
content varied from 60.7% to 77.8% in the order CW >
WB > LS > BS > RB > PPS.
294

BMPexp, BMPCHNO, BMPOFC and
BMPNDF,ADF,ADL assay
BMPexp varied from 216.3 (BS) to 317.6 (CW) ml/g VS.
The order of BMPexp was CW > WB > LS > RB > PPS >
BS (Table 4), and statistical non-significant differences
were found in the cumulative CH4 values (0.204 >
α = 0.05). The predicted BMPs are shown in Table 4.
Empirical formulae have been deduced from ultimate
analysis of AWSs. BMPCHNO was the maximum BMP
when compared to other predicted methods and the order
was CW > LS > BS > WB > RB > PPS, varying from
340.7 to 484.3 ml/g VS. BMPOFC was lesser than
BMPCHNO and varied from 272.5 to 326.5 ml/g VS. The
CURRENT SCIENCE, VOL. 115, NO. 2, 25 JULY 2018
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Table 3.
Analysis
BDexp% VS1
LB%2
BDele3
tVFA mg/l at 6th day
tVFA mg/l at 12th day
t VFA mg/l at 30th day
CH4%
Max. CH4 ml/g VS4

Characteristics of AD of different substrates

CW

BS

LS

WB

RB

PPS

76.0
58.7
65.6
2250 ± 22.3
900 ± 12.4
130 ± 6.5
63 ± 3.2
27.1 ± 2.3

65.5
43.7
49.4
1700 ± 12.5
876 ± 20.1
126 ± 8.3
57 ± 2.8
20.1 ± 3.5

70.0
59.3
59.4
1925 ± 26.1
785 ± 14.2
200 ± 9.7
60 ± 2.9
28.1 ± 1.3

74.0
73.5
68.1
2100 ± 18.6
800 ± 17.6
176 ± 12.3
63 ± 3.4
31.0 ± 2.7

68.5
70.9
77.9
1900 ± 20.9
750 ± 18.2
180 ± 10.8
64 ± 3.1
23.9 ± 2.5

67.5
61.6
75.0
1755 ± 14.9
720 ± 16.0
190 ± 11.6
60 ± 2.5
22.7 ± 4.1

1

Biodegradability experimentally calculated based on VS; 2Biodegradable fraction based on lignin, BDexp VS; 3Elemental biodegradability; 4Maximum daily CH4 ml/g VS.

Figure 1.

Figure 2.

Cumulative CH4 ml/g VS of agricultural waste substrates.

Rate of CH4 production of agricultural waste substrates.
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Table 4.

Empirical formulae, theoretical BMPs based on elemental, chemical and compositional, experimental
BMP of substrates
ml/g VS

AWSs

Empirical formula

BMPCHNO1

BMPOFC2

BMPNDF,ADF,ADL3

BMPexp4

CW
BS
LS
WB
RB
PPS

C4.71H3.87O2.47N0.01
C4.43H3.63O2.67N0.03
C4.41H4.56O2.58N0.09
C4.03H5.33O2.88N0.02
C3.50H5.10O3.26N0.05
C3.35H5.56O3.31N0.09

484.3
438.0
469.7
428.9
344.9
340.7

326.5
286.3
292.6
306.9
272.5
288.6

185.6
173.8
203.8
184.7
99.8
132.6

317.6 ± 12.4
216.4 ± 5.6
279.2 ± 4.5
292.0 ± 5.6
268.8 ± 8.8
255.6 ± 3.5

1

BMPCHNO was calculated from CHNO values determined from CHNS analyser; 2BMPOFC was calculated from
carbohydrates and protein contents only; 3BMPNDF,ADF,ADL was calculated from NDF, ADF and ADL values;
4
Experimentally determined.

Figure 3.

Individual VFAs production and consumption with digestion time.

order of BMPOFC was CW > WB > BS > LS > RB > PPS.
BMPNDF,ADF,ADL was minimum in all these predicted
BMPs, and varied from 99.8 to 203.8 ml/g VS in the
order LS > CW > WB > BS > PPS > RB.
296

BD analysis
BDele content varied from 49.4 to 77.9 and the order was
RB > PPS > WB > CW > LS > BS. BDexp content varied
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from 65.5% (BS) to 76.0% (CW) and the order was
CW > WB > LS > RB > PPS > BS. LB% varied from
43.7 (BS) to 73.4 (WB), and the order was WB > RB >
BS > PPS > LS > CW as shown in Table 3.

VFAs analysis
The concentration of total volatile fatty acids (tVFA) is
shown in Table 3. The analysis of AD showed the following order of tVFA in the first inspection: CW > WB >
LS > RB > PPS > BS, i.e. 2250, 2100, 1925, 1900, 1755
and 1700 mg/l respectively. After the end of the second
week (15th day), its concentration reduced to the
following order: CW > BS > WB > LS > RB > PPS, i.e.
900, 876, 800, 785, 750 and 720 mg/l respectively. In the
final reading, i.e. 30th day, its concentration further reduced to the following order: LS > PPS > RB > WB >
CW > BS, i.e. 200, 190, 180, 176, 130 and 126 mg/l respectively. Individual analysis of VFAs revealed the
presence of acetic acid (HAc), propionic acid (HPr),
butyric acid (HBu) and isobutyric (HiB) acid in tVFA as
shown in Figure 3. HAc was higher (58–63% of tVFA) in
all inspected results of all AWSs as compared to HPr,
HBu and HiB. However, HBu also remained higher at
28–32% of tVFA and HPr remained at 6–13% as compared to the other two acids.

Discussion
Ultimate, proximate and chemical analysis
A lot of variations in proximate, ultimate and chemical
compositions were reported even within the same species
of agricultural biomass. Generally, dry matters are in the
range 15–25.5% of agricultural biomass while ash and
organic matters contents are in the range 9.2–16.5% and
83–92% of dry matter respectively. Similarly, CPs, NDF,
ADF, ADL, HC and cellulose are in the range 8–20%,
41.1–76.5%, 21.2–50%, 2.4–10.2%, 12–30% and 13.7–
40% of dry matter respectively21,22. In this study, all these
characteristics were found within the range of reported
data. However, slight variations of these results found in
the literature might be due to variations in biomass
growth parameters like growth and environmental (soil,
plant maturity stage and seasonal difference) conditions.
As previously reported, the variations in these parameters
have an influence on the chemical compositions23.
Studies have mentioned that the ripening of crops has
reduced the concentrations of NDF, ADF, CP and
ADL24,25. The insight image of chemical compositions of
AWSs enabled to predict incubation time and BMP.
Among proximate analyses, VS is more important because only VS fractions were digestible. The elemental
composition majorly comprised of carbon, hydrogen,
nitrogen and oxygen which was an important factor for
CURRENT SCIENCE, VOL. 115, NO. 2, 25 JULY 2018

successful operation of the process because it not only
predicted nutritional requirements of microbial growth
but also helped in balancing carbon to nitrogen ratio. The
ultimate values of AWSs were found in the broad ranges
of carbon, hydrogen, oxygen, nitrogen and sulphur, i.e.
36.3–46.7%, 4.6–5.6%, 33.7–46.8%, 0.2–0.7 and 0.01–
0.17% respectively26; only slight variations were found in
carbon content. The reason for variation in results of ultimate compositions was similar to the variation as discussed above for the chemical compositions23. These
ultimate and chemical compositions predicted the maximum BMP and BD, based on 100% conversion of biomass into gas12. All these variations in the properties have
shown different BD of AWSs.

Biogas analysis
Generally, CH4 contents range was reported around
60–70% and 70–80% for albizia and food wastes
respectively27. However, an overall CH4 content range
was reported around 55–80% in biogas for AWSs3. The
CH4 content ranges of this study were in line with literature. Although pre-adopted inoculum was used, no significant improvements in CH4 content were observed and it
mainly depended on the methanogenic activity and its
numbers. The CH4 contents were initially low due to
acclimation period needed by methenogens; but using
pre-adopted inoculum acclimation periods were reduced
and sustainability was achieved rapidly27. However, there
were slight variations in the CH4 content which might be
due to the differences in substrate compositions. Overall
it depended upon the lignin content and nature of the inoculum28. The cumulative Figure 1 does not represent
whole story of biogas production; but actually, a lot of
variation was observed in the rate of biogas as shown in
Figure 2. Initial production rate was higher due to higher
amount of VS content which degraded gradually. Consequently, its production rate was decreased further in the
first two weeks and ultimately stopped when digestible
AWSs were used up.

BMPexp, BMPCHNO, BMPOFC and
BMPNDF,ADF,ADL assay
The BMPexp has been reported lower than predicted
BMPs, because of recalcitrant carbon, which is not
considered as recalcitrant in stoichiometric calculations15,29. This non-biodegradable constituent also reduced the BD of other chemical components such as HC
and celluloses29. These predicted BMPs cannot be used as
a gauge of BMP, but are helpful in assessing the BD of
AWSs, also called as BD index1. The other reason for
higher values of predicted BMPs than BMPexp was due to
some components of AWSs in the BMP assay which were
also utilized for microbial growth and metabolism, but
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not considered in stoichiometric calculation29. The comparison within predicted BMPs showed that BMPCHNO
has the highest value because it was only based on
CHNO values irrespective of being degradable or nondegradable. Whereas in BMPOFC lipids were not included
in calculations, as AWSs may have minor or no lipids in
their composition. However, lipids if present, have given
higher BMPexp as compared to protein and carbohydrates13. Surprisingly, BMPNDF,ADF,ADL prediction has
shown lower values than both predicted BMPs and
BMPexp, because lignin has been considered as a strictly
recalcitrant component. The BMP assay showed broad
BMP range of 20–360 ml/g VS for barley waste5, 270–
350 ml/g VS for grasses6, 202–410 ml/g VS for maize
waste7. However, overall BMPs ranging from 200 to
450 ml/g VS of AWSs are reported1,4. The variations in
BMPs data as well as BD data were due to difference in
chemical compositions in AWSs. Among all chemical
components, lignin has been considered as a rate limiting
component for BD. In this study, CW has shown highest
BMPexp, i.e. 317.6 ml/g VS and highest BD which indicated that lignin was loosely linked with carbohydrates
and provided soluble carbohydrates irrespective of its
content in other subjected AWSs. Moreover, highest
BMPexp might be due to balancing of carbon to nitrogen
ratio (C/N) of the medium which can also be explained
by higher BDexp than stoichiometry calculated BD. The
BMPexp of CW was much higher than reported range of
cotton stalk, i.e. 78–149 ml/g VS30, which might be due
to the use of optimized inoculum and medium that maximized digestion of CW. The BMPexp of BS was found in
line with BMPexp range as in reported data5 as mentioned
above, i.e. 216.3 ml/g VS and less than CW. It might be
explained by higher content of lignin (14.0%) that reduced the BD. The BMPexp of LS and PPS was 279.2 and
255.6 ml/g VS respectively. No BMPexp data was found
in the literature to compare results. Hence it was ideal to
compare with CW because of similar ADL content (only
ADL is responsible for controlling BD and hence used for
comparison). However, their BMPexp is much less than
CW. This might be due to high HC content in LS which
is recalcitrant to some extent and reduces the BD31. But
PPS has lower BMP than LS. It also has lower HC content, which might be explained on the basis of lack of
proper microflora for AD. No doubt inoculum was constant in all analysis but composition of AWSs selected
the growth of microflora in the digester. Wheat and rice
wastes have shown broad range of BMPexp data in the
literature, i.e. 202–243 ml/g VS of wheat straw32 and
156.6 ml/g VS of rice bran26. However, BMPexp of WB
(292.0 ml/g VS) and RB (268.7 ml/g VS) was higher than
reported data because of lower ADL content in WB and
RB that increased BD. Generally, BMPexp variations were
found in the literature due to different AWSs compositions and AD operational parameters. The BMPexp and
BD of this study were higher than previously reported da298

ta. This was because AWSs have intact VS which was not
digested previously in the stomach or composting. It was
also higher since activity of inoculum was maintained by
addition of essential mineral and vitamins in the medium.
The BDexp was higher than the predicted BD, because
BDexp also considered the utilization of AWSs components into microbial growth. BDele was a ratio of
BMPexp/BMPCHNO and the LB was based on lignin content only which predicted maximum of 83% BD of AWSs
with 0% lignin content20.

VFA analysis
During AD, VFAs production and conversion (into CH4
and CO2) was an indicator of the accurate operation.
Analysis of individual VFAs showed concentrations of
HAc higher than HPr, HBu, HiB and HVa. It was due to
conversion of other VFAs into HAc33. The HAc concentration above 800 mg/l was critical but did not effect
AWSs digestion due to the use of sodium bicarbonate
(NaHCO3). The percentages of individual VFA in tVFAs
were nearly close in all AWSs digestion processes which
indicated that similar microflora and metabolic pathways
were present in the conversion of AWSs into CH4.
Initially, tVFA concentration was higher due to higher
rate of hydrolysis, lower rate of methanogensis and
increased pH which might affect the AD process33. However, tVFA concentration was much lower than inhibition
concentration of tVFA, i.e. 4000 mg/l (ref. 34) and pH
was balanced by addition of buffer in the medium. Moreover, lignin content in AWSs reduced the digestion and
produced VFA in moderate rate28.

Conclusion
BMPexp of AWSs was observed as 317.6, 292.0, 279.2,
268.8, 255.6, 216.4 ml/g VS in the order CW > WB >
LS > RB > PPS > BS. The same order of BDexp indicated
that both these properties were directly proportional to
each other. The active inoculate has not improved the
CH4 content but attained sustainability rapidly in the
range 57–64% which increased the BMPexp and biodegradability of agricultural substrates. The BMPexp variations
among AWSs were due to different chemical compositions and biodegradability based on chemical composition especially (lignin and HC content). Theoretically
predicted BMPs were higher than the BMPexp except
BMPNDF,ADF,ADL. AD produced higher Hac (58–63%) as
compared to HBu (28–32%) and HPr (6–13%) in all
AWSs. The initial concentrations of VFAs were higher
and gradually reduced by conversion into CH4. The percentages of individual VFAs were very narrow and indicated the similar pathways of digestion in all
assays. This study also showed that similar kind of
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microbial consortia in digestion process produced similar
intermediates.
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