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Abstract
Knowing the biochemical methane potential of a substrate to biogas production is a preliminary to possible selection of 
the pre-anaerobic digestion technology and identifying the optimum reaction time. Following standard method to reac-
tor assembly, feed preparation and monitoring of the specific methane yield, the two temperature systems are compared 
among substrates. As a result, the rate of biochemical methane yield from the waste activated sludge anaerobic diges-
tion in the thermophilic case is much faster than the mesophilic. The specific methane yield and volatile solid removal 
of the waste activated sludge batch anaerobic digestion is 74% of the theoretical and 81% for the thermophilic while it 
is 57% theoretical and 76% for the mesophilic, respectively. However, the best methane yield is recorded for the acetic 
acid followed by the cellulose and sludge substrates, signifying the importance of sludge pretreatment to enhance deg-
radability in anaerobic digestion. Also, the optimum reaction time for thermophilic and mesophilic systems is different.
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1 Introduction

Conventional wastewater treatments are so far preferred 
to manage the huge volume of sewage in an urbanized 
society and in different countries. However, the energy 
and economic inefficiencies are challenging them. In this 
regard, recovering the energy and other chemicals from 
such biowaste is accepted by most central wastewater 
treatment facilities across the globe [1–3].

Anaerobic digestion (AD) of biomass remains a robust 
technology to a renewable energy, soil nutrient and waste 
stability advantages. However, the performance of AD has 
to be evaluated mainly based on the recovered biochemi-
cal methane potential (BMP) of the biomass feed, which 
are achieved based on acceptable protocol. Therefore, per-
forming the BMP test of the feed is essential, in fact, not 

only for the later performance evaluation in terms of the 
energy recovered but also to judge the degradability sta-
tus of the feed and thereby to determine the pretreatment 
required. For instance, degradability has been defined as 
the BMP divided by the theoretical methane potential 
which is calculated with the theoretical factor of 0.35 l of 
 CH4 per unit gram of the chemical oxygen demand (COD) 
[4–7].

Generally, pretreatments are existing practices in waste-
water treatment to enhance performance. However, the 
advantages and disadvantages the different pretreatment 
techniques should be considered with respect to cost, 
technology selection, energy and the resulting secondary 
waste [8]. Regarding of AD feeds, substrate pretreatments 
are being preferred for their outweighing advantages over 
their cost implications. Among the many variables which 
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affect the success and feasibility of AD is the feedstock 
pretreatment [6]. Since particle size of feed affects the 
hydrolysis stage, which is a rate limiting stage in AD, size 
reduction pretreatments, especially hybrid pretreatments, 
are normally acceptable for substrates with low biodeg-
radability to improve performance of bioprocesses and 
perhaps the methane yield [9–11].

Recent studies have also reported correlating the BMP 
with polyhydroxyalkanoate (PHA) content and other deriv-
atives from WAS and other biomass [4]. The PHA content, 
which is expressed per gram of the volatile suspended sol-
ids (VSS), in waste activated sludge (WAS) indicated the 
BMP yield better that protein and carbohydrate contents 
in feedstocks. The PHAs significantly contribute to possible 
cell disruption thereby affecting the hydrolysis and acidi-
fication stages in WAS AD. The detail of the mechanism 
is reported by Wang and co-authors [12]. In the current 
study, the BMP of WAS is compared with synthetic cellu-
lose  (C6H10O5) and acetic acid  (C2H4O2) using a standard 
protocol. In related studies, the application of cellulose 
digestion is considered as control experimental run [13, 
14].

Obviously, the differences in biodegradability of feed-
stocks affects the resulting AD performance. Determin-
ing such differences through comparison of substrates of 
extreme nature, which otherwise can be viewed as control 
substrates [15], in turn assist the suggestion of possible 
pretreatment options. Therefore, the objective of this 
study is to give the basis to evaluate the performance of 
WAS AD technologies in terms of the recovered methane, 
biogas and hence to direct the need for biomass pretreat-
ments in comparison with cellulose and acetic acid AD. 
Further, this study reveals the effect of temperature on the 
possible recovery of bioenergy from the AD of WAS com-
paring thermophilic and mesophilic conditions.

2  Materials and methods

2.1  Experimental setup

Generally, the method applied in the current BMP test is 
based on published sources [13, 16]. The temperature of 

the AD is set at two levels, which is 35 ± 1 °C for meso-
philic and 55 ± 1 °C for thermophilic systems. Glass bottles 
of 120 ml volume consisting of 80 ml slurry and a 40 ml 
gas space are used. The inoculation of the thermophilic 
and mesophilic inocula into those bottles at 50 ml volume 
is done first.

Following, substrates formulated into slurry are poured 
at a dosage of 0.5 g of the total COD (CODt) per g-VSS of 
the inoculum (Table 1). After filling the slurry, the bottles 
are sealed with a rubber stopper and aluminum lid. The 
inside of each bottle is then flushed with nitrogen gas 
using a needle pricking through the rubber stopper for 
2 min before they are placed into their respective ther-
mal chamber. During the reaction time, the biogas yield 
from those serum bottles was measured using the liquid 
displacement system while the biogas composition and 
hence its quality is determined using the gas chromatogra-
phy (GC) Fisons GC8000 2014 (Fison Instruments, Italy). The 
GC with a thermal conductivity detector assembled capil-
lary metal tube round chromatography column (PORAPAK 
Q) and a hydrogen carrier gas have been applied during 
gases detection and quantification. Injector, column, and 
detector temperatures were set at 80, 60 and 90 °C, respec-
tively, and the gas flow rate was 30 ml/min. One ml of gas 
sample is obtained using syringes and needle for analysis, 
which is shortly injected to GC.

The inocula for the current work are brought from work-
ing large-scale anaerobic digesters. By the same protocol, 
a blank or endogenous and control cellulose as well as 
acetic acid substrates were run side by side in triplicates 
for a retention time of 44 days (Fig. 1). For all digesters, the 
pH of the inocula was around eight, which did not require 
the adjustment in favor of the methanogens.

2.2  Sampling and sample preparation

For the solids and Nammon analysis, the sludge sample 
volume of 10 ml is used while proper sample volume of 
centrifuged and diluted sludge is used to both the soluble 
chemical oxygen demand (CODsol) and the CODt. Meas-
urement of CODt is made by diluting the samples by a fac-
tor of 50. The DS and the CODsol samples are centrifuged 
first at an angular speed of 1300 revolutions per minute for 

Table 1  Substrate portion 
of the biochemical methane 
potential assay fed to both 
temperature bottles

Parameters Mesophilic Thermophilic

Inoculum Substrates Inoculum Substrates

WAS Cellulose Acetic acid WAS Cellulose Acetic acid

CODt (g/l) 9.5 28.4 1190 23.1 19 28.4 1190 23.1
Volume (ml) 50 11.5 0.3 14 50 11 0.3 13
VSS (g/l) 13.1 49.0 12.3 49.0



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1546 | https://doi.org/10.1007/s42452-020-03359-w Research Article

10 min. After centrifugation, 10 ml of the expressed water 
is pipetted into the drying cups to do the dissolved solid 
(DS). For the CODsol, 2.5 ml of sample is pipetted after 
dilution into the digestion glass vials. To do the COD differ-
ent dilution rates; 5 times for the mesophilic and 10 times 
for the thermophilic sludge samples are applied because 
of their variations in VS concentration with respect to the 
detection limit of the spectrophotometer. Whereas the 
WAS is analyzed without dilution. All the three samples 
are analyzed around 19 °C.

2.3  The solids analysis

Solids in the sludge samples are determined according 
to the standard methods outlined in the American Pub-
lic Health Association’s standard [17]. The total solid (TS) 
is analyzed by drying the sludge sample in an oven at 
105 ± 2 °C. This temperature is kept for 3 h, which will evap-
orate all the water in the sample and it is latter weighed 
to constant weight. The volatile solid (VS) is determined 
by combusting the solid sample after the oven drying in 
a furnace kept at a temperature of 550 ± 2 °C and run for 
2 h. Because of its complete mineralization, the organic 
content in the sample with an insignificant inorganic mat-
ter volatilizes during ignition. Whereas, the total dissolved 
solid (TDS) and the volatile dissolved solid (VDS) are esti-
mated using a centrifuged sample and after the separa-
tion of its suspended fraction. The suspended solids (SSs) 
are then obtained from the calculation of the differences 
between the total and the dissolved part. The residue 
obtained after the mineralization of the sample at 550 ± 2 
is the inorganic fraction, also called fixed solid (FS).

2.4  The chemical oxygen demand analysis

Use of the COD instead of the VS as a parameter of an 
organic strength is also applicable since both parameters 
tell the amount of organic matter in a sample directly or 
indirectly whereby the former is faster to determine. To 

do the CODt as well as the soluble fraction the chemi-
cal digestion method is applied [18]. Hence, the sludge 
sample is mineralized by adding a concentrated  H2SO4 
and  K2Cr2O7 solutions into those COD vials containing 
the sludge sample and are oxidizers in DRB 200 digester 
which is set at a temperature of 150 °C for 2 h. Next, the 
absorbance of the sample is measured at the 600 nm, 
which works based on a change in color of the potassium 
dichromate. A spectrophotometer, DR3900 (HACH LANGE), 
is used to measure the absorbances. Indeed, a centrifuge 
is used to separate the solid from the supernatant during 
the testing of CODsol.

2.5  The ammonia nitrogen analysis

NH3-N (Nammon) is determined using Kjeldahl Method or 
Kjeldahl digestion performed in a distillation unit, known 
with the trade mark K-350. In this method, the sludge sam-
ple is first heated by sulfuric acid to molder the organic 
matter and release the reduced nitrogen as ammonium 
sulfate. Decomposition is completed when the dark color 
of the sample is changed to a clear colorless product. The 
solution obtained is then distilled using a small amount 
of caustic soda which converts the ammonium ion into 
ammonia. The amount of ammonia and hence the amount 
of nitrogen is determined by doing the back-titration. 
Since the ammonia reacts with a known amount of boric 
acid in a flask which is connected to the end of the con-
denser, the excess acid is then titrated with sodium car-
bonate while using pH indicator. Digital pH probe (SEN-
TRON, SI4007400-010) is used to measure the pH and the 
temperature of sludge sample almost every day with fre-
quent calibration [19].

3  Results and discussion

3.1  Characterization of inocula and the waste 
activated sludge sample

Both inocula and the WAS that is not pretreated are char-
acterized first for their solids, the COD and Nammon con-
tent. The various solids determined in these analyses are 
thus in increasing concentration in order from the WAS 
to mesophilic inoculum and to thermophilic inoculum 
(Table 2) this would be due to the location of sampling 
for both inocula and also the amount of biomass present 
in those inocula as well as degree of treatment applied at 
the wastewater treatment plants. The solids expressed as 
TS and VS as well as the ratio between these two slightly 
varies from what is reported by the European Commission 
(E.C) in this case [20]. The amount of TS for WAS is slightly 
higher in our case while it is lower for the inocula so their 

Fig. 1  Setup of the biochemical methane potential assay
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ratio varies accordingly. However, given the fact that the 
stabilization in these inocula may not be complete and 
the E C report is years old and the European Union is rep-
resented of sum of countries the deviation is acceptable.

According to the result of the VSS/TSS ratio, it is 
expected that a WAS before the AD has a ratio which 
ranges between 0.7 and 0.8 (70–80%) due to more degra-
dable organic matter expressed as VS. Accordingly the sta-
bilized WAS and hence the inocula are expected to reach 
down to 0.5 of that same ratio (50%) which is based on 
a relative measure of stabilization. Thus, the value in the 
table lies within this assumption, though the stabilization 
requires longer time for both inocula.

The CODsol of the WAS sample falls around the lower 
value of the range published by Zanetti and co-worker 
which is 51–135 mg/l. The Nammon is lower by compari-
son to a case study in Germany, which is 650 mg/l for an 
activated sludge that was actually from a waste stream 
high in nitrogen content. Conversely, the CODt of the 
sludge sample in our case falls between the CODt of raw 
sewage sludge and WAS as reported by Zanetti et al. and 
Meyer and Wilderer [21, 22].

As to the CODt/VS ratio, it is generally suggested that 
this ratio lies within standard deviation around the mean 
value of 1.5 which actually varies among different reports. 
The finding here for those inocula as well as the WAS 
(Table 2) are not far deviated according to the report by 
Parker et al. [23]. However, according to Kabouris and co-
workers [24] the CODt/VS ratio is lower compared to what 
they found out on a thickened WAS, 1.94. Conversely, it is 
a little higher than what is reported earlier. Therefore, it 
is evident that various sludge sources have different out-
comes as a matter of the nature of the waste itself, the 
treatment applied at the waste treatment plants and, if 
any, pretreatment applied to the sludge samples.

Compared to the WAS, the mean ammonia concentra-
tion of both inocula is far higher than what is desired for 
methanogenesis process which is below 200 mg/l (Table 2) 
however the inhibitory level is much higher than that. 
The thermophilic sludge is even 1.5 times higher than the 
mesophilic by comparison. A free ammonia concentration 
of 560–568 mg  NH3-N/l is claimed to reduce methane pro-
duction by 50% [25]. Total inhibition can occur at a concen-
tration of 10 g-N/l [26]. Further, the pH of the thermophilic 
inoculum is relatively higher.

3.2  The biochemical methane potential assay

Under the mesophilic mode of the AD, the normalized bio-
chemical methane yield among WAS, acetic acid and cellu-
lose digestions brought significant difference after 44 days 
of sludge retention time. The yields at standard tempera-
ture and pressure conditions for acetic acid, cellulose and Ta
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WAS were 297, 295.5, and 190.4 Nml-CH4/g-COD, respec-
tively. However, there was continuity of production of 
methane by the cellulose digester even after 44 days of 
the mentioned sludge retention time, which may be due 
to its less solubility compared with the acetic acid (Fig. 2).

Based on the data collected, the methane yield in the 
mesophilic batch systems is over 86% of the expected 
theoretical yield for cellulose and the acetic acid. For 
the sludge, it is around 57% of the expected theoretical 
yield from a pure substrate that is obviously because of 
the nature of media and it is not equally degradable like 
those pure media. Compared to those pure media, it is 
nearly 30% less in methane yield, but it should be borne 
in mind that it is a secondary medium brought after an 
activated sludge process (Fig. 2). The BMP test yield for 
the WAS (> 190 Nml-CH4/g-COD) that is digested at the 
mesophilic temperature is in agreement with the report 
by Carrere et al. [27], but it is lower than what is reported 
by Pontoni et al. [28, 29].

Under the thermophilic mode of the AD, the normalized 
biochemical methane yield among WAS, acetic acid and 
cellulose digestions brought significant difference after 
45 days of sludge retention time. The yields at standard 
temperature and pressure conditions for acetic acid, cel-
lulose and WAS were 334.6, 328.6, and 260.2 Nml-CH4/g-
COD, respectively (Fig. 3).

The biochemical methane yield in the thermophilic 
batch AD assay is greater than the mesophilic systems. 
It was about 95% of the theoretical yield per unit gram 
of COD for the pure substrates; cellulose and the acetic 
acid. Still better yield in the WAS thermophilic batch AD 
is recorded at a little over 74% of the theoretical yield 

(Fig. 3) for pure substrate. However, similar to the meso-
philic sludge digestion, the biochemical methane yield 
of the WAS thermophilic batch assay is lower than those 
pure media that happened due to the less degradabil-
ity of WAS. The BMP of WAS is even proved to be sig-
nificantly lower than that of the mixture of primary and 
secondary sludge [30].

In both temperatures of digestion, the acetic acid 
and cellulose showed a slight difference in degradation 
rates. For the acetic acid reaching early peak, which is 
due to the solubility of the substrate compared to both 
the sludge and cellulose. Conversely, the production of 
methane becomes slightly higher for the cellulose after 
the 15th day of digestion, which is still due to the dif-
ference in the degradability of the substrate since cel-
lulose takes longer time to degrade relative to acetic 
acid and hence there is the availability of the substrate 
is prolonged in the system. In the case of cellulose and 
sludge BMP assay the rate of methane production is 
faster by the thermophilic bottles which is due to the 
faster hydrolysis as a result of the higher temperature 
of digestion [31].

The rate of biochemical methane yield from the WAS 
AD in the thermophilic case is much faster than the meso-
philic with the disparity widening with increase in time 
(Fig. 4). The reason for that to happen is due to the fast 
hydrolysis in the thermophilic case.

These findings that the less degradable cellulose 
media’s methane is tapped better than the WAS indicating 
that the physical state of the media and hence the solubil-
ity and efficient degradability matters. Therefore, proper 
pretreatment of the sludge in terms of disintegrating the 
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particles in the WAS would enhance its BMP. Though sev-
eral pretreatments for WAS AD are available, recent studies 
are revealing the humus and lignocellulose solubilization 
effect of  CaO2 application. The optimum breakdown of 
humus and lignocelluloses in WAS using  CaO2 to enhance 
methane yield as well as its fundamental mechanism are 
also elucidated [32].

After digestion is ceased the sludge is analyzed for its 
pH, Nammon, CODsol, and solids (Table 3). Overall, the pH 
values of all digesters are well in the optimum range. Rela-
tively the pH for the thermophilic bottles is little higher 
compared to the mesophilic pH readings. The highest 
Nammon by the WAS fed digesters is due to the nature of 
the substrate that obviously contains protein compounds.

The CODsol compared between the mesophilic and the 
thermophilic sludge is higher for thermophilic in all kinds 
of substrates and the control. This over twofold concen-
tration of CODsol by the thermophilic sludge is attained 
due to high background of thermophilic inocula and the 
effect of temperature on hydrolysis and the subsequent 

dissolution of compounds. The effect of dissolution is also 
evident from the TDS and VDS determined after digestion. 
Conversely, the TSS and VSS are higher for the mesophilic 
sludge. The VSS removal by the thermophilic digester is 
higher than by the mesophilic WAS batch AD which are 
81% and 76%, respectively.

Since the extent of mineralization and hence the bio-
chemical methane yield in all the substrates is better 
by the thermophilic batch systems so does is the solid 
removal which can be understood from the TS and VS 
determined after digestion for both temperature sludge. 
The TS and VS concentrations are low after digestion in 
the thermophilic sludge in all the substrate as well as the 
control cases.

4  Conclusions

Determining the BMP of any AD substrates is essential to 
identify the optimum energy recovery in a certain reac-
tion time whereby maximizing the energy self-sufficiency 
of existing and emerging central waste management 
systems and ultimately ensure economic efficiency and 
sustainability. The BMP of WAS is relatively lower com-
pared to the laboratory grade cellulose and acetic acid 
as a substrate, which is mainly due to its nondegradable 
complex nature formed after an activated sludge process. 
However, knowing this untapped energy potential can 
lead to the possible pretreatment so that its conversion 
into bioenergy can be enhanced. Thermophilic systems 
can recover the bioenergy from such substrates better 
and faster compared to the mesophilic systems. Despite 
the least recovery of the BMP of WAS, it can still be a good 
source of substrate for AD after a suitable pretreatment 
which is suggested for further study.
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Table 3  Post-anaerobic 
digestion characterization 
of the biochemical methane 
potential assay

Parameter Mesophilic Thermophilic

Inoculum Cellulose WAS Acetic acid Inoculum Cellulose WAS Acetic acid

pH 7.6 7.3 7.5 7.6 7.8 7.8 7.7 7.9
Nammon (mg/l) 1160 1146 1473 1123 1146 1156 1478 1185
CODsol (mg/l) 845 785 1115 1005 2105 1910 2905 2850
TS (g) 17.6 17.7 22.4 20.7 15.9 15.5 20.5 18.9
TDS (g) 1.3 1.3 1.7 4.8 2.01 1.94 2.8 5.9
TSS (g) 16.3 16.4 20.7 15.8 13.9 13.6 17.7 13
VS (g) 9.7 9.9 12.6 10.6 8.5 8.3 11.1 9.5
VDS (g) 0.7 0.7 0.9 0.81 1.44 1.35 2.0 2.0
VSS (g) 9 9.2 11.7 9.8 7.0 6.9 9.1 7.5
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