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Abstract
The present study investigated the comparative effect of anaerobic co-digestion of sewage sludge and wheat straw along with 
waste iron scraps on enhanced methane yield under mesophilic and thermophilic temperature. The co-digestion of sewage 
sludge with wheat straw enhances the cumulative biogas yield by 6.92 and 5.69 folds under mesophilic and thermophilic 
conditions respectively. The iron scraps of 250 mg/l as an additive were found to be more effective for methane enhancement 
as compared to 500 mg/l, under both conditions. The co-digestion of both substrates under mesophilic and thermophilic con-
ditions could enhance 2.67 and 2.37 (approx.) folds methane yield, whereas waste iron scraps supplementation of 250 mg/l 
further improves it to 3.7 and 4.36 folds (approx.) methane yield respectively. The highest methane yield was observed in 
the thermophilic digester T-250 followed by M-250, M-500, T-500, M-CTRL, and T-CTRL. Among the tested models, the 
exponential model was best fitted for the methane production rate. The modified Gompertz model and logistic function model 
at mesophilic and thermophilic conditions respectively best evaluate the methane yield kinetics.

Keywords Co-digestion · Sewage sludge · Agriculture waste · Waste iron scraps · Methane generation · Mesophilic and 
thermophilic conditions

1 Introduction

Wastewater sludge is an inevitable by-product resulting from 
the processing of wastewater treatment that increases along 
with stringent discharge standards [1]. Every year, a huge 
quantity of sewage sludge has been generated from wastewa-
ter treatment plants (WWTPs), which should be efficiently 
disposed of to avoid its secondary pollution effects [2]. It 
has been considered one of the most hazardous categories 
among the different types of municipal wastes, the manage-
ment of which must be the topmost priority in the whole 
world. The application of individual anaerobic fermentation 
of sewage sludge is often restricted due to the low methane 

yield and slow hydrolysis rate [3]. Mono-digestion of sew-
age sludge did not achieve efficient biogas generation due 
to low carbon and higher nitrogen contents, whereas agri-
cultural waste is comprised of high carbon and low nitrogen 
contents [4]. The improved performance of co-digestion of 
waste activated sludge (WAS) with other organic substrates 
has become an efficient way to overcome the drawbacks of 
mono-digestion and accelerate the economic viability of 
anaerobic digestion (AD) for maximum methane produc-
tion [5]. The space requirement and appropriate disposal of 
municipal solid waste (MSW) one of the challenges faced 
by many countries around the globe is becoming a huge 
concern [6]. The use of crop residuals, instead of crops, as a 
source of energy, contributes to food safety while creating an 
alternative solution to waste disposal problems [7]. Various 
studies of the co-digestion of energy crops (grass, maize, 
rice/wheat straw, algal biomass, etc.) with either sewage 
sludge or animal manure have been conducted for methane 
generation [8–11].

Under different operating conditions, some alterna-
tive techniques have also been carried out to enhance the 
biogas yield by stimulating microbial activity using different 
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biological and chemical additives [1]. At present, different 
types of accelerants such as trace elements (Fe, Co, Ni, Ca, 
Mg, Zn), polymers, bio-additives (enzymes and microorgan-
isms), macro-nutrients, and minerals are used to enhance the 
biogas production, shorten the digestion period, enhance the 
microbial and enzymatic activity, etc. [12]. Among all of 
these, supplementation of waste iron scraps as an accelerant 
seems to be a cost-effective alternative approach to boost up 
the methanogenic activity along with enhanced methane pro-
duction. As different forms of iron are available but among 
these waste iron scraps (WIS), the most widely available 
and easily accessible from industry has the great potential 
to enhance biogas production. Based on previous studies, 
the most possible pathway that leads to the enhancement 
of biogas production includes (i) producing more acetate 
by reducing the oxidation–reduction potential (ORP); (ii) 
improving the biogas quality through hydrogen evolution 
corrosion; and (iii) stimulating the microbial as well as 
enzymatic activity [13]. Moreover, the rusty iron scraps 
(zero valent iron) having layers of iron oxides are more effi-
cient than the cleaned surface iron scraps in enhancing the 
anaerobic digestion [4]. Some studies also suggested that 
conductive iron oxides  (Fe3O4) are involved in promoting 
methane production through a direct interspecies electron 
transfer mechanism between the organic oxidizing bacte-
ria and methanogens [4]. Additionally. the ZVI, an elec-
tron donor, also plays an important role in enhancing the 
anaerobic environment by increasing the working efficiency 
of anaerobic digesters for wastewater treatment [14]. Some 
studies reported that in anaerobic digesters, ZVI addition 
significantly improves the chemical oxygen demand (COD) 
removal efficiency by 25% for biological wastewater treat-
ment [15–18]. In anaerobic digesters, the ZVI (zero valent 
iron) delivers electrons for methanogens due to its low oxida-
tion–reduction potential (ORP) (Eo =  − 440 mV), which aids 
in enhancing the methanogenic activity and AD performance 
[19]. Temperature one of the most important environmental 
factors directly affects the dynamic condition of microorgan-
isms. Many earlier studies focused on promoting the effi-
ciency of co-digestion at different operating temperatures, 
i.e., mesophilic, thermophilic, and even hyperthermophilic 
conditions [20]. As compared to the mesophilic anaerobic 
process, thermophilic fermentation possesses higher effi-
ciency of waste stabilization through the destruction of path-
ogens, reduced retention time, and increased biogas yields 
along increased microbial activity [21]. Modeling represents 
an effective way to optimize anaerobic co-digestion (AcoD) 
process design and operation, monitor anaerobic digesters, 
and better formalize available knowledge [22].

To evaluate the execution of anaerobic digestion (AD) 
process, different kinetic models, i.e., first-order model, 
Monod model, substrate mass balance model, Chen and 
Hashimoto model, logistic function model, modified 

Gompertz model, etc., have been used [23]. The anaero-
bic degradation of particulate matter in batch or continuous 
mode having a fixed kinetic structure can be modeled using 
appropriate kinetic models [24]. The modified Gompertz and 
Logistic models following the sigmoidal pattern can corre-
late methanogenic bacteria growth with produced methane 
[25]. A transference function model deliberates the station-
ary and exponential phase in biogas generation is used in 
case of near or zero lag phase [13, 26]. Predictive modeling 
not only plays important role in biogas production but also 
deeply elaborates the behavior of microorganisms at varying 
physical and chemical conditions like pH and temperature in 
food microbiology [27]. In addition to the above-discussed 
models, several other alternative kinetic models have also 
been proposed for anaerobic digestion of different types of 
substrates for biogas production.

The present study focused on co-digestion of sewage 
sludge and wheat straw on biogas production along with the 
feasibility of two different selected concentrations of waste 
iron scraps for biogas/methane production at mesophilic and 
thermophilic temperatures. The kinetic study of models for 
methane production rate and cumulative methane yield was 
also carried out. The best fit model was evaluated using the 
error functions (R2, AIC, and BIC) to describe the produc-
tion rate and cumulative methane yield under mesophilic and 
thermophilic conditions.

2  Materials and methods

2.1  Culture preparation

The inoculum used in the present study was collected from 
a 5L anaerobic digester maintained at mesophilic condi-
tions (35–40 °C). The microbial activity of the digester was 
retained by adding slurry (cow dung and water in the ratio 
1:1) [28]. The microbial activity in the reactor was sustained 
by the addition of a small quantity of cow dung at an inter-
val of 30–40 days. The volume of culture was maintained 
by adding the amount of slurry integrated into the digester 
and the same amount of slurry taken out from it [28]. The 
pH was maintained at 7.0 ± 0.5 using the 0.1 N NaOH/HCl, 
whenever required.

2.2  Experimental design for batch reactors

The primary sludge as nutrients source and wheat straw 
as substrate were collected from full-scale STP (Sewage 
Treatment Plant), and the agricultural field (Pethapur 
village), Gandhinagar, Gujarat (India) respectively. The 
granular iron scraps ranging from 0.12 to 2.0 mm were 
collected from the local iron welding shop, Gandhina-
gar, Gujarat (India). The experiments were conducted 
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in triplicates in 130-ml serum bottles. Six sets of bot-
tles with 50 ml working volume were used as digesters 
for anaerobic co-digestion. Three sets of bottles labeled 
as M-CTRL, M-250, and M-500 were operated under 
the mesophilic conditions and the remaining three sets 
labeled as T-CTRL, T-250, and T-500 were operated under 
thermophilic conditions. The required quantity of 1.25 g 
(5.0%) of air-dried pulverized wheat straw (size: ≤ 2 mm) 
mixed with 25 ml sludge was added to the digesters fol-
lowed by the addition of 25 ml active inoculum. In the 
biogas production from wheat straw only, its initial and 
final digestate characterizations are presented in the earlier 
study [29]. In the digesters, M-250 and T-250, and M-500 
and T-500 iron scraps granules of 250 mg/l and 500 mg/l 
respectively were amended. Anaerobic digesters M-CTRL 
and T-CTRL were operated without the addition of iron 
scraps granules to observe the effect of co-digestion of 
sewage sludge with wheat straw on biogas production. 
Furthermore, two more sets of digesters were designed to 
observe the biogas production potential of sewage sludge 
(SL) and inoculum (CUL) used only at mesophilic tem-
perature. The reactors were shaken manually 3–4 times 
daily to mix the contents properly. The headspace of each 
digestor was purged with  N2 (99.99% purity) for 5 min 
to create an anaerobic environment. The digestors were 
sealed using rubber septa and 20-mm aluminum caps. To 
avoid the excess pressure generated at the initial stage dur-
ing biogas formation, 30 ml headspace gas was evacuated 
from each digester using an airtight syringe.

The digestors M-CTRL, M-250, and M-500 were incu-
bated at 37 ± 1 °C in a BOD incubator, whereas the digestors 
T-CTRL, T-250, and T-500 were kept at 57 ± 1 °C in a hot 
air oven. The produced biogas volume was measured using 
a 60-ml glass syringe. At the initial stage, i.e., on the 1st day, 
the biogas was measured after 12 h followed by a 24-h inter-
val. The dilution at the initial stage due to  N2 purging was 
also corrected from the cumulative volume of biogas formed 
for the two initial measurements. Measurement of the meth-
ane contents in the biogas was measured by subtracting the 
 CO2 contents from the total volume of gas produced using 
an airtight column based on the partial pressure change [28].

2.3  Kinetic modeling of methanogenesis

The methane production rate and cumulative methane pro-
duced were tested for various kinetic models. The model 
parameters were analyzed using the nonlinear fit function in 
Origin Pro-2018 software (learning edition). Curve Expert 
Professional 2.6.5 (Trial version) was used for the evaluation 
of the first-order kinetic model. The methane production rate 
was evaluated using the linear model [30, 31] and exponen-
tial model [12] as presented in Eqs. 1 and 2.

where y is methane production rate (ml/day); t is digestion 
time (days); a and b in (ml/day) are constants, c in  (day−1) 
is also constant and is positive for the increasing order and 
negative for the decreasing order.

The substrate hydrolysis rate-limiting step was calculated 
using the first-order kinetic model by Eq. 3 [13].

where P (ml) is accumulated methane production; Po (ml) 
is maximum methane yield; k is methane production rate 
constant and t is incubation time (days).

The above model (Eq. 3) does not estimate the specific 
methane yield rate and lag phase hence modified Gompertz 
(Eq. 4) and logistic function (Eq. 5) models were applied 
to predict the cumulative methane production. These two 
sigmoidal functions help in correlating the biogas produced 
in the anaerobic digester by methanogenic archaea activity 
ƛ [31, 32].

where y is cumulative methane production (ml); A is the 
maximum specific methane production potential (ml); Um 
is maximum specific methane production rate (days); λ is a 
lag phase (days); t is the incubation time (days); e is expo-
nential (1). Model parameters A, Um, and λ of the models 
(Gompertz model and logistic model) were analyzed using 
the Solver function (MS Excel- 2010).

2.4  Analytical methods and methane contents 
measurement

Total solids and volatile solids contents were analyzed as 
per APHA (2012) [33]. The digestate was centrifuged for 
15 min at 7000 rpm. The obtained supernatant was fur-
ther processed for the analysis of COD (chemical oxygen 
demand), ammonia  (NH3), total alkalinity, and VFAs (vola-
tile fatty acids) as per standard methods [33]. The Double 
Beam Spectrophotometer (Model-Dynamica HOLO DB-20 
UV–VIS) was used for components analysis. The methane 
content present in biogas was measured based on the partial 
pressure method [28]. MS Excel (Version 2010) was used 
for statistical analysis.

(1)y = a + bt

(2)y = a + bexp(ct)

(3)P = Po
[

1 − exp(−kt)
]

(4)y = A. exp
{

− exp
(

Um.e

A
(� − t) + 1

)

(5)
y =

A
{

1 + exp
[

4Um

A
(� − t) + 2

]}
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3  Results and discussion

3.1  Substrate and nutrients source characteristics

The general physicochemical characteristics of feedstock 
(wheat straw), sewage sludge, and inoculum are summa-
rized in Table 1. The analysis shows that wheat straw com-
prised of 97.87 ± 0.71% total solids on a wet weight basis 
and 75.6 ± 0.77% volatile solids on a dry weight basis, 
whereas total solids and volatile solids content present in 
sludge were 4.72 ± 0.36% and 25.15 ± 0.99% respectively. 
The pH and alkalinity level of the sewage sludge has the 
potential to support microbial growth by maintaining the 
buffering capacity during biogas production and neutralizing 
the accumulation of volatile fatty acids (VFAs) during the 
acidification process.

3.2  Effect of co‑digestion on biogas and methane 
content

The cumulative biogas and methane production along 
with methane content (%) at mesophilic and thermophilic 
experimental groups are plotted in Fig. 1. The cumula-
tive biogas yield of 566.0 ± 4.24 ml and 465.0 ± 7.07 ml 
was observed under the mesophilic and thermophilic 
conditions respectively. The biogas production in anaero-
bic digesters M-CTRL and T-CTRL lasted for 27 days, 
whereas in iron scraps, amended digesters M-250, M-500, 
T-250, and T-500 biogas formation lasted for 31 days and 
30 days respectively. As shown in Table 2, the cumulative 
biogas and methane yield of mono-digested sewage sludge 
was found to be 39.16 ± 2.12 ml and 28.45 ± 1.56 ml and 
that of inoculum 42.66 ± 4.48  ml and 31.0 ± 3.23  ml 
respectively. The mono-digestion of primary sludge hav-
ing sufficient buffering capacity produces less volume 
of biogas due to the presence of low content of volatile 
solids. The higher volatile content addition of pulverized 

Table 1  Physico-chemical 
characteristic of the substrate, 
sewage sludge, and inoculum

Parameters Sewage sludge Agricultural waste
(Wheat straw)

Inoculum

pH 7.265 ± 0.035 –– 7.380 ± 0.085
TA (mg/l) 535.0 ± 35.355 –– ––
TS (%) 4.725 ± 0.36 97.865 ± 0.714 ––
VS (%) 25.15 ± 0.987 75.595 ± 0.771 ––
TSS (g/l) –– –– 41.265 ± 1.987
VSS (g/l) –– –– 25.93 ± 0.127
T-COD (mg/l) 24,500.0 ± 2121.32 –– ––
NH4

+-N (mg/l) 10.283 ± 1.194 –– ––
TKN (mg/l) 235.2 ± 55.437 2128.0 ± 118.794 ––
Organic carbon (%) –– 62.5 ± 3.536 ––
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wheat straw (< 2 mm) generates a cumulative biogas yield 
of 484.18 ml at mesophilic and 383.18 ml at thermophilic 
processes. Co-digestion of sewage sludge with wheat 
straw enhances the biogas and methane yield by 6.9 folds 
(approx.) and 2.64 folds (approx.) under the mesophilic 
condition and 5.69 folds (approx.) and 2.4 folds (approx.) 
at the thermophilic condition respectively. In terms of ml/g 
VS, the maximum biogas production of 68.082 ± 1.035 ml/
gVS was observed in the digester T-CTRL followed by 
digesters of M-CTRL (47.804 ± 0.358 ml/g VS), M-500 
(38.153 ± 0.462 ml/g VS), T-500 (36.2944 ± 0.41 ml/g 
VS), M-250 (33.424 ± 0.213  ml/g Vs), and T-250 
(30.534 ± 0.611  ml/g VS). The co-digestion generally 
has a positive synergistic effect on biogas and methane 
production as the case relies mostly on the composition 
of the substrate being used [34–36]. The co-digestion 
not only increases the cumulative biogas and methane 
yield but also improve the biogas quality in the anaero-
bic digesters (T-CTRL), producing 13.23 ± 0.41 ml/g VS 
(30.26 ± 0.09%) followed by M-CTRL which produces 
20.60 ± 0.37 ml/g VS (27.68 ± 1.07%) of methane. The 
higher biogas production rate and cumulative yield from 
faster disintegration of feedstock and hydrolysis at thermo-
philic conditions mostly were due to the higher enzymatic 
activity at higher temperatures [37].

As shown in (Fig. 1B and C), the methane production 
rate was improved after co-digesting the sludge (SL) with 
wheat straw at mesophilic and thermophilic operation. As 
the mono-digestion of sewage sludge (SL) and inoculum 
(CUL) alone does not produce too much biogas, therefore, 
co-digesting the waste aids in the improvement of the qual-
ity and quantity of biogas produced. Not only does this 
increased temperature also make the methane production 
rate faster and better co-digestion of the wastes. Temperature 
plays a vital role in the anaerobic digestion of substrate; the 
higher the temperature, the more is the conversion of prod-
uct from a complex to a simple form [38], whereas effective 
conversion of substrate to methane needs a temperature-
dependent microbial community structure having unique 
properties [39].

3.3  Effect of waste iron scraps amendment 
on methane production

Table 2 shows the cumulative biogas and methane pro-
duction amended with iron scraps (ISs) at 250 mg/l and 
500 mg/l under mesophilic and thermophilic conditions. 
Cumulative biogas yield of 566.0 ± 4.24 ml, 555.5 ± 3.54 ml, 
and 584.5 ± 7.07  ml were produced in mesophilic sys-
tems M-CTRL, M-250, and M-500 respectively, whereas 

Table 2  Data obtained at mesophilic and thermophilic conditions from various digesters

Param-
eters

Digesters

Sludge (SL) Culture (CUL) M-CTRL M-250 M-500 T-CTRL T-250 T-500

pH 8.130 ± 0.017 8.347 ± 0.042 7.50 ± 0.035 7.45 ± 0.07 7.463 ± 0.064 7.833 ± 0.01 7.793 ± 0.015 7.76 ± 0.044

TA (mg/l) 1667.667 ± 611.01 7800.0 ± 529.15 5800.0 ± 0.0 4200.0 ± 871.78 5066.667 ± 115.470 6300.0 ± 141.421 6200.0 ± 200.0 5133.333 ± 832.666

TS (%) 4.712 ± 0.002 3.458 ± 0.026 4.942 + 0.223 5.501 ± 0.139 5.232 ± 0.094 5.351 ± 0.327 5.352 ± 0.215 5.564 ± 0.192

VS (%) 26.528 ± 4.454 63.902 ± 3.706 55.120 + 1.031 50.342 ± 0.123 51.649 ± 1.726 60.132 ± 2.973 52.462 ± 0.653 53.174 ± 2.709

COD 
(mg/l)

2666.666 ± 115.47 3066.666 ± 461.88 2000.0 ± 0.0 1400.0 ± 200.0 1733.333 ± 230.94 3066.666 ± 115.47 2600.0 ± 173.205 2366.666 ± 57.735

NH4
+-N 

(mg/l)
135.904 ± 7.411 81.734 ± 22.675 289.971 ± 39.915 231.133 ± 5.705 223.65 ± 4.067 353.798 ± 16.887 329.687 ± 5.048 341.199 ± 20.888

VFAs 
(mg/l)

685.714 ± 17.142 571.428 ± 26.186 185.714 ± 13.776 514.29 ± 17.142 257.142 ± 85.714 100.0 ± 24.744 342.857 ± 22.677 400.0 ± 13.093

Biogas 
(ml)

39.167 ± 2.121 42.665 ± 4.475 566.0 ± 4.242 555.555 ± 3.535 584.5 ± 7.071 465.0 ± 7.071 442.735 ± 8.858 500.5 ± 5.656

Methane 
(ml)

28.455 ± 1.555 31.005 ± 3.231 156.674 ± 4.866 219.282 ± 4.609 177.739 ± 11.692 140.691 ± 2.542 259.359 ± 12.09 175.527 ± 9.842

Ratio of 
methane 
(%)

72.649 ± 0.037 72.673 ± 0.05 27.685 ± 1.067 39.478 ± 1.08 30.398 ± 1.632 30.255 ± 0.086 58.62 ± 3.903 35.061 ± 1.57

Biogas 
(ml/
gVS)

2.552 ± 0.138 4.607 ± 0.483 47.804 ± 0.358 33.423 ± 0.212 38.152 ± 0.461 68.081 ± 1.035 30.533 ± 0.61 36.294 ± 0.41

Methane 
(ml/
gVS)

15.255 ± 4.744 18.655 ± 1.491 13.232 ± 0.411 13.193 ± 0.277 11.601 ± 0.763 20.598 ± 0.372 17.886 ± 0.833 12.728 ± 0.713

Po –– –– 150.815 238.138 175.46 191.622 350.374 207.382

K –– –– 0.007 0.003 0.005 0.002 0.002 0.003

R –– –– 0.989 0.996 0.989 0.979 0.977 0.982

R2 –– –– 0.979 0.992 0.978 0.959 0.955 0.965
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thermophilic digesters produced 465.0 ± 7.07 ml (T-CTRL); 
442.74 ± 8.86 ml (T-250), and 500.50 ± 5.66 ml (T-500) of 
biogas. Despite the lesser volumetric biogas production, 
the thermophilic incubation enhances the disintegration of 
the substrate and thereby the conversion rates to enhanced 
methane contents in the digestors. The biogas quality at 
thermophilic conditions was also improved as compared to 
mesophilic conditions, that is why more biomethane was 
produced. The digestion at a higher temperature (57 °C) 
catalyzes the reaction rate which leads to enhanced biogas 
production as compared to a lower temperature (mesophilic). 
The addition of the sewage sludge may be providing micro-
nutrients to the microbes to improve the bio-gasification 
under thermophilic conditions. The enhancement in metha-
nogenesis with an increase in the critical biological diver-
sity involved in denitrification and the increased redundancy 
in the utilization of substrate and primary metabolites like 
acetate for stable production of biogas utilizing food waste in 
two-phase thermophilic AD by supplementation by nutrients 
[40]. Cecchi et al., in a study, also reported that the digestion 
of municipal solid waste results in increased gas production 
at thermophilic incubation up to 2–3 times than mesophilic 
incubation [41].

The cumulative methane yield of 13.19 ± 0.28 ml/g 
VS and 17.89 ± 0.83 ml/g VS were observed in M-250 
and T-250 anaerobic digesters, whereas digesters 
M-500 and T-500 having double the iron scraps produce 
11.60 ± 0.76 ml/g VS and 12.73 ± 0.71 ml/g VS of meth-
ane respectively. Under thermophilic operation anaerobic 
digesters, T-250 and T-500 produce 84.34% and 27.76% 
more methane as compared to the control T-CTRL. In a 
study, Logan observed the thermophilic degradation of 
fat, oil, and grease (FOG) could improve process perfor-
mance [42]. Maximum methane production achieved in 
anaerobic digester M-250 under mesophilic operation was 
39.96% higher followed by 13.44% (M-500) as compared 
to the M-CTRL. The corroded rusty waste iron scraps, as 
a small electrochemical cell under anaerobic conditions, 
generate hydrogen which along with  CO2 was oxidized 
by hydrogenotrophic methanogens producing methane. 
The addition of the blast furnace slag (BFS) dramatically 
affects COD removal rates and releases much more Fe in 
the aquatic environment compared to the other slags like 
steelmaking converter slag (SCS), and steelmaking ladle 
slag (SLS); therefore, higher biogas production is obtained 
in reactors where BFS with higher Fe content [43]. Metha-
nogenesis was improved by hydrogen evolution through 
corrosion [44], whereas the addition of iron reduces the 
ORP thereby increasing the production of more acetate 
resulting in more methane formation [45]. Generally, it 
has been conceivable that waste iron scraps generated from 
industries are the rusty iron after the consumption of the 
rusty layer, the inner metal iron (Fe°) starts functioning 

under anaerobic conditions. The other impurities of heavy 
metals which at trace levels associated with iron scraps 
may also result in an increase in methane production by 
enhancing anaerobic digestion. Moreover, Lovely [46] in 
their study reported that Iron  (Fe3+) was reduced into solu-
ble iron  (Fe2+) and the complex organic matter was grad-
ually oxidized to its simple form and even mineralized. 
The highest enriched methane production was observed 
in T-250, indicating the synergistic effect of waste iron 
scraps under thermophilic incubation conditions. Main-
taining optimal iron concentration in anaerobic digesters 
is a critical step to improve bacterial activity [47]. The 
anaerobic reactor T-250 (58.62 ± 3.90%) produces high-
est enriched methane followed by M-250 (39.48 ± 1.08%); 
T-500 (35.05 ± 1.57%); and M-500 (30.4 ± 1.63%) respec-
tively. Instead of working as an electron donor, zero valent 
iron also helps in accelerating the anaerobic environment 
which improves the working efficiency of the digester [14].

As compared to mesophilic reactors (M-CTRL, M-250, 
and M-500), the methane production rate was higher in ther-
mophilic digesters (T-CTRL, T-250, and T-500) (Fig. 1B 
and C). A continuous decreasing trend was observed in 
M-250 and M-500 in iron scraps amended digester as well as 
in M-CTRL beyond the 4th day of the incubation except for 
a sudden increase in production rate in the M-250 digester 
which starts from the 6th day and continues till 13th day. 
The production rate observed was also a little bit higher for 
the digester M-250 as compared to M-CTRL and M-500 till 
the end of the experiment, whereas under thermophilic, a 
decreasing trend was observed till the 6th day and after that 
production rate again rises to the 9th day and then again 
starts decreasing in the T-250 and T-500 digesters along 
with T-CTRL. In comparison to the digester T-CTRL and 
T-500, the methane production rate was higher in the T-250 
digester amended with iron scraps. This probably may be 
due to the discrepancy in the growth period required by the 
microbes under mesophilic and thermophilic conditions. 
The early methane production peak begins on the 1st day 
of incubation which may be due to the available soluble 
components for methanogens under both mesophilic and 
thermophilic conditions. The early peak of the methane 
may be due to the formation of hydrogen, which was not 
estimated in the present study. Though later on this, hydro-
gen produced is consumed in the methanogenesis process. 
The maximum methane production rate of 32.87 ml/day and 
28.25 ml/day was observed in the digester T-250 and T-500 
under thermophilic conditions while it was 30.62 ml/day 
and 33.49 ml/day in the anaerobic system under mesophilic 
process respectively. After 24 h of the incubation period, a 
continuous decrease in the mesophilic digester and thermo-
philic digester was observed, whereas the production rate 
increased when supplemented with 250 mg/l and 500 mg/l 
of ISs. This might be due to the increase in the solubility of 
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Fe in the system. A similar finding on an elevated level of 
the Fe in bio-electrolysis was also reported [28].

3.4  Changes in liquid phase components

The pH observed at the end of the experiment was higher 
under thermophilic conditions as compared to the meso-
philic incubation. For all the experimental groups, the pH 
value ranges from 7.45 ± 0.07 to 7.793 ± 0.015 indicating 
the normal microbial activities in the anaerobic digester. 
The optimum pH range for methanogenic activity ranges 
from 6.5 to 7.5 and below 6.5, and bacterial growth and 
methane yield both were suppressed [48–50]. Total alkalin-
ity (TA) and  NH4

+-N in digesters having waste iron scraps 
were found lower in comparison to respective mesophilic/
thermophilic-control digester except T-250 having equiv-
alent to T-CTRL. The increase in total alkalinity may be 
due to the release of ammonia that binds with  CO2 form-
ing ammonium bicarbonate thereby neutralizing the effect 
of excess  CO2 released. The anaerobic digestion of N-rich 
feedstock leads to the degradation of proteinaceous mate-
rial resulting in ammonia accumulation [51]. An optimum 
concentration of ammonical nitrogen  (NH4

+-N) ensures suf-
ficient buffering capacity to the anaerobic digesters, while a 
higher concentration is reported as a strong inhibiting factor 
of biogas production [52, 53].

VFAs play an important role in anaerobic digestion for 
biogas formation. When the concentration of VFAs (as ace-
tic acid) exceeds 800 mg/l in an anaerobic digester, it leads 
to its failure [54] and stops when the concentration reaches 
above 13,000 mg/l [55]. VFA concentration during anaero-
bic digestion of agriculture waste co-digested with sewage 
sludge under mesophilic and thermophilic conditions in 
the presence of waste iron scraps is shown in Table 2. The 
lesser VFAs in M-CTRL and T-CTRL digester with lesser 
methane generation indicated poor acidogenesis in absence 
of iron scraps. Additionally, no significant accumulation of 
the VFAs, an advantage for methanogenesis was observed 
in the digesters supplemented with waste iron scraps. So, 
iron scraps aid in enhancing the transformation of VFAs to 
methane. The s-COD and VS contents reported were also 
found higher in M-CTRL and T-CTRL in comparison to 
the digesters supplemented with iron scrap, indicating the 
lesser efficiency of methane production. The VS destruc-
tion of 50.34 ± 0.12%, 51.64 ± 1.72%, 52.46 ± 0.65%, and 
53.17 ± 2.7% in M-250, M-500, T-250, and T-500 respec-
tively was higher under the thermophilic conditions. Inter-
estingly, digesters M-CTRL and T-CTRL show much higher 
VS destruction 55.12 ± 1.03% and 60.13 ± 2.97% respec-
tively in comparison to digesters operated in absence of 
iron scraps. This is indicating the more susceptibility of the 
microbes involved in the hydrolysis of the biomass towards 
the presence of Fe generated from the leaching of ISs.

3.5  Methanogenesis kinetic modeling

The hydrolysis constants (k) evaluated from the first-order 
kinetic model are shown in Table 2. The digester M-CTRL 
shows the maximum k-value of 0.007 followed by 0.005 
(M-500) and 0.003 (M-250) under mesophilic operation. A 
higher k-value for M-CTRL justifies the maximum degrada-
bility but the substrate is not wholly converted to products of 
interest, maybe due to diversion of the electrons flux to prod-
ucts other than the methane, whereas in M-250, maximum 
methane potential (Po) was observed with a lower k-value 
in comparison to M-500 with maximum k (0.005) and Po 
(175.46). The lower Po value in the presence of 500 mg/l 
iron scraps causes iron toxicity and thereby inhibiting the 
specific microbial growth.

Under thermophilic operation, maximum k-value for 
substrate hydrolysis rate constant was found in the digester 
T-500 (0.003) followed by T-CTRL (0.002) and T-250 
(0.002) but the methane production potential (Po) for these 
digesters follows the order of T-250 (350.374) > T-500 
(207.382) > T-CTRL (191.622). It can be easily inferred that 
the addition of optimum waste iron scraps concentrations 
enhances the methane yield by efficient conversion rather 
than increasing the degradation rate. As reported in the 
earlier study, the mechanism behind the increased methane 
production using ZVI addition hypothesized the enrichment 
of major enzyme activities linked to hydrolysis and acidi-
fication [45].

Figure 2 shows the linear and exponential plots of meth-
ane production rate from sewage sludge co-digested with 
wheat straw along with waste iron scraps at mesophilic 
(37 ± 1 °C) and thermophilic (57 ± 1 °C) conditions. The 
coefficient of determination (R2) values of the Linear model 
vary from 0.435 to 0.804 and the exponential model ranges 
from 0.742 to 0.992 (Table 3) for all the anaerobic digesters 
under different conditions (mesophilic and thermophilic). 
Higher R2 values of the exponential model show better simu-
lation as compared to the Linear model, as well as closer 
values of R2 and adjusted R2 of methane production rate 
analyzed by linear and exponential models and the goodness 
of fit of experimental data, fit of the model. The F-test value 
also confirms the suitability of models. High kinetic constant 
values (a), 0.349 (M-250) and 0.476 (T-250), simulated by 
the exponential model also ratifies the optimum 250 mg/l 
concentration of waste iron scraps suitable for methanogen-
esis at mesophilic and thermophilic conditions whereas the 
higher value (a = 0.476) also confirms the maximum meth-
ane production potential at thermophilic conditions.

Table 4 shows the simulated kinetic parameters obtained 
from modified Gompertz model (MGM) and logistic func-
tion model (LFM). The predicted cumulative methane data 
obtained from nonlinear regression analysis were plotted 
against the experimental methane to ascertain a visual fit, 
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to begin with (Fig. 3). The experimental values with a very 
little deviation of cumulative methane yield (y) were found 
nearly equivalent to the predicted values as analyzed by 
Gompertz and the Logistic models. The closer values show 
the degree of goodness of fit of the experimental data and 
the proposed models.

Under mesophilic temperature, the cumulative methane 
production from different anaerobic digesters (M-Control, 
M-250, and M-500) forms a reverse L-shape curve (Fig. 3A, 
C, and E) which may be due to the breakdown of easily 
available soluble organic matter into the products. An elon-
gated S-shaped or stepped curve has been observed from the 
cumulative product formed under thermophilic conditions in 
digesters T-CTRL, T-250, and T-500 (Fig. 3B, D, and F). As 
in the present study, mesophilic inoculum is used for product 
formation while using the same mesophilic inoculum under 
thermophilic temperature and the anaerobes need to accli-
matize themselves according to the thermophilic conditions. 
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Table 4  Kinetic parameters and 
goodness of fit received from 
MGM and LFM

Digesters Y (ml) A (ml) Um (ml/day) ƛ (days) R2 Exp. Data Model used

M-CTRL 143.466 143.568 16.138 0.0 0.9443 156.674 MGM
142.037 142.037 15.212 0.0 0.9245 LFM

M-250 209.615 213.208 12.841 0.0 0.9843 219.282 MGM
207.812 208.993 12.085 0.0 0.9797 LFM

M-500 165.958 166.286 14.265 0.0 0.9538 177.739 MGM
164.767 164.824 13.240 0.0 0.9418 LFM

T-CTRL 143.065 150.786 8.155 0.159 0.9785 140.690 MGM
139.083 140.844 8.600 0.924 0.9878 LFM

T-250 261.720 267.756 16.589 1.608 0.9852 259.359 MGM
255.227 256.295 17.283 2.283 0.9928 LFM

T-500 178.454 182.558 10.710 0.0 0.9835 175.527 MGM
175.210 176.371 10.313 0.0 0.9912 LFM

Fig. 3  Cumulative methane 
production from modified 
Gompertz model (MGM) and 
logistic function model (LFM) 
(experimental vs predicted val-
ues), A M-CONT; B T-CONT; 
C M-250; D T-250; E M-500; 
F T-500
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The simple substrate or easily degradable organic matter 
adopts the L-shape curve while the degradation of the com-
plex substrate or potential of acute inhibition results in an 
elongated S-shape or stepped curve [56].

While using the modified Gompertz model (MGM), 
maximum methane production rate (Um) for digesters T-250 
and T-500 was 16.59 ml/day and 10.71 ml/day respectively. 
Similarly, for the logistic function model, the maximum 
methane production rate was 17.28 ml/day and 10.31 ml/
day for digesters T-500 and T-250 respectively at thermo-
philic conditions. The value of Um shows that the addition of 
waste iron scraps of 250 mg/l and 500 mg/l to the anaerobic 
digesters had improved the rate of methane production under 
the anaerobic thermophilic process (Table 4). As compared 
to the mesophilic process, an increase in the lag phase (λ) 
time is observed in the thermophilic process in the digester 
T-250 (1.61 days MGM and 2.28 days LFM) followed by 
T-CTRL (8.16 days MGM and 8.60 days LFM); however, 
the lag phase is absent in the digester T-500. An increase in 
lag phase was observed due to the acclimatized mesophilic 
inoculum and therefore under the thermophilic process, the 
bacteria need to adapt themselves at the higher temperature.

The higher R2 values of the tested models assured the 
suitability of methane production data (Table 4). The coef-
ficient of determination R2 values of all the executed models 
under mesophilic and thermophilic conditions at different 
iron scraps concentrations range from 0.925 to 0.993. The 
higher R2 values were observed by the modified Gompertz 
model (MGM) under thermophilic conditions and the logis-
tic function model at mesophilic conditions. The R2 values 
of the logistic function model (LFM) at thermophilic condi-
tions for T-CTRL, T-250, and M-T-500 were 0.988, 0.993, 
and 0.991 for modified Gompertz model (MGM) under mes-
ophilic conditions for M-CTRL, M-250, and M-500 were 
0.944, 0.984 and 0.954 respectively.

4  Conclusion

The mesophilic co-digestion of primary sewage sludge with 
wheat straw enhances the methane yield by 2.63 (approx.) 
while at thermophilic by 2.37 (approx.) folds. The addi-
tion of waste iron scraps to the co-digested waste not only 
enhanced the biogas yield quantitatively but also enriched it 
qualitatively. The addition of waste iron scraps of 250 mg/l 
to the co-digestion of sewage sludge with wheat straw 
enhances the methane yield by 3.7 folds (approx.) and 4.36 
folds (approx.) under mesophilic and thermophilic condi-
tions respectively, whereas the addition of 500 mg/l of iron 
scraps inhibits the methanogenic activity. The improved 
performance ascribed that the supplementation of waste 
iron scraps reduces the oxidation–reduction potential to 
enhance the anaerobic conditions and the evolved hydrogen 

also leads to enhanced methane production. The simulated 
kinetic model also supports the goodness of fit. Higher val-
ues of the coefficient of determination (R2) and lower AIC 
and BIC error function values also support the exponen-
tial model as the best fit for methane production rate and 
modified Gompertz model and logistic function model for 
cumulative methanogenesis. The modified Gompertz model 
was satisfied with the experimental data at the mesophilic 
process whereas the logistic function model fitted with the 
thermophilic data. The present study can be used to evalu-
ate the kinetics of biogas production using waste iron scraps 
more reasonably.
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