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Abstract
Anaerobic digestion is a promising technology for biogas recovery from lipid-based wastes. Although other types of such 
wastes have been investigated, sewage scum (SS) produced from primary and secondary settling tanks of wastewater treat-
ment plants is yet to be fully explored as an alternative source of biogas. To this end, anaerobic co-digestion and blending 
were adopted as strategies to enhance biogas production from SS using biochemical methane potential (BMP) assay while 
three kinetic models were used for interpretation. This work examines the synergistic effect of percentage sewage scum 
loading: 10%, 20%, and 40% (volatile solids basis) during mesophilic co-digestion with various organic substrates, viz., 
organic fraction of municipal solid waste (OFMSW), old landfill leachate (OL), new landfill leachate (NL), and a leachate 
blend (LB) prepared from 67% old leachate and 33% new leachate. After 27 days, results showed that the highest level of 
improvement in the net cumulative methane yield (CMY) was observed in SS:OL ratio of 40:60 where the yield increased 
by 67% (105.2 ± 33.1 mL  gVS−1) when compared with OL alone (35 ± 0.3 mL  gVS−1). This increase was linked to positive 
synergism and improved anaerobic biodegradability of the mixtures. In addition, reactors containing leachate blends showed 
a higher methane recovery (338.1 ± 30.6 mL  gVS−1) by 5.38-fold over other sets due to the associated effect of leachate 
blending. Furthermore, the modified Gompertz model achieved a better fit with up to an R2 value of 0.999 while co-digestion 
substantially reduced the lag time by 2.5-fold (2.1 day) compared with mono-digestion.
Results from this study suggests that existing facilities can incorporate either SS addition or leachate blending as environ-
mentally friendly strategies to improve biogas production during waste treatment.
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Abbreviations
ACo-D  Anaerobic co-digestion
AD  Anaerobic digestion
BMP  Biomethane potential
C/N  Carbon-to-nitrogen
CBY  Cumulative biogas yield
CMY  Cumulative methane yield
COD  Chemical oxygen demand
CY  Calculated yield
FO  First order

EGSB  Expanded granular sludge bed
FOG  Fat, oil, and grease
GTS  Grease trap sludge
LB  Leachate blend
LCFA  Long chain fatty acid
LF  Logistic function
MG  Modified Gompertz
NL  New leachate
OFMSW  Organic fraction of municipal solid waste
OL  Old leachate
PS  Primary sludge
SCFA  Short-chain fatty acid
SS  Sewage sludge
STP  Standard temperature and pressure
TAN  Total ammonia nitrogen
TS  Total solids
TWAS  Thickened waste activated sludge
UASB  Upflow anaerobic sludge blanket
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VFA  Volatile fatty acid
VS  Volatile solids
WWTP  Wastewater treatment plant

1 Introduction

The demand for renewable and sustainable energy produc-
tion has recently become a global concern, resulting in a fast-
growing rate of 16.4% per year over the period of 2007–2017 
[1, 2]. To meet this demand, biogas from anaerobic digestion 
(AD) has been evaluated as one of the promising pathways 
for renewable bioenergy production [3, 4]. Strict regula-
tions prohibiting landfilling of organics in Europe and North 
American territories make AD a viable option for simultane-
ous waste treatment, energy, and nutrient recovery [3, 5]. A 
variety of wastes including agricultural residues, manure, 
slaughterhouse waste, organic fraction of municipal solid 
waste (OFMSW), and sewage sludge are amenable to AD, 
and as a result of this, AD now contributes to more than 
35% of bioenergy generated from waste biomass [6–10]. 
However, this process is very complex because biogas pro-
duction depends on the physical and chemical properties of 
the waste. Moreover, the outcome of AD can be affected by 
environmental factors such as temperature, pH, toxicants, 
nutrient imbalance, acidification, and ammonia issues [7, 
11–14].

While some of organic waste source streams, especially 
OFMSW, have been investigated more often than others, 
there is interest to widen the range of alternative substrates 
and co-substrates used for bioenergy production. The diges-
tion of OFMSW has been reported to have several limita-
tions such as high solids content, low carbon-to-nitrogen 
ratio (C/N), heterogeneity, inhibition, and instability issues 
due to ammonia and volatile fatty acid (VFA) accumulation 
[8, 13–16]. On the other hand, fat, oil, and grease (FOG) and 
lipid-rich wastes (e.g., oil mill effluents, greasy sludge, dairy, 
slaughterhouse waste, and waste cooking oil) are attractive 
and highly investigated sources of biogas production [5, 
9, 17–20]. The huge biogas generation potential has been 
attributed to the highly reduced organic matter content, high 
COD content (up to 2.90 gCOD  g−1 FOG), and the high 
number of carbon and hydrogen atoms in their molecule [21, 
22]. FOG wastes are also reported to contain VFA or short-
chain fatty acids (SCFA) which can be readily biodegraded 
by methanogens for biogas production [17]. But compared 
to other types of investigated FOG-rich wastes, sewage 
scum (SS) has not received much attention from research-
ers, hence the need for the current study. SS, also known as 
clarifier skimming, is the sewage solid which is often buoyed 
up by entrained FOG, gas, plastic material, soaps, waxes, or 
other impurities floating on the surface of primary settling 
tanks, secondary treatment, and secondary settling tanks in 

wastewater treatment plants (WWTPs) [4, 17]. In WWTPs, 
FOG in SS is suggested to represent between 25 and 40% 
of total chemical oxygen demand (COD) of wastewater [4].

The digestion of lipid-rich wastes has been widely con-
ducted in batch reactors [9, 23, 24], anaerobic membrane 
bioreactors [25, 26], and high-rate anaerobic reactors, such 
as expanded granular sludge bed (EGSB) reactor [27], 
upflow anaerobic sludge blanket (UASB) reactor [28, 29], 
and hybrid UASB reactor [30]. However, there are concerns 
about mono-digestion or sole degradation of FOG-laden 
wastes because some FOG wastes show poor biodegrada-
bility due to overloading when treated as sole substrates [17, 
19, 31, 32]. Additionally, operational issues such as digester 
foaming, clogging, scum build-up, sludge-bed washout, or 
complete digester failure persist during treatment in most 
anaerobic reactors [5, 28, 32]. For instance, Jeganathan 
et al. [28] treated a complex oily wastewater from the food 
industry in three different UASB configurations. Although 
a COD removal efficiency of over 80% was achieved at an 
organic loading rate (OLR) of 3 kg COD  m−3d−1, process 
failure occurred at higher OLRs due to sludge floatation and 
biomass washout caused by high concentration of FOG.

Furthermore, methanogenic inhibition attributed to 
accumulation of long-chain fatty acids (LCFA), which are 
intermediates during anaerobic degradation of FOG wastes 
persists to date [9, 21]. Specifically, LCFA adsorption onto 
cell surfaces disrupts mass transfer efficiency, hampering 
biomethane production in the process. In Pagés-Díaz et al. 
[19], LCFA accumulation terminated methane production 
and further decrease methane concentration from 76 to 45% 
when OLR of 0.9 gVS  L−1  d−1 was applied during the treat-
ment of slaughterhouse waste. The authors concluded that 
the high lipid content of the waste (175 g  kg−1 fresh matter) 
also caused foam formation and hydrogen accumulation in 
the biogas. Szabo-Corbacho et al. [26] reported the cessa-
tion of methanogenesis at up to 50% at LCFA concentrations 
above 100 mg/g TS even though methane yield remained 
stable. Shakourifar et al. [21] observed digester failure due 
to LCFA accumulation when the reactor’s grease trap waste 
mixture content was over 40% during treatment (OLR of 
3.7gVS  L−1  day−1). The authors also observed that LCFA 
accumulation caused VFA accumulation due to the inhibi-
tion of the methanogenic archaea which utilizes VFAs as 
substrate [21]. Cirne et al. [33] concluded that even though 
the digestion of lipid-rich substrates increases methane yield, 
it could also result in a pH reduction especially if the slower 
growing methanogens cannot utilize the VFAs present in the 
digester at the same rate of the acetogenic bacteria.

Moreover, the C/N ratio of fatty wastes varies widely, 
and some have been reported to be outside the widely rec-
ommended optimum value of 20:1–30:1, thus giving room 
for possible nutrient imbalance during digestion [34–36]. 
For instance, Hachicha et al. [36] reported a C/N ratio 
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of 56.7 for olive mill wastewater sludge, Silvestre et al. 
[34] also reported a C/N ratio of 39 for grease trap sludge 
(GTS), while Kurade et al. [37] observed a ratio of 68.3 for 
FOG waste. On the other hand, C/N ratio values between 
9 [31] and 23 [34] have also been reported for restaurant 
waste oil and trapped grease waste respectively. The type 
of the FOG waste and concentration will likely determine 
the final C/N ratio [38]. However, an optimal balance 
between C and N is highly required for the proper growth 
and metabolism of the microbial community during AD 
[11]. Consequently, unbalanced C/N ratios during FOG 
digestion can lead to process failure due to higher ammon-
ification and/or VFAs production in the reactor [17, 35].

To overcome the various drawbacks regarding FOG 
digestion, pre-treatment [15, 24, 30, 39, 40] and anaerobic 
co-digestion (ACo-D) of FOG wastes with other organ-
ics [3, 11, 13, 14, 39, 41] are some of the strategies that 
have been widely recommended. While pre-treatment may 
require additional expenses for implementation, ACo-D 
can make use of existing facilities without raising cur-
rent costs. ACo-D refers to the simultaneous digestion of 
complimentary solid or liquid organic wastes combined 
in the proper percentages [3, 17]. ACo-D can cause an 
improvement of kinetic performance of the resulting sub-
strate mixture and synergism as a result of nutrient balanc-
ing, dilution of inhibitory intermediates and increase in 
buffering capacity of the resulting mixture [3, 39, 42–44]. 
The high specific methane generation potential of FOG 
wastes and high C/N ratio makes an ideal substrate for 
co-digestion with a variety of complimentary organics to 
boost biogas yield [5, 17]. However, excessive substrate 
concentration or high loading rate of FOG waste in the 
influent-co-digestion mixture could still cause a process 
failure resulting from LCFA accumulation and overloading 
[21, 31, 38]. Hence, successful ACo-D involving FOG rich 
wastes will depend on the source and type of FOG waste, 
temperature, and reactor configuration [21, 31].

Results from several studies suggest improved biogas 
yield can be achieved during ACo-D of other organic sub-
strates with FOG wastes [18, 21, 31, 45]. For instance, 
Wan et al. [31] reported up to 137% increase in meth-
ane yield during mesophilic co-digestion of TWAS and 
FOG(64%VS). Alqaralleh et al. [18] investigated the co-
digestion of thickened waste activated sludge (TWAS) and 
grease trap FOG using a ratio of 40:60(VS). The results 
showed that methane yield was improved by 112.7% when 
compared to the digestion of TWAS alone. During a co-
digestion study, Martín-González et al. [45] reported a 
36% increase in methane production as a result of adding 
WWTP sourced FOG waste to OFMSW during digestion. 
Also, Shakourifar et al. [21] recorded up to 68% increase 
in methane production when a mixture of fermented 

primary sludge and TWAS was codigested with 40% (VS) 
restaurant grease trap waste mixture.

Similar to ACo-D is the concept of leachate blending 
which exploits the combination of markedly different prop-
erties of landfill leachate types to improve biogas yield. In 
a BMP study, Nair et al. [46] showed that blending of new 
and old landfill leachate (OL) could improve biogas yield 
by 19–41%. Leachate blending was suggested to act as a 
form of treatment and stabilization for the high organic load 
in new leachate (NL) by addition of acclimatized microor-
ganisms (methanogens) and alleviating inhibitory effects of 
ammonia and VFAs. This concept was recently tested and 
proven in bioreactor landfills recirculating leachate blends 
where biogas production improved by 77.2–193.2% [47]. 
Therefore, the application of this concept to SS could help 
improve biogas recovery in the long run.

ACo-D experiments involving SS are still few and limited 
studies have examined the effect of adding SS to OFMSW 
or leachate blend (blend of fresh and old leachate). Based on 
studies conducted so far [18, 21, 31, 45], it is reasonable to 
hypothesize that the addition of SS can bring about a posi-
tive effect on biogas production during co-digestion. How-
ever, further research on mesophilic ACo-D of SS and other 
organic substrates is urgently required, especially to deter-
mine if SS addition in an ACo-D mixture can bring about 
improved biogas production or not. One of the best ways to 
estimate the biogas potential of organic substrates and co-
substrates is by conducting a biochemical methane potential 
(BMP) test. BMP tests are inexpensive, repeatable and the 
information gathered from the tests are useful for substrate 
characterization, evaluation of optimal design and perfor-
mance of ACo-D processes [41, 48]. Through the applica-
tion of different kinetic models to the BMP test results from 
ACo-D, variables such as lag phase, hydrolysis constant, 
maximum methane production, and methane production rate 
can be estimated in order to evaluate the efficiency of the 
process [49]. The differences in operating conditions used 
during AD experiments such as pH, temperature, various 
substrate concentrations, and inoculum sources are some of 
the reasons for the complexities of the process [11, 49]. As 
a result, drawing reliable conclusions on model application 
to these variables has remained a challenge because exist-
ing literature on the application of models has also been 
suggested to be inconsistent. Some of the widely applied 
models have been reported to be inadequate in explaining 
the mechanisms of the AD process especially under criti-
cal conditions [49]. It is in this regard that the application 
of linear and non-linear regression kinetic modelling was 
suggested for application to co-digestion studies [48–50]. A 
comparison of kinetic models applied to ACo-D processes 
can assist researchers to effectively evaluate, optimize pro-
cess efficiency, and monitor variables involved in the process 
[49, 51, 52].
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Consequently, the three central objectives of this study 
were to (i) investigate and assess the effect of percentage SS 
loading (VS basis) on biogas production during the meso-
philic ACo-D with OFMSW, (ii) and assess the effect of 
percentage SS loading (VS basis) on biogas production dur-
ing the mesophilic ACo-D with landfill leachate, and (iii) 
investigate the overall co-digestion biodegradation kinetics 
of the study by comparing the first-order model, modified 
Gompertz model, and the logistic function model. This study 
is of major relevance as previous studies have indicated that 
full biogas potential of individual substrates may not be real-
ized during mono-digestion. Therefore, the results from this 
study will provide more information on the addition of SS 
as well as how SS loading affects biogas production during 
co-digestion with OFMSW and leachate.

2  Materials and methods

2.1  Materials

The SS used in this study was collected from the surface 
of a primary sedimentation tank of the wastewater treat-
ment plant in Gatineau, QC, Canada. The inoculum used was 
also obtained from the mesophilic digester of the plant. The 

OFMSW and NL were sourced from a compost facility in 
Moose Creek, ON, Canada. The OFMSW contained mostly 
food waste, paper, cardboard, and yard waste. The OFMSW 
was macerated to an average size of 1–2 mm using a food 
processor. The OL was collected from a closed engineered 
landfill located in Carp, ON, Canada. While in operation, the 
landfill accepted municipal waste and the landfill leachate 
was estimated to be between 15 and 25 years old. All sam-
ples were collected in hermetically sealed plastic buckets 
and transported to the University of Ottawa where they were 
stored at 2 °C until they were used.

2.2  Experimental setup

Table 1 shows the experimental design. The experiments 
were conducted in 2 phases. In phase 1, single substrate AD 
tests were conducted to determine the BMP of all substrates; 
SS, OFMSW, NL, OL, and LB (33% NL and 67% OL). The 
LB composition was selected based on results from Aromo-
laran and Sartaj [47] which showed that 33% NL and 67% 
OL were the best performing combination in terms of biogas 
production. In the second phase, co-digestion experiments 
were conducted to investigate the effect of %SS addition on 
biogas production from ACo-D of OFMSW and SS. Also, 
the effect of %SS addition to leachate during ACo-D of SS 

Table 1  BMP experimental setup

Sample ID Sewage scum 
(SS) (%)

Sewage scum 
(SS)
(g)

New leachate 
(NL)
(g)

Old leachate (OL)
(g)

Leachate blend 
(LB)
(g)

OFMSW
(g)

Inoculum
(mL)

Single substrate digestion
  SS 1.7 70
  NL 19.7 70
  OL 661.2 70
  LB 65 70
  OFMSW 9.9 70
  Blank 70

Co-digestion with OFMSW
  10SS + OFMSW 10 0.17 8.97 70
  20SS + OFMSW 20 0.35 7.97 70
  40SS + OFMSW 40 0.69 5.98 70

Co-digestion with Leachate
  10SS + NL 10 0.17 17.73 70
  20SS + NL 20 0.35 15.76 70
  40SS + NL 40 0.69 11.82 70
  10SS + OL 10 0.17 595.07 70
  20SS + OL 20 0.35 528.95 70
  40SS + OL 40 0.69 396.71 70
  10SS + LB 10 0.17 58.52 70
  20SS + LB 20 0.35 52.01 70
  40SS + LB 40 0.69 39.01 70
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and leachate was investigated. The second phase was done 
by varying the %SS (VS) in the bottles containing the co-
substrates. The bottle composition and mixing ratio consid-
ered were 10%VS SS:90%VS substrate, 20% VS SS:80%VS 
substrate, and 40%VS SS:60%VS substrate, where substrate 
was OFWSW, NL, OL, or LB. Except for the OL reactor 
which was conducted in a 1-L reactor with 750-mL work-
ing volume, all other batch anaerobic experiments were 
conducted in 250-mL glass serum bottled with a working 
volume of 150 mL. All BMP bottles were prepared in dupli-
cates. In addition to the substrates, 70 mL of anaerobic inoc-
ulum and distilled water was added to all the bottles. The pH 
of some of the bottles was maintained within the range of 
6.5 and 8.2 as prescribed by Speece [53]. The bottles were 
purged with nitrogen gas for about 1 min to maintain anaero-
bic conditions. No supplemental nutrients were added to the 
bottles since the inoculum is a viable source of micronutri-
ents, trace elements, and vitamins for the biodegradation of 
substrates [11]. C:N ratio of new leachate is usually around 
10, while C:N ratio of old leachate could be anywhere below 
2 [54]. For OFMSW, the C:N ratio can be between 11.4 
and 27 depending on the source [8, 16, 55]. On the other 
hand, FOG-rich wastes such as sewage scum generally have 
very high carbon and hydrogen atoms are therefore recom-
mended as co-substrates with other substrates with improper 
C:N ratio [5, 34]. The bottles were sealed using self-healing 
caps and silicon. The BMP bottles were then agitated on a 
New Brunswick Scientific Controlled Environment Incuba-
tor Shaker Model G-25 rotating at 100 rounds per minute 
(rpm) at 30 ± 1 °C.

2.3  Analytical procedure

To prevent pressure build-up in headspace, biogas produc-
tion from the BMP bottles were vented and measured daily 
using a BD  21G1/2 needle connected to a laboratory con-
structed U-tube manometer. The measured biogas volumes 
were converted to standard temperature and pressure (STP), 
(0 °C and 1 atm) using Eq. 1 [56].

where VSTP is the volume of gas (L) at standard tempera-
ture (0 °C) and pressure (1 atm); V is the volume of gas (L) 
measured at temperature T; T is the temperature of gas (°C) 
or the ambient space; and Pw is the vapor pressure (mmHg) 
of water as a function of temperature.

Biogas measurement was terminated when the meas-
urable biogas production was less than 1% change in the 
volume of biogas recorded in the previous 3 days. The net 
biogas volume for the samples was computed by deduct-
ing the biogas contribution of the inoculum (blank). Biogas 

(1)VSTP =
V .273.(760 − Pw)

(273 + T).760

composition was analyzed weekly according to standard 
method 2720C, APHA [57] using a GOW-MAC gas chro-
matograph (Series 400, Gow-Mac Instrument Co., USA) 
equipped with a thermal conductivity detector and fitted 
with a packed column (HayeSep® T 80/100). Helium gas 
was used as the carrier gas with an inflow rate of the helium 
was at 30 mL/min. The temperatures of the column, detector, 
and injector were constantly maintained at 35 °C, 185 °C, 
and 50 °C, respectively.

All samples were analyzed for total solids (TS), volatile 
solids (VS), pH, total alkalinity, chemical oxygen demand 
(COD), VFA, and total ammonia nitrogen (TAN) in tripli-
cates. TS and VS were determined according to standard 
method 2540G, APHA [57]. pH was determined using a 
HQ40d portable multi-parameter meter fitted with an Intel-
lical PHC201gel filled pH electrode (HACH, USA). Total 
alkalinity test was based on TNTplus™870 reagent vials 
(Method 10239, HACH USA). COD was determined based 
on TNTplus™ 823 (Method 10212, HACH, USA) with 
DR6000 ultraviolet–visible spectrophotometer (HACH, 
USA) and a digital reactor block 200 (HACH, USA). TAN 
was determined based on TNT plus™ 832 reagent vials 
(Method 10205, HACH, USA), while VFA was determined 
based on TNT plus™ 872 reagent vials (Method 10240, 
HACH, USA).

2.4  Data analysis

Many models have been applied in order to simulate the 
anaerobic digestion process and predict methane production. 
Due to the complexity of the AD process, kinetic model 
comparison has been suggested as a strategy to obtain reli-
able and true parameter estimation [48, 49]. Consequently, 
three common kinetic AD models were applied and assessed 
in this study; first-order equation (FO), modified Gompertz 
model (GM), and logistic function (LF) shown in Eqs. 2, 3 
and 4, respectively [18, 47].

where �(t) is the biogas accumulation (mL  gVS−1) at spe-
cific time, t is the time (hour). �o is the ultimate production 
potential (mL  gVS−1). Rm is the methane production rate 
(mL  gVS−1hr −1), λ is the lag phase (hour), and e = 2.7183. 
k is the hydrolysis rate constant  (hr−1) [18]. �, �o, Rm, and k 
were fitted using the generalized reduced gradient non-linear 

(2)�(t) = �o[1 − exp(−k(−t)]

(3)�(t) = �o.exp(−exp(
Rm.e

�o
(� − t) + 1))

(4)�(t) =
�o

{1 + exp[
4Rm.

�o
(� − t) + 2]}
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regression algorithm of solver on Microsoft Excel with mini-
mum residual sum of squared errors between experimental 
data and the model curve [58]. Maximum number of itera-
tions was set at 100 in all cases.

2.5  Synergistic effects

Synergistic effects are produced due to the inner reactions 
of the various components in a co-digestion study. The cal-
culated yield  (CYcalculated) in each co-digestion ratio was 
estimated based on the net experimental cumulative biogas 
yield (CBY) of mono-digestion of each substrate using Eq. 5 
[[3, 15, 48].

where t is the digestion time (hours); CYcalculated (t) 
(mL  gVS−1) is the estimated biogas yield at time t; Net 
 CBYsubstrate1(t) (mL  gVS−1) is the measured biogas yield of 
substrate1 only at the time (t); P1 is the percentage(%) of 
substrate1 in the mixture; Net  CBYsubstate2 (t) (mL  gVS−1) is 
the measured biogas yield of substrate2 alone at the time t; 
and P2 is the percentage (%) of substrate2 in the co-digestion 
mixture. Synergistic effect exists if the  CYcalculated is more 
than the net CBY from the BMP co-digestion experiment. 
Furthermore, the ratio of the net experimental CBY is com-
pared with the  CYcalculated according to Eq. 6 [51].

• if α > 1; the co-digestion mixture has a synergistic effect 
in the net experimental CBY.

• if α = 1; the substrates work independently from the co-
digestion mixture.

• if α < 1; the co-digestion mixture has a competitive or 
antagonistic effect in the final mixture.

(5)
CYcalculated(t) = NetCBYsubstrate1(t) × P1 + NetCBYsubstrate2(t) × P2

(6)α =
NetExperimentalCBY

CYcalculated

3  Results and discussion

3.1  Substrate characteristics

The characteristics of the samples and inoculum used in this 
study are shown in Table 2. The values in the table represent 
the mean ± standard deviation for triplicates.

3.2  Single substrate digestion

The net average CBY evolved from the substrates after 
27 days (648 hours) of operation are presented in Fig. 1. 
When the net CBY (per mass of VS) is considered, the 
results show the LB sample had the highest biogas of 
351.6 ± 3.1 mL  gVS−1 followed by OFMSW (322 ± 7.9 mL 
 gVS−1), NL (301.8 ± 3.1  mL  gVS−1), OL (66.8 ± 2  mL 
 gVS−1), and the least measured in the SS with 31.6 ± 0.3 mL 
 gVS−1. The average methane yields, and percentages were 
14.2 ± 0.5 mL  gVS−1 (44.9%CH4), 205.2 ± 1.3 mL  gVS−1 
(67%  CH4), 34.7 ± 0.4 (51.9%  CH4), 242.6 ± 0.3 mL  gVS−1 
(69%  CH4), and 219.0 ± 9.3 mL  gVS−1 (68%  CH4) for SS, 
NL, OL, LB, and OFMSW, respectively. Higher biogas pro-
duction in the LB sample can be ascribed to the synergistic 
effect of leachate blending where the old leachate content 
is considered to have a greater buffering capacity as well as 
a more acclimated methanogenic consortia which leads to 
a rapid methanogenesis of the organic load from the new 
leachate content [46, 47]. However, the OL by itself contains 
negligible concentration of easily biodegradable organics 
hence the low biogas production observed [59]. The reported 
biogas yield value of 351.6 ± 3.1 mL  gVS−1 from LB in this 
study is consistent with the 321 mL reported by Nair et al. 
[29] where a similar blend of leachate was digested. In addi-
tion, biogas yield from the OFMSW sample in this study 
(322 ± 7.9 mL   gVS−1) agrees with past research works. 
Ara et al. [3], Bala et al. [60], Pavi et al. [61], and Abudi 
et al. [15] reported biogas yields of 225 mL  gVS−1, 228 mL 

Table 2  Characteristics of the substrates and inoculum used in this study

Parameter New leachate
(NL)

Old leachate
(OL)

Leachate
Blend (LB)

OFMSW Sewage Scum
(SS)

Inoculum

Alkalinity
mg  L−1 as  CaCO3

9360 ± 331 3000 ± 105 6940 ± 90 6986 ± 20 1810 ± 23 4980 ± 10

COD mg  L−1 53400 ± 225 2640 ± 215 27070 ± 10 114490 ± 10 21800 ± 105 16280 ± 18
TAN mg  L−1 2260 ± 53 889 ± 32 1700 ± 89 248 ± 32 323 ± 39 98.1 ± 5
VFA mg  L−1 20730 ± 344 299 ± 34 6770 ± 93 18300 ± 201 96 ± 10 330 ± 109
TS g  kg−1 68.1 ± 2.2 5.31 ± 1.2 25.05 ± 9 126.2 ± 9.1 459.7 ± 34 5.42 ± 0.1
VS g  kg−1 39.6 ± 3.2 1.18 ± 2.1 12.09 ± 2.8 78.3 ± 5.2 451.3 ± 11 3.14 ± 0.01
pH 6.6 ± 0.1 7.7 ± 0.2 7.3 ± 0.1 4.9 ± 0.3 7.8 ± 0.2 7.4 ± 0.1
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 gVS−1, 215 mL  gVS−1, and 214.5 mL  gVS−1, respectively, 
during OFMSW digestion.

There is an obvious process imbalance in the SS reactor, 
and this could probably be related to the LCFA accumula-
tion and possible imbalance in certain FOG wastes as sin-
gle substrates [17, 19, 31, 32]. It is important to note that 
although lipid wastes are known to be highly biodegradable, 
the biodegradability is often affected by LCFA accumula-
tion leading to methanogenic inhibition. Therefore, poor 
degradability expressed here is not in the context of sub-
strate recalcitrance but as a result of the inhibition caused 
by LCFA accumulation.

Furthermore, the concentration of VFA present for con-
version into biogas by the methanogenic archaea could have 
been another factor why low biogas yield was obtained from 
the SS reactor. The VFA (as acetic acid) concentration dur-
ing the first week shows that the LB was 4237.4 mg  L−1, 
the NL was 3527.4 mg  L−1, while the OFMSW, OL, and 
SS were 2237.4 mg  L−1, 174.4 mg  L−1, and 74.1 mg  L−1, 
respectively. Percentage VFA reductions at the end of the 
study were 78% (811 mg  L−1), 36.3% (111 mg  L−1), 81% 
(818 mg  L−1), and 58.9% (918 mg  L−1) in NL, OL, LB, and 
OFMSW, respectively, except for SS where the VFA con-
centration had increased to 1550 mg  L−1. VFAs are regarded 
as the main metabolic intermediate during AD [3, 31]. Wan 
et al. [31] had reported a digester failure when adding 75% 
or more of FOG in the influent, which caused severe acidifi-
cation of the digester. Therefore, rapid acidification or VFA 
accumulation is regarded as one of the major issues affect-
ing mono-substrate digestion as they result in imbalance in 
acidogenesis and methanogenesis rates. Moreover, LCFA 
accumulation can also lead to VFA accumulation due to 
methanogenic inhibition of the archaea utilizing VFAs as 
substrate [21, 35]. The results from this study indicate that 
VFA conversion efficiency might have been affected thereby 
inhibiting optimal biogas production in the SS reactor. As a 

result, maximum biogas potential of SS was not  achieved 
due to possible inhibition [21]. Shakourifar et  al. [21] 
reported digester failure citing VFA accumulation when 
the concentration reached 3.2 g  L−1 (as acetic acid) during 
treatment of grease trap waste mixture and sludge. When 
it comes to SS treatment in anaerobic reactors, a carefully 
selected OLR can be applied to avoid overloading. Alterna-
tively, a pre-treatment can be applied prior to digestion [30]. 
These options will greatly improve the biodegradability as 
well as the biogas yield. However, there may be additional 
cost implications for pre-treatment.

3.3  Co‑digestion of SS and OFMSW

One of the objectives of this study was to investigate the 
effect of co-digestion of SS and OFMSW. Figure 2 shows the 
average net CBY evolved from OFMSW with 10%, 20%, and 
40%SS (VS basis) addition as well as CY in each case. The 
details of the CY are later presented in Table 3.

It can be deduced from Fig. 2 that 10% SS + OFMSW, 
20% SS + OFMSW, and 40% SS + OFMSW produced a net 
CBY of 292.1 ± 0.6 mL  gVS−1 (54.9%CH4), 324.8 ± 3.1 mL 
 gVS−1 (65%CH4), and 450.1 ± 1.6 mL  gVS−1 (68%CH4), 
respectively. This indicates a positive synergism in net 
CBY with increasing %SS. The digestion of OFMSW has 
been suggested to be potentially cumbersome and subject 
to potential biogas inhibition partly due to rapid acidifica-
tion, scarce bio-available nutrients (especially nitrogen), 
and presence of improper materials, among other factors 
[8, 13, 14, 16]. Therefore, there is a need for co-digestion 
with complimentary substrates [8, 15, 40]. The improve-
ment observed in net CBY can be ascribed to synergism 
as well as a balanced acidogenic and methanogenic con-
sortia produced due to ACo-D [3]. The highest increase 
when comparing net CBY and CY in the three co-digestion 
scenarios involving OFMSW was 118.7% observed in the 

Fig. 1  Net cumulative biogas 
yield from single substrate 
digestion experiment
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case of 40%SS + OFMSW with a net CBY of 450.1 ± 1.6 mL 
 gVS−1 and a CY of 205.8 mL  gVS−1. With a net CBY of 
292.1 ± 0.6 mL  gVS−1 from 10% SS + OFMSW, there was 
an antagonistic effect (− 0.3%) with regard to the CBY from 
OFMSW alone which produced 322 ± 7.9 mL  gVS−1. This 
indicates that this ratio is not compatible.

In the case of the 20% SS + OFMSW which produced a 
net CBY of 324.8 ± 3.1 mL  gVS−1, this co-digestion mixture 

did not significantly improve net CBY when compared to the 
net CBY of OFMSW alone. This might be because of the 
presence of inhibitory compounds. However, with a CY of 
263.9 mL  gVS−1 from 20% SS + OFMSW, there was a 23.1% 
increase when comparing the net CBY and CY, thus indi-
cating that the co-digestion mixture indeed produced more 
biogas than the expected amount. This increase translates to 
an α of 1.2 and indicates evidence of synergistic effect in the 

Fig. 2  Net cumulative biogas 
yield from OFMSW and various 
%SS addition (VS basis)
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Table 3  Net CBY and CY for different co-digestion mixtures

*Based on VS

Sample
ID

%
SS*

% NL* %
OL*

%
LB*

%
OFMSW*

Net CBY
(mL  gVS−1)

CY
(mL  gVS−1)

% Increase (net 
CBY-CY/CY) × 100

Synergis-
tic effect
α

Single substrate digestion
  SS 100 31.6 ± 0.3
  NL 100 301.8 ± 3.1
  OL 100 66.8 ± 2.0
  LB 100 351.6 ± 3.1
  OFMSW 100 322.0 ± 7.9

Co-digestion with OFMSW
  10% SS + OFMSW 10 90 292.1 ± 0.6 293.0 -0.3 0.9
  20% SS + OFMSW 20 80 324.8 ± 3.1 263.9 23.1 1.2
  40% SS + OFMSW 40 60 450.1 ± 1.6 205.8 118.7 2.2

Co-digestion with leachate
  10% SS + NL 10 90 303.2 ± 3.1 274.8 10.3 1.1
  20% SS + NL 20 80 345.9 ± 0.6 247.8 39.6 1.4
  40% SS + NL 40 60 493.6 ± 2.8 193.7 154.8 2.5
  10% SS + OL 10 90 87.3 ± 1.4 63.3 38.0 1.4
  20% SS + OL 20 80 131.6 ± 0.6 59.8 120.2 2.2
  40% SS + OL 40 60 154.7 ± 1.4 52.7 193.3 2.9
  10% SS + LB 10 90 380.1 ± 3.1 319.6 19.0 1.2
  20% SS + LB 20 80 439.1 ± 3.2 287.6 52.7 1.5
  40% SS + LB 40 60 497.2 ± 3.1 223.6 122.4 2.2



16057Biomass Conversion and Biorefinery (2023) 13:16049–16065 

1 3

final biogas production. The 40% SS + OFMSW produced 
39.8% more net biogas than OFMSW alone. Within the co-
digestion group, 40%SS + OFMSW produced the highest net 
CBY involving OFMSW and SS.

The net CBY from this mixture also produced 54.1% 
and 38.6% more net biogas than 10% SS + OFMSW and 
20% SS + OFMSW, respectively. This indicates an increase 
in net CBY with increase in %SS. Instead of digesting SS 
alone, overall results show the net CBYs were improved 
by 9.2-, 10.2-, and 14.2-fold increases when 10% SS, 20% 
SS, and 40% SS were, respectively, added to SS. The huge 
improvement here is partly linked to methanogenic inhibi-
tion in the SS reactor. As shown in Fig. 2, a 118.1% increase 
was observed when comparing the CBY and CY of 40% 
SS + OFMSW. This translates to an α of 2.2 which indicates 
there is some evidence of synergism and nutrient balancing 
in the final biogas production of the reactor. Additionally, the 
results demonstrate that a 39% more biogas can be produced 
from OFMSW when up to 40% SS is added.

The shape of the graphs in Fig. 2 however indicates 
diauxic characteristics where multiphasic biogas produc-
tion is obvious. This pattern of biogas production has been 
previously reported during microalga mono-digestion [62], 
ACo-D digestion of low carbohydrate with high-fat agri-
cultural wastes [63], as well as cow manure with food waste 
or leaves or straw [64], industrial paper wastes [65], and 
treatment of fat-rich diary wastewater [23]. Diauxic pattern 
during AD has been suggested to occur when microorgan-
isms consume two or more substrates at differing rates, thus 
causing a two-phased reaction outline [62]. It could also be 
signs of methanogenic inhibition. Diauxic pattern in this 
study can also be attributed to metabolic adjustments during 
the biodegradation of the various components of the ACo-D 
mixture including the presence of FOG-rich content [63]. 
This is because measured methane production yield (Fig. 5) 

in all reactors is well within the range of the various �o 
(mL  gVS−1) values estimated by the applied kinetic models.

3.4  Co‑digestion of SS and leachate

This study also aims to evaluate the effect of SS co-
digestion with leachate samples (OL, NL, and LB). As 
shown in Table 3, the 10% SS + NL reactor produced a 
net CBY (303.2 ± 3.1 mL  gVS−1), which is quite negli-
gible when compared to the gas production from digest-
ing only NL (301.8 ± 3.1 mL  gVS−1). On the other hand, 
14.6% and 63.6% improvement were observed in the case 
of 20% SS + NL (345.9 ± 0.6 mL  gVS−1) and 40% SS + NL 
(493.6 ± 2.8  mL  gVS−1) in relation to digestion of NL 
alone. These results indicate that biogas production can be 
increased through the addition of lipid-based wastes to NL. 
Moreover, the α values calculated are greater than 1, thus 
indicative of the fact that the mixture (co-digesting NL with 
SS) had some synergetic effect in the final biogas produc-
tion. In Table 3, the α value of 1.1, 1.4, and 2.3 obtained 
from 10% SS + NL, 20% SS + NL, and 40% SS + NL corre-
sponds to 10.3%, 39.6%, and 133.4% improvement in biogas 
production respectively.

This can be further observed in Fig. 3 where the CY is 
compared with the net CBY from the 20% SS. The CY was 
also compared with 40% SS additions in Fig. 4. The net CBY 
was observed to improve by 9.6-, 10.9-, and 15.6-folds in 
10% SS + NL, 20% SS + NL, and 40% SS + NL, respectively, 
when considered along with the net CBY from SS alone.

Average methane yield and percentages were observed 
to be 206.2 ± 10.7 mL  gVS−1 (65.1%  CH4), 235.2 ± 5.2 mL 
 gVS−1 (68%  CH4), and 296.1 ± 28.3 mL  gVS−1 (59.8%  CH4) 
in 10% SS + NL, 20% SS + NL, and 40% SS + NL, respec-
tively. The above results prove the benefit of ACo-D over 
mono-digestion.

Fig. 3  Net cumulative biogas 
yield (CBY) from 20% SS and 
40% addition to OL, NL, and 
LB compared to the various 
calculated yield (CY)
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Assuming complete conversion of the net COD to meth-
ane at STP, i.e., 350 mL  gCOD−1 [66, 67], Table 4 shows 
that the biodegradability of NL increased from 38.4% dur-
ing mono-digestion to a maximum of 80.6% when 40% 
SS was added. This result shows that the addition of SS 
to NL can help improve overall biodegradability of the 
mixture due to synergism as well and increased presence 
of biodegradable organics.

Among the substrates used in this study, the OL had 
the most depleted biodegradability. As mentioned earlier, 

the OL had a net CBY of 66.8 ± 2.0 mL  gVS−1. Compared 
to OL alone, the 10% SS + OL (87.3 ± 1.4 mL  gVS−1), 
20% SS + OL (131.6 ± 0.6 mL  gVS−1), and 40% SS + OL 
(154.7 ± 1.4 mL  gVS−1) improved net CBY by 30.7%, 97%, 
and 131.6%, respectively. Average methane percentages were 
55.6%  CH4, 64.5%  CH4, and 67.3%  CH4 in 10% SS + OL, 
20% SS + OL, and 40% SS + OL, respectively. In addition, 
net CBY from SS alone indicates biogas was improved 
by 2.8-, 4.2-, and 4.9-folds with the addition of 90% OL, 
80% OL, and 60% OL to SS, respectively. Compared to 

Fig. 4  Net cumulative biogas 
yield (CBY) from 40% SS addi-
tion to OL, NL, and LB com-
pared to the various calculated 
yield (CY)
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Table 4  Biodegradability of 
different substrates in mono-
digestion and co-digestion 
modes

1 Assuming complete COD conversion at STP (1gCOD = 350 mL  CH4) [66, 67]

Sample Net COD VS BMP Degradability

gL−1 gL−1 mL  CH4  gVS−1 mL  CH4  gCOD−1 %1

Single substrate digestion
  SS 8.8 5.3 14.2 8.5 2.4
  NL 8.1 5.3 205 134.5 38.4
  OL 0.3 0.94 35 106.7 30.5
  LB 9.4 5.3 243 136.4 39.0
  OFMSW 8.6 5.3 219 135.1 38.6

Co-digestion with OFMSW
  10% SS + OFMSW 6.7 5.3 160.6 127.5 36.4
  20% SS + OFMSW 5 5.3 211.1 222.9 63.7
  40% SS + OFMSW 6.8 5.3 306.1 237.0 67.7

Co-digestion with leachate
  10% SS + NL 6.5 5.3 206.2 169.0 48.3
  20% SS + NL 4.8 5.3 235.2 257.6 73.6
  40% SS + NL 5.6 5.3 296.1 282.1 80.6
  10% SS + OL 0.4 1.4 48 176.8 50.5
  20% SS + OL 0.8 1.8 89.5 201.8 57.7
  40% SS + OL 1 2.7 105.2 277.5 79.3
  10% SS + LB 8.4 5.3 258.5 163.8 46.8
  20% SS + LB 6.3 5.3 298.6 249.3 71.2
  40% SS + LB 6.3 5.3 338.1 286.5 81.9
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the digestion of OL alone which has negligible amount of 
easily biodegradable organics, the results show that the co-
digestion of OL and SS enhanced net CBY mainly due the 
synergistic effect of co-digestion and possible nutrient bal-
ancing. When comparing the net CBY and CY, 40% SS + OL 
translated to the highest value of 193.3% increase (shown 
in Table 3 and Fig. 4) further proving the positive effect of 
ACo-D. In addition, α values from all the three different 
%SS additions to OL are greater than 1, emphasizing the 
presence of positive synergism in the mixture. As seen in 
Table 4, the addition of SS to OL improved the anaerobic 
biodegradability of the substrate from 30.9% during mono-
digestion to 70.33% in 40% SS + OL. The improvement 
indicates that the biodegradability of OL can be enhanced 
through the addition of SS.

Similar to NL and OL, in the case of LB, the improve-
ment in net CBY was proportionate with increasing %SS 
and reducing LB content. While the net CBY from LB 
alone was 351.6 ± 3.1 mL  gVS−1, the study shows a biogas 
improvement of 8.1%, 24.9%, and 41.4% was obtained 
with 10%, 20%, and 40% SS additions, respectively. The 
increase in biogas with increase in %SS can as well be 
ascribed to the effect of co-digestion and leachate blend-
ing [46, 47]. Observed  CH4 yield and percentages from 
10% SS + LB, 20% SS + LB, and 40% SS + LB reactors 
are 64.2%, 65.7%, and 68%, respectively. As opposed 
to SS digestion alone, the net CBY improved by 12.0-, 
13.9-, and 15.7-fold in 10% SS + LB, 20% SS + LB, and 
40% SS + LB, respectively. Table 3 also shows the dif-
ferences in net CBY and CY in all these cases discussed 
above. A more interesting observation in the case of the 
LB is the improved performance of the sample over other 
leachate samples used as co-substrates on a case-by-case 
basis (i.e., 10%, 20%, and 40% SS addition). From the 
results, the samples containing LB produced the high-
est net CBY of 380.1 ± 3.1 mL  gVS−1, 439.1 ± 3.2 mL 
 gVS−1, and 497 ± 3.1 mL  gVS−1 in 10%, 20%, and 40% 

SS addition, respectively. Although the net CBY from 
40% SS + NL and 40% SS + LB were 493.6 ± 2.8  mL 
 gVS−1 and 497.2 ± 3.1 mL  gVS−1, respectively. None-
theless, the net cumulative  CH4 production was higher 
in 40% SS + LB with 338.1 ± 30.6 mL  gVS−1 (68%  CH4) 
and 296.1 ± 28.3 mL  gVS−1 (59.8%CH4) in 40% SS + NL 
which reinforces the benefit of leachate blending in a co-
digestion mixture. The greater number of methanogens in 
old leachate coupled with the presence of new leachate has 
been suggested to help improve overall biogas production 
[46, 47]. Figure 3 compares the net CBY and CY from the 
20% SS addition to each leachate substrate. The net CBY 
from 20% SS + LB represents a 233.6% improvement over 
the 20% SS + OL sample and 26.9% improvements over 
20% SS + NL sample [46, 47].

Figure 4 also shows the same trend for the case of 40% 
SS addition to different leachate types. The benefit of lea-
chate blending over other co-digestion leachate mixtures in 
this study is therefore obvious. The shape of the two graphs 
of Fig. 3 and Fig. 4 also suggests diauxic characteristics 
as earlier observed in ACo-D of SS and OFMSW. The 
experimental  CH4 yields observed in all reactors are well 
within the ranges of �o (mL  gVS−1) values estimated by 
the applied kinetic models except for 20SS + OL where a 
significant difference was observed in estimations by FO 
and MG models.

The practicality of the selected optimal ratios in this study 
also needs consideration and hence the reason a higher SS 
addition percentage higher than 40%VS content was not 
investigated in this study. Moreover, overloading of the reac-
tor with SS could potentially result to methanogenic inhibi-
tion by LCFA accumulation [31]. Overall, the addition of SS 
to the substrates enhanced the net cumulative methane yield 
methane (CMY) from each of the single substrates used in 
this study. Figure 5 highlights the summary of the CMY in 
both mono-digestion and co-digestion modes. The results of 
this study have therefore shown that the 40% SS addition has 

Fig. 5  Comparison of the net 
cumulative methane yield 
(CMY) from single and co-
digestion modes
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best improved biogas production in all co-digestion mixtures 
using the various co-substrates.

4  Kinetic model comparison and results

The application of kinetic models to ACo-D experiments is 
useful for the evaluation of the process efficiency as well as 
the interpretation of the methane data [48–50]. In this study, 
FO (Eq. 2) was applied to estimate the hydrolysis rate con-
stant k  (hr−1), while GM (Eq. 3) and LF (Eq. 4) were applied 
to estimate the lag phase λ(hr), methane production rate Rm 
(mL  gVS−1  hr−1), and the ultimate methane production βo 
(mL  gVS−1). As an example, Fig. 6 compares the net CMY 
with the βo (mL  gVS−1 estimated from the models for the 
40%SS scenario only). Table 5 also shows the comparison 
of the parameters estimated from FO, MG, and LF models 
when applied to the experimental results of this study. The 
ability of the models to interpret the experimental data is 
determined by the coefficient of correlation (R2) value. It can 
be seen from Table 5 that the models are a good fit because 
the R2 value for the FO ranged between 0.935 and 0.992, 
while the MG and LF ranged between 0.937 and 0.999 and 
0.925 and 0.998, respectively.

When ultimate methane production, βo (mL  gVS−1), is 
considered in the 3 models in the co-digestion experiment, it 
is obvious that it aligns well with the net CMY as it increases 
with the increase in %SS addition, further proving the fact 
that the addition or co-digestion with SS will enhance net 

CMY over mono-substrate digestion alone. The 40% SS 
produced the highest βo (mL  gVS−1) over the 10% and 20% 
SS additions to OFMSW and leachate samples. However, 
similar to the experimental results, βo estimated from FO 
models was observed to reduce to 185 mL  gVS−1 at 10% 
SS + OFMSW from 264 mL  gVS−1 estimated from OFMSW 
alone. βo (mL  gVS−1) estimated from the MG and LF were 
also reduced under the same condition as well and remained 
consistent with the experimental results. In the above sce-
nario, βo (mL  gVS−1) estimated also reduced when the val-
ues from the NL alone is compared to the 10%SS + NL. It is 
however possible there was insufficient bioavailable nutri-
ents within the co-digestion mixture to handle the added 
organic load in both scenarios.

When the methane production rate Rm (mL  gVS−1hr−1) 
estimated by the MG and LF is considered within the sin-
gle substrate digestion experiment, higher values of 1.27 
and 1.28 mL  gVS−1hr-1 were estimated by the MG and LF 
models, respectively, for NL. Considering the fact that the 
LB samples were 0.64 and 0.68 mL  gVS−1hr−1 from the 
respective MG and LF models, it is possible that the rate 
of methane production was delayed due to microbial accli-
mation and VFA conversion time in the leachate mixture. 
This is despite the fact that the LB had produced the highest 
methane quantity amongst the substrates digested individu-
ally. OFMSW had estimated Rm (mL  gVS−1  hr−1) values 
of 0.77 mL  gVS−1hr−1 and 0.81 mL  gVS−1hr−1 from MG 
and LF, respectively. This may suggest the presence of high 
soluble organics within the reactor for improved methane 

Fig. 6  Model plot of 
net cumulative methane yield 
(mL  gVS−1) from 40%SS addi-
tion to the various substrates 
used in this study
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production rate. In general, the LF estimated higher values 
than the MG in this case. When it comes to the co-digestion 
involving leachate samples, the LB containing reactors could 
be observed to have higher rates estimated by LF and MG 
in the 3 instances of SS addition. However, the model esti-
mated Rm (mL  gVS−1  hr−1) values in the NL and LB appears 
to increase with 20% SS and reduced when 40% SS were 
added. The decreased rate could mean the methane produc-
tion rate was slightly inhibited by the high lipid content as 
it approached 40% SS as observed in 40% SS + LB and 40% 
SS + NL. This suggests a higher organic load was a factor. 
In contrast, the Rm (mL  gVS−1  hr−1) in the OL co-digestion 
mixtures increased with increasing %VS of SS at a very low 
rate. This could be connected to the fact that introduction of 
SS increased the organic VS load in the presence of adapted 
methanogens in the OL facilitated a positive synergism for 
improved methane production.

Kinetic phases of a bacteria are lag phase, exponential 
growth phase, and stationary phase [68]. The lag phase λ(hr) 
refers to an adjustment period where the bacteria cells are 
expected to modify and take advantage of the new environ-
ment to begin methane production [56, 69]. However, the 
lag phase is often influenced by environmental conditions 
as well as preincubation conditions [47].

λ(hr) values estimated by MG and LF are closely related 
and follow a similar pattern in both single substrates and 
ACo-D experiments. The LF appears to overestimate the 
lag time in contrast to the MG value. The estimated λ(hr) 
values from the MG and LF models from the single sub-
strate digestion appears to emphasize the fact that a longer 
lag time was required for an improved methane production. 
High TAN concentration could have been a factor as it 
affects methane production [10, 12]. While the OFMSW 
had estimated values of 43.7 hr (MG) and 57.9 hr (LF), 
the TAN was only 248 ± 32 mg  L−1. On the other hand, 
NL experienced a higher lag time with estimated values 
of 122.4 hr (MG) and 128.1 hr (LF), suggested to be as a 
result of a higher TAN value of 2,260 ± 53 mg  L−1 in the 
reactor. In the co-digestion experiment, the λ(hr) appears 
to reduce consistently with increase in percentage SS. 
Compared to the single substrate experiment, all λ(hr) 
values estimated from the co-digestion experiment were 
shorter. In this study, for instance, while OFMSW alone 
had an estimated value of 43.7 hr and 57.9 hr from MG and 
LF, respectively, these durations reduced to 25.1 hr (MG) 
and 41.2 hr (LF) upon adding 10% SS despite the reduc-
tion in βo (mL  gVS−1). The λ(hr) values in the co-diges-
tion of SS and OFMSW in this work is lesser to values 
reported by Ponsá et al. [50] where 8.9 days (213.6 hr) was 
reported for OFMSW + vegetable oil and 9.1 days (218 hr) 
was reported for OFMSW + animal fat. Difference in FOG 
type as well as inoculum source might have been a reason 

for the difference [17, 38]. Similar reduction in λ(hr) was 
observed in 10% SS + NL where the lag phase was reduced 
by almost 50%. βo (mL  gVS−1) however improved in the 
10% SS + LB sample, but there was a reduction in the lag 
phase value from 94.1 hr (MG) and 112.1 hr (LF) to 88 hr 
(MG) and 100.8 hr (LF), thus signifying the positive effect 
of SS addition through lag time reduction and improve-
ment of methanogenic activities.

5  Conclusion

This work investigated the effect of SS loading (VS basis) on 
biogas production during the mesophilic co-digestion with 
OFMSW as well as landfill leachate in batch BMP reactors. 
The sole digestion of SS was observed to be inhibited by 
LCFA and VFA accumulation. However, biogas produc-
tion from the four different substrates (OFMSW, NL, OL, 
and LB) was enhanced by increasing the percentages of 
the added sewage scum during co-digestion. Overall, there 
was an improvement in biodegradability of the co-digestion 
mixtures over the mono-substrates as a result of increased 
organic matter presence. Also, the Net CBY exceeded the 
calculated yield in all instances in further acknowledge-
ment of the benefit of synergism and nutrient balancing dur-
ing co-digestion. The addition of 40% SS (VS basis) was 
observed to have promoted the highest biogas production 
during ACo-D with OFMSW or leachate. In the co-digestion 
involving addition of SS to leachate samples, leachate blend-
ing was observed to have played a major role in improv-
ing the net CBY of LB samples due to increased synergism 
and high methanogenic population present in old leachate. 
Furthermore, kinetic model application to the methane data 
showed that the LF and MG provided a better estimation 
of the parameters than the FO. Methane production was 
achieved quickly through lag phase reduction due to syner-
gistic effect of co-digestion.

Nevertheless, it is worth investigating the pre-treatment 
of SS prior to treatment in anaerobic reactors. It is also 
recommended that the effect of inoculum macronutri-
ent, micro-nutrients, and activity on a standard substrate 
should be investigated. Additionally, the effect of inoculum 
adaptation during primary and secondary substrate addi-
tion as a function of time should be investigated. Finally, 
further studies can also investigate the effect of the vari-
ous co-digestion scenarios on the microbial community 
diversity and relative abundance of the micro-organisms.
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