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ABSTRACT

Anaerobic digestion is one of the promising methods for treating high strength organic waste
liquid with the recovery of energy such as biogas. The current study reports the physical-chemical
characteristic of the waste, its treatment performance and methane gas production from a liquid
organic substrate high in oil and grease generated from a food processing industry in Malaysia.
The substrate is suitable for energy recovery as it contains high organic matter ranging between
15 and 17 g/L chemical oxygen demand (COD). The batch biodegradability test assays were used
in anaerobic digestion of the food processing wastewater (FPW) for its treatment performance and
methane yield at different ratios of the substrate (FPW) to inoculum (anaerobic digester sludge) (5/I)
of 1.0, 1.5 and 2.0 for 54 d. From the results, S/I 1.0 ratio performance is ideal for COD, biochem-
ical oxygen demand, total solids and volatile solids (VS) removal at 96.9%, 96.6%, 75.8%, 65.2%,
respectively, showing a balanced substrate/food and microorganism (F/M ratio) in the digester that
is important for the degradation of complex organic material. The maximum amount of specific bio-
gas production rate was 228.6 mL/gVS in S/I of 1.0 treatment, with a methane gas production yield
of 200.5 mL/gVS. While the minimum methane gas production yield of 67.5 mL/gVS was produced
for S/I of 2.0. The specific biogas production rate was found at 84.6 mL/gVS. The higher substrate
to the inoculum ratio of S/I 1.5 and 2.0 has delayed the biogas and methane production by 20 d.
The results indicate that FPW anaerobic digestion is promising to treat the effluent and produce
biogas containing a moderate amount of methane.
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1. Introduction

In recent years, full-scale applications of anaerobic
co-digestion of specific substrates and inoculum (sewage
sludge) are identified as an environmentally sound renew-
able energy source [1-4]. The treatment performance in
anaerobic digestion (AD) and biogas production could
be recovered; thus creating energy potential through this
technology. Sludge production from municipal wastewa-
ter treatment plants (MWTPs) is likely to grow with the
increasing figure of treatment plants being constructed or
progressed [5]. The problem is mainly due to the growing
population linked to sewage networks in Malaysia, espe-
cially in the food processing industry. According to Osman
[6], the sequencing batch reactor (SBR) is a popular advanced
wastewater treatment used for treating industrial waste-
water in Malaysia. Furthermore, the presence of inhibiting
organic and chemical pollutants in the food-based effluents
such as proteins, fats, oil, and grease (FOG) results in the
lower production of methane gas and become inhibitory
factors in anaerobic treatment [7-9].

The increasing population and rising living standards
produced a rapid growth rate of food waste effluent from
different origins and sources, that is, residential and
commercial, industry and small-to-medium enterprises.
Moreover, it has become one of the significant proportions
in MWTPs. Nonetheless, due to its high biodegradability
and contents of FOG, anaerobic digestion as a single sub-
strate may encounter various potential inhibitors, including
the accumulation of volatile fatty acids (VFA) in its com-
pound [10]. The treatment of large quantities of substrates,
products or waste from the food industry, agriculture, crop
residues, animal waste, market waste, and organic matter of
municipal solid waste for common on-site feedstock is using
the designated anaerobic digesters formerly [2]. Meanwhile,
substrates from various organic by-products, such as FOG
from residential, slaughterhouse waste, restaurants, and
industrial, are known as a typical off-site feedstock. This
daily amount of substrate composition is the main factor
in determining the rate of CH, production from the anaer-
obic digestion. Generally, biogas produced in AD treatment
is 60% methane (CH,), and 40% carbon dioxide (CO,) thus
can be used to generate heat supply, electricity, and further
treated to be used as a vehicular fuel. Evidence has shown
that increased biodegradable substrate results in a more
significant amount of CH, gas production as usable energy
inside the treatment plant [12].

High strength industrial wastewater characteristics are
challenging to define and depend on the type of industrial
plants such as food processing industries, chemical, agri-
culture, textile, paper mill, pharmaceutical, and petrochem-
ical industries. The effluents that contain a high amount
of chemical oxygen demand (COD), biochemical oxygen
demand (BOD,), ammoniacal nitrogen, total phosphorus,
total suspended solids, and heavy metal contaminants
affect the organic loading rate (OLR) on the wastewater
generation per day [13]. Mutamim et al. [14] revealed that
food manufacturing and processing wastewater contain
high concentrations of several organic compounds, includ-
ing carbohydrates, proteins, pectin, oils, starches, fats,
vitamins, and sugars, which are responsible for high lipid

concentration [15]. The metabolic pathway of anaerobic
food chain degradation consists of several groups of facul-
tative anaerobes and archaea that degrade and transform
complex organic compounds (mainly carbohydrates, pro-
teins, and lipids) into simpler organic compounds. The crit-
ical biochemical reactions in the AD process and production
of CH, include hydrolysis, acidogenesis (acid production),
acetogenesis, and methanogenesis. Methane production
may occur through the consumption of acetate, H,, CO,, and
methanol by certain microbes during the AD process [16].
Nonetheless, methane production can be delayed based on
the type of substrate used for the AD process and inoculum
used for the seeding process. Its low bioavailability lim-
its the biodegradability of solid fatty residue. Long-chain
fatty acids (LCFA) are the main products of lipid hydroly-
sis and are frequently found in wastewaters from various
sources, for example, dairy industry, food processing indus-
try, slaughterhouses, wool scouring industry, and vegetable
oil/fat refineries. LCFA vary in chain length and degree of
saturation, and the most abundant saturated and unsatu-
rated LCFA present in wastewaters are palmitate (C,,,) and
oleate (C ), respectively [15,17,18]. Palmitate is also a key
intermediate of oleate degradation. Although anaerobic
hydrolysis (lipolized) of lipids to glycerol and LCFA occurs
rapidly as shown in Fig. 1, subsequent LCFA degradation
via B-oxidation proceeds rather slowly [19,20].

Recently, Long et al. [8] reported that the addition of
fats, oil, and grease (FOGs) to municipal anaerobic digest-
ers could result in a significant increase in CH, produc-
tion. Previous studies have investigated different types of
organic and inorganic substrates to determine its capability
for yielding biogas, such as animals’ manure, high lignocel-
lulose contain waste, industrial wastewater, and recalcitrant
waste. For example, a co-digestion mixture with the sub-
strate to inoculum S/I ratio of more than 1.0 with FOG from
a meat processing plant increased the methane yield by
60% despite lag phase phenomena [21]. Likewise, methane
yield was 2.6 times higher when the inoculum (municipal
primary sludge and thickened waste activated sludge) was
co-digested with oil and grease (O&G) wastewater from
restaurants, food service providers, and residential [22]. The
composition, origin, type of substrate, and chemical sub-
stances (biomass resources such as carbohydrates, proteins,
fats, and lignin) influenced the biogas yield of the individ-
ual substrates.

Additionally, Muller et al. [23] reported that scum
foaming could be minimized during anaerobic co-digestion
of grease trap waste (GTW) at the Annacis Island waste-
water treatment plant (WWTP) in Vancouver, Canada by
lowering the standpipe level and modifying the operat-
ing procedure during offloading. Newer treatment meth-
ods focus on the stimulation of existing bacteria to break
down FOG, rather than introducing different enzymes and
bacteria. This approach utilizes optimized fermentation-
based yeast proteins, micro-nutrients and specialized sur-
factant chemistry, dosed at only a few parts per million,
to stimulate the indigenous bacteria population and accel-
erate natural biodegradation. This biocatalytic effect can
provide various operational benefits at the WWTP, includ-
ing reduced sludge production, increased nutrient uptake
andimproved settlement.Inanotherstudy,lipase-producing
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Fig. 1. Metabolic pathway of anaerobic degradation of fats [20].

microorganisms were isolated from the bakery and
palm-oil-industry wastewater. The biodegradation of FOG
in the isolates was tested, and up to 87.7%, FOG removal was
achieved [8].

Dereli et al. [24], treated wastewater containing
11.3 + 0.5 g/L fat, oil, and grease concentration which caused
LCFA inhibition at high solid retention time in their lab-scale
anaerobic membrane bioreactor system. The digestion of
substrate with high O&G of 4.6-36 g/L at OLR 17 kg COD/
m’d, when acclimatized the sludge for long-term adapta-
tion to LCFAs in up-flow anaerobic sludge blanket biore-
actor coupled with membrane system, achieved maximum
methane production and high rate methanogenesis [25].
Pellera et al. [26] conducted a study on the substrate to inoc-
ulum ratio (SIR) of 0.5 for winery waste and juice industry
waste yielding 446.23 and 445.97 NmLCH,/gVS_, ., (VS -
volatile solids) respectively. They also studied SIR of 0.25
for cotton gin waste and olive pomace yielding 267.96
and 258.65 NmLCH,/gVS_, . respectively. The study
concluded higher SIR delayed methane production indi-
cating process inhibition. Anaerobic sludge was found as
an adequate inoculum among tested samples, and due to
its high availability, it may be considered as a manageable
choice in real-scale applications. Contrarily, using land-
fill leachate and thickened anaerobic sludge for the same
purpose showed lower efficiencies.

There are many factors to be determined before start-
ing the batch biodegradability test procedure because the
biogas production varies from one substrate to another

[27]. Nonetheless, fats and proteins produce more CH, than
carbohydrates and lignin because carbohydrate fraction of
lignocellulosic biomass is degradable. In contrast, the lig-
nin fraction is generally considered extremely difficult to be
degraded during anaerobic digestion [28,29]. The carbon/
nitrogen (C/N) ratio represents the relationship between
the amount of nitrogen and carbon in a feedstock with a
25:1 C/N ratio that produces optimal gas production [30].
In this study, the C/N ratio of 22:1 for the substrate, which is
in agreement with a previous study [31] which revealed an
optimum range of C/N ratio for AD was 20-35:1. If the C/N
ratio for the substrate is low, ammonia concentration could
increase the AD process and delay microorganism vitality
preventing anaerobic digestion [32]. A previous study sug-
gested that the nutrients that exist in sewage are in the form
that is available to the bacteria where C:N:P at 330:5:1 can be
used for biomass with a high yield coefficient (e.g., degra-
dation of volatile fatty acids) [33]. Table 1 depicts the effect
of various range of ammonia-nitrogen concentrations on the
AD process. The pH must occur within an optimal range
of 6.8-7.2 to prevent the toxicity of ammonia because it is
highly dependent on the pH changes [30,34].

Notably, Owen et al. [35] developed a simplified, secure,
relatively inexpensive, and repeatable lab-scale method
known as biochemical methane potential (BMP) to deter-
mine the biodegradability of organic substrates. Batch bio-
degradability test assay is a standard protocol to estimate
biodegradability of sewage sludge in anaerobic digestion
and, more importantly, to observe methane production and
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Table 1
Ammonia-nitrogen concentration’s effects on anaerobic diges-
tion [30]

Effect on anaerobic digestion NH; NH-N (mg/L)

Beneficial 50-200

No adverse effect 200-1,000
Inhibitory at higher pH values 1,500-3,000
Lethal >3,000

generation based on different substrates, inoculums, and
their ratios. The fundamental principle of the batch biode-
gradability test in this study is to mix the selected substrate
and sewage sludge (inoculum), then incubate at a specific
temperature and measure the biogas produced and methane
yield composition. The batch biodegradability test period
varies based on the rate of substrate biodegradability up to
a reduction in biogas production volume [36]. Therefore,
the current study investigated the biodegradability of sub-
strates to define best practices and process efficiency before
any reactor design to be fabricated [37]. The objective of
this study is to evaluate the treatment performance and
batch biodegradability test of food processing wastewater
(FPW) under the mesophilic condition at the different sub-
strates to the inoculum S/I ratio for the methane produc-
tion. The study also wants to evaluate the sewage anaerobic
sludge use as inoculum is adequate in this AD treatment,
and lack of studies in the treatment performance (before
and after), biogas production and different S/I ratios of
batch biodegradability test is further analyzed. A lab-scale
anaerobic digester will utilize the results from these batch
biodegradability test studies and evaluate further on its
performance, such as COD, BOD, VS, total solid (TS), total
phosphorus and ammoniacal nitrogen. Fundamentally, this
preliminary study is to evaluate the production of CH, yield
and treatment performance based on the specific substrate
facilitating optimization of anaerobic digesters’ designs and
operations.

Table 2
Methods for physical and chemical analyses used in the study
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2. Materials and methodology

The substrate, FPW, was collected from a food processing
industry located at Batu Caves, Selangor, Malaysia. This fac-
tory produces varieties of fast food products such as nuggets,
burgers, sausages from meat such as chicken, beef, lamb,
and fish. Processes include half-cook food processing such
as cooking, boiling, mincing, and seasoning. These activities
produce a large amount of organic and inorganic materials,
carbohydrate (starch for coating), proteins and FOG from the
main ingredient, which is the animal meat. The raw sample is
collected at the collection sump without any treatment. Before
the analysis, the fats, oil, and grease were skimmed off from
the upper layer of the substrate, and only the filtered super-
natant collected was used for the batch biodegradability test.
FPW was kept at 4°C in a chiller to prevent the degradation of
the organic substances. In this study, anaerobically digested
sewage sludge was used as an inoculum and obtained from
the anaerobic sludge tank of municipal sewage treatment
plant located in Kuala Lumpur and kept at 4°C.

2.1. Physical and chemical characteristics

Throughout the batch biodegradability test study,
various characterization was performed to determine the
physical and chemical properties of the materials before and
after experiments. Table 2 displays the method for the deter-
mination of physical and chemical characterization used in
this study. The measurement of TS, VS, and O&G performed
according to the Standard Methods for the Examination
of Water and Wastewater [38]. The characteristic of both
substrate and inoculum used were analyzed following
standard method APHA, and heavy metal content in the
substrate was detected using inductively coupled plasma
mass spectrometry (ICP-MS) and tabulated in Table 3.

Seeding is required to treat the wastewater biologi-
cally if the BOD,/COD ratio is between 0.3 and 0.5 because
the process will be relatively slow, as the acclimatization
of the microorganism that helps in the degradation pro-
cess is time-consuming. If the BOD,/COD ratio is below

No. Parameter Methods/Instrument

1. pH Portable pH meter

2. Chemical oxygen demand (COD), mg/L HACH Spectrophotometer

3. Biochemical oxygen demand (BOD), mg/L HACH method

4. Total solid (TS), g/L APHA method (2540B)

5. Volatile solid (VS), g/L APHA method (2540E)

6. Methane gas (CH,), % 6890N Agilent Gas Chromatography (GC-TCD)

7. Elemental analysis (C,H,O,N,S), % Elemental analyzer (LECO)

8. Heavy metal content (Cu, Zn, Fe, Ni), mg/L ICP

9. Oil & grease (O&G), mg/L APHA method (5520B)

10. Ammonia-nitrogen, mg/L Test ‘N Tube salicylate method number 10023 HACH Spectrophotometer

11. Total nitrogen, mg/L Test ‘N Tube persulfate digestion method 10071 using calorimeter HACH
DR890 Spectrophotometer

12. Total phosphorus, mg/L HACH Spectrophotometer
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Table 3
Characteristics for FPW (substrate) and anaerobically digested
sewage sludge (inoculum)

Parameter Substrate Inoculum
pH 3.68 7.00
BOD, (*BOD,/COD ratio), mg/L. 10,860 (0.64*) 690
COD, mg/L 17,000 1,970
NH,-N, mg/L 17 302
Total phosphorus, mg/L 237 563
Total solid, g/L. 16.65 18.70
Volatile solid, g/L 16.25 12.75
VS/TS 0.9760 0.6818
Hydrogen, % 8.722 4.8825
Sulfur, % 2.1395 1.383
Carbon, % 54.8 32.20
Nitrogen, % 2.4685 4.51
C/N ratio 22.20 7.14
Oil & grease, mg/L 154

Heavy metal detection: Cu (0.506mg/L), Zn (5.024mg/L),
Ni (0.498mg/L) and Fe (5.094mg/L)

0.3, biodegradation will not proceed, and the wastewater
cannot be treated biologically due to wastewater charac-
teristics that contain inhibitors (mostly toxic and refractory
properties) that affect metabolic activity of bacterial seed
[13,39]. Based on the VS/TS content, it shows that FPW has
high energy content (97%) when compared to inoculum
(68%), and this characteristic indicated that FPW might be
potentially used as a substrate to produce higher methane
[22,37]. Table 3 illustrates the characteristics of the substrate
and inoculum utilized in this study, which kept in a tight
container and stored at 4°C. The ratio of BOD to COD acts
as a tool for checking the biodegradability index of waste-
water influent. Raw wastewater having a BOD,/COD ratio
higher than 0.5, can easily use biological processes and
biodegradable.

2.2. Experimental procedure

The batch biodegradability test in this study was
adapted from Hansen et al. [40] with the guideline of VDI
4630 2016 [41] as reported by Angelidaki et al. [42] and
Khairul Anuar et al. [43]. The batch biodegradability tests
were conducted at mesophilic conditions (37°C + 0.5°C) in
triplicates. Samples were digested in closed serum bottles

Table 4

with a working volume of 100 mL, leaving 25 mL headspace.
In each container, substrate (wastewater) samples were
mixed with the inoculum to obtain substrate to inoculum
ratio (S/I) of 1.0, 1.5, 2.0, and control (inoculum only) as
shown in Table 4. There was no further modification of pH
done as the initial pH ranged between 7.0 and 7.5. After
mixing the samples with inoculum final pH were recorded.
Next, nitrogen gas was purged for 5 min in the serum bot-
tle to ensure the anaerobic condition, and this is called the
degasification step. The batch biodegradability test serum
bottles were sealed with a butyl rubber stopper and crimped
with aluminum cap. Gas samples (more than 4 mL) were
collected from the headspace of the reactors through the
septum with an air-tight syringe. Biogas production vol-
ume was recorded daily, and the biogas sample was trans-
ferred into a Hungate tube using the water displacement
method. Finally, the biogas was injected directly into the
GC-TCD, where the volume of methane gas was calcu-
lated. The initial physical and chemical properties of each
treatment were analyzed and tabulated in Table 4.

2.3. Analysis of biogas constituents

The substances of the biogas samples were analyzed
using gas chromatography (6890N, Agilent Technologies)
equipped with an HP-Molsieve 30.0 m x 530 um x 50.0 um
nominal with a thermal conductivity detector (TCD). Argon
used as a carrier gas at a flow rate of 45 mL/min. The align-
ment completed with a mixed standard gas composed of 5%
CO,, 25% O, 5% N,, and 4% CH,. The column maintained
at 35°C for 7.5 min, then ramped to 230°C at 24°C/min and
held at this temperature for 5 min. The temperature of the
injector and detector were 100°C and 150°C, respectively,
and the analysis performed in triplicates.

2.4. Theoretical yield of methane

The elemental analysis was analyzed using a LECO
CHNS-932 analyzer to estimate the percentage content of
carbon (C), nitrogen (N), hydrogen (H), and sulfur (S) com-
position. Based on the percentage of CHNS/O elements in
the FPW, the chemical formula of FPW was determined to
be C, ... Hy oo Ni1res Soner Oarsee Nitrogen and sulfur contents
were omitted due to their low values; thus, the molecular
formula of FPW became C, . H.,, O. Theoretically, 1 mole
of FPW will produce 1.3 moles of CH, (62%) and 0.8 moles
of CO, (38%) based on the chemical formula of FPW using
the Buswell equation [Eq. (1)] [26,44]. At standard tempera-

ture and pressure (STP), the total methane potential (TMP)

Characteristics before batch biodegradability test treatment for all different S/I ratios

Substrate to Substrate: pH BOD COD NH-N  PO+4 TS VS (g/L) VS/TS
inoculum ratio inoculum (S/T) (mg/L) (mg/L) (mg/L) (mg/L) (g/L)

Control (inoculum only) 0 mL:100 mL 7.00 690 1,970 302 563 18.70 12.75 0.68
S/11.0 50 mL:50 mL 7.01 1,140 3,500 172 305 18.20 14.50 0.80
S/11.5 60 mL:40 mL 7.00 1,650 4,600 151 270 17.40 14.85 0.85
S/12.0 67 mL:33 mL 7.05 1,530 5,100 110 350 17.10 15.09 0.88
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calculated from Eq. (2) based on the constants from Eq. (1) to
be 640.5 mL/gVS methane yield.

CHO,N, +£n—%—%+£)HZO—>(E+E—E—E]

4 28 4 8
n a b 3c
CH, +| = ——+—+—|CO, +cNH, Q)
2 8 4 8
224%1,000x| 142 b _3¢
TMP mLCH, | _ 2 8 4 8 @
S gVs 12n+a+16b+ l4c

3. Results and discussion

Results from the four batch tests demonstrated that the
FPW substrate is all biodegradable and produced meth-
ane rapidly. Fig. 2a illustrates the initial batch serum bot-
tle at 0 d. At the end of batch mode treatment, there was a
floating scum layer observed in serum bottles S/I 1.5 and
2.0 (Fig. 2b). A possibility is that the scum layer contains
LCFA that is less dense compared to water hence floats.
The scum layer was not further analyzed. Based on Gerardi
[30], the digester scum layer consists of grease and vege-
table oil/fat matter with a specific gravity <0.1 causing
the whitish substance to float on top of the water surface.

3.1. COD and BOD removal efficiency

The COD and BOD performances for all different S/I
ratios are depicted in Figs. 3a and b. The results revealed
that a high percentage of removal for both parameters was
above 80% after batch biodegradability treatment (54 d).
The highest COD removal recorded was at S/I 1.0, with
96.9% followed by 94.2% and 81.3% for S/I 1.5 and S/I 2.0,
respectively. Meanwhile, for BOD,, the highest removal was
at 96.7% for S/I 1.0 and followed by 94.2% and 93.1% for
S/1 1.5 and S/I 2.0, respectively. The ratio of 1.0 indicates a
balance of substrate and microorganism in the digester that
is important in the degradation of complex organic mate-
rial. The performance of COD removal is better with the S/I
ratio 1.0, where complete degradation, which showed no

Fig. 2. (a) Day 0 and (b) day 54 of the batch biodegradability test.
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formation of scum layer than S/I 1.5 and 2.0 ratio. Higher S/I
ratio resulted in lower removal efficiency indicates that the
organic substances in too much for the available bacteria to
digest. COD is an indirect measure of the amount of organic
matter; thus, the results can estimate the methane yield of
the substrate. Methane production can be determined from
a COD mole balance because the COD removed would be
converted to methane (CH,) and carbon dioxide (CO,). Since
the high organic matter was digested in this AD process
indicated by high removal of COD and BOD,, it is believed,
a high amount of methane can also be produced.

3.2. TS and VS removal efficiency

The particulate organic and solids are the discharged
TS within the supernatant. VS is a typical control parame-
ter measured in biological treatments that approximates the
organic matter presents in the waste available for degrada-
tion [30]. Based on Fig. 4a, the TS for all S/I ratios remained
between 50% and 80% removal efficiency, where there was a
significant organic solid and volatile reduction. Meanwhile,
the VS removal was slightly lower for blank (control) at
about 30% (Fig. 4b), in which higher S/I ratios resulted in
less removal efficiency for both TS and VS. Nonetheless, the
TS finals values for the substrate to inoculum ratio (S/I) of
1.5 and 2.0 do not pass the effluent DOE standard [45] of
less than 5,000 mg/L. High FPW substrate to inoculum ratio
caused incomplete organic matter degradation, which may
require more than 54 d for complete degradation. Methane
production is directly related to VS degradation. The meth-
ane yield increased with higher VS and less hemicellulose
[46,47]. According to Gerardi [48]; however, higher VS feed
to the digester could result in the formation of the more
significant amount of volatile acids in the digester and
severely impact on the alkalinity and pH. Referring to Fig.
4b, VS can be underestimated due to possible VFA losses
during the analysis of TS [42].

3.3. Ammonia-nitrogen content

Fig. 5 shows the lowest increment recorded was S/I 1.0,
with a 5.5% increment followed by 35.5% and 71.7% for
S/1 1.5 and S/I 2.0, respectively. Higher substrate resulted
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batch biodegradability treatment for all S/I ratios.

in higher final ammonia-nitrogen, which shows that the
nutrient content in the substrate gave a significant impact
on ammonia-nitrogen accumulation. It is possible that the
high protein content in FPW has converted into amino
acids by the microbes resulting in high ammonia-nitrogen

concentration [49]. Proteins are polypeptides formed
through the linkages into peptide bonds with amino acids.
Food or food processing waste from chicken, meat, casein,
fish, whey, cheese, and eggs contain significant amounts of
protein [50]. Since the origin of the substrate used in this
study was from the meat processing industry (chicken, cow,
fish, and lamb) that produced meat products such as nugget,
sausages, and a burger patty, the substrate may contain high
lipids, carbohydrate, and proteins in its effluent. Frequently,
high FPW protein content [9] would result in an augmented
amount of free ammonia that causes a drop in pH, lead-
ing to methanogenic inhibition and less biogas production
[28,51]. Interestingly, the control experiment demonstrated
a moderately higher increment than S/I 1.0 with the value
of a 12.7% increment. It is believed that the presence of high
ammonia concentration in the inoculum gave this effect.
During anaerobic degradation of proteins, hydrogen-
producing bacteria hydrolyze proteins into polypeptides
and amino acids by secreting protease enzyme into the pro-
cess. The hydrolysis is carried out by proteases excreted
by microorganisms where amino acids are further brake
down into volatile fatty acids (VFA), carbon dioxide (CO,),
hydrogen (H,), ammonia, and reduced sulfur [50,52,53].
The rate of protein degradation is slower than carbohy-
drate and lipid degradation. Evidence has also shown that
protein degradation is incomplete during the complete
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digestion at times [53]. The release of ammonium during
the hydrolysis of the organic nitrogen compound present in
the feedstock predicts protein degradation in the digestion
[45,46]. The results of batch biodegradability test anaerobic
assay revealed that the ammoniacal nitrogen values ranged
between 180 and 390 mg/L for all S/I ratios. The result was
under the threshold of inhibition, and there was no adverse
effect indicating the AD is stable [34,55]. The cause of %
increment ammoniacal ammonia has a relation with the
anaerobes wellbeing in the AD digestion and also the type
of substrate used. According to Kayhanian [32], metha-
nogens are the least tolerant and the most likely to cease
growth due to ammonia inhibition. Among the anaerobic
degrading microorganisms, methanogens (Euryarchaeota)
are reported to be the most affected groups by elevated
ammonia levels (>1,800 mg/L) and the first to be inhibited
[56-58]. As such, this resulted in low methane production
due to higher S/I ratios in this study.

3.4. Total phosphorus removal efficiency

Macronutrients, including nitrogen and phosphorus,
are nutrients that are required in relatively large quanti-
ties by all bacteria. Microbial incorporation of phosphorus
in anaerobic digestion has reported approximately 1/5 to
1/7 of that established for nitrogen [33]. Total phosphorus
exists in the form of soluble and particulate phosphorus.
The main components of phosphorus in wastewater exist
predominantly as orthophosphate and less amount of
organic phosphorus [59]. Phosphorous, similar to nitro-
gen, is an essential nutrient for biological metabolism. As
such, the balanced existence of this element is an excel-
lent factor for every anaerobic process [60]. Thus, total
phosphorus concentration was measured before and after
batch biodegradability treatment. Fig. 6 illustrates that
total phosphorus concentration decreased with higher S/I
ratios, and high phosphorus concentration found in control
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Fig. 6. Total phosphorus removal before and after batch

biodegradability test for all S/I ratios.

(blank) due to the origin of inoculum, which contained a
high concentration of total phosphorus. The highest total
phosphorus removal recorded was for S/I 1.0, with 41%
removal followed by 18.1% and 1.71% for S/I 1.5 and S/I
2.0, respectively. The AD performance in the poor quality of
supernatant, which may contain relatively high concentra-
tions of nutrients (nitrogen and phosphorus). Initially, the
total phosphorus was ranged between 300 and 600 mg/L
and remained similar after batch biodegradability treat-
ment, except for a slight reduction at 40% for S/I 1.0.

3.5. Specific biogas production yield and cumulative biogas
production

Fig. 7 illustrates the cumulative biogas production and
each S/I yield during the 54 d of conducting the assay. The
accumulated biogas for control was below 100 mL. On day
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Fig. 7. Specific biogas production yield and cumulative biogas production at different S/I ratios.
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10, S/I1.0 demonstrated the rapid production of biogas then
started to slow down at day 37 due to all organic matter
mostly consumed by the anaerobes. 5/I 1.0 accumulated the
highest biogas at 331.5 mL. Meanwhile, S/I 2.0 produced
the lowest biogas cumulative amount of 127.6 mL, only
increased by 48.3% compared to the control sample. It can
be depicted from the trend in for biogas accumulation that
there was biogas production delay of 10 d for S/I ratio 1.5
and 2.0. The results could be due to the incomplete phase
change from acidogenesis to the methanogenic stage [61]
brought about unbalance amount of anaerobes in the inoc-
ulum and substrate. The higher ratio of FPW in S/I 1.5 and
2.0 lead to incomplete degradation of the grease; thus lower
amount of biogas produced, compounded by the possible
inhibition factor of LCFA, which caused poor biodegrad-
ability [21].

The degradation of lipid-rich materials (LCFA) is
known as an inhibitor of methanogenic bacteria, causing
the delay of methane production, hence biogas produc-
tion is also affected. LCFA deposition inhibits acetoclas-
tic and methanogenic archaea growth disrupting their
metabolism, which slows down hydrolysate conversion
into methane [18,62,63]. However, researchers first sug-
gested that the mechanism for LCFA inhibition of meth-
anogenic and acetogenic bacteria was due to a surfactant
effect causing the LCFA to damage the cell membrane [64].
Multiple studies have suggested maximum concentrations
of LCFAs, above which anaerobic digesters are likely to
experience excessive methanogen inhibition [17,65,66].

The different substrate to inoculum S/I ratios conducted
with the batch biodegradability test revealed that the VS
content influenced biogas potential in FPW. The highest
accumulated specific biogas yield was 228.6 mL/gVS in the
substrate to the inoculum ratio of S/I 1.0, while the lowest
specific biogas production rate was 84.6 mL/gVS for S/I 2.0

40

which shows less than 63% lower than S/I 1.0. As depicted
in Fig. 7, on day 21, S/I 1.0 produced the maximum biogas
yield of 36.8 mL/gVS, followed by 31.6 mL/gVS (S/1 1.5) and
17 mL/gVS (S/I 2.0). According to Bornare et al. [67] in his
previous study, the decreased in biogas yield occurred when
increasing the OLR. At lower OLR, a better food-to-microor-
ganism (F/M) ratio ensured high production of biogas yield.
In this study, S/I 1.0 had lower initial COD value (similar to
lower OLR concept) compared to S/I of 1.5 and 2.0 which pro-
mote a better F/M ratio for the methanogenic degradation.

3.6. Specific methane production yield and cumulative biogas
production

The amount of cumulative methane produced started to
increase on the day 7 (S/I 1.0), day 10 (S/I 1.5) and day 13
(S/1 2.0) with cumulative methane production of 200.5 mL/
gVSs,116.8 mL/gVS and 54.4 mL/gVS, respectively as depicted
in Fig. 8. Nevertheless, after the acclimatization period, fast
production of CH, indicates that the existence of archaea
that can digest the accumulated LCFA and thus, produce
methane rapidly. The extended retention time is required
to complete degradation to facilitate anaerobic consortium
adaptation. According to a previous study by Angelidaki et
al. [68], the occurrence where higher substrates volume may
decrease methane yield initially or gradually, thus delay-
ing the entire AD process, is called lag phase phenomena.
Ibrahim [69] applied a two-stage anaerobic system for the
treatment of the FPW substrate resulted in the accumula-
tion of suspended solids (SS) and floating fats in the reactor.
Consequently, this inhibited the methanogenic activity, thus
lowered the production of methane gas. A similar occurrence
was observed in this study, where both S/I ratios of 1.5 and
2.0 containing higher substrate produced lower methane
compared to S/I of 1.0.
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Fig. 8. Specific methane production yield and cumulative methane production at all S/I ratios.
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Table 5
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List of previous studies based on similar substrates and methane yield achieved

Inoculum Substrate S/1 ratio Methane yield
(mLCH,/gVS added)
This study Anaerobic sludge Food processing 1.0 200
from WWTP wastewater (FPW) 1.5 120
2.0 54
[37] Palm oil mill sludge Grease trap waste (GTW) 0.2 370
0.5 500
1.0 360
2.0 250
4.0 180
[71] Anaerobic sludge Fat, oil and grease (aqueous 0.5 383
from WWTP fraction from GTW) 1.0 63

These findings were in agreement with a previous
study by Kougias et al. [70] that reported using protein
and lipid wastewater could lead to a build-up of foam and
affect the AD process. The methane yield was calculated
by dividing methane production with the weight, gram
of mixed sludge and substrate added in VS basis. Fig. 8
shows lag phase phenomena for S/11.5 and 2.0 degradation
when the methane only started to be produced on day 10.
Meanwhile, S/11.0 treatment methane yield starts as soon as
day 4. The control treatment shows high methane produc-
tion yield 6-8 mL/gVS until day 10 but reduces almost 60%
on day 13 and fluctuated below 6 mL/gVS until at the end
of batch biodegradability test. S/I 1.0 resulted in enhanced
degradation with the highest cumulative methane yield
of 200.5 mL/gVS, followed by S/I of 1.5 at 119.9 mL/gVS
methane. S/I 2.0 produced the lowest methane with the
methane yield of 67.5 mL/gVS. Besides, the increased of S/I
ratio shows the decreased methane production. During the
methanogenesis phase, acetate and H, were transformed
into CH, and CO, by acetoclastic methanogens and hydro-
gen-utilizing methanogens archaea. The result from meth-
ane production indicates that S/11.0 is ideal for the archaea
to rapidly-produce methane and carbon dioxide at the end
of the process. Meanwhile, for S/I 1.5 and 2.0, the archaea
were required to adapt to the slow hydrolysis process for
the proteins to be degraded into simpler monomers.

Low S/I ratio indicates lower LCFA volume, thus indi-
cating a massive adaptation of microorganism to O&G con-
tent, which will achieve higher methane yield in contrast to
high S/I ratios [29]. According to Champagne et al. [71], the
ideal substrate to the inoculum (S/I) ratio was 0.25-0.75 for
FOG substrates, meanwhile for kitchen waste were S/I ratio
0.80-1.26 with 383 ml CH4/g VS methane production yield.
It is believed that LCFA and volatile fatty acids (VFA) accu-
mulated in the batch biodegradability test preliminary stud-
ies inhibited the methanogenesis. On that account, hydro-
lysis was the limiting step throughout the process, which
is known as lag phase phenomena. Delay of hydrolysis
might be due to the presence of inhibitor, and it is expected
as LCFA accumulation since FPW has high O&G content.
According to Nazaitulshila et al. [37], the biomass adapta-
tion to LCFA is also crucial for the anaerobic treatment of

lipids. Contradicting results were found by Loustarinen et
al. [21], where the methane yield increased by 60% when the
inoculum was co-digested with fat, oil, and grease (FOG)
substrate at S/I ratio above 1.0, both originated from a meat
processing plant. The bacterial colony in this study may
have not fully acclimatized to degrade the FPW substrate
since the inoculum used in this study was taken from a
municipal treatment plant instead. A proper acclimatization
period is required for the bacteria to adapt in a new environ-
ment [72]. At standard temperature and pressure (STP), the
total methane potential (TMP) calculated from Eq. 2 based
on the constants from Eq. (1) to be 640.5 mL/gVS methane
yield, but the maximum methane yield achieved in the
study was only 200.5 mL/gVS, 31.3% of the calculated value.
However, the results are affected by the inhibition of meth-
anogenic activities and the balance of F/M ratios from S/I
1.0 gave the highest accumulated methane production from
other ratios. There is an agreement that during AD, 10% of
the substrate is for biomass growth and transformation into
heat [73,74]. Table 5 summarizes the findings of previous
studies on methane yield of various food processing wastes.
The studies revealed that methane content ranged between
40% and 60%. A similar trend of reduced yield at S/I ratio
above 0.5 was found by Weiland [25] when using palm oil
mill sludge with GTW. However, contradicting result was
found by Chen et al. [54] where lower S/I ratio resulted in
better yield. It is believed that the inoculum used, anaerobic
sludge from MWTPs could adapt well the aqueous fraction
in GTW. It is known that the MWTPs in Johor, Malaysia, also
receives wastewater from establishments where the munici-
pal wastewater is mixed with kitchen wastewater [75].

4. Conclusion

S/11.0 ratio was ideal for high removal of COD, BOD, TS
and VS at 96.9%, 96.6%, 75.8%, 65.2%, respectively. While,
the ammonia concentration lowest increment recorded
was S/I 1.0, with a 5.5% increment followed by 35.5% and
71.7% for S/1 1.5 and S/I 2.0. The maximum amount of accu-
mulated biogas produced was 331.5 mL in the S/I 1.0 coin-
ciding with the highest methane accumulation of 290.7 mL.
Only 31.3% of the theoretical yield methane production
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at 200.5 mL/gVS was found at the best S/I of 1.0. While
the lowest methane accumulation was only 54.4 mL at S/I
ratio of 2.0. The amount of cumulative methane produced
started to increase on day 7 (S/I 1.0). The higher S/I of 1.5
and 2.0 delayed the biogas and methane production after
10 d. The results indicated that the anaerobic inoculum
sludge from a municipal wastewater treatment plant is suit-
able for the treatment of FPW and a promising method to
produce biogas with high methane content. Nonetheless,
further studies are required to investigate the approaches
to increase the hydrolysis efficiency and optimize the
ultimate methane production from high O&G FPW.
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