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Abstract
This study investigated the potential benefit of co-digesting sewage sludge (SS) and settled/mixed fat, oil, and grease (FOG) with
BioAmp pretreatment, a bio-additive product, for a utility. BioAmp was found to increase the soluble chemical oxygen demand
(SCOD)/COD ratio of FOG (from 4.19 to 4.49), consequently enhancing volatile solid (VS) reduction (from 75.9 to 84.8%). The
ratio of SS and FOG for co-digestion was based on their actual daily production volume, resulting in FOG content ranging
between 15 and 20%VS for co-digestion assays. Co-digestion of SS and mixed FOGwaste after BioAmp pretreatment produced
the highest cumulative methane yield (CMY) of 400 mL/g VSadded, which is 98% higher than that of mono-digestion of SS (202
mL/g VSadded). Kinetic analysis demonstrated a synergistic effect in co-digestion of FOG and SS with both increased CMY and
degradation rate constant. For the utility, co-digestion can increase methane yield by 141%; however, 7.77% more biosolids are
produced and 6%more total nitrogen will return to mainstream, a potential burden to nutrient management. Overall, the results of
batch test demonstrated the benefits of co-digestion of SS and FOG with BioAmp pretreatment in terms of increased CMY,
degradation rate constant, and VS reduction. The analysis of the utility showed that co-digestion can produce more biogas but
also increase more biosolids and total nitrogen return.
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1 Introduction

In recent years, co-digestion of sewage sludge (SS) with other
organic wastes has gained popularities [2, 11, 45]. Compared
with mono-digestion of SS, co-digestion can generate more
biogas through balanced C/N ratio, improved organic loading
rate (OLR), and supplementation of micronutrients [29].
Furthermore, several works also reported a synergistic effect
of co-digestion in improving overall degradation efficiency,
shortened lag period, and enhanced biogas production [2, 5,
6]. For the utilities, co-digestion can also gain additional rev-
enue from gate fees or service charges of accepted organic

wastes [30]. With all these added benefits, a growing number
of wastewater treatment plants are adapting co-digestion to
achieve potential energy neutrality [37].

Fat, oil, and grease (FOG) has been attempted as a co-
digestion substrate due to its high carbon content and high
C/N ratio [16, 44, 46]. FOG has been demonstrated to have
higher convertibility (94.8%) to biogas than carbohydrate-rich
(50.4%) and protein-rich (71%) substrates [20]. Therefore,
theoretically FOG has higher cumulative methane yield
(CMY) (1 m3 CH4/kg VSadded) than carbohydrate (0.42 m3

CH4/kg VSadded) and protein (0.63 m3 CH4/kg VSadded) [20].
Xu et al. [46] reported an increase of 45% additional biogas at
a FOG loading of 42%VS compared tomono-digestion of SS.
Similarly, Wan et al. [41] reported that with a FOG loading of
64% of VS, methane yield was 137% higher than SS mono-
digestion. In addition to laboratory experiments, a full-scale
study on 6 municipal wastewater treatment plants demonstrat-
ed additional 60–300% of biogas production with the addition
of FOG at 3–35% based on total solids (TS) [13]. A 10-month
study at the Hyperion Wastewater Treatment Plant in Los
Angeles showed that co-digestion of FOG at 20% VS gener-
ated 31% more biogas than SS mono-digestion. The total cost
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saving due to energy production from FOG co-digestion was
estimated to be $40,000 over the course of the 10-month pro-
gram [31]. Overall, co-digestion with FOG has been proved to
be a promising method to increase methane yield and reduce
its environmental impact as a waste.

Despite the benefit of increased biogas yield, FOG co-
digestion was also reported to associate with digestion insta-
bility and failure [16]. The main reason for digester failure is
due to overloading of FOG, which results in the accumulation
of long-chain fatty acids (LCFA). LCFA are hydrolyzed from
FOG with the help of hydrolytic and fermentative bacteria
[35]. However, the degradation of LCFA to volatile fatty acid
(VFA) through β-oxidation pathway has been regarded as the
rate-limiting process due to a higher energy requirement for
LCFA degradation than other processes [23]. In addition, the
accumulation of LCFA can change cellular morphology, de-
crease cell permeability, and impact substrate diffusion and
transport into bacteria, consequently resulting in process inhi-
bition [10, 19, 32]. Xu et al. [46] pointed out that when FOG
contents reached 55%, biogas production drastically reduced
to 40.3% of the mono-digestion of SS. Similarly, a separate
study reported that biogas production potential slowed down
from 0.752 to 0.63 m3 CH4/kg VSadded coupled with an ob-
served decrease in pH and alkalinity when FOG waste in-
creased from 20 to 40% of the digester feed [42]. In addition,
the buildup of FOG residual on flow meter can cause inaccu-
rate reading, and feed pump failure raised from incompatibil-
ity between FOG and plastic stator [31]. He et al. [18] found
that it is actually FOG deposit generated from LCFA and
calcium causing pump and other machine failures. The main-
tenance problems are more common in treating the diary,
slaughterhouse, and restaurant wastewater due to FOG solid-
ification especially at low temperatures [40]. Therefore, co-
digestion with FOG should be cautious on OLR and routine
equipment maintenance.

BioAmp, a commercial bio-addictive product by ECO
Bionics, is designed to facilitate FOG degradation. It consists
of 3 species of Bacillus bacteria (Bacillus subtilis, Bacillus
licheniformis, and Bacillus thuringiensis) and 2 species of
Pseudomonas bacteria (Pseudomonas fluorescens and
Pseudomonas putida) [36]. These bacteria strains have been
selected for their ability to produce amylase, protease, and
lipase degrading carbohydrates, proteins, and fats to small
molecules, so that small molecules can enter the metabolic
pathways of the bacterium, facilitating their membrane trans-
port and metabolisms [34]. The rate-limiting LCFA degrada-
tion can also be facilitated by most Pseudomonas species and
a few Bacillus species, avoiding the accumulation of LCFA
[1, 14, 15, 21]. During a 3-month treatment study of direct
BioAmp addition to a grease trap, a 40% reduction of FOG
deposit and a 50% reduction of LCFA were observed [39].
Therefore, BioAmp possesses a potential in remediating the
problems that might arise from FOG co-digestion.

This research focuses on the feasibility study to update the
FOG treatment process for Derry Township Municipal
Authority (DTMA)Clearwater Roadwastewater treatment plant
(WWTP), Pennsylvania, USA. The DTMA WWTP currently
receives hauled-in FOG wastes with a daily volume of approx-
imately 53,000 gallons. This grease trap waste is delivered to the
DTMAWWTP by truck and discharged into an aerobic grease
pretreatment digester where it reacts with BioAmp bacteria for
12 h. Currently, the reacted waste is pumped into a primary
sedimentation tank for further treatment. To better utilize the
FOG waste, it is proposed to send this reacted FOG waste di-
rectly to the anaerobic digester for additional biogas production
and aeration cost reduction in secondary treatment. The objec-
tive of this research was to examine the performance of co-
digestion of SS and FOG with/without BioAmp pretreatment
of settled and unsettled FOG wastes for the DTMA WWTP in
terms of VS reduction, additional methane production, degrada-
tion kinetics, digestate quality, and an overall plant assessment.

2 Materials and methods

2.1 Substrates and inoculum

FOG wastes, SS, and inoculum were collected from the
DTMA WWTP. An average of 12,000–15,000 gallons of
grease per day is introduced to DTMA grease trap. BioAmp
is incubated in a biogenerator apparatus at room temperature
and neutral pH for 6 h and dispensed to grease trap 4 times a
day. Around 123 trillion live cells are introduced to grease trap
every day. The detailed BioAmp and grease trap system in-
formation can be found in Tang et al. [39] and Schutz [36].
FOG samples were taken from the grease truck upon dis-
charge to the grease reactor and after the waste had been
allowed to react with BioAmp for 12 h at around 20 °C. The
SS was a combination of sludge from both the primary and
secondary sedimentation tanks with 1:1 mixing ratio. The in-
oculum was taken from the primary anaerobic digester with a
sludge retention time of 24 days.

All the samples (inoculum, SS, and FOG samples before
and after BioAmp pretreatment) were collected and
transported to lab with ice packs within 1 h. FOG samples
were then divided into two categories, which are mixed
FOG samples and settled FOG samples, since these are two
potential options for the plant to co-digest with FOG wastes.
The first option is to send all FOGwastes after a 12-h BioAmp
pretreatment into the anaerobic digestion tank. The other op-
tion is to pump only bottom half of the 1-h settled FOG waste
after the 12-h BioAmp pretreatment into the anaerobic diges-
tion tank. Initial sample characteristics were analyzed within
24 h (Table 1). The inoculum was incubated at 35 °C until
biogas production ceased. SS and FOG were stored at −20 °C
and thawed at 4 °C the day before use.
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2.2 Experimental design

Duplicate reactors of nine treatments and one control were set
up in each 150-mL serum bottle. Each reactor contained 100
mL of liquid, which includes 0.9 g VS of digestion materials
and 0.45 g of inoculum (F/M ratio of 2 as recommended by
Braguglia et al. [9]). Digestion materials include SS, mixed
FOG waste before BioAmp pretreatment (BM), mixed FOG
waste after BioAmp pretreatment (AM), settled FOG waste
before BioAmp pretreatment (BS), settled FOG waste after
BioAmp pretreatment (AS), inoculum, co-digestion of SS
and BM, co-digestion of SS and AM, co-digestion of SS and
BS, and co-digestion of SS and AS. Based on the character-
istics of each substrate and inoculum and F/M ratio selected in
this study, the initial substrate concentration was designed to
be 9 g VSadded/L. The co-digestion ratio used was based on the
actual volume ratio of daily sludge and FOG with and without
settling. This results in a FOG content ranging between 15 and
20% VS for co-digestion assays. The initial pH was adjusted
to 7.0 ± 0.1 by using 1 M HCl or 1 M NaOH. Then, the
reactors were purged with nitrogen for 2 min, sealed with a
rubber sleeve stopper and aluminum crimp cap to create an
anaerobic environment devoid of oxygen, and incubated in a
shaking water bath (VWR, USA) at 90 rpm and 35 °C for
digestion.

2.3 Analytical methods

The characteristics of inoculum, SS, and all FOG samples
were tested with TS, VS, pH, COD, soluble chemical oxygen
demand (SCOD), total ammonia nitrogen (TAN), and alkalin-
ity. After digestion, digestates were tested for TS, VS, COD,
SCOD, pH, TAN, VFA, and alkalinity.

TS and VS were measured based on Standard Method
2540 [4]. The measurement of alkalinity was using Standard

Method 2320 [4]. COD, SCOD, and TAN were determined
using Hach analysis kits (Cat. Nos. 2415915, 2125925, and
2606945). For SCOD, TAN, VFA, and alkalinity, samples
were first centrifuged at 3500×g for 20min at 4 °C and filtered
through a 0.45-μm cellulose filter before analysis. Free am-
monia was calculated based on TAN, temperature, and pH as
described by Hansen et al. [17], and VFAs were extracted and
quantified by gas chromatography as proposed by Bai and
Chen [6].

2.4 Biogas and methane quantification

Biogas and methane contents were measured daily until bio-
gas production ceased. The volume of biogas produced was
measured based on a liquid displacement method [49].
Me thane con t en t wa s de t e rm ined u s i ng a ga s
chromatography-flame ionization detector as described by
Bai and Chen [6]. The actual methane production of each
substrate was calculated by the difference between the meth-
ane volume from each digester and the inoculum control.
Then, the methane volume was corrected to standard temper-
ature and pressure conditions (0 °C and 1 atm).

2.5 Volatile solid removal calculation

Percent volatile solid removal was calculated based on the
actual amount of VS removed in substrates excluding the in-
put from the inoculum (Eq. (1)) as described by Zhang et al.
[49].

VS removal %ð Þ ¼ F þ Ið Þ � a−I � b
F

� 100% ð1Þ

where F is the total VS of substrate added to reactor (g), I is the
total VS of inoculum added to reactor (g), a is the calculated
percent VS removal based on initial VS (substrate and

Table 1 Characteristics of sewage sludge, settled/mixed FOG waste before and after BioAmp pretreatment, and inoculum used in this study

Characteristics Unit SS BM AM BS AS Inoculum

TS % FM 2.84 ± 0.1 3.85 ± 0 3.38 ± 0.1 6.31 ± 0 5.51 ± 0.1 1.53 ± 0

VS % FM 2.06 ± 0 3.38 ± 0 2.96 ± 0 5.67 ± 0 4.85 ± 0.1 0.90 ± 0

VS/TS % 72.58 87.73 87.45 89.83 88.06 58.96

SCOD mg/L 389 ± 4.58 3256 ± 38.57 2983 ± 64.94 3309 ± 97.53 2982 ± 59.77 366 ± 6.03

COD mg/L 32113 ± 591.38 77700 ± 818.54 66400 ± 1053.57 114467 ± 1724.34 91667 ± 1006.64 11027 ± 240.28

SCOD/COD % 1.21 4.19 4.49 2.89 3.25 3.32

TAN mg/L 63 ± 1.73 34 ± 0.58 11 ± 0 32 ± 1.15 13 ± 1.00 617 ± 14.43

pH 6.85 ± 0.01 5.6 ± 0.19 5.83 ± 0.01 5.49 ± 0.01 5.83 ± 0.01 7.73 ± 0.01

Alkalinity mg/L as CaCO3 1033 ± 23.09 527 ± 28.87 423 ± 5.77 533 ± 20.82 443 ± 15.28 2553 ± 23.09

The values in the table are expressed as mean ± standard deviation (n = 3)

FM fresh material, SS sewage sludge, BMmixed FOGwaste before BioAmp pretreatment, AMmixed FOGwaste after BioAmp pretreatment, BS settled
FOG waste before BioAmp pretreatment, AS settled FOG waste after BioAmp pretreatment
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inoculum) and after-digestion VS (substrate and inoculum) in
the reactor (%), and b is the calculated percent VS removal
based on initial VS (inoculum) and after-digestion VS
(inoculum) in the blank reactor (%).

2.6 Kinetic model

Both the first-order kinetic model and the modified Gompertz
model were used to evaluate degradation kinetics of the diges-
tion. To obtain the potential cumulative methane yield and
degradation rate constant in the first-order model, and the
potential maximum methane yield, maximum methane pro-
duction rate, and the length of lag phase in the modified
Gompertz model, SigmaPlot 13.0 was used to perform non-
linear curve fitting to fit 91 cumulative methane yield data
points to corresponding equations. Dynamic fit wizard was
used to converge to the best possible solution until the differ-
ences between the residual sum of squares no longer decreases
significantly.

2.6.1 The first-order kinetic model

The first-order kinetic model (Eq. (2)) assumes that the gas
production follows the first-order kinetics [7]. It is used to
assess substrate degradability and potential maximum meth-
ane yield.

M tð Þ ¼ Mmax � 1−e−kt
� � ð2Þ

whereM(t) is the cumulative methane yield at time t (mL/g
VS), Mmax is the potential maximum methane yield (mL/g
VS), K is the degradation rate constant (day−1), and t is the
duration of the digestion (days).

2.6.2 The modified Gompertz model

The modified Gompertz model (Eq. (3)) is based on the
growth of bacteria in batch mode and accounts for an initial
lag phase which represents the adaptation and hydrolysis pe-
riod of microorganisms in anaerobic digestion [24]. The po-
tential maximum methane yield, the maximum methane pro-
duction rate, and the length of lag phase were determined by
fitting the CMY using the modified Gompertz model [25].

M tð Þ ¼ Mmaxexp −exp
Rmaxe
Mmax

λ−tð Þ þ 1

� �� �
ð3Þ

whereM(t) is the cumulative methane yield at time t (mL/g
VS), Mmax is the potential maximum methane yield (mL/g
VS), Rmax is the maximum methane production rate (mL/g
VS/day), λ is the length of lag phase (days), and t is the
duration of the digestion (days).

2.7 Statistical analysis

ANOVA (95% confidence interval) and Tukey’s paired com-
parison were used for data comparisons. All the statistical
analyses were conducted in SigmaPlot 13.0.

3 Results and discussion

3.1 Sample characterization and effect of BioAmp
pretreatment

The characteristics of all samples used in this study are shown in
Table 1. Compared with FOG, SS has lower VS, TS, VS/TS
ratio, SCOD, and COD but higher TAN, pH, and alkalinity,
which indicated that FOG has the potential to produce more
biogas than SS. The potential drawback of FOG digestion, how-
ever, is its low pH and alkalinity because of its acidic nature [22,
35, 47]. Also, anaerobic degradation of FOG can produce glyc-
erol and fatty acids, which can further reduce alkalinity and pH.
However, the high COD/N ratio of FOG can balance the low
COD/N ratio of SS to optimize digestion. The SCOD/COD ratio
of FOG (2.89–4.49%) was higher than that of SS (1.21%), in-
dicating FOGCOD ismore soluble than SS and thus is expected
to have a higher level of biogas production at initial stage.

Comparing between BMandAMor between BS and AS, it
is apparent that BioAmp pretreatment can reduce TS, VS,
SCOD, COD, TAN, and alkalinity of FOG. With BioAmp
pretreatment, both SCOD and COD were reduced, which is
consistent with the observations from Tang et al. [39]. In ad-
dition, with the increase of SCOD/COD ratio after BioAmp
pretreatment, more particulate COD was consumed than
SCOD. TAN was also reduced by the pretreatment which is
likely due to assimilation by biomass growth despite ammonia
release from protein hydrolysis. About 20% of alkalinity was
reduced after BioAmp pretreatment which is possibly due to
VFA accumulation. Between mixed FOG and settled FOG,
settled samples contained higher TS, VS, and COD than
mixed samples, while VS/TS, SCOD, TAN, pH, and alkalin-
ity remained similar. Compared with mixed samples, settled
samples had more solids, indicating less favorable for anaer-
obic digestion.

3.2 Volatile solid reduction

In this study, batch anaerobic digesters were operated under
mesophilic conditions for a total of 91 days. The percent VS
reduction of SS (57.7%) was lower than all 4 FOG assays at
75.9%, 84.8%, 74.0%, and 86.1% for BM, AM, BS, and AS,
respectively (Table 2), indicating FOG is more biodegradable
than SS. In addition, among FOG assays, BioAmp pretreat-
ment was observed to increase percent VS reduction (BM of
75.9% < AM of 84.8%; BS of 74.0% < AS of 86.1%). One of
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the key functions of BioAmp is to facilitate the degradation of
non-soluble FOG into soluble and easily biodegradable sub-
strates. This function is also observed by the increased ratios
of SCOD/COD with BioAmp pretreatment (BM (4.19%) <
AM (4.49%); BS (2.89%) < AS (3.25%)). Sedimentation,
however, was expected to concentrate more slowly degrad-
able solid materials, thus reducing its overall degradability,
but this turned out to be only of minor reduction (BM of
75.9%, BS of 74.0%). Interestingly, when coupled with
BioAmp pretreatment, settled sludge exhibited slightly in-
creased %VS reduction, indicating BioAmp can still facilitate
degradation of organic solids (BM of 75.9% < AM of 84.8%,
BS of 74.0% < AS of 86.1%). Furthermore, the %VS reduc-
tions of co-digestion assays (63.0–78.1%) were between those
of SS (57.7%) and FOG (74.0–86.1%). Comparing co-
digestion assays and mono-digestion of SS, the digestate TS
were similar; however, co-digestion resulted in lower VS con-
tent. This indicates that co-digestion can result in similar quan-
tities of residual solids but with better stability.

3.3 Methane production

Digestion and gas production were monitored for a total of 91
days. The methane production rate and CMY for all the di-
gesters are shown in Fig. 1. For mono-digestion of FOG with
or without BioAmp pretreatment (Fig. 1b–e), a lag phase of 25
days was observed. This indicates a long adaptation phase is
needed for FOG mono-digestion, which are likely due to in-
oculum not previously exposed to FOG. Similar lag phases
have also been observed by other researches on the digestion
of FOG [33, 41]. If adaptation to FOG is the reason, this lag
phase will disappear eventually in subsequent reactor opera-
tion with repeated exposure. Another possibility is the lack of
alkalinity. This will also result in a lag phase until the reactor
recovers and can be avoided with the addition of alkalinity.
Without a surprise, the mono-digestion of SS did not exhibit a
lag phase since it is the material the inoculum has already been
exposed to (Fig. 1a). Interestingly, co-digestion assays re-
duced the lag phase from over 20 days to less than 0.1 day
(Fig. 1f–i). SS is known to contain abundant alkalinity, and
therefore, it likely served as a source of alkalinity to FOG
digestion, resulting in eliminating the lag phase.

Despite the lag phase, the CMYs of FOG mono-digestion
(BM of 792 mL/g VSadded, AM of 1127 mL/g VSadded, BS of
772 mL/g VSadded, and AS of 823 mL/g VSadded) were as high
as 3.8–5.6 times the volume observed from SS mono-digestion
(202 mL/g VSadded). These are comparable to those reported by
other studies on mono-digestion of both SS (173–184 mL/g
Added) and FOG (845–1404 mL/g VSadded) [8, 11, 22, 49].
SS is typically characterized as not easily biodegradable mate-
rial and has poor biogas production potential [48], whereas
FOG has been shown to be a methane-rich material due to its
high carbon content and degradability [28]. Moreover, thereTa
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was a 42% CMY increase for the mixed samples with the use
of BioAmp pretreatment. For the settled samples, the CMY
increase was 6.6% with the use of BioAmp. This increase
shows that BioAmp pretreatment can convert FOG into more
degradable materials and thus enhance their digestion. Tang
et al. [39] confirmed that BioAmp can help increase the readily
biodegradable COD fraction of grease trap effluent wastewater.
It is also possible that the previously reported LCFA accumu-
lation in FOG digestion is being removed by BioAmp bacteria.
In addition, it was also shown that the mixed FOG had a higher
CMY than settled FOG. This is likely due to that mixed FOG
had a higher SCOD/COD ratio and therefore contained more
degradable materials than the settled ones. Grease trap waste
was one of the main sources of FOG wastes that DTMA re-
ceives, and it was previously reported that FOG mainly retains
at the floatable (top) layer, and food particles and other settle-
able solids stay at the bottom sludge layer [38]. Hence, mixed
assays likely contained more degradable FOG while settled
assays contained more food wastes, resulting in higher CMY
in the mixed assays.

The CMYs of co-digestion assays were 383 mL/g
VSadded, 400 mL/g VSadded, 245 mL/g VSadded, and 320
mL/g VSadded for co-digestion of SS and BM, SS and
AM, SS and BS, and SS and AS, respectively, which were
89%, 98%, 18%, and 58% more than CMY of SS. These
results demonstrated that CMY increased by adding FOG
to SS since FOG has higher methane production potential
than SS and FOG is more biodegradable with 87% biode-
gradability compared with 72% biodegradability of SS.
The CMYs of co-digestion assays are comparable to other
studies with similar FOG load (200–420 mL/g VSadded)
[11, 27]. Moreover, for mixed FOG and settled FOG, the
CMYs increased by 4.4% and 30.6% with the help of
BioAmp pretreatment. This indicates that BioAmp has a
stronger effect on converting the particulate FOG waste
than the soluble FOG waste, and solubilization of particu-
late FOG wastes may be the bottleneck of FOG digestion.
In addition, sedimentation resulted in 36% and 20% of
CMY reduction for assays without BioAmp and assays
with BioAmp pretreatment, respectively. This further con-
firmed that particulate FOG waste is less degradable than
the soluble FOG waste, and BioAmp can help facilitate
particulate FOG waste digestion. In summary, to achieve
maximum methane yield, it is recommended to send all
BioAmp-pretreated FOG wastes directly into the anaerobic
digester without sedimentation.

To determine whether co-digestion of FOG and SS has a
synergistic effect, the expected CMYs of co-digestion were
estimated by the combined mono-digestion of SS and FOG
based on respective VS addition. The estimated amounts were
then compared to the actual observed CMYs. The actual
CMYs of co-digestion assays were 40.0%, 20.7%, −5.4%,
and 22.1% higher than the expected CMYs which were 273

mL/g VSadded, 306 mL/g VSadded, 259 mL/g VSadded, and 262
mL/g VSadded for co-digestion of SS and BM, SS and AM, SS
and BS, and SS and AS, respectively. Statistical analysis
showed that actual CMYs were significantly larger than the
expected CMYs for co-digestion of SS and BM, SS and AM,
and SS and AS (P < 0.05). This increase demonstrated that,
other than BS, co-digestion of SS and FOG had a synergistic
effect on CMY. The synergistic effects were also observed by
other researchers and likely due to an optimized C/N ratio and
improved alkalinity [3, 43].

3.4 Kinetic model

3.4.1 The first-order kinetic model

All CMYs of mono-digestions and co-digestions were fitted
with the first-order kinetic model. The first-order rate con-
stants (K) of co-digestions ranged between 0.066 and 0.087
day−1, which were all much higher than those of mono-
digestion of SS at 0.049 day−1, and 0.001–0.017 day−1 for
mono-digestions of FOG (Table 3). This again confirms that
co-digestion of SS and FOG can facilitate the digestion pro-
cess and thus exhibits a synergistic effect. The results also
showed that BioAmp pretreatment can facilitate the digestion
rate, where K values of BioAmp-pretreated samples were
higher than those without BioAmp pretreatment on both
mixed samples (without: 0.084 day−1, with: 0.087 day−1)
and settled samples (without: 0.066 day−1, with: 0.082
day−1). The mixed samples also showed overall higher degra-
dation rate constants than the settled samples, which is likely
due to the relatively higher SCOD/COD ratio of mixed sam-
ples. The model also allowed prediction of ultimate CMYs of
all treatments. Based on the prediction, co-digestion of AM
and SS can produce the highest amount of CMY (387 mL/g
VS), followed by BM and SS (372mL/g VS), AS and SS (307
mL/g VS), and BS and SS (235 mL/g VS).

3.4.2 The modified Gompertz model

The modified Gompertz model was also commonly used
to study the kinetics of biogas production and was found
to be especially useful when a lag phase is apparent [6,
47]. Figure 2 shows that the modified Gompertz model
can categorize digestion into three stages, which includes

�Fig. 1 Methane production rate and cumulativemethane yield for sewage
sludge (SS) only (a), mixed FOGbefore BioAmp pretreatment (BM) only
(b), mixed FOG after BioAmp pretreatment (AM) only (c), settled FOG
before BioAmp pretreatment (BS) only (d), settled FOG after BioAmp
pretreatment (AS) only (e), co-digestion of SS and BM (f), co-digestion of
SS and AM (g), co-digestion of SS and BS (h), and co-digestion of SS
and AS (i) incubated at 35 °C. Circle represents methane production rate,
and square represents cumulative methane yield. The values are average
of two replication bottles
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a lag phase followed by a rapid production phase, and a
stabilization phase. Co-digestion of SS and AM was again
observed to have the highest maximum methane produc-
tion rate (Rm) of 22.6 mL/g VS/day, followed by SS and
BM (20.8 mL/g VS/day), SS and AS (17.0 mL/g VS/day),
and SS and BS (10.4 mL/g VS/day) (Table 3). The Rm

values of co-digestion assays were 62.5 to 253.1% more
than those of SS mono-digestion. This improvement indi-
cates that the addition of FOG to SS can increase the
methane production peak values with more biodegradable
COD present. Of all the digesters, only mono-digestion of
FOG exhibited a lag phase (λ) between 19.3 and 25.3
days. Co-digestion with SS can eliminate this lag phase
and thus reduce the overall digestion period. As discussed
previously, the lag phase for FOG is likely due to inocu-
lum adaptation or alkalinity shortage, and SS known to
contain high alkalinity can help reduce acid impacts and
thus protect methanogens. Not surprisingly, the effective
methane production period (Tef) showed the same order of
efficiency where co-digestion of SS and AM is the most
efficient of all co-digestion assays, followed by SS and
BM, SS and AS, and SS and BS. Tef values of all co-
digestion assays were all shorter than those of SS mono-

digestion, but higher than those of FOG mono-digestions.
This is likely due to SS which contained more slowly
degradable materials in co-digestion assays.

Comparing between the two models, it appeared that the
first-order kinetic model has a better data fit for co-digestion
treatments based on both R-square and the differences of ulti-
mate CMYs between predicted and actual (Table 3). On the
other hand, digestions with an apparent lag phase, mainly
FOG mono-digestions, were fitted better with the modified
Gompertz model.

�Fig. 2 Comparisons of actual cumulative methane yield and predicted
cumulative methane yield from the first-order kinetic model and the mod-
ified Gompertz model for sewage sludge (SS) only (a), mixed FOG
before BioAmp pretreatment (BM) only (b), mixed FOG after BioAmp
pretreatment (AM) only (c), settled FOG before BioAmp pretreatment
(BS) only (d), settled FOG after BioAmp pretreatment (AS) only (e),
co-digestion of SS and BM (f), co-digestion of SS and AM (g), co-
digestion of SS and BS (h), and co-digestion of SS and AS (i). Circle
represents actual cumulativemethane yield, dash line represents predicted
cumulative methane yield from the first-order kinetic model, and solid
line represents predicted cumulative methane yield from the modified
Gompertz model

Table 3 Estimated parameters for the first-order kinetic model and the modified Gompertz model

Models SS/PM R2 K (day−1) Rm (mL/g VS/day) λ (day) T90 (day) Tef (day) Cumulative methane yield (mL/g
VSadded)

Predicted Measured Difference (%)

First-order kinetic model SS 0.98 0.049 – – – – 196 202 2.97

BM 0.86 0.011 – – – – 1400 792 76.8

AM 0.83 0.001 – – – – 13383 1127 1087

BS 0.85 0.017 – – – – 1111 772 43.9

AS 0.85 0.017 – – – – 1174 823 42.7

BM + SS 0.98 0.084 – – – – 372 383 2.87

AM + SS 0.98 0.087 – – – – 387 400 3.25

BS + SS 0.97 0.066 – – – – 235 245 4.08

AS + SS 0.98 0.082 – – – – 307 320 4.06

Modified Gompertz model SS 0.92 – 6.40 <0.1 57 57 188 202 6.93

BM 1 – 42.6 21.4 47 26 777 792 1.89

AM 1 – 47.2 25.3 56 31 1115 1127 1.06

BS 1 – 46.9 19.8 41 21 762 772 1.30

AS 1 – 48.4 19.3 40 21 813 823 1.22

BM + SS 0.97 – 20.8 <0.1 38 38 364 383 4.96

AM + SS 0.97 – 22.6 <0.1 37 37 379 400 5.25

BS + SS 0.92 – 10.4 <0.1 50 50 227 245 7.35

AS + SS 0.95 – 17.0 <0.1 44 44 300 320 6.25

SS sewage sludge, BM mixed FOG before BioAmp pretreatment, AM mixed FOG after BioAmp pretreatment, AS settled FOG after BioAmp pretreat-
ment, K first-order degradation rate constant, Rm maximum gas production rate, λ lag period, T90 time to achieve 90% gas production, Tef effective gas
production period equal to T90 − λ
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3.5 Digestate quality

Despite a possible acid accumulation in mono-digestion of
FOG at early period, both pH and VFA/alkalinity ratios were
all within proper range at the conclusion of experiment. In
addition, free ammonia concentrations of all digestates were
also all below the critical toxic limit of 200 mg N/L [26]. This
indicates that all reactors were stable at the end of digestion.
Hence, the cessation of biogas production was because of the
completion of degradation rather than inhibition of anaerobic
digestion. The stability of digestion was also confirmed by a
consistent methane content (70%) at the end of the monitoring
period in all the assays.

3.6 Plant impact assessment

The experimental data collected from this bench study was
used to assess the impact of co-digestion of SS and FOG for
the DTMAWWTP that currently uses BioAmp for FOG treat-
ment but does not co-digest with treated FOG wastes. Based
on recent plant data, the average OLR of digester is 0.70 kg
VS/m3/day. With the addition of FOG to the digester, the
OLR will increase to 0.87 kg VS/m3/day, which is still below
the recommended design range of 1.6–1.8 kg VS/m3/day for a
municipal anaerobic digester [12]. Therefore, the addition of
FOG should not upset current digestion. Compared to mono-
digestion of SS, the addition of FOG can increase methane
yield by 1137 m3/day, 1173 m3/day, 388 m3/day, and 721 m3/
day, corresponding to 137%, 141%, 47%, and 87% increases
for co-digestion of SS and BM, SS and AM, SS and BS, and
SS and AS, respectively. Co-digestion of SS and FOG also
increases total nitrogen (TN) return to mainstream by 14.7 kg/
day, 25.9 kg/day, 6.87 kg/day, and 6.09 kg/day, which is 3%,
6%, 2%, and 1% of influent TN for co-digestion of SS and
BM, SS and AM, SS and BS, and SS and AS, respectively. In
addition, the biosolids are expected to increase to 705.35 kg/
day (13.38%), 409.84 kg/day (7.77%), and 1546.58 kg/day
(29.33%) and reduce to 208 kg/day (−3.95%) with the TN in
biosolid increase of 9%, −4%, −1%, and 17%, for co-
digestion of SS and BM, SS and AM, SS and BS, and SS
and AS, respectively. Since the DTMA WWTP currently al-
ready pretreats FOG with BioAmp, based on our results, it is
suggested to send all BioAmp-treated, mixed samples to the
digester for co-digestion. With this practice, it is estimated to
increase methane yield by 141%, increase biosolids by 7.77%,
reduce TN in biosolids by 4%, and increase TN return to
mainstream by 6%.

4 Conclusions

It was found that BioAmp can increase the SCOD/COD ratio
of FOG, indicating a more favorable substrate for anaerobic

digestion. Sending BioAmp-pretreated, mixed FOG to diges-
tion is the optimal choice, providing the highest CMY and the
fastest degradation rate constant. The first-order kinetic model
demonstrated that FOG digestion is faster with BioAmp pre-
treatment. Co-digestion showed a synergistic effect with both
increases in CMY and degradation rate constant. For the
DTMAWWTP, co-digestion can help increase methane yield
by 1173 m3/day, corresponding to 141%. However, 7.77%
more biosolids with 4% less TN in biosolids will be generated,
and 6% more TN will be returned to mainstream.
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