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Abstract Biochemical methane potential (BMP) and
specific methanogenic activity (SMA) tests are per-
formed to assess sludges’ ability to degrade substrates
anaerobically. Traditionally, the Modified Gompertz
model is applied to estimate methane production and to
describe methanization kinetics. However, technical lit-
erature reports other models that can be used for these
purposes and may be equally or much suitable. This
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work aimed to determine the BMP and SMA of four
types of anaerobic sludges, conduct a kinetic study of
methane production, apply six mathematical models in
BMP assays, and evaluate which one best describes the
methanization bioprocess. The tests were carried out
in batch reactors (50 mL reaction volume) maintained
at mesophilic temperature (35 °C) and under agitation
(150 rpm). Glucose and a volatile fatty acids solution
were used as substrates. As inoculants, sanitary sludge,
brewery sludge, and two sludges from the swine waste-
water treatment (SWS) were used, one of which was
previously adapted to microaerobic conditions. SWS
degraded the substrates more quickly and returned the
highest BMP, SMA, and methane concentration val-
ues in the biogas. Thus, in studies of methane produc-
tion and energy recovery, the application of SWS can
be advantageous. Mathematical models that describe
exponential functions, mainly the Fitzhugh model,
were the most adequate to describe methane produc-
tion kinetics from readily biodegradable substrates.

Keyword Anaerobic digestion - Biochemical
methane potential - Specific methanogenic activity -
Modified Gompertz model - Energy recovery - Micro-
aeration

1 Introduction

Given the paradigm shift to a circular bio-based
economy in the context of massive waste generation,
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anaerobic digestion (AD) is a well-established bio-
logical process that has great potential to contribute
to this change by providing efficient treatment of
organic wastes and the energy generation from biogas
(Rodrigues et al., 2019). The biogas generated in the
AD, which is mainly composed of methane (CH,)
and carbon dioxide (CO,), can be used to generate
heat and electricity for industry and household use,
being considered as a clean gas source to meet energy
demand (Li et al., 2020). After purification and con-
centration, the CH, obtained can be applied as a vehi-
cle fuel, which adds value to the treatment and the
product (Santos et al., 2020).

Adequate control of the full-scale anaerobic pro-
cess requires knowledge about each applied substrate
in biochemical methane potential (BMP), a param-
eter that reflects the CH, yield (Rodrigues et al.,
2019). The BMP is a crucial parameter for determin-
ing which substrates are most viable in methaniza-
tion and assessing the microbial consortium’s abil-
ity to degrade substrates anaerobically. Besides that,
the BMP test can provide the specific methanogenic
activity (SMA) for an inoculum, which represents the
rate at which methanogenic microorganisms can use
the substrate to produce CH, and CO, (Huzir et al.,
2019).

According to Raposo et al. (2011), the BMP assay
is influenced by various factors (e.g., source of inoc-
ulum, substrate, biogas quantification method, and
operational conditions). Among the factors that most
influence the experimental BMP determination, the
type of inoculum is one of the most important. The
inoculum provides the initial syntrophic microbial
population for anaerobic reactors start-up, and the
start-up time depends on how well this initial pool is
balanced (De la Rubia et al., 2018). Besides that, the
inoculum may contain macronutrients that can affect
the enzymatic activity of the microorganisms and,
consequently, the CH, yield in the AD process (Pel-
lera & Gidarakos, 2016).

In this scope, it is essential to choose an inoculum
with high BMP and SMA aiming at greater CH, gen-
eration and reactor efficiency on removing organic
matter in waste treatment plants. A range of works
in the literature have already studied the effect of dif-
ferent sources of inoculum in the BMP assay, includ-
ing sludges from anaerobic digesters treating agro-
industrial or municipal wastes, animals manure, and
landfill leachate (Barrena et al., 2018; Cérdoba et al.,
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2016; Pozdniakova et al., 2012; Suksong et al., 2019;
Man Zhou et al., 2019; Gu et al., 2014).

BMP test also allows obtaining the cumula-
tive methane production curves (CMPC), where the
cumulative specific CH, production is plotted against
experimental time. These kinetic curves depend on
the substrate’s characteristics, the methanogenic
microbial community activity, and the presence of
inhibitory compounds on the media (Filer et al.,
2019). Nevertheless, experimental BMP tests are very
time consuming (e.g., 20 to>100 days) (Da Silva
et al., 2018; Ware & Power, 2017), in addition to not
having a protocol fully established in the literature
(Koch et al., 2019), which makes its use difficult by
industrial treatment plants and consulting companies
(Rodrigues et al., 2019).

The development of mathematical models to
describe AD and the kinetic modeling of the process
can overcome these limitations. In this way, kinetic
modeling is a tool that provides an overview of AD
reaction mechanisms and that helps to describe sev-
eral specific parameters for monitoring the perfor-
mance of digesters (Cetinkaya & Yetilmezsoy, 2019).
Using the most suitable kinetic models for different
real situations can improve the methanogenic process
by predicting the system behavior, including condi-
tions not empirically tested. Furthermore, it is also
possible to optimize anaerobic reactors design and
verify the technical-economic feasibility of adopt-
ing a specific substrate or inoculum in a full-scale
AD plant for waste treatment, enabling more asser-
tive technical decisions (Filer et al., 2019; Yang et al.,
2016).

For these reasons, the literature already has a
wide variety of studies evaluating different models
to describe AD in different conditions (Mozhiarasi
et al., 2020; Santos et al., 2020; Sun et al., 2015; Zan
et al., 2019), mainly to verify the effect of different
substrates in CH, yield. In BMP tests, the Modi-
fied Gompertz mathematical model is traditionally
applied to estimate CH, production and describe
methanization kinetics. However, technical literature
reports other models, such as First-order exponen-
tial, Fitzhugh, Monomolecular, Logistic, and Trans-
ference, that may be equally or much suitable (Jijai
et al.,, 2016; Sun et al., 2015). Also, research that
promotes the study of kinetic modeling using differ-
ent inoculants in the BMP assay is essential to inves-
tigate its use according to the need for different waste
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treatment plants aiming to optimize the CH, yield in
each situation. Besides, it is crucial to measure the
effect of each inoculum in different conditions.

Therefore, this work aimed to determine the
BMP and SMA of four types of anaerobic sludges,
carry out a kinetic study of methane production,
apply six mathematical models in BMP assays, and
evaluate which one best describes the methanization
bioprocess.

2 Material and Methods
2.1 Inoculum and Substrate

For a more robust analysis regarding the mathemati-
cal models that best describe CH, production kinet-
ics, two substrates (glucose—GL and volatile fatty
acids—VFA) and four different microbial consor-
tia were used in the BMP tests. Inocula with a more
complex microbial composition were used, such
as swine sludge and brewery sludge, and a sanitary
sludge, a less complex inoculum.

GL and VFA are synthetic substrates well-estab-
lished in the literature and very easily biodegradable
carbon sources (Angelidaki et al., 2009). The VFA
solution consisted of acetic acid (HAc), propionic
acid (HPr), and butyric acid (HBu), in the proportion
of 1:1:1 g chemical oxygen demand (COD). Inocula
were characterized in terms of total solids (TS), total
volatile solids (TVS), and total fixed solids (TES).
Brewery sludge (BS) (82.4+2.0 gTS L™!; 34.5+0.9
gTVS L7!; and 47.9+1.1 ¢gTFS L7!) was collected
from an upflow anaerobic sludge blanket reactor
(UASB) that treated brewery wastewater. Sanitary
sludge (SS) (55.5+0.8 gTS L7!; 37.9+0.6 gTVS
L' 17.6+ 1.4 gTFS L™!) was obtained from a UASB
reactor in a sewage treatment plant located in For-
taleza, Ceara, Brazil.

The same sanitary sludge was subsequently accli-
mated to swine wastewater (SW) treatment and used
in the BMP tests. Sanitary sludge was adapted to the
SW in two different conditions: anaerobic (anaerobic
swine sludge—SWS,y) and microaerobic (micro-
aerobic swine sludge—SWS,;)). The adaptation was
carried out under mesophilic temperature (35 °C) in
two lab-scale UASB reactors (3.5 L). In sludge col-
lection, both reactors were operated for 90 days, and

one of them received micro-aeration by supplying
atmospheric air (0.5 LO, L™! day™'). The SWS,
had a characterization of 51.3+0.6 gTS L™!, 35+2.0
gTVS L™!, and 16.3+2.6 gTFS L™!; and SWS,; pre-
sented 51.5+0.8 gTS L', 36.9+5.0 gTVS L7}, and
14.6+1.7 gTFS L7,

2.2 BMP and SMA Tests

Three batch assays were used for each substrate, and
three endogenous controls (blank assays) were used
for each inoculum. The endogenous controls con-
tained only inoculum with basal medium and buffer,
i.e., without a carbon source from the substrate,
assessing residual CH, production due to endogenous
decay. The BMP was determined by subtracting the
CH, gross output from the endogenous controls (Hol-
liger et al., 2016).

The borosilicate glass reactors had 110 mL total
volume, with 50 mL for the reaction volume and
60 mL for the headspace. The substrate/microor-
ganism ratio (S/X) applied was 0.53+0.03 gCOD
gVS~!. The nutrient solutions used in the BMP
tests to promote optimal microbial metabolism
(Bertolino et al., 2008) were macronutrients (mg
L~H—NH,CI (500); KH,PO, (650); K,HPO, (150);
MgCl, (100); CaCl,.2H,0O (100); Na,S7H,O (50);
FeCl;6H,0 (2), and micronutrients (mg L H—
ZnCl, (0.05); CuCl,.2H,0 (0.03); MnCl,.4H,0
(0.5); (NHy)¢Mo0,0,,4H,0 (0.05); CoCl,6H,0 (2);
NiCl, 6H,0 (0.05); H;BO; (0.01); AICL;6H,0 (0.05),
and HCl solution (1 mL L™"). The initial pH was cor-
rected to 7.0 with 1 N NaOH, and sodium bicarbonate
(NaHCO;) was added as a buffer in the proportion
of 1 g of buffer for each 1 g of COD (Santos et al.,
2020).

The bottles were sealed with butyl rubber stop-
pers and aluminum crimps. Gaseous nitrogen (N,)
was used as a purge gas for 1 min for each reactor
(Cetinkaya & Yetilmezsoy, 2019; Santos et al., 2020).
The reactors were maintained at mesophilic temper-
ature (35+1 °C) under orbital agitation of 150 rpm
until the CH, production was constant (Filer et al.,
2019). The experiment was completed only when it
was observed that the daily CH, production for three
consecutive days was less than 1% of the accumulated
CH, volume, which occurred between the 28th and
35th (Holliger et al., 2016).

@ Springer
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Volumetric CH, quantification was performed
using a manometric pressure transmitter (Warme
LTDA, Brazil). At the experiment’s beginning and
end of the experiment, analyses of pH, series of
solids, and total, particulate, and soluble chemical
oxygen demand (COD) were performed. The physi-
cal-chemical analyses were performed according to
Standard Methods for the Examination of Water and
Wastewater (APHA, 2017). At the end of the batch
test, a 1 mL biogas sample from each batch reactor
was analyzed by gas chromatography to determine
the biogas composition (CH,, CO,, H,S, N,). Biogas
samples were collected with gas-tight syringes (Sam-
pleLock syringe, Hamilton Company, USA). The
biogas composition was analyzed by gas chromatog-
raphy-barrier ionization discharge (GC BID-2010
Plus, Shimadzu Corporation, Japan) equipped with
a GS GASPRO column (60 mx0.32 mm) (Agilent
Technologies Inc., USA). The oven, injector, and
detector temperatures were 250, 50, and 100 °C,
respectively. Helium gas was used as the carrier gas
in a flow of 2 mL min~!, and the run time of the
method was 9 min (Morais et al., 2020a).

The reactor’s internal pressure was converted into
methane volume using the normal conditions of tem-
perature and pressure as a reference [Pref=1 atm
(1013.25 mbar) and Tref: 273 K (0 °C)]. Thus, we
used methane percentage in the biogas, the pressure
recorded on the manometer (mbar), and a conver-
sion factor (mL mbar™') to obtain the methane vol-
ume. These calculations were performed using Equa-
tions S1 and S2 (Supplementary Material). BMP,
biogas potential production (BPP), and SMA were
calculated according to Equations S3, S4, S5, and S6.
Kinetic modeling using mathematical models, such as
Modified Gompertz, Logistic, and Transference, was
used to estimate the maximum methane production
rate (1, — NLqyy kgVS™! day™) and determine SMA
(gCOD¢y, gVS™! day™). BMP experimental assay’s
schematic is presented in Fig. 1.

2.3 Data Processing

The experiment was conducted using a completely
randomized design (CRD), with a 4x2 facto-
rial, being studied four different sludges (SS, BS,
SWS,n» SWSyp fed with GL or VFA as the only
carbon source, which totaled eight balanced treat-
ments (SS+GL; SS+VFA; BS+GL; BS+VFA;
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SWS,n+GL; SWS,y+VFA; SWS;+GL. and
SWSy+ VFA), in three repetitions, resulting in 24
experimental plots that were randomly allocated in
the incubator to promote spatial randomness. The
response variables for the BMP and SMA assays were
(1) specific methanogenic activity (SMA, gCODy,
gVS_1 day_l), (2) biochemical methane potential
(BMP, NL_y, kgVS™), (3) biogas potential produc-
tion (BPP, NLg 0gas kgVS™), (4) COD removal effi-
ciency by CH, generation (REy,, %), and (5) biogas
composition (CH, and CO,, %).

SISVAR software version 5.6 (Ferreira, 2019)
was applied to statistically analyze this work results
through analysis of variance (one-way ANOVA) with
a 95% confidence level and 5% probability (p <0.05)
and Tukey’s tests to compare treatments. According
to the same response variable analyzed, the same
letters’ average values belong to the same statistical
group at the 5% probability level within the Tukey’s
test.

2.4 Kinetic modeling study

The mathematical models selected to describe CH,
production were First-order exponential, Monomo-
lecular, Fitzhugh, Modified Gompertz, Logistic, and
Transference (Pellera & Gidarakos, 2016; Ware &
Power, 2017). A description of these models and their
equations is presented in Table 1. The model’s good-
ness of fit to the CH, production profile and the coef-
ficient of determination values (R?), the normalized
root-mean-square error (NRMSE), and the Akaike
Information Criterion (AIC) were determined accord-
ing to other publications (Morais et al., 2020a, 2021).
The higher the value of R? and the lower the NRMSE
and AIC, the greater the estimated data adequacy to
the experimental data. R?, NRMSE, and AIC were
calculated according to Egs. S7, S8, and S9. Data
obtained from kinetic modeling were applied to plot
each process curve using MATLAB® software ver-
sion R2016b (Coelho et al., 2020a, 2020b).

M,, methane accumulated during the incubation
period (NLcy, kgVS™); M, volume of methane gen-
erated during the experiment (NLoy, kgVS™); &,
first-order methane production rate constant (day™');
t, digestion time (d); n, shape constant (dimension-
less); e, Euler number (dimensionless); A, time of the
lag phase (d); u,,, maximum rate of methane produc-
tion (NLgy kgVS™! day™).
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Fig. 1 Biochemical methane potential (BMP) experimental assay’s schematic. a Experimental set-up. b Data collection. ¢ Data pro-

cessing and computational analysis

3 Results and Discussion
3.1 Study of Methane Production Kinetics

The cumulative methane production curve (CMPC)
of the SS+GL was exponentially shaped (Fig. 2a)
with a non-existent delay time (1=0.0 day), indi-
cating the microorganism’s affinity to the substrate.
However, low values of CH, maximum rate produc-
tion (14-23 NLyy kgVS™' day™) were estimated,
resulting in low SMA values (Table 2). The microbial
community present produced 80% of the CH, total
volume in approximately 11 days, a period called
T80. This parameter is widely used to analyze the
anaerobic reactor’s performance and estimate the
hydraulic retention time (HRT) of continuous reactors
(Cordoba et al., 2018). Thus, the lower the T80, the

greater the inoculum efficiency in the substrate meth-
anization process (Sanjaya et al., 2016).

For the SS+ VFA treatment, the CMPC had a
sigmoidal shape (Fig. 2b), resulting in a long delay
period (A=1.0-7.7 days) and a slower and more
progressive CH, production over time, promoting
lower values of yu,, (4.8-5.9 NLcy, kgVS™! day™)
compared to the values obtained with GL. The T80
obtained for the SS+ VFA treatment was 26 days,
corroborating the low SMA values.

The sigmoidal-type curve is expected in the
methanization of substrates that are difficult to
hydrolyze, such as those rich in lipids or lignocel-
lulosic substances. However, this behavior can also
be observed when the inoculum is not adapted to a
given substrate (Ware & Power, 2017). As GL and
VFA are substrates readily biodegradable and are

@ Springer
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Table 1 Description and equation of the mathematical models

applied in the kinetic modeling of this study

Mathematical model ~ Theoretical description

Mathematical model equation References

First-order exponential It is a model commonly applied to
readily biodegradable substrates.
Allows the estimation of the sub-
strate degradation constant (k)

Monomolecular It is a function of decreasing returns
capable of estimating the lag phase
time () and the substrate degrada-
tion constant (k). It was already
used to estimate methane produc-

tion from pig and buffalo manure

Fitzhugh A model commonly applied to
monitor methane production from
particulate substrates in the pres-
ence of ruminal microorganisms
(acidogenic and methanogenic).
It has a shape constant (n) that
indicates the presence (n>1) or
absence of the lag phase (n< 1)
and also allows to estimate of the
substrate degradation constant (k)

This model is one of the most
applied models for estimating
methane production in BMP tests.
It allows us to estimate the lag
phase time (A) and the substrate
degradation constant (k). The
Gompertz function has a fixed
inflection point, and it is asymmet-
ric about its point. The curve of
this function is modeled according
to the location of the inflection
point

Modified Gompertz

Logistic This model estimates the lag
phase time (4) and the substrate
degradation constant (k). Like the
Gompertz model, it has a fixed
inflection point, and the curve is
modeled according to its location.
However, unlike the Modified
Gompertz model, it is a symmetric
function about its inflection point

This model is also known as reac-
tion curve. It allows estimating the
maximum methane production rate
(u,,) and the lag phase time (4).

It considers that any process can
be studied as a system receiving
inputs and generating outputs

Transference

Donoso-Bravo et al. (2010);

M, = M1 — exp(—kz)|
' Raposo et al. (2011)

Schulin-Zeuthen et al. (2007);

M, = M[1 — exp(—k(t — 1))]
Sun et al. (2015)

Groot et al. (1996); Pitt et al.
(1999)

M, = M1 — exp(—k1)"]

Vieira and Hoffmann (1977);
Kafle and Chen (2016)

Hne

M, = Mexp{—exp[ m

(zl—t)+1]}

M
1+exp [ 74“”‘;;7” +2]

Lima et al. (2018); Ware and
Power (2017)

M, =

Redzwan and Banks (2004);

M, = M{ - CXP[_%] } Donoso-Bravo et al. (2010)

standard in BMP tests, and all inocula were sub-
jected to the same experimental conditions, it is pos-
sible to infer that the SS has a low anaerobic perfor-
mance. The best models to describe CH, production
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from SS were the Fitzhugh (with GL) and Logistic
(with VFA) models, which returned higher R? val-
ues, lower error values (NMRSE), and lower AIC
values (Table 2).
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The exponential CMPC generated by the BS +GL
treatment also showed a non-existent lag phase
(4=0.0 days), and CH, production occurred more
quickly when compared to treatments with SS, as can
be confirmed by the lower T80 value (7 days) and
higher u,, value (31.9-48.7 NLy, kgVS™' day™)
obtained (Table 2 and Fig. 2c¢). The BS+VFA
CCPM was sigmoidal (Fig. 2d). Nevertheless, it pre-
sented a shorter delay time (1=0.55-1.77 days) in
the CH, formation when compared to the SS+ VFA
treatment, resulting in a higher value of x4, (13-19
NL¢yy, kgVS™! day™!) and lower T80 value (13 days)
(Table 2).

The CMPC generated in the treatments with the
SWS were exponential, with a non-existent delay time
(4=0.0 day), low T80 (approximately 7 day), and
high u,, values (Table 3 and Fig. 2e-h). The Fitzhugh
model was the most adequate to describe the CH,
production from this inoculum. The Transference
model was the mathematical model that presented
the best fit compared to the other sigmoidal models
(Modified Gompertz and Logistic) used. Therefore,
its u,, values were used to calculate SMA.

Therefore, mathematical models that describe
exponential functions, mainly the Fitzhugh model,
were the most suitable to describe the kinetics of CH,
production from readily biodegradable substrates,
such as GL and VFA. In contrast, mathematical mod-
els expressing logistic growth were more reliable in
describing a slower methanization process, gradual
time, and a high lag phase time (4). Thus, based on
the data expressed in Tables 2 and 3, the Fitzhugh
model presented the lowest NRMSE and AIC values,
making it more suitable than the Modified Gompertz
model to describe the methane production from read-
ily biodegradable substrates, whose methanization
has a short or no lag phase. However, the Fitzhugh
model does not estimate the latency phase time nor
the maximum methane production rate (u,). For
these estimates, and using the same analysis crite-
rion (lower NRMSE and AIC values), the Transfer-
ence model was more effective than the Modified
Gompertz model.

Values of the CH, production rate constant (k)
obtained confirmed the higher speed in CH, produc-
tion in the tests conducted with GL (Tables 2 and
3). For most tests, as kg > kyp,, it is inferred that
the acidogenic community of the evaluated inoc-
ula has a more satisfactory performance than the

acetogenic community. In the tests performed with
GL, ks> kgwsmi > Kswsan > Kss» With values of 0.34,
0.29, 0.28, 0.16 day_l, respectively, and in the treat-
ments with VFA, kgwsmi> Kswsan > ks> kg, With
values of 0.32, 0.28, 0.10, and 0.05 day_l, respec-
tively (Tables 2 and 3). SWS inoculants degraded the
substrates and produced CH, more quickly than the
other evaluated inoculants, justifying the higher SMA
values found for these sludges. Therefore, the higher
the k, the greater the SMA. The SS showed the low-
est CH, production rate, consistent with the high T80
and low SMA values obtained for this inoculum.

3.2 Study of Specific Methanogenic Activity

The low values obtained for the coefficient of experi-
mental variation (CV) in the variance analysis indi-
cate the tests’ experimental precision at the level of
5% probability (Supplementary Material—Table S1).
According to the F test, statistically significant dif-
ferences were found between treatments identified by
comparing the eight treatments’ response variables by
applying the Tukey’s test (Table 4). As the tests were
conducted under the same operational conditions
(agitation and temperature) and media culture (basal
medium, buffer, and S/X ratio), it is understood that
any significant statistical difference between treat-
ments is due to the inocula microbial and biochemical
characteristics.

As shown in Table 4, the SS presented the lowest
SMA for the other inocula evaluated. For the SS+GL
treatment, SMA (0.057 gCOD¢y, gVS™!' day™') was
superior to that obtained in the SS+ VFA treatment
(0.010 gCOD¢yy, gVS™! day™), which indicates that
the acidogenic microbial community performed bet-
ter than the acetogenic community in the process of
anaerobic digestion (Angelidaki et al., 2009). There-
fore, it can be inferred that this inoculum has low
acetogenic and syntrophic activity in short-chain car-
boxylic acids (propionate and butyrate) conversion
into acetate and in acetate conversion to CH, (Aquino
et al., 2007).

The low inocula methanogenic activity may be
related to its storage at 3 °C for 1 month before the
tests and also to the S/X ratio adopted. According
to Kotch et al. (2019), the dilution of the inoculum,
low S/X ratio, and storage at low temperatures are the
main factors that contribute to the lag phase increase
and directly impact kinetics and methane generation.

@ Springer
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Fig. 2 Cumulative methane production curves (CMPC) for
each treatment and the most suitable models in the kinetic
modeling. a SS+GL and Fitzhugh model. b SS+ VFA and
Fitzhugh model. ¢ BS+GL and Fitzhugh model. d BS+ VFA
and Gompertz model. e SWS,y+GL and Fitzhugh model.
f SWS,ny+VFA and Fitzhugh model. g SWS,;+GL and
Fitzhugh model. h SWS,;; + VFA and Fitzhugh model

Furthermore, we ruled out the possibility of compro-
mising the microbial consortium activity due to reac-
tor acidification, as sodium bicarbonate was used as
a buffer, and the initial and final pH of the reaction
medium was close to neutrality (pH 6.8-7.2) in all
reactors.

The low SMA values obtained for the SS are the
following studies carried out by Bertolino et al.
(2008), who reported an SMA value of 0.0579
gCODyy, gVS™! day™!. The authors used SS as inoc-
ulum and sanitary sewage as a substrate, obtained
from a UASB reactor that treated sewage from a uni-
versity campus. The test was performed in triplicate
using reactors of 200 mL work volume and 50 mL
headspace, under a controlled temperature (35 °C),
and adopting an S/X ratio of 0.225 gCOD gVS~..

BS showed higher SMA values than SS (Table 4),
0.123 gCODy, gVS™! day™' for GL and 0.050
gCODy, gVS™ day™ for VFA. These values were
lower than those reported by Longaretti et al. (2019),
which obtained an SMA for a BS of 0.33 gCODyy,
gVS~! day™! using GL as a substrate. The authors
conducted their experiments in reactors with a maxi-
mum volume of 2.5 L, with 2 L reaction volume
and 0.5 L headspace, under mesophilic temperature
(B5+1 °C), 5.0 gVS L~ biomass concentration,
and 4.0 gCOD L~! substrate. The lower SMA val-
ues found in this study are possibly due to the dif-
ference in the anaerobic sludge's physical-chemical
and microbiological characteristics. Compared with
the inocula adapted to swine wastewater treatment
(SW5s), the BS showed a lower SMA value when the
VFA solution was the substrate and statistically equal
amounts when the GL was used (Table 4).

The highest SMA values were obtained for the
inocula adapted for the SW treatment. Notably, the
treatments carried out with VFA presented greater
SMA than those carried out with GL, indicating
high acetogenic activity. SWS,;;+ VFA had the high-
est SMA value, but SWS,;+GL had SMA statisti-
cally equal to BS+GL and SWS,y+GL (Table 4).
However, it is possible to infer that micro-aeration

contributed to the microbial community syntrophic
activity, mainly in the tests performed with VFA,
resulting in higher values of SMA, BMP, BPP,
and CH, concentration in biogas values about
SWS,n+ VFA. Nonetheless, in the GL tests, the
response variables’ values for both SWS were statisti-
cally similar.

Micro-aeration has been the subject of study in
several studies aimed at increasing hydrolysis, remov-
ing H,S from biogas, increasing CH, production, and
even removing emerging micropollutants and recal-
citrant compounds in anaerobic reactors (Krayzelova
et al., 2014; Lim & Wang, 2013; Meng et al., 2019;
Ruan et al., 2019). However, it was not possible to
state the hydrolytic community’s better performance
developed in the microaerophilic reactor (SWSy
sludge) because a more complex substrate (e.g., cel-
lulose) was not evaluated in the BMP tests.

The SMA values for the SW treatment inoculants
obtained in this study were higher than those reported
by Alves et al. (2005). They conducted SMA tests
with inoculants obtained from a swine manure biodi-
gester and a bovine manure biodigester, using a VFA
solution as substrate and an S/X ratio of 1.0 gCOD
gVS~!. The results obtained by the authors were
0.0331 gCODy, gVS™! day™ and 0.0565 gCODyy,
gVS~! day™! for swine and bovine sludges, respec-
tively. According to Angelidaki et al. (2009), inocula
must have SMA values equal to or greater than 0.10
gCODpyy gVS~! day~! to be suitable for carrying out
BMP tests with real substrates. In this sense, the BS
and SWS proved to be ideal for this purpose. They
are also much suitable as sludge sources for feeding
anaerobic systems used for domestic, agro-industrial,
or industrial wastes treatment and in biogas produc-
tion and energy recovery studies.

In this context, SMA tests provide essential infor-
mation for the operation, maintenance, and manage-
ment of anaerobic reactors (Hussain & Dubey, 2017).
The SS showed low SMA values (Table 4), suggest-
ing that the anaerobic reactor in which this inoculum
was collected has low efficiency in removing organic
matter through the CH, formation (RE¢y,). Thus, the
data obtained in BMP tests can contribute to identi-
fying operational problems in anaerobic systems.
Besides, the determination of kinetic parameters can
contribute to the resolution of the issues recognized,
determine the most appropriate models, and deter-
mine the reactors’ design and operational parameters,
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Table 2 Parameter values estimated by kinetic modeling for BMP assays for brewery and sanitary sludge

Model Parameters Brewery sludge Sanitary sludge
GL VFA GL VFA
First-order exponential k 0.34+0.01 0.10+0.01 0.16+0.01 0.05+0.01
R? 0.951 0.966 0.993 0.838
NRMSE 7.027 6.995 2.819 14.780
AIC 34.212 37.571 21.239 42.395
Monomolecular k 0.34+0.01 0.10£0.01 0.16+0.01 0.05+£0.01
A 0.00£0.00 0.55+0.02 0.00+£0.00 1.0+£0.2
R? 0.951 0.971 0.993 0.843
NRMSE 7.027 6.391 2.819 14.535
AIC 36.212 38.307 23.239 44.161
Fitzhugh k 0.09+0.01 0.15+0.01 0.13+£0.01 0.11£0.01
n 0.28+£0.03 1.90+0.07 0.79+0.11 5.0+2.0
R? 0.997 0.991 0.997 0.903
NRMSE 1.829 3.666 1.897 11.431
AIC 17.372 30.526 17.696 40.799
Modified Gompertz U 333+23 13.0+0.8 15.0+2.0 4.8+0.6
A 0.00+0.00 1.0+0.1 0.00+0.00 53+1.5
R? 0.902 0.995 0.962 0.916
NRMSE 9.880 2.723 6.636 10.662
AIC 40.983 26.362 35.224 39.823
Logistic Hm 319+23 13.4+0.8 14.0+2.0 5.2+06
A 0.00+0.00 1.7+0.1 0.00+0.00 77+1.3
R? 0.868 0.991 0.947 0.947
NRMSE 11.512 3.587 7.864 8.467
AIC 43.124 30.219 37.601 36.597
Transference Hm 48.7+£3.6 19.0+1.0 23.0+3.0 59+09
A 0.0+0.00 0.55+0.02 0.00+0.00 1.0+0.2
R? 0.951 0.971 0.993 0.843
NRMSE 7.027 6.391 2.819 14.535
AIC 36.212 38.307 23.239 44.161

GL, glucose; VFA, volatile fatty acids; k, methane production rate constant (day‘l); t, digestion time (day); n, shape constant
(dimensionless); e, Euler number (dimensionless); A, lag phase time (day); u,, maximum rate of methane production (NL
kgVS"1 day‘l); R?, determination coefficient (dimensionless); NRMSE, normalized root-mean-square error (dimensionless); AIC,

Akaike Information Criterion (dimensionless).

such as volume, hydraulic retention time (HRT),
solids retention time (SRT), and volumetric organic
loading rate (Santos et al., 2020).

3.3 Analysis of BMP and Biogas Quality
The SWS were the inoculants that presented the
highest BMP and BPP (Table 4). Analyzing the

BMP tests performed with GL, SWS provided
higher values compared to the other inocula. The

@ Springer

same occurs in tests with VFA, but, in this case, the
BMP of SWS,,; was statistically superior to that of
SWS,y (Fig. 3). The inoculants that presented the
highest SMA value also produced the most signifi-
cant amount of CH, and biogas (Table 4). SMA is
a parameter that represents the microbial capacity
to transform substrates into CH,, hydrogen (H,),
and carbon dioxide (CO,); thus, the higher the
SMA, the higher the BPP and BMP of the inoculum
(Aquino et al., 2007).
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Table 3 Parameter values estimated by kinetic modeling for BMP assays for swine sludge

Model Parameters Anaerobic swine sludge Microaerobic swine sludge
GL VFA GL VFA
First-order exponential k 0.29+0.01 0.28+0.01 0.28+0.07 0.32+0.01
R 0.969 0.986 0.994 0.983
NRMSE 5.830 3.940 2.701 4.285
AIC 33.222 29.425 21.865 31.894
Monomolecular k 0.29+0.01 0.28 +0.00 0.28+0.07 0.32+0.01
A 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
R 0.969 0.986 0.994 0.983
NRMSE 5.830 3.940 2.701 4.285
AIC 35222 31.425 23.865 33.894
Fitzhugh k 0.14+0.01 0.15+0.01 0.19+0.07 0.15+0.01
n 0.45+0.03 0.54+0.04 0.64+0.07 0.44+0.03
R 0.991 0.996 0.999 0.998
NRMSE 3.102 2.109 0.779 1.322
AIC 26.389 22.674 6.462 17.426
Modified Gompertz Hm 30.0+£2.0 33.1+0.8 28.6+4.3 41.5+2.3
A 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
R 0.921 0.953 0.963 0.946
NRMSE 9.236 7.142 6.481 7.569
AIC 41.665 39.753 36.122 41.859
Logistic U 27.3+£2.0 31.1+0.7 27.0+4.2 39.0+£2.0
A 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
R? 0.894 0.928 0.938 0.918
NRMSE 10.709 8.816 8.364 9.358
AIC 43.737 42.700 39.693 44.831
Transference M 46.4+2.5 49.8+1.1 43.4+72 62.6+3.7
A 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
R? 0.969 0.986 0.994 0.983
NRMSE 5.830 3.940 2.701 4.285
AIC 35222 31.425 23.865 33.894

GL, glucose; VFA, volatile fatty acids; k, methane production rate constant (day~!); 7, digestion time (day); n, shape constant
(dimensionless); e, Euler number (dimensionless); A, lag phase time (day); u,, maximum rate of methane production (NL yy
kgVS"1 day_l); R?, determination coefficient (dimensionless); NRMSE, normalized root-mean-square error (dimensionless); AIC,

Akaike Information Criterion (dimensionless).

SW is an agro-industrial residue rich in nutri-
ents that are favorable to the growth of anaerobic
microorganisms, presenting a high organic matter
concentration, mainly in the form of proteins and
lipids, suspended solids, and alkalinity, which gives
it buffering capacity, and an increased presence of
pathogenic and non-pathogenic microorganisms
(Cordoba et al., 2016). The SW characteristics may
have contributed to the development of a special-
ized microbial community in the inoculum. A high

syntrophic activity among hydrolytic, acidogenic,
and methanogenic microorganisms was established,
which favored the methanization process (Morais
et al., 2020b).

Pereira et al. (2009) studied the impact of opera-
tional parameters on a UASB reactor’s microbial
consortium. They reported that the anaerobic sludge
formed in SW treatment has a dense and granu-
lar structure, high morphological diversity, and
ecological balance between hydrogenotrophic and

@ Springer
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Table 4 Mean values of the response variables of the BMP assays

Treatments SMA BMP BPP REqs CH, CO,
SS+GL 0.057° 140.3%® 286.0¢ 61.3% 49.0° 51.0¢
BS+GL 0.123¢ 142.0%® 278.3¢¢ 73.3% 51.0° 49.0¢
SWS,n+GL 0.117¢ 159.3% 252.3%d 81.0°% 63.3° 36.7°
SWSy;+GL 0.117¢ 153.0° 285.0¢ 76.6% 53.3%® 46.7
SS+VFA 0.010* 121.3 131.3* 52.6* 92.3¢ 7.7
BS+VFA 0.050° 181.3<¢ 211.0° 91.3°f 86.7¢ 13.3%
SWS,x+ VFA 0.127¢ 180.0¢ 234.0° 89.0%f 77.0° 23.0°
SWSy+ VFA 0.157¢ 197.3¢ 240.0% 94.6 82.3 17.7%

Within the same response variable analyzed, the means followed by the same letters belong to the same group, according to the
Tukey’s test at the 5% probability level. SMA, specific methanogenic activity (gCODqy, gVS™! day™'); BMP, biochemical methane
potential (NLcy, kgVS™); BPP, biogas potential production (NLpjogas keVS™h); RE oy, COD removal efficiency by CH, generation
(%); CH,, CH, concentration in the biogas (%); CO,, CO, concentration in the biogas (%).

acetoclastic archaea. For these reasons, the SWS
sludge proved to be efficient in the GL and VFA
methanization.

Schneiders et al. (2013) determined the BMP of
granular anaerobic sludge from a UASB reactor oper-
ated by treating wastewater from the food industry.
The tests were conducted in reactors with 400 mL of
reaction volume kept at 33 °C. The authors reported a
BMP of 337 NL¢y, kgVS™! when a mixture of VFA
was used as a substrate in an S/X ratio of 1 gCOD

gVS~!. Longaretti et al. (2019) evaluated the BMP
of five different anaerobic inoculants from UASB
reactors that treated agro-industrial wastewater. The
experiment was carried out in reactors of 2-L reac-
tion volume maintained at mesophilic temperature
(35+1 °C). The reactors were inoculated with 5.0
gVSL™!, and 4.0 gCOD L' of GL was used as a sub-
strate. The BMP found for each evaluated sludge was
208 NLcy, kgVS™! for the brewery industry sludge,
196 NLy, kgVS™! for the grain-processing industry

Fig. 3 Methane and biogas
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sludge, 165 NLyy4 kgVS™! for the dairy industry
sludge, and 180 NL_y, kgVS™ for the leather indus-
try sludge. The BMP values (121-197 NLcypy
kgVS™) found for the inocula evaluated in this study
were lower than those reported by Schneiders et al.
(2013) and by Longaretti et al. (2019). This was prob-
ably due to differences in the physical-chemical and
microbial characteristics of each biomass evaluated.

According to Table 4 and Fig. 4, the SWS
showed a higher amount of CH, in the biogas than
the other inocula. According to Longaretti et al.
(2019), sludge adapted to anaerobically degrade
animal waste generally produces biogas with higher
CH, content, reaching 90% CH, values in biogas.
The amount of CH, in the biogas found in this work
(49-63%) follows the German International Stand-
ard for Anaerobic Digestion (VDI-4630), which
indicates that biogas from carbohydrate degrada-
tion, such as GL, generally has 50% CH, and 50%
CO,, which may differ according to the inoculum
used (VDI, 2006).

The biogas generated in the reactors was pre-
dominantly composed of CH, and CO, and non-
quantifiable remains of H,S and N,. Compared
with the tests performed with GL, when VFA

was used as a substrate, higher biogas quality was
obtained, which showed 77-92% CH, (Table 4
and Fig. 4). This result is expected since the aci-
dogenic bacteria generate CO, when metabolizing
GL to produce simpler organic compounds. When
the substrate for methanization is a VFA solution
composed of acetate, propionate, and butyrate,
oxidation of propionate and butyrate occurs for
acetate production and direct use of acetate by
acetoclastic methanogenic archaea for CH, and
CO, production in the methanogenesis stage
(Miaomiao Zhou et al., 2018). In this process, the
CO, accumulation is lower due to the suppression
of the acidogenic stage.

As the CH, concentration in biogas was higher
when using VFA as a substrate, for these treatments,
the efficiency of removing organic matter through
the generation of CH, (REy,) was also higher when
compared to those obtained with GL (Table 4). The
SS showed the lowest efficiencies, the BS interme-
diate values, and the SWS the highest. These results
corroborate with the SMA and BMP obtained for
these inocula. According to Table 4, the RE -y, range
in the GL tests was 61-81% and 52-94% in the VFA
tests.
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4 Conclusions

Mathematical models that describe exponential func-
tions, mainly the Fitzhugh model, were the most ade-
quate to describe methane (CH,) production kinetics
from readily biodegradable substrates, with reduced
or non-existent lag phase time (4). The mathematical
models representing logistic growth functions, such as
Modified Gompertz and Logistic, were more reliable to
describe the methanization bioprocess of the test carried
out with brewery sludge (BS), with volatile fatty acids
(VFA), and the test conducted with sanitary sludge (SS)
with VFA. Such behavior was due to the CH, produc-
tion curve presenting a sigmoidal shape, expressing a
slower CH, production, and justifying a more extended
A than the other tests. Based on these results, it is under-
stood that the Modified Gompertz model has been used
indiscriminately in the technical literature and does not
always present the most accurate results. Here, we pro-
pose other models that can be satisfactorily applied for
a better understanding of substrate biomethanization.
Through the kinetic analysis, it was possible to con-
clude that swine sludges (SWS) could degrade the sub-
strates and generate CH, quickly compared to the other
evaluated sludges, justifying the higher specific metha-
nogenic activity (SMA) values found. SWS showed
the highest biochemical potential of methane (BMP)
values (153-197 NLyy, kgVS™), SMA (0.117-0.157
2CODyy, gVS™! day™) values, and the highest concen-
trations of CH, in biogas (53-82%). In addition, the SS
showed the lowest BMP and SMA values, allowing us to
conclude that BS and SWS are more advantageous to be
applied in CH, production and energy recovery studies.
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