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Abstract The degradation kinetics of swine and buffalo manure for methane production was
investigated. Six kinetic models were employed to describe the corresponding experimental
data. These models were evaluated by two statistical measurements, which were root mean
square prediction error (RMSPE) and Akaike’s information criterion (AIC). The results
showed that the logistic and Fitzhugh models could predict the experimental data very well
for the digestion of swine and buffalo manure, respectively. The predicted methane yield
potential for swine and buffalo manure was 487.9 and 340.4 mL CH4/g volatile solid (VS),
respectively, which was close to experimental values, when the digestion temperature was
36 ± 1 °C in the biochemical methane potential assays. Besides, the rate constant revealed that
swine manure had a much faster methane production rate than buffalo manure.
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Introduction

Methane is a clean, flammable, high-calorific value fuel, which is used in many areas and
considered as one of the substitute fuels currently [1–3]. It can be obtained from different
organic wastes, such as livestock droppings, industrial waste water, agricultural residues, and
municipal solid wastes, through anaerobic digestion. Anaerobic digestion was considered as a
commercially viable process for conversing organic waste to methane. Biogas technology was
widely used to deal with the animal wastes and generate heat and power for local uses. There
were many researches on biogas production from livestock manure through anaerobic diges-
tion especially from swine and ruminal animal manure [4–6]. Generally, relatively low yield of
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biogas was produced from swine manure and ruminal manure due to their feeding and
treatment patterns. Tuesorn et al. [5] assessed the biomethane potential from fiber-rich swine
manure under mesophilic and thermophilic conditions. Biogas and methane yields of 355 and
180 mL/g volatile solid (VS)added were obtained at 37 °C, respectively, with a lignocellulolytic
microbial consortium to swine manure ratio of 1.5:1 on a weight to weight basis
(mg volatile suspended solid (VSS)/g VS). Comparisons of methane production potential
between buffalo and other animals’ manure have been done in a previous study [4, 7, 8].
However, few results reported the digestion differences between swine and buffalo manure,
specifically from the perspective of kinetic study.

What were the reasons for the different substrates giving out different biogas yields and
digestion rates? The methane and energy contents of the generated gas usually vary and are
dependent on the physical and chemical properties of the substrate [9]. Some animal excreta
such as poultry droppings containing enough easily degradable organic materials might be
easily digested by microorganisms. While agricultural waste products such as crop straw or
ruminant manure were known to have high content of lignin and lignocellulose (40–50 % of
the total solid (TS)), which were hard to be digested both naturally and artificially. This would
at least lead to a prolonged digestion period [10]. In order to better understand the digestion
process, predict the biogas yield, and even improve the biogas production, some parameter
factors like rate of digestion and lag time were vital to accommodate a digestion process. This
makes it necessary to do kinetic research on the biogas production from different sorts of
substrate. Study on kinetic parameters in anaerobic digestion process is always beneficial to
the analysis of digester performance and the ideal reactor design [11]. Besides, it is also helpful
for understanding inhibitory mechanisms of biodegradation.

In literatures, there were several statistical and dynamic mechanistic models for predicting
methane yield from animal manure (i.e., cattle and sheep) [12–14]. Statistical models
predicting methane production mainly refer to nutrient intake directly, while dynamic mech-
anistic models evaluate methane production by employing mathematical descriptions of the
biochemistry methane potentials [12, 13, 15]. These models such as logistic [16], exponential
[17], Fitzhugh [18], cone [18], monomolecular [19], and Gompertz [16] were quite useful to
predict methane emission from animal manure, but there was not a model adequate for all
substrates.

The aim of this work was to investigate the adequate models for the digestion of swine and
buffalo manure for methane production. The best-fit non-linear models would be selected for
predicting the biogas production from swine and buffalo manure by comparing the model
parameters and statistical analysis.

Materials and Methods

Inoculum and Raw Materials

Fresh swine and buffalo manure generated within 1 day were collected from Jiangxi province
of China. Cellulose was bought from the Sinopharm Chemical Reagent Co., Ltd. After
collection, the manures preserved at 4 °C no more than 3 days before use. Grab samples were
taken to analyze the substrate properties simultaneously. Sewage sludge was taken from
Bailonggang Sewage Treatment Plant (mesophilic) in Shanghai, China, and acted as an
inoculum. After arrival, the sludge was sieved through a screen (around 18 meshes,
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880 μm) to remove certain bulky grain which otherwise would lower the homogeneity of the
inoculum. Then, the inoculum was activated in an incubator at 36 ± 1 °C for 3 days before use.

Biogas Production

The mesophilic static biochemical methane potential (BMP) assays were carried out using
500-mL flasks with 400 mL of working volume with a substrate concentration of 10 g VS/L
and inoculum to substrate (I/S) ratio of 2 in 36 ± 1 °C water bath. The concentrations for swine
and buffalo manure were 5.1 and 5.0 % (TS basis), respectively. After the substrate and
inoculum were added in flasks and mixed well, a N2 purge was applied at least 30 s to form
anaerobic environment in the flasks. Rubber stoppers were then put into place to seal the flasks
immediately. The flasks were shaken manually once a day once the fermentation has begun.
All the tests including blanks which contained only the inoculum and positive blanks which
contain the same concentrations of cellulose and inoculum were duplicated based on reliable
repeatability obtained from previous study in our lab. The assays were conducted for 42–
60 days. The cellulose conducted the BMP assays under the same conditions as the positive
control. The results are averaged for each test.

The measurement of daily biogas production was implemented according to reference [20].
Daily biogas produced was collected in the gas-collecting cylinder by displacing saturated
NaCl solution. The pressure of the produced biogas stored in the headspace of the cylinder was
calculated by taking liquid column pressure and saturation vapor pressure in the headspace
from the atmosphere pressure. The biogas production was then recalculated into standard
volume at a standard temperature and pressure (273.15 K, 101.325 kPa). The methane was
sampled on top of the gas-collecting cylinder.

Analytical Methods

The TS and VS were determined according to standard methods [21], so as to the chemical
oxygen demand (COD) and total nitrogen (TN) [22]. The methane content in the biogas was
measured with a gas chromatograph (GC, Agilent 7890A) [23]. The BMP assays were
referring to the literature [24]. The ultimate analysis was determined by an elemental analyzer
(Germany, Elementar, Vario EL III/Isoprime). The soluble saccharides were measured by the
anthrone-sulfuric acid colorimetry [25].

Kinetic Models and Model Parameter Estimation

Kinetic Models

In this study, six models including logistic [16], exponential [17], Fitzhugh [18], cone [18],
monomolecular [19], and Gompertz [16] models were selected to fit the experimental data.
The domain for all selected models was t ≥ 0. The selected models for describing methane
production are shown in Table 1. In these equations, Y is methane yield (mL CH4/g VS), P is
methane yield potential (mL CH4/g VS), k is rate constants (1/day), t is digestion time (day),
Rm is maximum methane production rate (mL CH4/g VS/day), L is length of the lag phase
(day), and n is shape factor, dimensionless.

Model parameters were estimated using the non-linear least squares fitting (NLSF) tool in
OriginPro [26].
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Model Parameter Estimation

Root mean square prediction error (RMSPE) and Akaike’s information criterion (AIC) were
calculated to compare the selected models in this paper. The RMSPE values stand for the
deviation between predicted and experimental values. RMSPE was estimated as described by
Eq. (1) [27–29].

RMSPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

Pi−E ið Þ2
n

v

u

u

t ; ð1Þ

where Pi is predicted methane yield, mL CH4/g VS, Ei is measured methane yield, mL
CH4/g VS, and n is the number of test points.

AIC was employed based on information technology to compare goodness-of-fit of models
[27]; AIC was calculated by Eq. (2).

AIC ¼ nln
RSS

n

� �

þ 2 N þ 1ð Þ þ 2 N þ 1ð Þ N þ 2ð Þ
n−N−2ð Þ ð2Þ

where RSS is residual sum of squares, n is number of test points, and N is number of model
parameters.

Results and Discussion

Model Results of Methane Production from Swine Manure and Buffalo Manure

The Methane Yield Potential (P)

The methane productions of cellulose, swine, and buffalo manure were fitted by the six kinetic
models so as to find out the kinetic parameters. Table 2 shows estimated parameters of the
studied models. As mentioned, P is the methane yield potential and could be calculated
through all the employed models. The observed BMP from cellulose in this study was
399 mL CH4/g VS, which was 96 % of the theoretical BMP. This indicated the reliability of
the BMP assays in this study. The predicted methane production was 392–399 mL CH4/g VS,
which approximated the experimental value. This suggested that the models were able to predict

Table 1 The selected models for
describing methane production Model Expression

Logistic Y ¼ P1−e−k t−Lð Þ
1þe−k t−Lð Þ

Exponential (Box Lucas 1) Y=P(1−e−kt)
Monomolecular Y=P(1−e−k(t−L))
Fitzhugh (Chapman) Y=P(1−e−kt)n

Cone Y ¼ P
1þ ktð Þ

−n

Gompertz
Y ¼ P e

−e
2:7182Rm L−tð Þ

P þ1

� �
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methane yield from cellulose according to the perspective of P. Both the predicted values and
observed final methane yield of our experimental results (479 and 308 mL CH4/g VS) [30]
showed that swine manure produced more methane than buffalo manure. For swine manure
generated from fine commercial formula feed, therewas plenty of organic matter which could be
degraded by the microorganisms. However, the feed of buffalo was mainly corn stover in this
study. The lignocellulosic feed was firstly digested by the ruminant’s stomach and then the
residues were excreted to form manure. The digestive process of the rumen made the resistant
lignocellulose residue take a large part in the buffalo manure, which made this substrate even
harder for bacteria in AD process to hydrolyze it to much smaller molecules for subsequent
acetogenesis and methanogenesis. Particularly, the lignin in the lignocellulose is a three-
dimensional aromatic heteropolymer of p-hydroxyphenyl propanoid units connected by C–C
and C–O–C links, which is very difficult to be degraded by microorganisms in nature. It was
reported that the lignin in buffalo manure could hinder the anaerobic digestion during BMP
assays [15]. This might be the reason why the methane yield of swine manure was higher than
buffalo manure under the same I/S ratio and fermentation conditions. The swine manure was
much more suitable to produce methane than buffalo manure based on the current experimental
conditions. Besides, the predicted methane yield potential of swine manure from Gompertz
model was most close to the observed data, while logistic model was the second. The similar
results could be obtained for buffalo manure.

The Rate Constant (k/Rm)

The k value in the equations represents the degradation rate. The k value of swine manure was
bigger than buffalo manure and cellulose in all models except Gompertz which could not give
out k. It showed that methane production from swine manure was much faster than methane

Table 2 Estimated parameters of the studied models

Model Parameters Cellulose Swine manure Buffalo manure

Logistic P (mL CH4/g VS) 392.5 ± 1.2 487.9 ± 0.7 319.0 ± 2.6

k (1/day) 0.371 ± 0.009 0.377 ± 0.006 0.059 ± 0.001

L (day) 0.764 ± 0.068 0.423 ± 0.050 −0.718 ± 0.224

Exponential P (mL CH4/g VS) 398.5 ± 3.1 490.6 ± 1.9 353.2 ± 3.8

k (1/day) 0.206 ± 0.009 0.235 ± 0.007 0.034 ± 0.001

Monomolecular P (mL CH4/g VS) 394.5 ± 0.9 488.9 ± 1.0 348.9 ± 4.4

k (1/day) 0.272 ± 0.005 0.286 ± 0.006 0.035 ± 0.001

L(day) 0.991 ± 0.038 0.728 ± 0.045 0.340 ± 0.202

Fitzhugh P (mL CH4/g VS) 392.9 ± 1.3 488.1 ± 0.8 340.4 ± 5.2

k (1/day) 0.339 ± 0.014 0.344 ± 0.009 0.039 ± 0.002

N 2.074 ± 0.139 1.801 ± 0.071 1.093 ± 0.037

Cone P (mL CH4/g VS) 399.4 ± 1.5 491.8 ± 1.6 425.0 ± 13.4

k (1/day) 0.274 ± 0.004 0.308 ± 0.006 0.037 ± 0.002

N 2.175 ± 0.064 2.211 ± 0.076 1.197 ± 0.039

Gompertz P (mL CH4/g VS) 391.6 ± 1.7 487.4 ± 0.9 307.1 ± 2.7

Rm (mL CH4/g VS/day) 59.9 ± 2.5 74.6 ± 1.8 8.1 ± 0.2

L (day) 0.542 ± 0.152 0.168 ± 0.086 −1.392 ± 0.383
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production from buffalo manure. The lower rate constant of buffalo manure might be also due to
the higher concentration of lignocellulose that was recalcitrant for biodegradation [31]. The k
value of cellulose is slightly lower than the swine manure but considerably higher than buffalo
manure. The reason might lie in the fact that the nitrogen and trace elements in swine manure
prompt the rate of methane production. Instead of the k value, the Rm, which represents the
maximum methane production rate, could be acquired in Gompertz model. Obviously, the
methane production rate of swine manure was much higher than buffalo manure, which was
consistent with the degradation rate. Except for the reason of lignocellulosic composition in
buffalo manure mentioned above, the other reason may attribute to the effect of C/N ratio. The
carbon-to-nitrogen (C/N) ratios for swine and buffalo manure were 14.4 and 34.6, respectively;
neither was satisfied for anaerobic digestion. Generally, the appropriate C/N ratio for effective
biomethanation would be 20–30 with 25 as the ideal level [32]. A low C/N ratio can cause
ammonia accumulation which is toxic to methanogens. On the other hand, a high C/N ratio
brought by using crop residue may lead to high VFA accumulation that might poison
methanogens [33]. The biogas plant using the continuous or semi-continuous feeding mode
would face trouble if the C/N ratio was improper [34, 35]. As a result, exogenous nitrogen would
be required to supplement for buffalo manure to achieve more efficient methane production. For
swine manure, even better performance of methane production was expected to happen if the
carbon content could be improved. Therefore, further researches on co-digestion of swine and
buffalo manure is recommended, in which synergism effect might be shown.

The Lag Time (L)

In monomolecular model, higher methane productions of swine and buffalo manure were
experimentally determined during the estimated lag phase. It was observed that the cumulative
methane production fit well with the monomolecular equation because of the high correlation
coefficient R2 (0.996–0.997) between the experimental and predicted values. Lag phase was
found 0.99, 0.73, and 0.34 days for cellulose, swine manure, and buffalo manure, respectively.
The larger L might be due to substrate inhibition. However, faster anaerobic digestion for
swine manure could be concluded according to the rate constants.

Gompertz model seemed to predict the methane yield potential correctly for these three
substrates. However, it is worth noting that the parameter L in logistic and Gompertz for buffalo
manure was negative. This might indicate that the mentioned Gompertz and logistic models were
not accurate enough to predict the lag phase of buffalo manure under the studied conditions. As a
result, these two models were not suitable for predicting the methane yield for buffalo manure,
although there was high correlation coefficient R2 (0.994–0.996) between the experimental and
predicted values along with the parameter estimates. According to Pitt et al. [18], it was hard to
explain methane production model parameters in some cases. Several parameters in models even
could not allow to be compared for different feed stocks. Furthermore, the most proper model for
predicting methane production is necessary to be tested by RMSPE and AIC.

Model Testing

The calculated values of RMSPE and AIC are shown in Table 3. The lower the AIC value, the
more correct the model will be [27]. In Table 3, the lowest AIC for cellulose was monomolecular
model; cone was the second. It was easy to find that the lowest AIC for swine manure was from
logistic model, while Fitzhugh was the second one. Similarly, the lowest two AICs for buffalo
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manure were also from logistic and Fitzhugh model. As a result, logistic model is likely to be the
best model to predict the methane yield in the selected models for swine manure. As mentioned
above, The L value in logistic for buffalo manure was negative, which made logistic model
inefficient in explaining the physical significance of some parameters. As a result, the Fitzhugh
model was the best model to predict the methane yield in selected six models for buffalo manure.

Table 3 The calculated values of rootmean square prediction error (RMSPE) andAkaike’s information criterion (AIC)

Model Cellulose Swine manure Buffalo manure

RMSPE
(mL CH4/g VS)

AIC RMSPE
(mL CH4/g VS)

AIC RMSPE
(mL CH4/g VS)

AIC

Logistic 6.46 164.53 5.14 205.15 4.79 196.67

Exponential 15.54 237.07 12.85 312.84 5.11 202.18

Monomolecular 4.93 143.06 6.44 232.23 5.04 202.74

Fitzhugh 7.09 173.63 5.29 208.72 4.87 198.64

Cone 6.03 160.05 9.04 272.97 5.20 206.54

Gompertz 9.53 198.42 6.42 231.82 6.43 232.03
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Fig. 1 Experimental and predicted methane yields for digestion of swine manure (a), buffalo manure (b), and
cellulose (c)
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Both the logistic and Gompertz models are classic growth functions and are often employed
for modeling in vitro gas production curves. As shown in Fig. 1, the methane production from
swine manure is a sigmoidal shape, and the methane production from buffalo manure is a non-
sigmoidal shape. The sigmoidal shape indicates that rate of gas production increased firstly
before the maximum rate of fermentation was reached and then decreased, which may suggest
the increased microbial numbers and activities during the early stages of incubation. However,
the non-sigmoidal shape indicates that the rate of gas production decreased continually.
Without the lag phase shown in the non-sigmoidal-shape curve, a stable growth pattern could
be observed from methane production from buffalo manure. In fact, the negative L value for
buffalo manure implied that the logistic and Gompertz models are not appropriate for
predicting methane production from this kind of substrate. The insufficient quantity of the
fitting points caused by incompletion of the digestion for buffalo manure in the experiment is
another reason for the incapacity of logistic model to predict the methane production. Several
curves in literatures fitting usually contain more than 60 points [16], but the methane yield for
buffalo manure was still increasing after 60 days.
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Fig. 2 Comparison between experimental and predicted methane yields for digestion of swine manure (a),
buffalo manure (b), and cellulose (c)
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Although the assumptions underlying the logistic, Gompertz, and monomolecular models
showed large differences, the biological meaning of L might be consistent to that of L in
monomolecular and Gompertz. In the exponential models, it is assumed that no gas is
produced until a discrete time lag, λ, has elapsed. The domain for these models is t ≥ λ,
whereas models with no lag have a domain of t ≥ 0 (i.e., λ = 0). The logistic, Gompertz, and
monomolecular contain a time parameter L, which is referred to as lag in some references, but
is different from the discrete lag λ. Each model contains a rate constant, k, whose units are
time−1, and some models contain a shape factor n [18].

The detailed equations for predictingmethane production of cellulose, swine, and buffalomanure

could be expressed asY=394.5(1−e0.270−0.272t),Y=487.91−e0:159−0:377t1þe0:159−0:377t andY= 340.4(1−e
−0.039t)1.093,

respectively, where Y is methane yield (mL CH4/g VS), t is digestion time (day).
Figure 1 shows experimental and predicted methane yields for digestion of swine manure

(a), buffalo manure (b), and cellulose (c). Figure 2 shows comparisons between experimental
and predicted methane yields for digestion of swine manure (a), buffalo manure (b), and
cellulose (c). According to Figs. 1 and 2, a very good fitness (R2 > 0.99) could be obtained
through linear fit between experimental and predicted methane yields from swine and buffalo
manure. The two methane producing patterns were different when comparing buffalo and
swine manure, because the physicochemical properties, chemical compositions, and biodeg-
radation fractions of the two substrates were different [30]. The average residence time needed
to reach more than 90 % of methane potential was only 9 days for swine manure, while
59 days was needed for buffalo manure. This implied that more digestion time was needed for
fully digesting buffalo manure. The anaerobic digestion of buffalo manure demonstrated an
inhibited pattern [24].

Conclusions

The model fitting results showed logistic and Fitzhugh models were the best in the selected
models for predicting methane yields from swine and buffalo manure in this study, respec-
tively. Swine manure showed much more degradable capacity and faster digestion speed than
buffalo manure on biogas production. Based on the models, the predicted methane yield
potential for swine and buffalo manure were 487.9 and 340.4 mL CH4/g VS, respectively,
which were close to experimental values, respectively. Buffalo manure needs more than
60 days to achieve completely digestion. In addition, there exists an inhibited pattern without
lag time of methane production from buffalo manure.
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