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A B S T R A C T

Methane production from swine wastewater was evaluated by using three inoculums: rumen (I1),
stabilized swine wastewater (I2) and sewage sludge (I3). Experimental design was based on four
treatments by duplicate: T0: swine wastewater as substrate (S) without inoculum (I), T1: S + I1, T2:
S + I2 and T3: S + I3 all with 90 (S)–10 (I) % vol with a ratio S/I approximately constant (1:0.05). ANOVA test
was applied to evaluate the significance of treatments at 95% confidence. After a batch experiment of
140 days, results indicated that the addition of any inoculum improved methane production rate and
shortened the start-up of methane exponential growth stage. I2 and I3 promoted the highest percentage
of organic matter removal (close to 50% in terms of VS and COD) and, in relation to the control test, a
higher methane production achieving 0.25 L CH4/g VS. The use of rumen (I1) did not improve methane
production to the same extent as the other inoculums while organic matter removal only achieved 15%.
The evolution of VFA and alkalinity show that methanogenic phase could be considered as the rate-
limiting step of the global methane production rate.
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1. Introduction

One of the most important and current challenges is to find a
solution to the pollution caused by waste and wastewater of
industrial and agricultural activities and to satisfy the growing
demand for energy [1]. During the last decades in Argentina it has
been a gradual process of concentration of the primary activity
with the emergence of large companies and the disappearance of
many traditional producers of mid and small scale. Accompanying
this phenomenon there was a wide diffusion of technologies of
high-capital investment based on a technological concept of
industrialization of rural production. The increase in the number of
animals per establishment and the regionalization of the produc-
tion has generated strong pressure on livestock, poultry and dairy
sectors because if production operations are not properly handled,
the discharge of nutrients, organic matter, pathogens and emission
Abbreviations: AD, anaerobic digestion; AR, alkalinity ratio; I, inoculum; IA,
intermediate alkalinity; PA, partial alkalinity; S, swine wastewater; T, treatment; TS,
total solids; VFA, volatile fatty acids; VS, volatile solids.
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gases cause significant pollution on water, air and soil [2,3].
Anaerobic digestion (AD) tend to solve the problem of wastewater
with a high content of organic matter through the availability of
renewable energy source based on the use of the generated
methane [4–6]. However, the estimation of net energy to be
produced through this process is a complex task due to the wide
range of factors that affect methane production [7].

AD of organic matter is carried out by a consortium of
microorganisms in sequential stage resulting a synergic action
[8–10]. The first stage corresponds to the hydrolysis of the complex
organic compounds that are not directly available for micro-
organisms. The result is the production of more simple organic
compounds as fatty acids, alcohols, and sugars. The second stage is
the acidogenic phase, which involves the conversion of volatile
acids and alcohols into simple substrates such as acetic acid and
hydrogen that can be used by methane-forming bacteria. The third
and last stage is the methanogenesis phase where methane and
carbon dioxide are produced [11,12]. In the final steps of AD
process, the dominant species are acidogenic and methanogenic
bacteria. The first is characterized by fast growing and less
sensitivity to the environmental changes while methanogens are
of slow growing (from a few days to some weeks depending on
environmental conditions) and they usually are inhibited to low
pH values [7,12]. Veeken and Hamelers [13] have determined that
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the accumulation of volatile fatty acids (VFA) as intermediates is a
signal that the rate of the hydrolytic step is greater than the
methanogenic stage. Any perturbation in the system can cause
changes in the type of dominant species and in the population of
microorganisms that will be reflected in the performance of the
bioreactor [7]. From that, the production and consumption of VFA
must be balanced to avoid overloads of the system and low
degradation of waste.

Kinetic studies of AD models can provide useful information for
the analysis, design and operation of a fermentation process
[14–16]. Kinetics description of the complex organic matter is
accomplished through the so-called rate-limiting step approach,
which could be defined as the step that will cause failure under
imposed conditions of kinetic stress [16]. The rate-limiting step is
related to the nature of the substrate, process configuration,
temperature, and loading rate. The type of waste digested dictates
which step need to be considered [17]. According to Seghezzo [17]
hydrolytic step is usually regarded as the controlling step for
wastewater with a high content of particulate matter. Other
authors such as Pavlostathis and Gossett [18], Pavlostathis and
Giraldo-Gómez [16] pointed out that the methanogenesis or
acidogenesis have been indicated as controlling stages even when
the hydrolysis may affect the overall process kinetics.

Between livestock waste, swine wastewater has characteristics
that make it able to be a favorable substrate for AD due to its higher
levels of water content and buffer capacity. Furthermore, swine
wastewater is a complex substrate that contains undissolved and
dissolved organic matter such as polysaccharides, lipids, proteins
and VFA in addition to a wide variety of nutrients which are
favorable for the growing of anaerobic microorganisms [14,19]. All
these compounds interact during the anaerobic process in a
complex system that should be analyzed to assure its stability
when the use of energy is a goal. Previous studies [20]
demonstrated that the use of fresh liquid swine manure a
substrate in AD did not achieve a good and steady performance
for methane production without the application of inoculums (I).
Quality and quantity of inoculums are key factors that determine
the length of the start-up and operation in a steady state of the
reactor [12].

Forster-Carneiro et al. [21] reported that inoculum source is a
very important operational parameter. Different types of inocu-
lums have been used in mesophilic anaerobic digestion, such as
swine wastewater, rumen, and sewage sludge that have demon-
strated good quality due to its content in methanogenic bacteria
[1,7]. Furthermore, these inoculums are waste from several sectors
such as meat and other food productions (slaughterhouses, pig and
cattle breeding, dairy sector) that highly impact the environment.
Liquid swine manure have been used as inoculums in AD of urban
solid waste [21], and in poultry manure [22]. Meanwhile Lopes
et al. [23] and Budiyono et al. [1] analyzed the influence of bovine
rumen fluid as inoculum during anaerobic treatment of the organic
Fig. 1. Experimental arrangement; bio
fraction of municipal solid waste and cattle manure respectively.
González-Fernández and García-Encina [24] analyzed the influ-
ence of sewage sludge on AD of liquid swine manure. Neves et al.
[25] used two types of sewage sludge as inoculum (granular and
suspended) in the AD of kitchen waste finding that the first one
(granular) was better in terms of methane production than the
second one. Digested sludge resulted the best inoculums between
six types (corn silage, restaurant waste digested mixed with rice
hulls, cattle excrement, swine excrement, digested sludge, and
swine mixed with sludge) in anaerobic thermophilic digestion of
organic fraction of municipal solid waste [21]. Taken into account
that not all substrate can be utilized by all methane-forming
bacteria [12], the performances of the process is strongly
dependent on the characteristics of the substrate as well as the
inoculum and the whole mixed system. In this sense, no
comparative studies were found relative to the influence of
different inoculum on the DA of swine wastewater.

The objective of this study was to analyze the effect of three
different inoculums-highly available in the region of this study- on
the AD of fresh swine wastewater and evaluate the performance of
the process regarding the methane production and identifying
those factors that affect the start-up and stability of the process.

2. Materials and methods

2.1. Experimental design

Four treatments in duplicate were carried out in a batch
laboratory-scale experiment. Reactors of 1 L capacity were filled
with mixtures of substrate and inoculums. They were hermetically
closed in order to assure anaerobic conditions and were manually
agitated at least once a day to avoid stratification. Bioreactors were
maintained in a water bath a constant temperature (35 �1 �C)
corresponding to mesophilic conditions (Fig. 1). Experiment were
conducted for 140 days until, methane production declined in all
treatments.

2.2. Substrates and inoculums

The substrate used was liquid fresh swine wastewater collected
from a piggery the same day that was produced and previous to the
discharge in a covered lagoon.

Three inoculums (I) were used: rumen (I1), swine liquid
manure previously digested (I2) and sewage sludge (I3). I1 was
provided by the local slaughterhouse the same day that was
collected to avoid degradation and death of anaerobic bacteria.
I2 was obtained from the Bioenergy Lab (College of Engineering,
UNCPBA) from a previously conditioned material under mesophilic
conditions and used when methane percentage achieved its higher
and constant value (67.61 �3.39%) in order to assure the
methanogenic activity [12]. I3 was obtained from the wastewater
gas and methane measurement.



Table 1
Experimental design.

Treatment Inoculum Percentage in vol. S/I ratio

Substrate Inoculum* g VS S/g VS I

T0 100 – –

T1 I1 90 10 1:0.06a

T2 I2 90 10 1:0.05a

T3 I3 90 10 1:0.05a

*Base on several authors that evaluated the inoculums concentration and agreed
that it should be applied between 5 and 10% in volume to assure an efficient process
[9,19,20].
aValues with the same letter in the same column have no significant differences
between treatment (P > 0.05) according to LSDs test.
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treatment plant (WWTP) at Olavarría city and maintained in a
batch reactor at mesophilic conditions at 35 �C � 1 until achieved
constant methane content of about 70%.

Samples were prepared by mixing S and I in the proportions
showed in Table 1. Each treatment was carried out in duplicates,
and no water was added to the digester due to the total solids
content of the substrate resulted in less than 10% assuring wet
anaerobic digestion [26]. The rate S/I resulted 1:0.06, 1:0.05 and
1:0.05 for T1, T2 and T3 respectively; differences between
treatments resulted statistically non-significant at P < 0.05.

2.3. Analytical methods and procedure

The parameters analyzed for the characterization of S, I and
mixtures were total solids (% TS), volatile solids (% VS), chemical
oxygen demand (COD, mg/L), pH, and ammonia nitrogen (mg N-
NH4

+/L). All of them were performed according to Standard
Methods [29]. These analyzes were carried out for each treatment
before and after the AD.

The alkalinity of treatments along the experiment was
determined according to the method suggested by Jenkins et al.
[30] that involves titration of the centrifuged sample at two pH
values (5.75 and 4.3). Three parameters were defined as a measure
of alkalinity: total alkalinity (TA) measured by pH titration to 4.3;
partial alkalinity (PA) associated with bicarbonate alkalinity and to
the buffer capacity of the system measured at pH 5.75 and
intermediate alkalinity (IA) associated with the VFA concentration
and estimated as the difference between previous ones. Alkalinity
Table 2
Physic-chemical characterization of S and I.

Parameter S I1 

TS, % 7.21 � 0.39 4.51 � 

VS, % d.b. 86.39 � 0.24 73.96 �
pH 6.18 6.85 

Total alkalinity,
mg CaCO3/L

4776 � 28 5903 �

COD, mg/L 63724 � 6061 28479 

Ammonia nitrogen,
mg N-NH4

+/L
1021.0 � 37.9 163.9 �

Table 3
Physic-chemical characterization of treatments.

Parameter T0 T1 

TS% 7.21 � 039a 6.94 � 0
VS% d.b. 86.39 � 0.24c 85.15 �
pH 6.18 6.40 

Total alkalinity,
mg CaCO3/L

4776 � 28a 4996 �

COD, mg/L 84576 � 8045b 65890 �
Ammonia nitrogen,
mg N-NH4

+/L
1021.0 � 37.9a 922.1 �

The values are means of replicates � standard deviation. Values with the same letter in
ratio (AR) is an indicator of digester stability and is defined as the
ratio between IA and PA. This parameter should not exceed the
range 0.3–0.4 to avoid acidification of the reactor [12,19,31–33].
These parameters, as well as pH were measured once a week in all
bioreactors.

The volume of biogas was evaluated in all the samples by volume
displacement according to Córdoba et al. [20]. The quality of biogas
was evaluated by the percentage (%) of methane. Measurements
were done periodically (at least daily) using a portable Landgem
GA2000, USA (Fig. 1) instrument with infrared cells to measure
methane and carbon dioxide (maximum error �0.5%), and
electrochemical cell for oxygen content (maximum error �1.0%).
Calibration was done with certified standard type gas mixture 60–
40 (CH4–CO2) from AGA (Certification Number 165342).

2.4. Statistical analyses

All treatments were conducted in duplicate. Methane and
biogas production were expressed as mean value � standard
deviation. The values reported to each parameter analyzed in this
work were the average of two samples. The analysis of variance
(ANOVA) test was performed to determine the significance of
mean values, Fisher’s least significant difference (Fisher’s LSD) was
calculated at a = 0.05. Statistical analysis of the data was carried
out using Statgraphics Centurion XVI (v.16.2.04) program.

2.5. Waste characterization

Physic-chemical characterization of S and I utilized in the four
treatments is detailed in Table 2. S showed a higher percentage of
total solids (7.21%) than I. The high values of VS (86.39%) and COD
(63724 mg/L) are indicators of abundance in organic matter. I2 and
I3 showed higher matter content than I1. The value of alkalinity
gives an indication of the buffer capacity of the system. Several
authors [21,34–36] reported that values of TA higher than
3000 mg/L assure the stability of the process. All the inoculums
used showed higher alkalinity value than the substrate, where
showed the highest value (11374 mg CaCO3/L). The relative high
ammonia nitrogen concentration (1021 mg NH4

+-N/L) should not
be a risk regarding the range between 3000 and 5000 mg/L
suggested by Drosg [37] that could because of inhibition.
I2 I3

0.38 3.53 � 0.45 4.57 � 0.07
 1.37 96.47 � 0.45 56.70 � 0.43

7.88 8.27
 82 11374 � 262 5063 � 65

� 3756 38766 � 1834 38034 � 8206
 33.1 2528.5 � 175.1 882.2 � 83.8

T2 T3

.31a 6.84 � 0.30a 6.95 � 0.34a

 0.08b 85.26 � 0.00b 83.42 � 0.17a

6.49 6.45
 129b 5264 � 36c 5010 � 155b

 6007a 66747 � 5189a 67243 � 4694a

 76.5a 1198 � 124.0a 1016.5 � 176.1a

 the same row have no significant differences (P > 0.05) according to LSDs test.



Fig. 2. Cumulative biogas and methane production for each treatment. Values obtained are means of replicates � standard deviation (SD). Values with the same letter in the
same type bar have no significant differences according to LSDs test. P values resulted 0.0005 and 0.0002 for biogas and methane production respectively in the ANOVA table.
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3. Results and discussion

Physical and chemical characterization of the initial mixtures is
shown in Table 3. The initial pH varied between 6.18 (T0) to 6.49
(T2), and alkalinity resulted in all the treatments higher than the
value suggested to assure stability in the digester. Based on that, no
pH adjustment was carried out on the mixtures. Regarding
ammonia nitrogen concentration, T2 showed the higher value
(1198 NH4

+-N/L) due to the nature of the inoculums (I2) that
provides a high concentration of this compound. However, the
differences between the four treatments did not result statistically
significant at P > 0.05 (Table 3).

3.1. Methane production and process efficiency in terms of organic
matter removal

After 140 days of anaerobic treatment, the cumulative biogas
production obtained achieved 6376, 8417, 19005 and 20384 mL for
T0, T1, T2 and T3 respectively (Fig. 2). Higher methane productivity
was achieved in T3 reaching a total production of 13538 mL
followed by T2 with 12865 mL, T1 with 4352 mL and T0 with
3250 mL. Fig. 2 shows that differences between treatments
resulted statistically different (P < 0.05) between T0 and T2 and
between T0 and T3 while between T0 and T1 differences resulted
non-significant (P > 0.05).

Biogas production in T2 and T3 resulted 198% and 219%
respectively higher than T0 while in terms of methane generation
the increase resulted in 296% and 317%. The application of rumen
Table 4
Summary of the performance of the four applied treatments.

Treatment Organic matter removal Methane production

COD, % VS, % L CH4/g VSi L CH4/g VSf

T0 18.41 � 6.0a 32.01 � 2.0a 0.058 � 0.0005a 0.181 � 0.010a

T1 14.61 � 3.3a 35.85 � 1.6a 0.078 � 0.0008a 0.227 � 0.008a

T2 53.06 � 2.2b 46.03 � 6.4a 0.244 � 0.002b 0.534 � 0.077b

T3 52.05 � 9.2b 49.85 � 7.6a 0.256 � 0.025b 0.517 � 0.029b

P-value 0.0031 0.0687 0.0002 0.002

i:initial, f: removed. These values are means of replicates � standard deviation.
Values with the same letter in the same column have no significant differences
(P > 0.05) according to LSDs test.
(T1) only improved 32.0% and 33.9% biogas and methane
productions respectively compared to T0.

The fraction of methane in the biogas resulted 51.0, 51.7, 67.7and
66.4% in T0–T3 respectively indicating that inoculums improved
not only biogas production but also enhanced its quality in terms of
energy content.

Organic matter removal is a measure of the degradability of
complex substrates [21,38]. Biogas and methane productions are
related to the available organic matter fed to the bioreactor
measured in terms of VS and COD. For that reason, the productivity
of AD is usually indicated in units of L CH4/g VS or L CH4/g COD.
T2 and T3 achieved higher organic matter removal (46.0 and 49.8%
VS removal and 53.0 and 52.0% COD removal respectively)
compared to T0 (32.0 % of VS and 18.4% COD removal) and T1
(35.9% SV and 14.6% COD removal) (Table 4).

Taking into consideration the methane production in terms of
VS added to the bioreactor, rumen (T1) produced only 34.5% more
methane than the substrate T0 (differences non-significant at
P > 0.05) while T2 and T3 produced 320.7% and 341.4% (differences
non-significant at P > 0.05) higher than T0 respectively. Final values
obtained for methane production (Table 4) represent the maxi-
mum potential for each mixture. The results obtained in T2
(0.244 � 0.002 L CH4/g VS) and T3 (0.256 � 0.025 L CH4/g VS)
resulted slightly lower than those reported by Chynoweth et al.
[38], that indicated a typical potential methane yield in the range
of 0.32 to 0.48 L CH4/g VS with a VS removal between 40 and 60%,
demonstrating that these parameters are largely dependent upon
the composition and the digestibility of the feed ration. By other
side, the experimental values obtained resulted close to those
suggested by IPCC Guidelines [39] for the estimation of methane
emissions from swine wastewater (the indicated value for Latin
America region was 0.29 m3 CH4/kg VS).

Chae et al. [40] determined the theoretical methane yield at
standard temperature and pressure based on the elemental
analysis of swine wastewater by using the Buswell’s equation
[41] founding a production of 0.724 L CH4/g VS destroyed, value
26% higher than those obtained in the present study (0.534L CH4/g
VS destroyed). This difference could be explained through several
factors such as the fraction of the organic matter that will be use to
synthesize bacterial mass, the lignin content that is not anaerobi-
cally degraded and the limitation of macro and micro nutrients as
highlighted by Angelidaki and Sanders [41].
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3.2. Analysis of the methane production kinetics

Methane concentration in biogas resulted about 50% (average)
from the startup of the process, and then decreased to about 22% in
T0 (60th day) and among 40–50% in T1, T2 and T3 (between days
20th and 40th of the experiment). The action of the inoculums
allowed a high recuperation of methane concentration, achieving
percentages around 70–80% in T2 and T3 that remained from day
60th to the end of the experiment. Methane percentage in
T0 started to growth from day 60th achieving values close to 70% at
day 120th although methane production resulted lower than
T2 and T3.

For all treatments, it was observed two phases of methane
generation separated by an intermediate lag stage of low methane
production (Fig. 3). The first stage stayed about 20 days and the
second one resulted in longer depending on the treatment. During
the first stage it was observed an initial fast increase in methane
production rate (during the first 48 h approximately) showing a
peak for all treatments (highest value observed in T1 was 325 mL
CH4/day). This behavior could be explained through the action of
the bacteria consortium provided by the substrate itself, as can be
observed from T0 that evidenced a peak of methane production of
281 mL CH4/day in spite it does not contain any inoculums. Then,
methane production rate decreased from the peak value achieving
the minimum rates for each treatment: almost null for T0, 5.4 mL/
day for T1, 10.6 mL/day for T2 and 5.7 mL/day for T3. This stage
could be considered as the start up of an induced lag phase. The
decrease of methane production observed could not be explained
on the basis of a lack of a specific source of feed for methanogenic
bacteria because VFA concentration steadily increased during this
stage (as can be observed from Fig. 4). According to Swinnen et al.
[42] the lag phase of a microbial population is typically observed as
a delay in the growth of a microbial population caused by a sudden
change in some environmental factor such as temperature. In this
case, when the substrate was placed in the batch digester, biomass
temperature suddenly changes from ambient temperature to 35 �C.
These changes induced a lag phase in the process causing a
methane production decrease achieving a null production for T0
(until day 75). This lag phase could also be detected in T1–
T3 however, it resulted in shorter comparing to treatment
T0 explained on the microbial population supplied by inoculum
itself (Fig. 2).

After the induced lag phase, the second stage of methane
production started approximately from day 40th to treatment T1,
T2, and T3. During this stage, T0 achieved a maximum of 54.97 mL/
day on day 104th from when average production was of
34.7 � 9.1 mL/day. For T1–T3, the peak rates resulted in 56.09,
Fig. 3. Methane production rate along 140 da
256.50 and 298.61 mL CH4/day achieved on 62nd, 100 and 105th
days respectively. These results evidenced the action of inoculums
shorting the lag phase and increasing the methane production rate.
In spite T1 started its exponential phase of methane growing at the
same time than T2 y T3, from day 53rd T1 stayed approximately at
constant rate (average 26.4 �13.7 mL/day) while T2 and
T3 continued increasing the methane production achieving
averages values of 120.7 �68.1 mL/day and 124.4 � 71.6 mL/day
respectively for the whole methane exponential growing stage.

These results evidenced that during the second phase, the
bacteria responsible for the methane generation were provided by
the inoculums which, required an adaptation time (lag-phase) to
the new environment (substrate). Besides, the nature of inoculums
influences the methane productivity according to the type of
substrate. From results obtained, digested swine manure (I2) and
wastewater sludge (I3) seems the inoculums that best suit to the
substrate that is being studied due to they not only shortened the
lag phase but increased methane production as well as methane
generation rate.

3.3. Alkalinity and VFA analysis

High biogas and methane production are both associated with
the consumption of VFA [21]. VFA are by-products of digestion and
according to Shao Pin [43] wastewater from pig farms contains a
high proportion of these compounds. The methane production
observed during the initial stage of the AD was explained through
the high values of VFA (3500–3800 mg CaCO3/L, Fig. 4) that served
as a substrate for methanogenic bacteria. This methane production
caused an increase in alkalinity to values close to 2000 mg CaCO3/L
indicating a decomposition of the organic compounds (proteins
and amino acids) that released ammonia and carbon dioxide
allowing the alkalinity growth, favoring the increase of the buffer
capacity of the system [9,12,33]. After this initial stage, the VFA
continued increasing for all the treatments to approximately
4900 mg CaCO3/L consuming alkalinity and decreasing the buffer
capacity of the system. As a result, methane production decreased
until values almost negligible. During the second stage, methano-
genic bacteria mainly provided by the inoculums and already
adapted to the new environment, starting to produce methane at
the expense of the available VFA consumption. This behavior could
be clearly observed in T2 and T3 where VFA consumption along the
second stage resulted in 70b% and 67.3b% respectively while for
T0 and T1there were only consumed 36.6a% and 37.5a% respectively
from the available VFA (Fig. 4). Different letters indicated
significant differences at 95% confidence level. These results
showed that bacteria provided by I2 were not able to consume the
ys of AD for the four applied treatments.



Fig. 4. Evolution of alkalinity (PA) and VFA concentrations along the experiment.
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available VFA and, therefore showed lower potential methane
production. The final values obtained of VFA at the end of the
process for T2 (1476 mg CaCO3/L) and T3 (1509 mg CaCO3/L)
resulted lower than those obtained for T0 (3178 mg CaCO3/L) and
for T1 (3112 mg CaCO3/L) indicating that adequate inoculums
Fig. 5. Cumulative methane production an
promote VFA consumption and therefore methane production. The
remainder non-consumed VFA in T0 and T1 are indicators of an
excess of accumulation that could destabilize the system and
inhibit the methanogenic action. This in accordance with Gerardi
[12] that indicated that successful fermentation of substrates in an
d AR for the four applied treatments.
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anaerobic digester requires the presence of a large diversity of
methane-forming bacteria.

The analysis of the second stage in terms of the alkalinity
showed for T0 a slow increase from day 70th to achieve a final
value of 2358 mg CaCO3/L; T1 exhibited similar behavior achieving
a final value of 1820 mg CaCO3/L; in T2 and T3, alkalinity showed a
sustained growth from approximately day 20thachieving values at
the end of the experiment of 6168 and 5215 mg CaCO3/L
respectively (Fig. 4). pH values followed a similar pattern to
alkalinity.

Fig. 5 shows that the increase in methane production was
associated with a decrease of AR and the consumption of VFA due
to a higher methanogenic activity. In T0 and T1 a lower AR decrease
reflected lower methane production while in T2 and T3the increase
in the VFA consumption rate caused higher decrease of AR. In T2,
only after the 90th day, AR decreased to less than 1.00, achieving an
alkalinity value of 3058 mg CaCO3/L. T3 achieved AR lower than
1.00 on 98th day, recording a value of alkalinity of 2741 mg CaCO3/
L. However, T0 and T1 were not able to reach AR lower than 1.At the
end of the process, for T2 and T3, the buffering capacity of the
system in terms of total alkalinity resulted higher than 3000 mg
CaCO3/L that ensures the stability of the process, in spite of AR
resulted higher than the value suggested for a “stable system”

[12,19,31–33,37].
Fig. 5 reflected the cumulative methane production explained

through two stages with an intermediate induced lag-phase for the
four treatments. The first stage produced 2318.4cmL CH4 (T1)
followed by 1692bmL (T0), 1668bmL (T3) and 1271amL (T2)
(different letters indicated significant differences at 95% confi-
dence level). These values represented 52.1, 53.3, 9.9 and 3.7% of
the whole accumulated methane production for T0–
T3 respectively, so in this stage, methane-forming bacteria
provided by I1 are able to produce more methane than the other
treatments. After the lag phase, the second stage produced
1557 mL CH4 (T0), 2033 mL (T1), 11593 mL (T2) and 11870 mL
(T3) demonstrating that I2 and I3 allowed the best performance for
the substrate studied obtaining higher methane production.

By comparing the kinetics of the four treatments, T0 showed
the longer induced lag phase, the lower VFA consumption and,
therefore the lower methane production. This behavior could also
be explained through the high S/I ratio used in the experiment
compared with values previously reported. High S/I ratio was
selected to improve the performance of the system in terms of
provide higher capacity of the digesters, however as could be
observed it caused longer times of process and VFA accumulation
and, therefore lower methane production [24]. The action of the
inoculums contributed to reduce the lag phase and increase the
methane production rate during the exponential phase allowing
longer methane production stage as could be observed from the
differences in these parameters when T1–T2 and T1–T3 were
compared. This behavior is in accordance with those reported by
Neves et al. [25].

For the experimental design applied and considering the high S/
I ratio used, it was observed that methanogenic stage resulted the
limiting of the process rate based on the analysis of the low
methane production and low VFA consumption obtained for
T0 compared with T2 and T3 during the second stage where can be
observed the effect of inoculums.

4. Conclusions

Methane production from AD of swine wastewater was
evaluated by using three inoculums (rumen, digested swine
wastewater and sewage sludge) in low concentration. It was
evaluated the performance of the process in terms of the methane
production and the identification of the factors that affect the
start-up and stability of the process.

Results showed that inoculation of fresh swine wastewater
improved the productivity in the AD process in terms of biogas and
methane production. Sewage sludge and stabilized liquid swine
manure showed better capacity that rumen to act as inoculums
when fresh liquid swine wastewater is used as the substrate. Both
inoculums achieved a higher percentage of organic matter removal
(close to 50% in terms of VS and COD) and the highest methane
productivity attaining the value of 0.25 L CH4/g VS, close to
previous reported. Rumen did not produce significant differences
regarding methane produced by the substrate itself, and the
organic matter removal did not exceed 15%.

The nature of the substrate as carrier of a microbial consortium
that provides enough methanogenic bacteria allowed to identify
two stages in the methane production: the first one provided by
the substrate itself, an intermediate lag phase that depends on the
inoculums and a second one of exponential growth methane
production where it was achieved the maximum methane
potential production. The inoculation caused a decrease of the
lag phase almost to the half. The evolution of VFA and alkalinity
explained the observed methane production kinetics. For the
substrate studied, the fast growing of VFA concentration as well as
the long time that this concentration remains indicated that
methanogenic stage is the rate limiting step of the global methane
production rate.

Acknowledgements

To the National Council of Scientific and Technical Research for
the PhD fellowship of Verónica Córdoba, and to the Electricity
Cooperative of Olavarría (Coopelectric), to Catanzaro pig breeding
and to the Municipal Slaughterhouse of Olavarría for the supply of
the inoculums used in the study.

References

[1] B. Budiyono, I.N. Widiasa, S. Johari, Sunarso, Influence of inoculum content on
performance of anaerobic reactors for treating cattle manure using rumen
fluid inoculum, Int. J. Eng. Technol. 1 (2009) 109–116.

[2] E. Santalla, V. Córdoba, D. Crozza, Evaluación, diagnóstico y propuestas de
acción para la mejora de las problemáticas ambientales y mitigación de gases
de efecto invernadero, (2008). http://www.ambiente.gov.ar/?Idarticulo=6878.

[3] V. Córdoba, G. Blanco, D. Crozza, E. Santalla, Emisiones de Metano en el Sector
Ganadero Argentino, en: II Congr., Int. Ambient. y Energías Renov., Córdoba,
Argentina, 2011, pp. 240–251.

[4] H. Zhou, D. Löffler, M. Kranert, Model-based predictions of anaerobic digestion
of agricultural substrates for biogas production, Bioresour. Technol. 102 (2011)
10819–10828, doi:http://dx.doi.org/10.1016/j.biortech.2011.09.014.

[5] J.M. Triolo, A.J., Ward, L., Pedersen, S.G. Sommer, Characteristics of animal
slurry as a key biomass for biogas production in Denmark, en: Biomass Now—
Sustain. Growth Use, Miodrag Da, InTech, (2013): pp. 307–326. doi:http://dx.
doi.org/10.5772/54424.

[6] E. Atandi, S. Rahman, Prospect of anaerobic co-digestion of dairy manure: a
review, Environ. Technol. Rev. 1 (2012) 127–135. http://dx.doi.org/10.1080/
09593330.2012.698654.

[7] C. Mateescu, I. Constantinescu, Comparative analysis of inoculum biomass for
biogas potential in the anaerobic digestion, Sci. Bull. 73 (2011) 99–104.

[8] B.K. Ahring, M. Sandberg, I. Angelidaki, Volatile fatty acids as indicators of
process imbalance in anaerobic digestors, Appl. Microbiol. Biotechnol. 43
(1995) 559–565, doi:http://dx.doi.org/10.1007/bf00218466.

[9] A.J. Ward, P.J. Hobbs, P.J. Holliman, D.L. Jones, Optimisation of the anaerobic
digestion of agricultural resources, Bioresour. Technol. 99 (2008) 7928–7940,
doi:http://dx.doi.org/10.1016/j.biortech.2008.02.044.

[10] G. Hegde, P. Pullammanappallil, Comparison of thermophilic and mesophilic
one-stage, batch, high-solids anaerobic digestion, Environ. Technol. 28 (2007)
361–369, doi:http://dx.doi.org/10.1080/09593332808618797.

[11] F. Shuler, Bioprocess Engineering: Basic Concepts, 2a ed., Prentice Hall, U.S.A,
2001 ISBN-13: 9780130819086. ISBN: 0130819085.

[12] M.H. Gerardi, The Microbiology of Anaerobic Digesters, John Wiley & Sons, Inc.,
Hoboken, New Jersey, 2003.

[13] A. Veeken, B. Hamelers, Effect of temperature on hydrolysis rates of selected
biowaste components, Bioresour. Technol. 69 (1999) 249–254.

[14] I. Angelidaki, L. Ellegaard, B.K. Ahring, A mathematical model for dynamic
simulation of anaerobic digestion of complex substrates: focusing on

http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0005
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0005
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0005
http://www.ambiente.gov.ar/%3FIdarticulo=6878
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0015
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0015
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0015
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0020
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0020
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0020
http://dx.doi.org/http://dx.doi.org/10.5772/54424
http://dx.doi.org/http://dx.doi.org/10.5772/54424
http://dx.doi.org/http://dx.doi.org/10.1080/09593330.2012.698654
http://dx.doi.org/http://dx.doi.org/10.1080/09593330.2012.698654
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0035
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0035
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0040
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0040
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0040
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0045
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0045
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0045
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0050
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0050
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0050
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0055
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0055
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0060
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0060
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0065
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0065
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0070
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0070


122 V. Córdoba et al. / Journal of Environmental Chemical Engineering 4 (2016) 115–122
ammonia inhibition, Biotechnol. Bioeng. 42 (1993) 159–166, doi:http://dx.doi.
org/10.1002/bit.260420203.

[15] Y. Mu, G. Wang, H.-Q. Yu, Kinetic modeling of batch hydrogen production
process by mixed anaerobic cultures, Bioresour. Technol. 97 (2006) 1302–1307,
doi:http://dx.doi.org/10.1016/j.biortech.2005.05.014.

[16] S.G. Pavlostathis, E. Giraldo-Gomez, Kinetics of anaerobic treatment: a critical
review, Crit. Rev. Environ. Control 21 (1991) 411–490, doi:http://dx.doi.org/
10.1080/10643389109388424.

[17] L. Seghezzo, Anaerobic Treatment of Domestic Wastewater in Subtropical
Regions, Wageningen University, 2004.

[18] S. Pavlostathis, J. Gossett, Preliminary conversion mechanisms in anaerobic
digestion of biological sludges, J. Environ. Eng. 114 (1988) 575–592.

[19] A.E. Campos Pozuelo, Optimización de la digestión anaerobia de purines de
cerdo mediante codigestión con residuos orgánicos de la industria
agroalimentaria, Universidad de Lleida, 2001. www.tdx.cat/bitstream/handle/
10803/8229/Tecp1de1.pdf?sequence=1.

[20] V. Córdoba, M. Fernández, E. Santalla, Ensayo batch de co-digestión anaeróbica
en purines de cerdo, en: III Congr., Int. Ambient. y Energías Renov., 2013, pp.
484–494.

[21] T. Forster-Carneiro, M. Pérez, L.I. Romero, D. Sales, Dry-thermophilic anaerobic
digestion of organic fraction of the municipal solid waste: focusing on the
inoculum sources, Bioresour. Technol. 98 (2007) 3195–3203, doi:http://dx.doi.
org/10.1016/j.biortech.2006.07.008.

[22] P.G. Kougias, I.A. Fotidis, I.D. Zaganas, T.A. Kotsopoulos, G.G. Martzopoulos,
Zeolite and swine inoculum effect on poultry manure biomethanation, Int.
Agrophys. 27 (2013) 169–173, doi:http://dx.doi.org/10.2478/v10247-012-
0082-y.

[23] W.S. Lopes, V.D. Leite, S. Prasad, Influence of inoculum on performance of
anaerobic reactors for treating municipal solid waste, Bioresour. Technol. 94
(2004) 261–266, doi:http://dx.doi.org/10.1016/j.biortech.2004.01.006.

[24] C. González-Fernández, P.A. García-Encina, Impact of substrate to inoculum
ratio in anaerobic digestion of swine slurry, Biomass Bioenergy 33 (2005) 105–
109.

[25] L. Neves, R. Oliveira, M.M. Alves, Influence of inoculum activity on the bio-
methanization of a kitchen waste under different waste/inoculum ratios,
Process Biochem. 39 (2004) 2019–2024, doi:http://dx.doi.org/10.1016/j.
procbio.2003.10.002.

[26] D. Bolzonella, L. Innocenti, P. Pavan, P. Traverso, F. Cecchi, Semi-dry
thermophilic anaerobic digestion of the organic fraction of municipal solid
waste: focusing on the start-up phase, Bioresour. Technol. 86 (2003) 123–129.

[29] APHA, Standard Methods for the Examination of Water and Wastewater, 20th
ed., American Public Health Association, 1999.
[30] S. Jenkins, J. Morgan, C. Sawyer, Measuring anaerobic sludge digestion and
growth by a simple alkalimetric titration, Water Pollut. Control Fed. 55 (1983)
448–453. http://www.jstor.org/stable/25041903.

[31] L.E.E. Ripley, W.C.C., Boyle, J.C.C. Converse, Improved Alkalimetric Monitoring
for Anaerobic Digestion of High-Strength Wastes, J.—Water Pollut. Control
Fed.; (United States). 58 (1986) 406–411. http://www.osti.gov/energycitations/
product.biblio.jsp?osti_id=5261202 (accedido 27 de febrero de 2013).

[32] L.A. Rubio-Loza, A. Noyola, Two-phase (acidogenic–methanogenic) anaerobic
thermophilic/mesophilic digestion system for producing Class A biosolids
from municipal sludge, Bioresour. Technol. 101 (2010) 576–585, doi:http://dx.
doi.org/10.1016/j.biortech.2009.08.066.

[33] M.J. Cuetos, A. Morán, M. Otero, X. Gómez, Anaerobic co-digestion of poultry
blood with OFMSW: FTIR and TG-DTG study of process stabilization, Environ.
Technol. 30 (2009) 571–582, doi:http://dx.doi.org/10.1080/
09593330902835730.

[34] F. Molina, G. Ruiz-Filippi, C. Garcia, J.M. Lema, E. Roca, Pilot-scale validation of a
new sensor for on-line analysis of volatile fatty acids and alkalinity in
anaerobic wastewater treatment plants, Environ. Eng. Sci. 26 (2009) 641–649,
doi:http://dx.doi.org/10.1089/ees.2007.0308.

[35] V. Córdoba, M. Fernández, E. Santalla, Influencia del inóculo en la digestion
anaerobica de purín de cerdo, en: XXXVII Reun. Trab. la Asoc. Argentina
Energías Renov. y Medio Ambient., (2014): pp. 06, 29–38.

[36] E. Voß, D. Weichgrebe, K.H. Rosenwinkel, FOS/TAC-Deduction, Methods,
Application and Significance, en: Int. Konf. Biogas Sci., (2009): pp. 2–4.

[37] B. Drosg, Process monitoring in biogas plants, IEA Bioenergy (2013) .
[38] D.P. Chynoweth, A.C. Wilkie, J.M. Owens, Anaerobic processing of piggery

waste: a review, Asian-Aust. Assoc. Anim. Soc. 12 (1999) 607–628.
[39] National Greenhouse Gas Inventories Programme, IPCC. Guidelines for

National Greenhouse Gas Inventories, Japan, 2006.
[40] K.J. Chae, A. Jang, S.K. Yim, I.S. Kim, The effects of digestion temperature and

temperature shock on the biogas yields from the mesophilic anaerobic
digestion of swine manure, Bioresour. Technol. 99 (2008) 1–6, doi:http://dx.
doi.org/10.1016/j.biortech.2006.11.063.

[41] I. Angelidaki, W. Sanders, Assessment of the anaerobic biodegradability of
macropollutants, Rev. Environ. Sci. Biotechnol. 3 (2004) 117–129, doi:http://
dx.doi.org/10.1007/s11157-004-2502-3.

[42] I.A.M. Swinnen, K. Bernaerts, J.F. Van Impe, Modelling the work to be done by E.
coli to adapt to sudden temperature upshifts, Lett. Appl. Microbiol. 42 (2006)
507–513, doi:http://dx.doi.org/10.1111/j.1472-765X.2006.01896x.

[43] Y. Shao-Pin, Analysis of volatile fatty acids in wastewater collected from a pig
farm by a solid phase microextraction method, Chemosphere 38 (1999) 823–
834.

http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0070
http://dx.doi.org/10.1002/bit.260420203
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0075
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0075
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0075
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0080
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0080
http://dx.doi.org/10.1080/10643389109388424
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0085
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0085
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0090
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0090
arxiv:/www.tdx.cat/bitstream/handle/10803/8229/Tecp1de1.pdf?sequence=1
arxiv:/www.tdx.cat/bitstream/handle/10803/8229/Tecp1de1.pdf?sequence=1
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0100
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0100
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0100
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0105
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0105
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0105
http://dx.doi.org/10.1016/j.biortech.2006.07.008
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0110
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0110
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0110
http://dx.doi.org/10.2478/v10247-012-0082-y
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0115
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0115
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0115
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0120
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0120
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0120
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0125
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0125
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0125
http://dx.doi.org/10.1016/j.procbio.2003.10.002
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0130
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0130
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0130
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0135
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0135
http://www.jstor.org/stable/25041903
http://www.osti.gov/energycitations/product.biblio.jsp%3Fosti_id=5261202
http://www.osti.gov/energycitations/product.biblio.jsp%3Fosti_id=5261202
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0150
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0150
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0150
http://dx.doi.org/10.1016/j.biortech.2009.08.066
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0155
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0155
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0155
http://dx.doi.org/10.1080/09593330902835730
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0160
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0160
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0160
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0160
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0175
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0180
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0180
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0190
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0190
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0190
http://dx.doi.org/10.1016/j.biortech.2006.11.063
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0195
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0195
http://dx.doi.org/10.1007/s11157-004-2502-3
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0200
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0200
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0200
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0205
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0205
http://refhub.elsevier.com/S2213-3437(15)30048-8/sbref0205

	The effect of different inoculums on anaerobic digestion of swine wastewater
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Substrates and inoculums
	2.3 Analytical methods and procedure
	2.4 Statistical analyses
	2.5 Waste characterization

	3 Results and discussion
	3.1 Methane production and process efficiency in terms of organic matter removal
	3.2 Analysis of the methane production kinetics
	3.3 Alkalinity and VFA analysis

	4 Conclusions
	Acknowledgements
	References


