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ABSTRACT

Anaerobic digestion is an established technology to simultaneously produce biogas and treat different kinds of
wastes. This work deals with water buffalo manure digested under mesophilic (37 <C) and thermophilic (55<C)
conditions with initial pH varying from 6.0 to 8.7. The digestion is investigated following the evolution of the
biogas composition in time, in terms of the volume fraction of CH4, CO2 and their ratio. The growths of the
biogas products are interpolated with a Gompertz equation and in all the investigated cases the methane
productivity is above 63% with a CH4/CO:z ratio rather high and equal to about 2. In mesophilic conditions, an
initial pH of 7.0 must be preferred to optimize the methane yield and to minimize the time required to attain it.
The thermophilic conditions resulted very promising since they almost halved the time required to reach the
final yield. The speed up of the process at 55<C, in our case, resulted to be due to the increase of the digestion
kinetic more than to the selection of a new metabolic pathway.
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1. INTRODUCTION

Biomass anaerobic digestion processes to produce biogas
have several advantages [1]: i) First, they allow converting the
energy contained in biomass into a useful fuel (biogas) which
may be stored and transported. Biogas is a mixture principally
formed by methane (CH4) and carbon dioxide (CO-) and traces
of other gases and organic acids of low molecular weight [2].
ii) Second, they represent a method of recycling the organic
wastes that is transformed into stable soil fertilizers. iii) Third,
they are a waste treatment able to reduce the pollutants release
to the environment [3].

Biomass includes a large amount of material as organic
fraction of municipal solid waste, sewage sludge, food waste,
animal manure, etc. [4, 5]. The latter is a low cost substrate
rich in carbohydrates, especially suitable to produce biogas,
without the addition of any nutrient or additive [6].

Anaerobic digestion is a complex process carried out by a
consortium of several different microorganisms, which in the
case of manure are naturally present in the animal intestine.
The metabolic pathway can be schematically divided into four
main phases: hydrolysis, acidogenesis, acetogenesis and
methanogenesis and each step is performed by different
consortia of microorganisms [7,8]. The microorganisms
producing methane, during the last digestion phase, are called
methanogens and they can be classified according to their
optimal pH range [9]; in particular, to maximize the CH, yield,
pH typically varies from 6.5 to 8.2, with optimal values of 7.0-
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7.2 [10]. Besides pH, the production of CH4 from manure
anaerobic digestion is principally affected by the amount of
inert solids, the hydraulic retention time and the process
temperature [11, 12]. Focusing on the animal manure
substrate, Kalia and Singh [13] obtained a bio-methane
concentration in biogas equal to 55-60 % accompanied by CO-
concentration of 40-45%. They digested cattle dung at 23 <C
and pH 8.2, in batch mode. Twelde et al. [14] digested
mixtures of brewery wastes and cattle dung at 35 <C and pH =
7.5 reaching a very high level of CH4 volume fraction equal to
69% and a CO; volume fraction of 30%. Abubakar and Nasir
[15] used cow dung, fermented at 53 <C with neutral pH, in a
semi-continuous process, producing a biogas with a methane
concentration equal to 47 %; in this case, no specification of
CO; concentration was given.

We study, in this work, the effect of temperature and pH on
the biogas production from digestion of water buffalo manure,
which is a substrate still poorly investigated in the literature
and it is relevant in southern Italy because of the significant
increase of buffalo farms related to the production of the DOP
mozzarella di bufala. We treat separately manure coming from
lactating and non-lactating buffaloes since the difference in
their feed and hormonal phase can affect the manure
characteristics. We focus not only on the production of CHa,
but also on CO; and on their ratio. The anaerobic digestion of
water buffalo manure is performed under mesophilic (37 <C)
and thermophilic (55 <C) conditions, with pH varying from
acid (pH = 6.0) to basic (pH = 8.7) values.




2. MATERIAL AND METHODS
2.1 Manure

Manures from lactating and non-lactating buffaloes are
collected from the farm “La Valentina s.r.l.”, in the
municipality of Villa Literno, in Campania (South Italy),
during a period of time covering more than three years. The
manure samples are always taken in the morning; they are
placed in plastic bags, transported to the laboratory and
immediately stored in the fridge at 4 <C [6] to slow down the
bacteria metabolism. In this way, the manure properties keep
stable until the actual beginning of the digestion experiments.

The fresh manure samples used in this work are listed in
Table 1. The total solids (TS), the volatile solids (VS) content,
and the pH value (pHsu) of each fresh sample is measured
upon collection. TS and VS are determined according to the
European Standard Methods [16, 17]. TS varies from about 17
to 35 % (Table 1) with a mean value of 26.8 % +6.3 %. This
large standard deviation is ascribable primarily to the season
of the year of the manure collection (rainy or dry months may
affect the manure water content), to differences of the animal
food supply, and to the cattle hormonal phase [18]. VS is
almost constant and equal to a value of about 72 %, with the
exception of the single case of sample I, which shows
VS =52.5 %. The average value that we measured is in good
agreement with those reported in the literature for other kinds
of manure and sewage sludge [19]. VS indicates the fraction
of the organic matter in the biomass and allows estimating the
effectively digestible substrate fraction. The pH value of the
fresh manure substrate is always basic and, in particular, it
varies from 7.1 to 8.8.

Table 1. Properties of buffalo manure samples

TS [%] VS [%0] pHsub

Lactating buffalo

A 28.6 8.8
B 20.6 - 8.8
C 26.9 - 7.6
D 17.1 - 7.3
E 20.7 73.9 7.6
F 331 729 7.3
Non-Lactating buffalo

G 29.8 - 8.7
H 353 67.3 7.9
1 22.4 52.5 7.1
L 33.8 73.9 7.7

2.2 Process conditions

Figure 1 shows the borosilicate glass bottles, with volume
of about 280 ml, used as batch digesters. Each bottle is loaded
with 80 ml of substrate to leave a head volume of about 200 ml
for the gases. For each process condition and for each sample,
three replicates are prepared for statistical purposes.
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Figure 1. Picture of batch digesters

The substrate is prepared by mixing the manure with
distilled water to obtain a manure/water mass ratio equal to
30/70. This ratio was chosen as a compromise between the
maximization of the biogas production and the minimization
of the slurry viscosity. Indeed, the higher the manure mass
fraction, the higher the biogas production, but the higher is the
slurry viscosity [20-24].

The initial pH of the samples is typically corrected to
achieve either the value of 6.0 or 7.0, by adding the opportune
amount of 1M HCI water solution. In this paper, we
investigate also the case where the pH of the manure/water
slurry is not artificially modified. In all the experiments, the
pH is left to auto-evolve during the digestion and only the final
value is measured. The slurries are opportunely mixed
following a three steps procedure: they are firstly hand mixed,
then electrically homogenized for 2 min and finally filtered
with a Bichner filter equipped with a vacuum pump. Guarino
et al. [25] showed that these mechanical pre-treatments,
compulsories in a continuous process in lab-scale reactors, do
not alter the digestion process. The manure/water mixture is
loaded into the bottle and the anaerobiosis is obtained blowing
nitrogen inside the hermetically closed digesters with a two-
needle system. To limit the sample sedimentation, the bottles
are manually shaken once a day during all the fermentation
process.

The measurement of the produced gas composition is
performed with the microGC Agilent 3000 equipped with two
capillary columns: a MolSieve 5 A and a Poraplot U. The
former is used to separate H,, O,, N2 and CHy; the injector and
column temperature are respectively set at 90 <C and 110 C
and Ar is the gas carrier. The latter separates CO; the injector
and column temperature are set at 90 T and 85 <,
respectively, and He is the gas carrier. To dry the gas prior to
its injection in the microGC a home-made water trap is used.

2.3 Gompertz growth

To quantitatively compare the results obtained with the
different process conditions, the plots of the gas volume
fraction growth in time are interpolated with a three
parameters Gompertz sigmoidal equation [26, 27], Eq(1):

H = Pexp {—exp [1a,;+-e (7\ - t) + 1]} Q)
where e is Euler’s number and t [h] is the digestion time. The
interpolation parameters have a clear physical meaning: H [%]
is the cumulative production, P [%] is the productivity, i.e. the
volume fraction asymptotic value, Ry [n'] is the maximum
production rate, and A [h] the lag-phase time, see Figure 2.
The Gompertz growth applies to the case where the feed for
the bacteria is largely abundant. In this case, the digestion



products, after a lag-phase time, exponentially increase and
reach a final plateau corresponding to the so called Gompertz
production. On the contrary, if the feed is not so abundant, a
possible decrease of the gas concentration after the plateau can
be observed. Anyway, we never faced such a decrease.
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Figure 2. Three parameters Gompertz growth

3. RESULTS AND DISCUSSION

The results for each case-study are plotted in terms of the
evolution in time of CH4, CO; and their ratio and are shown in
Figures 3-5. To keep a graphical indication of the difference
between the manure coming from lactating and non-lactating
buffaloes, we use empty symbols for the formers and filled
ones for the latters. Since we did not detected significant
differences between the two typologies of manure, the CHs4
data are interpolated altogether with a single Gompertz
equation, Eq(1), and the same is done for the CO, data, while
the curve shown in the CH4/CO; plots derives from the ratio
of the CHa- and CO»- Gompertz interpolations and it is shown
to guide the eye. The estimated parameters of each case-study,
P, Rm and 4, and the regression coefficient R? are listed in
Table 2 together with the digestion parameters: initial pHin,
process temperature T, and final pHgn, i.e. the value measured
at the end of the experiments.

Figure 3 shows the results of case-study | where the samples
A, B, C, Gand H of Table 1 are digested at T = 37 <C, starting
from an initial pH equal to 6.0. The CH. growth in time of
case-study |, Figure 3a, shows a regular sigmoidal trend with
a methane productivity P ~ 63 %, a lag-phase time 4 =108 h,
and a production rate Ry = 0.18 h'.. These samples have a final
pHsin of about 6.9 +0.2 indicating that the slurry pH auto-
evolves towards neutrality during the digestion. When this
does not happen, the methane productivity remains very low,
and we here do not show these results. A regular sigmoidal
trend is also shown for both CO, data and CH4/CO- ratio
(Figures 3b and 3c, respectively), although some differences
are evident. First, the lag-phase time of CO, growth is shorter
than that of CH. and thus the interpolation parameter A is
negative. This result, though unphysical, reflects the fact that
the collected experimental data do not catch the first part of
the CO; growth, indeed the first point measured, after almost
one day of digestion, already shows a finite value of CO;
volume fraction. The lag-phase time of the ratio CH4/CO- is
positive and is in between those of methane and carbon
dioxide because the CH4/CO; ratio can be different from zero
only if CH4 volume fraction is not nil.
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PHin=6.0 T=37 °C
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Figure 3. Case-study I: Time evolution of CH4 and CO>
volume fraction, and of their ratio, at pHi» = 6.0, T = 37 <C.
Symbols are experimental data, line is the global fit curve

Table 2. Gompertz parameters

pHin T pH#in P Rm R2
[T] [%0] [h] [h1]

I 6.0 37 6.9 CH, 63.2 108 1.8-.101 0.94
CO; 314 -214 1.0-10' 0.86

CH4/CO, 2.0 540 55.10°
I 7.0 37 7.0 CH4 65.9 107 2.5:101 0.93
CO; 30.6 -39.2 9.7.102 0.85

CHJCO, 22 778 8.9.10°%
I 7.5 37 7.0 CH4 65.2 88.6 2.1.101 0.99
IV 8.1-8.7 55 7.7 CHy 716 685 43101 0.98
CO, 348 271 1.46 0.90

CH4/CO;, 2.1 683 1.2.102

Figure 4 shows the results of case-study Il where the
samples D, E, H, | and F of Table 1 are digested at T = 37C,
starting from an initial pH equal to 7.0. Case-study Il slightly
differs from the case I: Concerning the CHa, the value of P is
slightly higher and it is equal to 66 %, and the maximum



production rate is larger and equal to 0.25 h%; the lag-phase
time is essentially unchanged and results equal to 107 h
(Table 2). The CO- growths are also very similar and indeed
the Gompertz parameters are almost the same.

PHin=7.0 T=37°C
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Figure 4. Case-study II: Time evolution of CH, and CO,
volume fraction, and of their ratio, at pHi» = 7.0, T = 37 <C.
Symbols are experimental data, line is the global fit curve

As regards the CHJ/CO- ratio, the main difference is
observable in the maximum production rate parameter that for
case-study Il is about the 60% higher than that of case-study I.
It is interesting to remark that also in this case pHsin is neutral
and this suggests that it remains almost constant during the
entire digestion process.

The results of case-studies | and 11 (Table 2) suggest that all
samples auto-adjust their pH during the digestion process
towards neutrality, consequently the obtained CH4 and CO;
yields seem to be unaffected by the initial pHin. It was then
decided to investigate the digestion process without setting the
sample pH to an initial desired value. This new process
condition is imposed to sample D of Table 1, whose initial pH,
i.e. which obtained after mixing the manure with bi-distilled
water, was 7.5, only slightly different from its pHsu, (Table 1).
We could not measure the CO, concentration for problems
occurred with the microGC column Poraplot U that is used to
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separate the CO,. The bio-methane evolution in time of this
case-study 111 is shown in Figure 5a. The regression curves of
case-studies | and Il, already shown in Figures 3 and 4,
respectively, are reported for comparison.

75
a) e X e —
60 | A
'S S
~
///
T 45t 1
O
NS
30 + - Gompertz regressions - b
/ pHip=8.1, 8.7 T=55°
sl // 777777 PHi=7.0 T=37° |
/s —— —.—  pH{jp=6.0 T=37°
— — — pHFTS T
75 + + +
b) x D lLact. pH,=7.5 T=37°C
60 L o Flact. pH,=8.1 T=55°C |
e LNon-Lact. pH,=8.7 T=55°C
45 - 1
o~
o} © e
S e
X ®
S 30+ O e J— = = T ]
//Q/
Z
15 | /// 4
Y
0
3
o~
o
O
\<l‘
T
O

600

400 800

time [h]

Figure 5. Time evolution of CH4 and CO; volume fraction,
and of their ratio, for systems digested without correcting
their initial pH, at 37 <C and 55<C. Comparison with results
of Figures 3-4 is shown. Symbols are experimental data, lines
are global fit curves

Data in Figure 5 and Table 2 indicate that the digestion of
sample D starting from a pHi, = 7.5 shows a methane growth
very similar to that of case Il (pHin» = 7.0), but a slightly shorter
lag-phase time. In particular, it has a lag-phase time 1 = 88.6 h,
a production rate Ry = 0.21 h, and a productivity P equal to
65.2 %. It is interesting to remark that also in this case, pHyin
is neutral, thus the system reduces its pH during the digestion.
The clear similarity between the CH4 growth of case Il to
those of cases | and Il let us imagine that also the CO- has a
growth very similar to those shown in Figures 3b and 4b.

The digesters of wastes are typically installed within a
cogeneration plant, where heat is usually available, thus a
process at a temperature higher than 37 € can be
economically sustained. Moreover, in the literature there are
only few papers [15, 28] indicating that bio-methane can be
produced also at 53 - 55 <C. We then decided to investigate the



manure digestion in thermophilic conditions, 55 <C, and since
at 37 <C our system auto-evolves during the digestion towards
neutrality, we did not modify the initial pH (case-study 1V). In
Figure 5, experimental results obtained digesting the manure
at 55 <C (samples F and L), without adjusting their initial pH,
are shown and compared with all the results obtained at 37 <C,
plotted only in terms of Gompertz regressions, for the sake of
graph readability. The initial process pHi» resulted equal to 8.1
and 8.7 for Samples F and L, respectively, and also in this case
it is slightly smaller than pHsu.

The volume fractions of the biogas obtained from the
digestion of samples F and L are essentially superimposed thus
showing a behaviour of the system independent on the initial
pHin. In agreement with this observation, we measured the
same final pHsin for both samples that resulted only slightly
basic and equal to 7.7. This shows once more that the system
tends to auto-evolve towards neutrality that is only approached
in mesophilic conditions, while it is reached at 37 <C. Notice,
however, that for samples F and L, while CO2 shows a final
plateau value, CH4 has not yet reached it. Indeed, for technical
problems, we were forced to interrupt the digestion process
before the attainment of a real steady state. Thus, we may not
exclude that the system pH was still evolving when we stopped
the process.

In view of the similarity of the results of samples F and L,
we interpolated them with a single Gompertz equation and the
interpolation parameters are in Table 2. Notice that the
methane productivity is only grossly estimated because the
plateau experimental data that allow a good accuracy of P are
missing. Nonetheless, we may observe that the methane
productivity increased to a value of 71.6 % that is the highest
of all the measured samples. Notice, however, that the
productivities P of CH4 and CO> sum to an unphysical value
larger than 100%. This is due to both the grossly estimate of
CH, productivity and the choice of fitting all the data with a
single Gompertz equation. Anyway, each set of data has
biogas volume fractions (CH4, CO2, N) correctly summing to
100%.

A more evident effect of the new process conditions is the
reduction of the lag-phase time, which resulted equal to
A =68.5 h, and the increase of the maximum production rate,
which became Ry = 0.43 h'l. Consequently, the plateau value
can be reached, in this case IV, in about 400 h, while it was
reached in about 700 h at 37<C. Overall, the methane data
indicates that the digestion kinetic is speeded up in the new
process conditions. Carotenuto et al. [29] hypothesised that
this may be due to not only the increase of temperature that
typically enhances the chemical kinetics, but also to the higher
initial pH that may promote the hydrogenotrophic
methanogenesis during which CO, and H; are converted into
CH4 and H20 [30]. Also the pH decrease suggests that the
acidogenic phase is well operated; during this phase, fatty
acids are released due to the degradation of substrate cellulosic
material. Further insights can be now obtained looking at the
CO; data. (Figure 5b). They show a clear speed up of the
process that shows a maximum production rate one order of
magnitude larger than those of the cases at 37<C, Rn = 1.46,
and a productivity only slightly larger than the previous cases.
The lag-phase time is in this case positive (Table 2), since the
first the CO, volume fraction measured is practically nil. It is
still impossible to discern whether the observed speed up is
due to a simple increase of kinetic or to the selection of a
different, more efficient, metabolic pathway. CH4/CO, data
may help with this respect (Figure 5c¢). Their growth is self-
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similar to that of the cases digested at 37<C, showing
essentially the same plateau value, a very similar lag-phase
time, and a maximum production rate monotonically
increasing with the digestion temperature. This suggests that
the metabolic pathway is essentially the same and the new
process conditions act on the digestion kinetic.

Regardless the digestion temperature, the CH4/CO- ratio
reached in our systems is about 2. This is considered to be a
high value [31] that indicates that the process involves not only
the digestion of carbohydrates, but also of more complex
molecules as triglycerides. Indeed, with a simple
stoichiometric argument, we may consider that the biogas
production from organic substrates involves an internal redox
reaction that converts organic molecules to CH4 and CO;
according to the general Buswell equation [31]:

a b 3d mn _ a b
CnHaObNd'i'(n_Z—E‘FT)HZO - (E+§_Z_
3d n a b 3d
) cH, + (3= 2+2+22) co, + anH,. @)

For the simplest cases, such as the conversion of
carbohydrates, like starch, (CeHi100s)n, Buswell equation
becomes:

(CSHIOOS)TL +n H20 - 3n CH4 + 3nC02, (3)
and thus a 1:1 ratio of CH4 and COs is obtained, as well as in
the case of the digestion of a protein, CsH;NO,, for which
Buswell equation, Eq(2), reduces to:

CsHyNO, + 3 Hy0 >3 CHy +C0, + NHs, )
while the redox stoichiometric equation of a lipid, Cs7H1040s,
leads to something more than a 2:1 CH4/CO; ratio:
Cs7H10406 + 28 H,0 — 40 CH, + 17CO0,. (5)

Our results are comparable to those of Twelde et al. [14]
who obtained a 2:1 ratio of CH4/CO; at 35 <C, while are
significantly better than those of Kalia and Singh [13] and

Abubakar and Nasir [15] who chose a temperature of 23 <C
and 53 <C, respectively.

4. CONCLUSIONS

In this work, we compared the biogas produced by digesting
water buffalo manure, in batch mode, under different process
conditions. In particular, we modified two of the most
important parameters affecting the process: the temperature
and the initial pHi,. The pH is not controlled during the
digestion process, but only at its beginning and it varies from
6.0 to 8.7. Since the unmodified pH of the mixture water-
manure is slightly basic (Table 1), we acidified the system
with 1 M HCI water solution to obtain the value of pHi, = 6.0
and 7.0, while values of pHin = 7.5, 8.1 and 8.7 were obtained
without any pH correction. The pH is always measured at the
end of digestion process and for all the cases the systems auto-
evolves towards neutrality. The temperature was set to 37 <C
and 55 <C.

Avyield of about 67% expressed in terms of methane volume
fraction of the biogas is obtained regardless the initial pH
value keeping the temperature at 37 <C. This can be explained
with the observation, already discussed, that the pH auto-



evolves towards neutrality and thus the effective pH during the
digestion probably is not so different. The effect of the initial
pH is more pronounced on the digestion kinetic, indeed the
yield is reached at different times, the shortest corresponds to
pHin = 7

By changing the temperature, the yield seems to increase up
to 70%, but the estimated production P has a low accuracy at
55<C because of data lacking. Anyway, a clear speed-up of the
process is observable. This acceleration can be due to either a
kinetic increase or a selection of different metabolic pathways.
The former explanation must be preferred because of the self-
similarity, under mesophilic and thermophilic conditions, of
CH./CO; evolution shown in Figure 5c.

The final ratio CH4/CO; of the biogas is high and equal to
about 2, independently of the initial pH and of the temperature.

The results obtained at 55 €€ and pHi»=8.1 and 8.7
(samples F and L) sounds very promising, but the
generalization of this experimental observations requires
further studies with also other manure samples.
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NOMENCLATURE

TS total solids. %

VS volatile solids. %

PHsub original substrate pH.

pHin pH at the start of the digestion process.
pHsin pH at the end of the digestion process.
H cumulative production. %

P Productivity. %

Rm maximum production rate. h**

A lag-phase time. h

e Euler’s number.

t digestion time. h
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