
Introduction

The transition to a sustainable energy economy is one of

the most important issues facing us in the 21
st

century. It

involves the introduction of new energy sources for eco-

nomic reasons dealing with the arising prices of a barrel

of oil and for ecological reasons dealing with the sus-

tainable use of our energy resources to minimize the im-

pact of CO2 in the atmosphere. One of the alternatives

for synthesizing renewed energies is the conversion of

biomass to biogas via anaerobic digestion. Biomass is a

renewable energy resource which includes a wide vari-

ety of organic supplies. One of them are the slaughtering

houses wastes. The economic activity linked to that sec-

tor generates 30000 tons of residues in Spain that can be

processed and converted to biogas through anaerobic

biodigestion. That process can be performed under con-

trolled bioreactors by different methanogenic bacte-

ria [1, 2]. The reaction yields a gas constituted by a mix-

ture of methane and CO2 but it also generates a

solid–liquid effluent that is rich in nitrogen, phospho-

rous and potassium that could be used as soil fertil-

izer [3, 4]. The carbon content of this product has been

reduced during the digestion and for that reason the ef-

fluent may favour the carbon to nitrogen ratio in soils

that are nitrogen limited. This kind of product has been

poorly investigated and there is very few information

about its effect on soil. For that reason, calorimetry to-

gether with some chemical analysis is applied here to as-

sess about the properties and the effect of these com-

pounds on soil microbial activity. Calorimetry has the

advantage to give information about two of the most im-

portant indicators of the soil quality: organic matter and

microbial activity. The quantity and nature of the or-

ganic matter can be studied by differential scanning cal-

orimetry (DSC) while the microbial activity can the con-

tinuously monitored by isothermal calorimetry [5, 6]. It

is very easy to evaluate how a certain compound affects

the heat rate of the soil microbial metabolism since ev-

ery metabolic change can be continuously detected and

registered through the power–time curves [7]. Here a ca-

lorimetric procedure is showed to assess about the effect

of the effluents resulted of the anaerobic digestion of

slaughtering houses residues on the quality and nature

of the soil organic matter through DSC experiments and

on the soil microbial activity via isothermal calorimetry.

Experimental

Soil sampling and chemical analysis

The soil sample was collected in the place where the

industrial bioreactor is going to be settled. The car-

bon, C, and nitrogen, N, of the soil was determined by

a Perkin-Elmer 2400B elemental analyzer. Both yield

the C to N ratio, C/N of the sample. The same analysis

was applied to the effluent to give the C and N com-

position. The analysis was done to the solid and liquid

part of the effluent. It was also determined the fat con-

tent, the gas, the H2S and the volatile acids of the

product of the anaerobic digestion.
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DSC of the soil and effluent

Curves of the soil and the effluent were obtained

with a differential scanning calorimeter (Mett-

ler TA4000-DSC822). DSC experiments were con-

ducted with a heating rate of 10°C min
–1

under a flux

of air and nitrogen (20 cm
3

s
–1

) [8]. The effluent was

analyzed by DSC as a solid-liquid mixture. Then it

was dried at 105°C for 12 h and the solid part ob-

tained was analyzed by DSC too. The same experi-

mental procedure was applied to the soil samples and

to a mixture of the soil and the effluent. Soil and ef-

fluent are mixed and kept for 5 days. Each day sub-

samples of the mixture are taken for DSC measure-

ments in order to see the effect of the effluent on the

soil curves using that of the soil as reference.

Isothermal calorimetry

The microbial activity of the effluent and that of the

soil was recorded with a Calvet MS 70. A 9 mL of ca-

pacity calorimetric ampoule was filled with the efflu-

ent and hermetically closed. Then it is introduced in

the calorimeter together with the reference ampoule

filled with an inert substance (Al2O3). This procedure

was performed with 5 samples named as cc1, cc3, cc6,

cc7 and cc9 in order to check the reproducibility of the

results. The measurements were done at 25°C. The

same calorimeter was used to measure the heat rate of

the soil basal metabolism. For those measurements 3 g

of soil is introduced in the 9 mL calorimetric ampoule

and 3 g of Al2O3 is used as reference. The measure-

ments were done at 25°C too. The microbial activity is

showed as power–time curves in both cases (effluent

and soil). Then, 1 mL of the effluent is added to 3 g of

soil and introduced in the calorimeter ampoule to com-

pare the power–time curves under these conditions to

that obtained from the soil without the effluent.

Results and discussion

The C and N of the effluent and the soil are shown in

Table 1. The solid part of the effluent represents

the 1.86% of the whole product. It has the 40% of the

total C and 0.044% of the total N. The liquid part of the

effluent contains most of the N of the effluent. The C/N

ratio of the solid part in 16.80 and that of the total ef-

fluent 1.65. It is not allowed to use animal compounds

as fertilizers with a C/N ratio higher than 10. Thus it

would not be used as compost but as liquid fertilizer.

None of the solid or liquid part of the effluent exceeds

the 6% limit of nitrogen given for these compounds.

The soil has a C/N ratio of 18. High C/N ratios

are linked to immobilization of N [9, 10]. The N con-

tent of the effluent would increase up to 0.64% that of

the soil, and the C/N ratio would decrease to a more

favourable 10.75 value.

The curves obtained from the total effluent are

shown in Fig. 1. The area limited by these curves

was related to the C content of these samples to give

the heat of pyrolysis of the effluent. Those values

were –125 kJ mol
–1

C for the total effluent and

–42.55 kJ mol
–1

C for the solid part of the effluent

that contains the C. These values are very low and far

from those values associated to the combustion

enthalpy for carbohydrates and organic matter [11].

The nature of the C in the effluent could be inorganic.

Both curves show two well defined exothermic peaks

at about 293 and 443°C indicating the combustion of

the organic compounds of the total effluent (solid and

liquid). Figure 2 shows the curve obtained for the soil

sample. The heat of pyrolysis calculated for the soil

is –346 kJ mol
–1

C. This value is closer to the enthalpy

values for organic compounds than those of the

effluent. The curve of the soil has also two exo-

thermic peaks well refereed by the literature. Those

peaks are usually named as LER and HER [12, 13].

The temperature of the peaks in Fig. 2 fit well with

those temperatures given by other authors. The first

peak is caused by the combustion of aliphatic and

carboxylic groups while the second peak is due to the

combustion of aromatic compounds [14].
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Table 1 Percentages of carbon, nitrogen, and hydrogen, of

the liquid and solid part of the effluent and that of

the soil sample

Effluent C/% N/% H/%

Liquid 0.36�0.03 0.28�0.04 4.26�0.98

Solid 40.35�0.39 2.40�0.06 5.00�0.13

Total 0.71�0.08 0.43�0.06 5.48�1.29

Soil 6.52�0.36 0.36�0.03 0.50�0.10

Average�SD, n=3

Fig. 1 Curves of the solid–liquid effluent resulting from

anaerobic digestion of slaughtering houses residues



Figure 3 shows the curves obtained when the soil

sample is incubated with the effluent for four days.

It is observed a clear decrease of the area limited by

the curves as the incubation time increases. This is re-

flected in a fall of the heat of pyrolysis of that mixture

with time. The heat values are also shown in Fig. 3.

That decrease could be attributed to enhancement of

soil microbial activity and degradation of the soil or-

ganic matter. For this reason the soil microbial activ-

ity was followed by isothermal calorimetry. Figure 4

shows the power–time curves of the soil sample to-

gether with that obtained when the effluent is added

to the soil. There is a clear enhancement of the heat

flow rate in samples with the effluent that can be re-

lated to stimulation by N sources. This increment can

be given in quantitative terms by an increase in the

soil mass specific heat rate [15] from –0.76�0.07 J g
–1

of soil and day, J g
–1

d
–1

, registered for the soil basal

metabolism, to –2.15�0.74 J g
–1

d
–1

when the effluent

is added to the soil. The modification of the C/N ratio

in soil by external N sources enhances the degrada-

tion of the soil C that probably modifies the quantity

and nature of the organic matter. This process could

be responsible for the observed changes of the heat of

pyrolysis of the mixture soil-effluent given in Fig. 3.

The stimulation of the organic matter degrada-

tion is a very common process associated to the use of

N fertilizers [16]. For this reason the effluent should

be added to the soil together with an external C source

to avoid losses of organic matter.

Another feature to take into account to test possi-

ble fertilizers is the microbial population that the

fertilizer introduces in soil. The digestion of the

slaughtering houses residues is done by anaerobic

bacteria that are theoretically inhibited by the presence

of oxygen. Therefore they would be inactivated when

added to the soil. To introduce more knowledge about

the microbial activity of this residue, it was studied by

isothermal calorimetry also in order to register any

possible microbial activity. The power–time curves

obtained are shown in Fig. 5. It can be observed that

the power–time curves of the effluent show a clear
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Fig. 2 Curve of the soil where the effluent is tested

Fig. 3 Curves of the mixture effluent–soil incubated for 4 days

Fig. 4 Power–time curves of the soil basal metabolism and

those of the soil metabolism after amendment with the

effluent. There is a clear increase of the heat flow rate

when the effluent is added to the soil

Fig. 5 Power–time curves recorded from 5 samples of the

effluent of the digestor. All of them show the typical

shape associated to microbial growth reactions



shape associated to microbial growth reactions.

The shape of these curves follows a gaussian distribu-

tion that permits to compare the curves by ANOVA.

The result yielded significant differences among plots.

All of them have an exponential phase that per-

mits the calculation of the microbial growth rate,

�, [17, 18]. They also have a lag phase that give the

latency time, �, of the reaction and the quantity of mi-

crobial biomass through the Sparling´s equation [19].

The integral of these curves give the total heat dissi-

pated by the microbial reaction, QT. These data asso-

ciated to microbial kinetics are shown in Table 2.

They permit to study the plots in quantitative terms

and to associate the differences found among the plots

to different products of the residue under digestion

given in Table 3. Results show that the effluent has an

active biomass that ranges from 533 to 744 �g of bio-

mass C that grows exponentially at a rate that varies

from 0.37 to 0.53 h
–1

for a period of time from 4

to 11 h. After that time, the heat flow rate stabilizes

due to a metabolic change from a growth reaction to a

maintenance metabolism characterized by values of

heat flow rate of 0.026–0.061 mW. The inhibition of

the microbial growth reaction is caused by the fat con-

tent of the residue. This is given by a significant cor-

relation found between the values of QT, Pmax and �

given in Table 2 and the fat content determined for the

residue given in Table 3. The equation resulting from

the correlation existing between the � values and the

fat content give a value of �=0.57 h
–1

if the quantity

of fats is zero. This value is close to that reported for

aerobic microbial growth with acetate as C source

(�max=0.7 h
–1

). It is far for the value given for anaero-

bic reactions linked to the methanogenic bacteria

(�=0.015 h
–1

) [20]. The aerobic degradation of ace-

tate or acetic acid is also limited by the quantity of

fats that act as alosteric inhibitors of the oxidative re-

action linked to the microbial growth [21]. The � val-

ues directly calculated from the power–time curves

suggest an efficient metabolism compatible with the

use of low energy substrates [22]. These results are

very striking since the process under study is sup-

posed to take place by anaerobic bacteria. The fact

that the manipulation of the residue to be studied by

calorimetry causes the registered metabolism suggest

the existence of another type of bacteria like faculta-

tive anaerobic since the conditions of the bioreactor

avoid the existence of strict aerobic bacteria. A strain

of bacteria that fits well with these features is E. coli.

The quantity of E. coli that can be in the fertilizers is

under control, for that reason we suggest a more

detailed microbiological analysis to confirm the

existence of these bacteria in the effluent.

Conclusions

The proposed procedure shows that the effluent stim-

ulates the microbial activity in the soil. That is given

by changes in the heat of pyrolysis of the organic mat-

ter of the soil sample calculated by DSC and by a

clear enhancement of the heat flow rate of the soil af-

ter adding the effluent. The calorimetric study of the

effluent detects the existence of microbial population

and defines the nature of the detected metabolism.

It permits to warn easily and fast about the quantity

and the possible strain of the bacteria growing in or-

der to avoid intoxications of the medium where the

effluent is going to be used.
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