TROPICULTURA, 1997, 15, 2, 51-55

ARTICLES ORIGINAUX
ORIGINAL ARTICLES

OORSPRONKELIJKE ARTIKELS
ARTICULOS ORIGINALES

Optimization of Anaerobic Digestion of Cattle Manure.
Effect of its Association with the Aquatic Weed Pistia

(Pistia stratiotes)

Zoubida Zennaki®, A. Zaid”, K. Bentaya™ & M. Boulif".

Keywords: Anaerobic digestion — Cattle manure — Aquatic weed — Biogas — Pistia stratiotes — Kinetic model

Summary

This study investigates the improvement of perform-
ance of anaerobic fermentation of cattle manure mixed
with the water lettuce Pistia stratiotes, a macrophyte
plant growing in the effluent of an anaerobic digestor.

The experiments used a series of continuous fermen-
tors, using mixtures of cattle manure and water lettuce
in the following proportions : 12.5%, 16.6%, 25% and
50% of Pistia stratiotes.

The best biogas yields were achieved with a proportion
of 50% of water lettuce in the mixture giving a biogas
yield of 0.62 m3/(m3.d.) with a methane content of
76.8% over a 15-days hydraulic retention time, at a
constant temperature of 35° C. The kinetic study based
on batch fermentation shows that the process is well
represented by the Monod Model. These performances
are better than those obtained in anaerobic digestion
of cattle manure used alone.

Résumé

La présente étude envisage de tester les performan-
ces de la digestion anaérobie des déchets de bovins
associés a la laitue d’eau ou Pistia stratiotes, plante
macrophyte cultivée sur effluent de digesteur métha-
nigue. Les essais ont été réalisés dans une série de
digesteurs en baich et en continu pour des substrats
constitués par un mélange de déchets de bovins et de
laitue d’eau aux différentes proportions Py = 12,5%, Po
= 16,6%, P3 = 25% et P4 = 50% de laitue d’eau.

Les meilleurs résultats ont été obtenus pour la propor-
tion P4 = 50% de laitue d’eau, donnant une production
en biogaz de 0,62 m3 (m3j) contenant 76,8% de
méthane pour une durée de 15 jours, a une tempéra-
ture d’expérimentation de 35° C. Létude cinétique du
systéme montre que le processus est bien représenté
par le modéle de Monod. Les performances obtenues
sont meilleures que celles réalisées lors de la fermen-
tation anaérobie des déchets de bovins utilisés seuls.

Introduction

Rural populations, 12.7 millions (9), in Morocco, use
either forest wood and straw or fossile fuels as energy
sources for their cooking and other household needs.
With the increasing costs of fossile fuels and the
necessity to protect natural forests from further degra-
dation, it becomes crucial to develop alternative ener-
gy sources to satisfy totally or partially the needs of
rural households. An alternative way is the production
of biogas using anaerobic digestion (fermentation) of
cattle manure. This process has been widely used
throughout the world (8,10); however, several authors
pointed out the limited performance of this system due
to the influence of physico-chemical parameters of the
fermentary process. Recently, several researchers
investigated ways to improve the performance of the
fermentary process through the addition of ground
plant material, especially that of the water lettuce Pistia

stratiotes, an aguatic plant that can be grown on efflu-
ent ponds.

The objective of this study is to test the performance of
biogas production in an integrated system incorporat-
ing the water lettuce. This study is the first of its type in
Morocco.

Material and methods

The experiments were carried out on the Energetics
Platform at the experimental farm of the National
School of Agriculture of Meknes. This Platform is com-
posed of several reactors with effluents recuperated in
ponds supporting macrophyte plants : Pistia stratiotes,
Eichhornia crassipes and Lemna gibba. This process
associates, at the same time, gas production, plant bio-
mass production and epuration of waste waters.
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Figure 1. Schematic diagram of integrated macrophytes
wastewater treatment and biogasification system.

The substrate : fresh cattle manure was obtained from
the barns, carefully isolated from straw and diluted to
the desired concentration.

Water lettuce has been chosen for its large productivi-
ty (19). The introduction of this plant in the system has
many advantages : 1) the purification of the effluent
through active absorption of organic matters and min-
erals (13, 16, 18); 2) its use as animal feed (5, 21, 23);
3) the enhancement of biogas production when ground
and added to the fermenting substrate and 4) his
esthetic aspect and its low investment (21).

This macrophyte provided from the “Exotic Gardens” in
Rabat. It has been acclimated and maintained in ponds
alimented by the fermentors effluent. Harvesting
occurred at maximum growth of the plant which is
weight, grounded and associated to cattle manure for
experimentation.

The digestors : two types of digestors were employed
in these studies : separate completely mixed bioreac-
tors had been conducted at continuous mode in order
to test the effect of temperature and the addition of
ground water lettuce biomass. These reactors consist-
ed of 70 liters polyethylene cylindric containers, where
the temperature was kept at 35° C and 55°C + 0,5° C
by circulating water. The fermentors were operated at
15 days hydraulic retention time.

In the same way, the kinetics of water lettuce-cattle
manure biomass biomethanation was studied at batch
mode in 500 mi glass serum flask.

Procedures. The quantities used to start the experi-
ments were : 26.66 kg of cattle manure diluted at 90 g
liter-1 and 7.3 kg of water lettuce diluted at 90 g liter-1.
As soon as biogas is produced, the fermentors were
fed each day by 4 liters of the mixture substrate diluted
at 40 g liter-1. The different proportions tested were : P4
=12.5%; Po = 16.6%; P3 = 25% and P4 = 50% of water
lettuce.

At batch mode fermentation the experiments were con-
ducted at 35° and 55° C. The concentrations used were of
40 gl-1, 50 gl-1 and 80 gl-! of dry weight basis (DW) at 35°
C, and of 40 gI-1 and 80 glI-! of DW substrate at 55° C.
An experiment was done in the same conditions with a
substrate of cattle manure alone.
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Chemical analysis. Total Solids (TS) were determined
by drying the samples at 105° C to constant weight;
Volatile Solids (VS) were determined by combustion of
dried sample at 620° C. Chemical oxygen demand
(COD) and mineral content were determined accord-
ing to the standards methods for water analysis (3,20).
The total nitrogen (Kj-N) concentration was deter-
mined using Kjeldahl method. Volatile Fatty Acids
(VFA) and gas analyses were carried out using gas
chromatography. pH measurements were done with
conventional glass electrodes.

Results and Discussion
Fermentation substrate characteristics :

Table | shows the relevant chemical characteristics of
the substrate used, composed of cattle manure alone
and mixtures of cattle manure and ground water let-
tuce, during the course of the experiment. It appears
clearly that mixtures have higher mineral contents, with
concentrations increasing with the proportion of the
water lettuce biomass in the mixture. These minerals
are essentially composed of phosphorous, calcium,
sodium and potassium. Furthermore, the amount of
nitrogen was also higher in mixture than in pure cattle
manure. Nitrogen concentration was also increasing
with the proportion of water lettuce in the mixture.
Globally we may say that there is an enrichment of the
substrate in minerals and in proteins which is provided
by the water lettuce.

Table | : Characteristics of cattle manure and cattle
manure-water lettuce mixtures used as substrates
in the reactors. (dry weight basis)

Mixture substrate
with proportion of w. leftuce
P4 Po P3 P4
pure 125% 166%  25% 50%

Parameters Cattle
manure

Total Solids gliter-1 1638 3638 3670 36.15 38.6

V. Solids (%) 85.50 83.21 81.61 80.47 9.19
Org. carbon (%) 4535 4312 4020 39.00 40.14
Cellulose (%) 3250 2650 2478 2415 29.12
Nitrogen kj. (%) 1.54 2.01 213 2.22 2.48
CIN 2944 2145 18.87 19.31 16.18
Phosph. (%) 0.50 0.45 0.64 0881  1.16
Sodium (%) 1.00 1.57 1.85 210 3.60
Potassium (%) 1.05 3.42 3.35 3.45 4.85
Calcium (%) 525 6325  6.35 6.35 7.05
C.0.D.mg 02/ 9227 7208 8995 10151 11950
VFA mg acet.ac/l 1327 1378 1255 1239 1047
pH 6.73 6.99 7.03 7.03 7.09

Fermentation process :

Buffer property of the digestor : Figure 2 shows pH
variation along the whole period of fermentation for the
different substrates. It can be noted from this figure that
pH is maintained in a neutral zone, except fort propor-
tion P1, which shows at the beginning an acide pH
reaching neutrality after 5-6 days. This pH variation is
clearly related to the Volatile Fatty Acids (VFA) con-
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centration in the mixture. This demonstrates the buffer-
ing power of the system, that can be explained by the
existence of high proportion of nitrogen of which the
part transformed to ammonia serves to counterbalance
the sudden increase of VFA. The system may also be
buffered by cations, particularly sodium and calcium
which form salts with organic acids, preventing the lat-
ter form inhibiting the process by a reducing of the pH.
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Figure 2. pH variation during fermentation of substrate
composed of 4 different mixtures of cattle manure and
Pistia stratiotes biomass at 35° C and
Hydraulic Retention Time (HRT) of 15 days.

The Volatile Fatty Acids : Figure 3 describes the evolu-
tion of VFA for the 4 different mixtures substrate. It
appears that the P1 substrates shows instability in the
concentration of VFA fluctuating between 200 mg/l and
800 mg/l, reaching even to 1200 mg/l of acetic acid. For
the proportions Po, P3 and P4, we observe a very high
stability. Globally it can be clearly seen that VFA con-
centration decreases as the proportion of the water let-
tuce in the mixture increases.
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Figure 3. Volatil Fatty Acids (VFA) evolution during fermentation
of substrate composed of 4 different mixtures of cattle manure
and Pistia stratiotes at 35° C and HRT = 15 days.

Globally the VFA concentration remains low in the four
mixtures and far from the toxicity limit which is 2000 mg/|
acetic.ac. (22). These data show the good performance of
fermentation process in the mixture substrate. However,
what is worth observing, is the decrease of VFA as the
plant proportion increases. This can be explained by the
existence of a bacterial flora adapted to the substrate that
balances the pH and enhances good degradation of VFA

leading to their depletion from the system. This is well
illustrated in figure 4 showing the evolution of biogas pro-
duction for the different mixture substrates. Effectively, we
notice that biogas yield evolves in the reverse direction of
that of VFA; the best production of biogas corresponds to
the lower concentration of VFA and hence to the propor-
tion P4 = 50% of the plant. This confirms the fact that, for
this proportion, the methanogenic activity is more impor-
tant and quicker than acidogenic activity, resulting in a
maximum use of the VFA, avoiding in this way, their accu-
mulation in the bath.
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Figure 4. Biogas production and VFA evolution during
fermentation of the 4 different mixtures of cattle manure and
Pistia stratiotes at 35° C and HRT = 15 days.

Methane production and efficiency of epuration of the
effluent : Figure 5 illustrates the evolution of methane
content in biogas and the reduction rates of the
Chemical Oxygen Demand (COD) for P4, Po, P3 and
P4. It can be seen that the proportion Pi goes together
with an increase in methane content in biogas and with
a reduction of COD. Consequently, we can say that the
best production of biogas occurred for the P4 proportion
which leads to 0.62 m3/m3.d with a methane content of
76.84% and the larger reduction rate of COD of 67%.
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Figure 5. Evolution of Chemical Oxigen Demand (COD)
reduction and methane content during fermentation of
the 4 different mixtures of cattle manure and
Pistia stratiotes at 35° C and HRT = 15 days.
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The high methane content seems to come from the
fact that the substrate contains important quantities of
proteins paraliel to that of the water lettuce proportion
in the mixture. In fact, according to Hawkes (11) pro-
teins release during the anaerobic degradation a gas
with a high methane content of 84%. This value which
is higher than the maximum obtained in our studies
can be justified by the fact that our substrate contains
in addition to proteins important quantities of sugars.

Our results confirm that the increase of water lettuce
proportion in the mixture enhances methanogenic
activity leading to better yield of methane with the best
yield being achieved by the 50% proportion of water
lettuce in the mixture. Taking into account the results
obtained by the fermentation of cattle manure alone
(table II), our data demonstrate an improvment of the
fermentary process by the addition of water lettuce. We
confirm, therefore the results obtained by Nipaney et
al. (17) and Abbasi et al. (1) in their experimentation on
Pistia stratiotes and Madawmar et al. (14) in their
experimentation of Eichhornia crassipes.

Table ll : Biogaz yields from fermentation of
pure cattle manure and cattle manure -water
lettuce mixtures substrates.

Mixture substrates
with proportion of w. lettuce
Pq Ps P3 P4
pure 125% 16.6%  25% 50%

Cattle
manure

Parameters

Biogaz m3kg OM.input  0.23 0.09 0.14 0.25 0.30
CH4 m3/kg OM. input 0.15 0.06 0.10 0.19 0.37
CH4 m3kg COD.input ~ 0.52 0.23 0.32 0.55 0.60

Kinetics study

The objective of this part of the study was to establish
a data base for employing a kinetic model that will pre-
dict methane yield and production rate as a function of
substrate concentration. These experiments provide a
uniform basis for comparison of our results with those
of fermentation of cattle manure alone.

The kinetic models used was developed by Monod
(15), Andrews (2) and Chen and Hashimoto (6) for
growth kinetic applied to bacterial growth of cattle
manure in anaerobic digesters. The best fit was
obtained with Monod model.

Monod Kinetic model : Because of the complexity of
the bacterial process in anaerobic digestion, we con-
sidered the reactions as a one step system :

Complex organic matter + microorganism + water
— microorganism + methane + carbon dioxyde

The specific rate at which the substrate disappears can
be given as the sum of three terms : one for the growth
of the cells, one for product development, and another
for maintenance of cells, each of them being multiplied
by a stoichiometric factor Y. Thus

- 1/X(dS/dt) = Y(s/x) Ux + Y(s/p) Hp + M

where piy is the specific growth rate of cells and pp is
the specific rate of methane formation, S is the effluent
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biodegradable substrate concentration (g/l) and t is the
time.

Monod gave a general expression for y with respect to
the limited substrate :

Specific growth of the cells model
= Hx = Uxmax-S/(Ks + S)

Specific methane production model
= HUp = Hpmax-S/(Kp + S)

where :

Uxmax is the maximum specific growth rate of cells (d-1)
Hpmax 18 the maximum specific product rate (methane) d-1)
Ks is the saturation constant of substrate (g/1)

Kp is the saturation constant of methane production (g/))

The actuel values of the rates of methane production,
cell growth, and substrate disparition were determined
by fitting our experimental data adjusted with the pre-
dicted model. The parameters of the models were
determined by non linear regression and the model
selected is the one possessing the smallest residual
sum of square.

Table Il : Kinetic constants determined during batch
fermentation of cattle manure substrate and mixing of
cattle manure-water lettuce substrate at 35° C.

cattle manure
water lettuce mixed

Substrate Cattle manure

Concentration % DW 4.0 5.0 8.0 4.0 5.0 8.0

Lxma d 026 027 027 031 033 033
Ks g/l 4027 5412 6442 2263 3356 51.77
Hpmax d 052 050 051 038 137 191
Kp g/ 4056 5545 6328 186 352 517

Table IV. Kinetic constant determined during batch
fermentation of cattle manure substrate and mixing of
catthe manure-water lettuce substrate at 55° C.

Substrate Cattle manure cattle manure
water lettuce mixed
Concentration % DW 4.0 8.0 4.0 8.0
Lxma o1 0.62 0.64 0.54 0.61
Ks g/l 40.44 56.21 19.8 43.6
fipmax &1 0.79 0.80 1.15 3.84
Kp g/l 40.58 58.37 25.0 23.0

Specific growth rate model:

At 35° C (table IlI), it is observed that the maximum
specific growth rate value is no dependant of the sub-
strate concentration, confirming in that way the results
obtained in the bibliography (3, 6). Furthermore, it is
lower for cattle manure substrate, showing thus, a best
activity of cells in the mixture substrate. These values
are not significantly different of results obtained by
Chen and al. (7):0.27d-1 on glucose and pepton and
Henze and Harremoes (12):0.3d.-1 for methanogens
activity. This confirms that, in our case, the methanoge-
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nic activity is more important than acidogenic activity.

At 55° C, the maximum specific growth rate increases with
temperature (table IV). As demonstrated by Andrews and
al. (3) this relation is expressed by the equation :

'U)(max = 0013T - 0129

Methane production rate model :

Maximum specific rate of methane formation increases
with temperature and with biomass concentration. It is
more important for the mixture, including thus, the pos-
itive influence of the water lettuce in the mixture. This
effect is confirmed by Ks and Kp values which are
higher for cattle manure used alone.

Substrate utilization model :

Table V presents the constant values for substrate
utilization mode! for the two temperatures 35° C and
55° C. It appears that in the two cases, the growth cells
yields, Yyss, is insignifiant in comparison of that of
methane production, Yx/p. On the other hand, it is
noted that when the temperature increases Yy/s
decreases although Yy increases, confirming thus
data experimented by Madawmar et al. (14); therefore
it seems that we have not any advantage to work in
thermophilic zone and fermentation in mesophilic tem-
perature would be a good alternative, for a project of
design plant.

Table V. Substrate utilisation rate constant in anaerobic
fermentation in batch for water lettuce alone and cattle
manure-water lettuce mixture at 35° C and 55° C.
(concentration : 8% DW)

Substrate Cattle manure water lettuce mixed
Température 35 55

Yxs 0.026 0.016
YCH4 0.223 0.408

m 0.117 0.045

R2 0.92 0.78
Conclusion

The addition of water lettuce biomass to cattle manure
improves the fermentary process over that realized
with cattle manure alone. The best results character-
ized by a biogas production of 0 62 m3/m3.d with a
methane content of 76.8% are obtained by the propor-
tion P4 = 50% of water lettuce which presents a com-
position allowing a good activity of methanogenous
bacteria, and a good equilibrium between the different
flora, as indicated by the absence of environmental
stress. The process is characterized by high stability, a
normal running and accordingly the achievement of
results of epuration associated to a satisfactory produc-
tion of biogas and a high methane content in biogas.

Literature

1. Abbassi S.A., Nipaney P.C. & Panholzer B., 1991, Biogas production from
the aquatic weed pistia (Pistia stratiotes). Bioresource-Technol., Elsevier
Applied Science Publisher. 37 (3), 211, 214.

2. Andrews J.F. 1975, The development of a Dynamic Model and control
strategies for the anaerobic digestion process. Water and Sewage Works,
march 1975 : 62-65 and april 1975 : 74, 77.

3. Andrews G. & Hashimoto R.L., 1982, Methane from cattle waste : effects
of temperature, HTR. and influent substrate concentration of kinetic
parameter (K). Biotechnology and Bioengineering, 34, 2039, 2052.

4. APHA, 1985, Standards methods for the examination of water and wasta-
water. American Public Health Association, Washington. D.C., USA.

5. Charbonnel Y., 1989, “Manuel de langage a macrophytes en régions tro-
picales”. Imprimé de I'Agence de Coopération Culturelle et Technique,
France.

6. Chen Y.R. & Hashimoto A.G., 1980, Substrate utilization kinetic model for
biological treatment processes. Biotechnology and Bioengineering, 22.
2081, 2095.

7. ChenY.R., Varel VA, & Hashimoto A.G., 1981, “Anaerobic fermentation
of beef cattle manure”, section 2.0, document of Solar Energy. Research
Institute V.S. Dept. of Agriculture. Clay Center, Nebraska.

8. Dubourguier H.C., Albagnac G., & Verrier D., 1985, Methane Production
Processus by Fermentation of Biomass. GE Beghi Edition. Synthetic
Fuels; pp. 219-233.

9. Direction de la Statistique, 1995, Annuaire Statistique du Maroc, 1995, p.
13

10. Hashimoto A.G., Chen Y.R. & Vaul V.A., 1981, “Anaerobic Fermentation of
Beef Cattle Manure”, section 2-0, document of Solar Energy. Research
Institute; contract of VS Dept. of Energy. N° E.G. 77-C-01-4042, Serie/TR-
98372-1.

11. Hawkes D.L., 1980, "Factors affecting net energy production from meso-
philic anaerobic digestion”. The polytechnic of Wales, Pontypridd, Wales,
England. 10 pages.

12. Henze M. & Harremoes P, 1983, Anaerobic treatment of waste water in
fixed film reactors. A literature review, Water Science and Technology, 8-
9-15. Pergamon Press. 90 pp.

13. Ignjatovic L. & Marjanovic P, 1986, A low cost method for nutrient remo-
val from domestic wastewaters”. Wat. Sci. Tech. 18, 49-56.

14. Madamwar D. Patel A. & Patel V., 1990, Effect of temperature and reten-
tion time recovery from water hyacinth-cattle dung. J. Ferment. Bioeng. 70,
n° 5, 340, 342.

15. Monod J., 1942, Recherches sur la croissance des cultures bactériennes;
Hermann et Cie; Paris.

16. Nelson S.G., Smith B.D. & Best R.R., 1981, “Kinetics of nitrate and ammo-
nium uptake by the tropical freshwater macrophyte Pistia stratiotes”
Aquaculture, 24, 11, 19.

17. Nipaney P.C. & Panholzer M.B., 1987, Influence of temperature on Biogaz
production from Pistia stratiotes. Biol. Wastes-London, Elsever Applied
Science Publishers, 19, (4), 267, 274.

18. Reddy K.R. & Debusk T.A., 1987, “State of the art utilisation of aquatic
plants in water pollution control”, Water science technology, 19, 10, 23.

19. Reddy K.R., Sutton D.L., & Bowes G.E., 1983, “Biomass production of fre-
shwater aquatic plants in Florida”, Proc. Soil and crop soc., Florida, 42,
28, 40.

20. Rodier J., 1984, “Lanalyse de l'eau, eaux naturelles, eaux résiduaires,
eaux de mer”, 7éme édition, Dunod, Paris.

2

jar

.Sauze F, 1981, “Potentiel énergétique et chimique de la biomasse aqua-
tique. Premiers résultats de recherches en méthanisation” La technique
de I'eau et de I'assainissement, 413, 7, 23.

22. Sinechal J., Instalie M.J., & Nyns E.J.. 1979, “Differenciation between ace-
tate and higher volatile acids in the modelling of the anaerobic biometha-
nation process”, Biotechnology letters, 1, 309-314.

23. Wolverton B.C. & McDonald R.C., 1981, “Energy From Vascular Plant
Wastewater Treatment Systems”, Economic Botany, 35, 224-232.

Zoubida Zennaki, Moroccan, Associate professor, Dept. Fundamental Sciences, National School of Agricufture, Meknes, Morocco.
A. Zaid, Moroccan, Professor, Dept. of Biochemistry, University My Ismail, Faculty of Sciences, Meknes, Morocco.

K. Bentaya, Moroccan, Assistant, University My Ismail, Faculty of Sciences, Meknes, Morocco.

M. Boulif, Moroccan, Ph.D., Professor, Dept. of Plant Pathology, National School of Agriculture, Meknes, Morocco.

55





