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MATERIALS AND METHODS 

As co-substrates mixtures of sewage sludges and oil waste from solvent extraction were used. 

Characteristics of raw sewage sludge 
The raw sewage sludge used in this work was collected from a wastewater treatment plant located 
in Olsztyn, a city of approximately 200,000 inhabitants in NE Poland. The wastewater treatment 
system involves chemical precipitation of phosphorus by PIX (ferric sulphate) that determined the 
amount of mineral fraction in sewage sludge. A mixture (50:50, v/v) of thickened primary and 
thickened excess sludge collected from the thickener and pre-fermentor, respectively, was used as 
co-feed. The average water content was 97 %, containing 70 % of volatile solids (VS) in the total 
solids. Table I presents the average values of micro- and macro-elements in the sewage sludge. 

Characteristics of oil waste 
Oil waste from solvent extraction was collected from the rape oil plant in Kwidzyn (Poland). It was 
characterized by strong earthy odour and greasy consistency. Oil waste is susceptible to putrescence 
with a lightly acid reaction. The calorific value of this waste is 19866 kJ/kg. The total solids of oil 
waste ranged from 40 to 50 %. Oil waste contains a high concentration of organics, total volatile 
solids contribute to 95 % of total solids, whereas fatty solids (extracted by petroleum benzene) 
make up 29.3 % of total solids. 
Table I shows the main characteristics of the reaction-based vegetable oil waste, involving metals 
and hexane as a solvent used at oil production. 

Table I. Characteristics of sewage sludge and oil waste 

Component Unit 
Oil waste Sewage sludge 

Value 

Pb mg/kg TS <0.1 19.71 

Cd mg/kg TS <0.05 2.10 

Cr mg/kg TS <0.3 36.14 

Cu mg/kg TS 1.46 102.8 

Ni mg/kg TS 1.88 14.50 

Hg mg/kg TS <O.Ol 0.194 

Zn mg/kg TS 48.0 488.1 

Hexane mg/kg TS 111.1 

Carbon o/o 40.7 
Hydrogen o/o 3.5 
Oxygen, nitrogen o/o 12.9 
Sulphur o/o 0.07 
Ash o/o 2.11 22.03 
Total nitrogen % 6.81 
Total phosphorus g/kg TS 28.11 
Ca g/kg TS 20.4 
K g/kg TS 5.10 
Mg g/kg TS 4.35 
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Organization of the experiment 
The experiment was arranged in two parts. In the first part, fermentation manometrie tests with the 
determination of biogas production potential were performed. In the second part, to determine the 
yield parameters of co-fermentation of sewage sludge and waste from oil production, continuously 
stirred anaerobic reactors were used. 

Riogas production potential (GB21) 

As regards the GB21 method, the gas production potential was determined manometrically using the 
pressure sensitive OxiTop system according to PN-EN ISO 11734:2003. The OxiTop Control 
system (WTW, Germany) consists of glass vessels with stubs, sensors with pressure meter and 
heating box. Samples of sewage sludge and mixtures of oil waste and sewage sludge were prepared. 
The control sample was the one with sewage sludge. The weight content of oil waste in the mixture 
of sewage sludge changed from 15 to 45 % (w/w). Table 2 shows the organisation of the experiment 
in OxiTop vessels. A 100 g of sample was placed in the reaction vessels. The duration of the 
experiment was 21 days at an ambient temperature of 35°C and self-moisture content (the 
experimental conditions follow those suggested by Heerklange, Stegman, 2005). Each variant of the 
experiment was carried out in triplicate. 

Table 2. Organisation of the experiment in OxiTop system vessels (OT) 

Parameter 

Weight content of oil waste[% (w/w)] 3 15 30 45 

Temperature [4C] 
Reaction time [dl 
Sample mass [g] 
Vessel volume [cm5

6

35 
21 
100 
500 

Gas production in OxiTop system vessels proceeded with first-order kinetics. The results allowed 
the determination of the cumulative biogas production [Co - Ndm5

6 and the rate constant for biogas 
production [k - d"1). Adjustment of the experimental results of the biogas production to the model 
was analysed using the ST ATISTICA 7 .O software statistics package (StatSoft, Tulsa OK, USA). 
The kinetic parameters of biogas production (k, Co) were determined at the significance level of 
p<0.05. Correlation analyses (p<0.05) between volumetric biogas production and organic loading 
rate (GPR, OLR) were also performed. 

Yield parameters in lab-scale fermentors 
The experiment was performed in four continuously stirred anaerobic reactors each with a working 
volume of IO drrr'. Each fermentor was equipped with a water jacket, an electronic system of 
temperature correction, pH and redox probes. Upper valves allowed feeding and bottom valves 
allowed sampling. Piping was made of stainless steel and the biogas produced in each reactor was 
collected into Tedlar gas bags. It was assayed using a gas analyzer GA2000+ (Geotechnic 
Instruments). 

At the beginning of the experiment each reactor was inoculated with digested sludge from 
the digestive chamber of the municipal wastewater treatment plant in Olsztyn. After 30 days of 
adaptation, reactors were fed with the substrates: RI - 100 % (w/w) of sewage sludge, R2 15 % 
(w/w) of oil waste and 85 % (w/w) of sewage sludge, R3 - 30 % (w/w) of oil waste and 70 % (w/w) 
of sewage sludge, R4 - 45 7 (w/w) of oil waste and 55 7 (w/w) of sewage sludge. Substrates were 
prepared once for 2 weeks. 
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Table 3. Operating parameters of co-fermentation process in lab-scale fermentors 

Parameter R1 R2 R3 Ri 

Weight content of oil waste [% (w/w)l o 15 30 45 

Temperature [0C] 35 
Reactor volume [drrr'] 12 
Reactor working volume [dm '] IO 
Flow rate Q [dm3/dl 0.5 
Hydraulic retention time HRT [dl 20 
Feeding intervals [hl 24 

Portions of the sewage sludge and oil waste were mixed in the appropriate proportions and 
frozen. To achieve intended HRT the flow rate was adjusted to 0.5 dm3/d. The fermentors were fed 
once a day. In our experiment the intended HRT on the level of 20 d responded to HRT in anaerobic 
digester at WWTP in Olsztyn. Table 3 presents the operating parameters during the experiment. 
Calculation and analytical methods 

To determine the operating parameters of co-fermentation in lab-scale fermentors the 
following equations (Mata-Alvarez, Mace, 2004) were used: 

Hydraulic retention time (HRT) [dl: 

HRT= V 
Q 

(I) 

where: V= the reactor volume [m3]; Q = the flow rate [m3/d]. 

Organic loading rate (OLR) [kgsubstra.Jm\eacto,dl: 

OLR= Q-S 
V 

( 2) 

where: S = substrate concentration [kg,ubstra1elm\eacwrl expressed in terms of total volatile solids 

(TVS) [kg TVS/m3l. 

Gas production rate (GPR) (volumetric biogas production) [m\;ogaJm\eacu,,dl: 

«: GPR= wgas 
V 

(3) 

where: Qbiogas = biogas flow rate [m3/dl. 

In the samples of sewage sludge and in the mixtures of oil waste and sewage, sludge total 
solids were determined as the residue (dry matter) after water evaporation (24 h drying at 105°C to 
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Table 5. Kinetic parameters of biogas production (GB21 method) 

Parameters OT1 OT2 OT3 OT4 
Determination coeffi cient (R2

) 0.9957 0.9947 0.9979 0.9979 
Max. biogas production (C0i) [Ndm l 0.133 0.134 0.139 0.131 

I phase Constant rate (k1) [a1
] 0.347 0.399 0.349 0.397 

Duration time (t1) [dl 21 9.7 8.4 5.1 

Max. biogas production (Co2) [Ndm l 0.247 0.197 0.245 
li phase Constant rate (k2) [ a1 J 0.144 0.282 0.349 

Duration time (t2) [dl 11.3 12.6 15.9 
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experimental data 

Fig. I. Biogas production curves during 2 I days of fermentation of sewage sludge (a), and co-fermentation of sewage 
sludge with 15 % (w/w) of oil waste content (b), sewage sludge with 30 % (w/w) of oil waste content (c), sewage 
sludge with 45 % (w/w) of oil waste content (d); two first-order kinetic lines for the co-fermentation (phase I and phase 
Il) are shown (b, c, d), vertical pointer mark the break point on the border of the phase I and II and the duration time of 
the phase I reducing from 9.7 d to 5.1 d with increasing oil waste content in the mixture with sewage sludge 

Figure I depicts cumulative biogas production curves over the 21 days of the experiment. 
The curve of sewage sludge fermentation increases and follows the first kinetic-model line. The 
course of co-fermentation confirmed the dependency of gas-formation on the contribution of oil 
waste in the mixture with sewage sludge. The trend line of co-fermentation consisted of two first­ 
order kinetic models with the break point on the border of the phase I and phase II. The duration of 
the phase I was reduced from 9.7 d to 5.1 d with increasing oil waste content in the mixture with 
sewage sludge. 

Similar values of the rate constant of the biogas production (k1) during the anaerobic 
digestion of sewage sludge and phase I of co-fermentation suggest that biogas was generated only 
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cause a rapid acidification resulting in pH decrease in the reactor (Bouallagui et al., 2004). In our 
experiments daily measurements did not reveal any rapid changes of pH or redox potential. The pH 
ranged from 7.12 to 7.86. The lowest value of redox potential was observed in case of sewage 
sludge fermentation (Table 6). Under these conditions no disturbances were observed. Bouallagui et 
al. (2004) tried to assess the performance of a two-phase anaerobic digestion of a mixture of fruit 
and vegetable wastes in the anaerobic sequencing batch reactor. The temperature in the reactor was 
maintained at 35°C. During the primary experiment, when not controlled, the pH dropped rapidly to 
4 and the inhibition of hydrolysis was observed. After that, pH was maintained at 6. Several authors 
suggested that the optimal pH for efficient hydrolysis and acidogenic bacteria activity lies between 
5 and 6 (Rayna) et al. 1998, Rajeshwari et al. 2001). Lastella et al. (2002) suggested that in a well­ 
balanced system with methanogenic bacteria, pH has to range between 7 and 8. 

Table 6. Operating conditions of lab-scale fermentors 

Parameter R1 R2 R3 Ri 

Temperature [0C] 36.35 ± 0.4 35.06 ± 0.29 35.37 ± 0.83 35. 18 ± 0.35 
pH 7.12±0.02 7.83 ± 0.03 7.86 ± 0.06 7.72 ± 0.07 
Redox [mV] -496.93±2.19 - 480.96 ± 3.39 - 466.29 ± 16.76 - 475.68 ± 11.64 

The organic loading rates (OLR) in the reactors were calculated on the basis of the daily 
additions of the substrate. In the fermentor (R1), the feed with sewage sludge OLR was 0.9 
kg TVS/m3-d. In the parallel reactors (R2, R3, Ra) feeding with the mixture of sewage sludge and oil 
waste, OLR increased and finally reached 3.1 kg TVS/m3-d. The gas production rate (GPR, 
Materials and methods, formula 3) was expressed as the so-called space time yield: volume of the 
gas per volume of the reactor within time, called volumetric gas production as well. GPR in R1 fed 
with sewage sludge was the lowest 0.79 Nm3/m3-d in comparison with the reactors with co­ 
substrate (0.9, 1.6 and 1.98 Nm3/m3-d, respectively). It was observed that when the contribution of 
oil waste in the mixture with sewage sludge was higher the volumetric gas production increased 
(Table 7). 

Table 7. Operating and yield parameters of the fermentation process 

Parameter R1 R2 R3 R4 

VS [kg TVS/m3
] 18.02 30.84 46.28 61.94 

Organic loading rate OLR [kg TVS/m3-d] 0.90 1.54 2.31 3.09 
Biogas flow rate Qbioga, [Nm3/d] 0.008 0.009 0.016 0.020 
Gas production rate GPR [Nm3/m3-d] 0.79 0.90 1.63 1.98 

Lindorfer et al. (2007) presented the study on co-digestion of energy crops and manure in a 
two stage, agricultural biogas plant. In contrast to our results, the authors achieved a slightly higher 
volume related biogas productivity ranging from I .5 to 
2.91 Nm3/m3-d at a higher organic loading rate increasing from 2.11 to 4.25 kg VS/m3-d. Similar 
values of volumetric biogas production may indicate that oil wastes are wastes with a high potential 
of biogas production. It might be supposed that higher values of biogas production with increasing 
OLR resulted from shorter HRT. 

Fernandez et al. (2005) checked the potential of mesophilic anaerobic digestion for the 
treatment of animal fat with the organic fraction of municipal solid wastes. 
To avoid problems with reactor instability and to permit a stable co-digestion process, OLR was 
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CONCLUSIONS 

Kinetic results show that, during the anaerobic digestion of sewage sludge and phase I of co­ 
fermentation, the rate constant and biogas production were approximately the same ranging from 
0.347 to 0.399 d-1. It was suggested that biogas was generated only from the volatile fatty acids 
(VFA) present in sewage sludge. In parallel, the production of VFA from oil waste took place. The 
pH ranged from 7 to 8 and it did not cause any disturbance of biogas production resulting from 
acidification. The higher the dosage of oil substrate the higher was the cumulative biogas 
production. 

The lab-scale experiment in fermentors revealed that oil waste can be successfully used as a 
co-substrate in operating sewage sludge digesters. The increasing organic loading rate from 0.9 to 
3.1 kg TVS/m3-d caused an increase in volumetric biogas production. 

To conclude, at hydraulic retention time (HRT) 20 d there is a possibility of increasing the 
organic loading rate (OLR) to 3.1 kg TVS/m3-d by addition of oil waste without limitation of 
methane concentration in the biogas. 
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