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This paper aims at evaluating the biomethane potential (BMP) of sunflower 

seed cake (SSC) and the influence of enzymatic slight treatment on the anaerobic 

digestion of SSC. For a total fermentation period of 74 days, the enzymatic addition 

of 1% (w/w) α-amylase and 1% proteinase K to the SSC substrate increased the 

overall BMP with about 8.5% compared to the control, despite a noticeable 
slowdown of the process corresponding to a lag phase was observed during the first 

days of anaerobic digestion. The kinetics of anaerobic degradation was determined 

using the Cone model in order to comparatively analyze the degradation 

performance and biogas production.  
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1. Introduction 

Developing the renewable energy technologies is considered among the 

most important policies for greenhouse gas emission reduction and sustainable 

energy supply [1,2]. Anaerobic digestion (AD) is a complex biochemical process 

in which organic materials are decomposed to biogas and fermented sludge and it 

can naturally occur in landfill sites causing environmental pollution and human 

health concerns [3]. 

Although usually employed for municipal wastewater treatment, anaerobic 

digestion has more recently been directed towards the controlled degradation of 

industrial and agricultural wastes which is considered an advantageous strategy 

for diminishing the environmental impact of waste along with fuel gas generation 

[4,5]. AD could also be used to improve the energy balance of other processes 

such as the ethanol production by on-site cogeneration of heat and electricity or 

supply energy for isolated consumers [6,7]. However, when dealing with waste 

organic materials, difficulties may arise from the unsteady chemical and 
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microbiological composition, high quantity of hardly biodegradable structures and 

possible material interactions [8,9]. Hence, prior to industrial use, more in-depth 

knowledge of the substrate behaviour when submitted to anaerobic digestion is 

widely advised, so that time spending and financial losses be considered and 

avoided. 

Biomethane potential (BMP) tests are productive tools for gaining 

information about the bio-methanation of specific substrates which could 

significantly contribute to the biogas production process efficiency. BMP tests are 

easy to perform and relatively inexpensive [10]. They could be used to study 

various strategies for obtaining increased biomethane production, such as 

pretreatment methods to enhance substrate biodegradability, addition of 

fermentation catalyzers to fasten biochemical reactions, adjustment of operating 

parameters for process optimization etc. [11,12]. 

Sunflower seed cake (SSC), which is a highly proteic by-product resulted 

from oil extraction processes, has the third largest production in Europe after soy-

bean and rapeseed cake [13]. They are generally utilized for feed purposes, but the 

dietary use of SSC in ruminants, pigs and poultry is limited due to some concerns 

associated to adverse effects on digestion [14,15]. Additionally, in some cases, 

SSC have been reported to contain high amounts of toxins caused by poor storage 

and post-harvesting handling which make it non-compliant for usage as feed due 

to potential threat to animal health [16]. Therefore, sunflower oil industry 

produces large quantities of residuals requiring storage, but further treatment to 

minimize the environmental impact of such waste is highly advised. Although 

pelleting and subsequent burning for heating might be applied for SSC, these are 

regarded as non-environmentally friendly. Thus, directing the over plus of SSC to 

clean fuel production in on-site biogas plants is an eco-friendly practice that could 

also bring several benefits to the industrial producers, such as costs reduction for 

waste processing, freeing warehouses, savings from coverage of heat 

consumption, or important financial gains from injecting biomethane into the grid. 

The energy value of biogas is given by methane, which generally accounts 

for 50-70% of the total biogas volume; carbon dioxide is the second major 

product of anaerobic digestion, being the non-combustible share of biogas. Other 

components are present in biogas, such as water vapours, nitrogen, hydrogen 

sulphide, etc. [4]. It is therefore essential that in anaerobic digestion processes, 

quantitatively reasonable biogas volumes with high calorific value and efficient 

organic matter reduction should be obtained to support feasibility of choosing this 

technology over other waste management technologies. 

Anaerobic digestion comprises four basic phases (hydrolysis, 

acidogenesis, acetogenesis, and methanogenesis), where hydrolysis has been 

reported as the rate determining stage of the bioconversion [17]. For hardly 

degradable substrates, several physical, chemical and biological treatments have 
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been previously employed to enhance biomass disintegration and consequently to 

enhance the accessibility of anaerobic bacteria to organic contents. When 

compared to some other methods, the substrate biological pretreatment is arguably 

a more environment-friendly method to improve anaerobic digestion and requires 

less capital investments [11,18]. 

Sunflower seed cake composition varies with the mechanical configuration 

of oil extraction system, but it generally shows a significant protein and fiber 

content [19,20]. Enzymatic substrate pretreatment could enhance the biomethane 

production of SSC by improving the hydrolysis of proteins and fiber to smaller 

molecules which become readily available to fermentation microorganisms. 

Amylases and peptidases have been previously used to increase the biomethane 

yields in anaerobic digestion of several waste materials. Enzyme α-amylase is 

known to hydrolyze alpha bonds in large polysaccharides into fermentable sugars, 

while proteinase K is an enzyme that catalyzes the breakdown of proteins into 

smaller molecules such as polypeptides or amino acids [21-23]. 

In this paper, the biomethane potential of sunflower seed cake was 

evaluated by batch anaerobic digestion in mesophilic conditions in order to assess 

the opportunity of using SSC as substrate for biogas production. In this regard, a 

reliable and convenient BMP lab-scale experimental set-up has been developed 

and tested using SSC as substrate. Moreover, the influence of enzymatic 

pretreatment on the biomethane production has been experimented using pure α-

amylase and proteinase K enzymes to act as biological catalyzers for the 

anaerobic digestion processes. 

2. Experimental 

2.1. Materials 

The substrate used for this study was sunflower seed cake that was 

provided by a farmer in Prahova country (Romania). SSC resulted after the oil-

extraction of un-decorticated sunflower seeds in a semi-automated process, using 

a four head screw oil press machine designed for semi-industrial applications. 

SSC samples were delivered to the laboratory as 30-100 cm long pellets of 8-10 

mm thickness and were stored in plastic bags at room temperature. SSC pellets 

had a dry-greasy feel on touch and specific strong odor following heating 

exposure during the mechanical pressing. Representative samples were grounded 

to pass a 3 mm mesh before subjected to physico-chemical analysis and use in the 

BMP tests, as shown in Fig. 1. 

The SSC composition was analyzed for total solids (TS) and volatile solids 

(VS) according to the APHA standard methods [24]. Total carbon (TC) was 

determined by combustion with the TC analyzer vario TOC cube (Elementar, De), 

while total nitrogen was analyzed using a Photolab S12 equipment (WTW, De).  
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Fig. 1. Feedstock materials: sunflower seeds (SS), sunflower seed cake (SSC) and grinded SSC 

 

The oil content was determined using hexane as extraction solvent in a 

Soxtherm fat extraction system (Gerhardt, De).  

Fermented sludge supplied from an industrial biogas plant treating various 

agro-industrial organic waste and wastewaters and operating in mesophilic 

conditions was used to inoculate the fermentation mass with fermentation 

microbiota. The inoculum source is important for providing an appropriate 

microbial community to the fermentation medium which ensures a proper start for 

the anaerobic digestion process [25,26]. Inoculum was tested for TS, VS and pH 

and preserved at room temperature, protected from light and kept in strict 

anaerobic conditions until used in the anaerobic digestion experiments. The 

biogas produced during storage was carefully released to prevent oxygen 

penetration, until no notable production was observed due to nutrient depletion. 

Pure analytical grade enzymes α-amylase (Fluka, CH) and proteinase K 

(Merck, De) were used in the study. α-Amylase was obtained from bacteria and 

had 25 IU/mg, while proteinase K was fungus derived and had 10-15 U/mg. 

Chemical composition analyzes were performed in duplicate and the mean 

value was used for calculations. 

2.2. Equipment and procedures 

The BMP tests were conducted in batch, at mesophilic temperature 

(37±0.5°C) according to the VDI 4630 standard method [27]. The total 

fermentation time was 74 days (d). For the laboratory BMP testing, a simple, 

reliable and convenient BMP experimental set-up has been developed, as shown 

in Fig. 2. 

Digesters were brown glass fermentation bottles (Supelco, US) with a 

volume of 240 mL. Substrates consisting of grinded SSC (S1), respectively 

grinded SSC with 1% α-amylase and 1% proteinase K (w/w) (S2) were weighted, 

introduced in the bottles and supplemented with the inoculum. The inoculum to 

substrate ratio was 0.5 (VS basis), while the TS mass of SSC substrate in the total 

fermentation sludge volume was 8% (w/v). Distilled water was added to fill up the 

working volume of 120 mL. 
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Fig.  2. BMP experimental set-up: (1) amber glass fermentation bottle; (2) connection tube; (3) gas 

sampling bag (4) hanging system; (5) thermostatic water bath. 

 

A blank test consisting of inoculum and distilled water was also performed 

in order to determine the gas production of inoculum alone. This production was 

subtracted from the results obtained by S1 and S2 so that they would reflect 

exclusively the production of the organic substrate [28]. 

Fermentation mass was homogenized by stirring and the headspace of 

each bottle was flushed with nitrogen, then immediately sealed in order to ensure 

anaerobic conditions in the digesters during the experiment. A PTFE washer and a 

straight, fast joint copper connector (AirTech Solutions, Ro) coupled to a PTFE 

tube was used to ensure the connection from the fermentation bottle to the 5L 

multi-layered gas bags (Supelco, US). The gas bags were fitted with valves, thus 

allowing simple decoupling of the gas bag from the system for biogas analysis.  

Fermentation bottles were placed in the 22.5 L thermostatic water bath 

WBO1 Series (lbx Instruments, ES), at 37± 1°C. Substrates were manually stirred 

twice a day by slow circular motion of glass bottles, in order to ensure substrate 

homogeneity during the experiment, but avoiding disturbances on the bacterial 

population. Biogas analysis was performed periodically, starting with the 7th day 

of the experiment. The digestion experiments were carried out until the volume of 

accumulated gas remained significantly low, that is the average daily production 

was lower than 2% of the accumulated biogas. The assessment of the quantity and 

quality of the biogas was performed separately for each fermentation mixture, by 

periodic analysis of biomethane quantity and biogas volume accumulated in the 

collecting bags. After each analysis, the collection bags were emptied and 

replaced in position. The mass percentage of methane in biogas at analysis day, 

Pex (t) (%), was measured for each sample by gas chromatography using a Varian 

450-GC chromatograph (Agilent Technologies), coupled to a flame ionization 
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detector (FID) as described in a previous publication [29]. The experimental 

biogas volume was measured using the water displacement method [30] and used 

to compute the experimental biogas yield Yex (t) (mL/g VS).  

In order that the gas formation path to be completely recognizable, the 

frequency of biogas analyzes was set to be higher for the first 38 days of 

experiment during biogas production growth, compared to the last days of 

experiment, when biogas production decreased. All tests were performed in 

duplicate. Results of biogas/biomethane production are displayed for 1g VS 

substrate after subtracting the specific production of inoculum.   

3. Results and discussions 

3.1. Physico-chemical substrate characterization 

Results of chemical analysis for sunflower seed cake and inoculum are 

displayed in Table 1. 
Table 1 

Characteristics of SSC and inoculum 

Parameter SSC Inoculum 

TS (%) 93.3 8.54 

VS (% of TS) 93.6 53.75 

C (% of TS) 49.8 - 

N (% of TS) 2.76 - 

C/N 18.04 - 

pH - 8.3 
 

Sunflower fat content is about 50% [31]. The oil quantity of SSC was 

found to be 10.88%, which means that the extraction process using the screw oil 

press machine is moderate-high. The average yield of mechanical extraction of 

sunflower seeds is generally around 75%, but factors such as the pressing 

temperature and fresh seed moisture content are affecting the oil production [32]. 
 

3.2. Experimental and predicted kinetics of AD process 

The experimental and predicted biogas/methane yields for both substrates, 

Y(t) (mL/g VS), are plotted in Fig. 3, where bullet points indicate the experimental 

data and lines indicate the predicted data using Cone model.  

Depicted data reveal that the substrates are starting to produce important 

biomethane volumes after 7 d of AD, which is noticeable by a sharp increase in 

the slope of biomethane production. Following d 7 of AD, the methanogenic 

activity intensifies; the methanogens take over the non-methanogenic 

microorganisms, leading to important methane volume formation up to d 38, 

when a significant decrease in production is observed, most probably linked to 

substrate nutrient depletion. The methane production of S2 is on the other hand 

constantly below the methane production of S1 until the 50th day of anaerobic 
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digestion. The behaviour of S2 could be correlated to a lag phase due to a slight 

inhibition of anaerobic bacteria in the presence of proteinase K and α-amylase in 

the fermentation medium. Enzymes are known to be proteins capable of 

converting specific compounds in the substrate into other products at high 

reaction rates [33]. It is therefore possible that the hydrolysis step had been 

accelerated, leading to high production of both volatile fatty acids and ammonia, 

which could have resulted in a slight imbalance in the biochemical processes 

during anaerobic digestion rather than a stimulation of biogas production. This 

phenomenon is known as “inhibited steady state”, being characterized by process 

apparent stability, but rather lower methane yields [34]. Interestingly, the 

equilibria between non-methanogenic and methanogenic microorganisms re-

establishes after about 50 d of AD, when YS2 exceeds YS1 in terms of biomethane 

production. For a total fermentation period of 74 days, the enzymatic treatment of 

the fermentation mass increased the overall BMP with 8.5%. However, this 

increase is not remarkable considering the long fermentation period. The substrate 

external enzymatic treatment followed by pH adjustment before the start of 

anaerobic digestion process might have been a better approach for obtaining 

significant process improvement.  

Experimental BMP of S1 and S2 were found to be about 351 mL/ g VS 

and 381 mL/ g VS, respectively. These results suggest that SSC obtained after 

semi-industrial extraction of sunflower seeds are potential substrates for AD, 

proving to be comparable to various other productive waste substrates used in AD 

[35]. Moreover, these are slightly higher than that obtained by other researchers 

using similar feedstock, being most probably associated to a larger quantity of 

residual oil in the treated waste. For instance, Monlau et al. found a maximum 

biomethane potential of 195 mL/ g VS after anaerobic digestion of SSC 

containing 0.7% oil, while Raposo et al. found a BMP of 227 mL/g VS for SSC 

with 1.7 % fat content [13,19]. 

Experimental data regarding the kinetics of anaerobic degradation were 

processed using several mathematical models (data not shown) aiming at 

analyzing and comparing the degradation performance and biogas/biomethane 

production of samples. Experimental data processing by using mathematical 

models is an effective strategy for better understanding of (bio)chemical systems, 

which facilitates the assessment of various process variables for process 

optimization and technological scale-up [29,36,37]. In Fig. 3, the kinetics of 

anaerobic degradation was determined using the Cone model which showed a 

better agreement between experimental and predicted data.  

The Cone model [29,38] is expressed by Eq. (1), where Y(t) (mL/g VS) is 

the cumulative biogas/methane production at time t (d), Y∞ (mL/g VS) the 

maximum cumulative biogas/methane production predicted by the kinetic model 

at t → ∞, k (d
-1

) the rate constant, and n the shape factor. 
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Fig.  3. Time variation of biogas and methane yields (bullets: experimental data, lines: data 

predicted by Cone model (Eq. (1)). 

 

Adjustable parameters of Cone model, Y∞, k, and n, which were estimated 

from experimental data using Solver add-in program (Microsoft Excel), are 

summarized in Tables 2 and 3. The values of experimental ultimate 

biogas/methane yield, Yex, as well as those of root mean square error (RMSE) and 

coefficient of variation (CV) defined by Eqs. (2) and (3), where Yex,mn represents 

the mean value of Yex(t), are also specified in Tables 2 and 3. Tabulated results 

reveal an acceptable agreement between experimental and predicted data 

(CV=4.204-6.046%). Moreover, the values of k are higher for S1 substrate, i.e., 

kS1/kS2=1.26 for biogas production and kS1/kS2=1.23 for methane production, 

indicating a decrease in mean process rate in the presence of enzymes. 
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Table 2 

Experimental ultimate biogas yield and adjustable parameters of Cone model for 

biogas production 

                   Substrate 

Parameter 
S1 (SSC) S2 (SSC+enzymes) 

YB,mn,ex (mL/g VS) 614.016 582.314 

YB,∞ (mL/g VS) 623.022 641.359 

k  (d
-1) 0.054 0.043 

n 2.416 2.101 

RMSE (mL/g VS) 15.597 20.068 

CV (%) 4.204 6.046 
 

Table 3 

Experimental ultimate methane yield and adjustable parameters of Cone model 

for methane production 

                   Substrate 

Parameter 
S1 (SSC) S2 (SSC+enzymes) 

YM,m,ex (mL/g VS) 351.432 381.247 

YM,∞ (mL/g VS) 354.462 385.176 

k  (d
-1) 0.045 0.037 

n 3.393 3.501 

RMSE (mL/g VS) 8.805 10.003 

CV (%) 4.594 5.527 

 

3.3. Mass percentage of methane in biogas 

For a better understanding of the biomethane production of S1 and S2, the 

mass percentage of methane in biogas resulted in the anaerobic fermentation tests, 

Pex(t), is displayed in Fig. 4. This is an extremely important parameter to 

characterize the AD of substrates, as the concentration of biomethane in biogas is 

proportional to the energy potential or the caloric value of biogas [39].  

Initially, for both samples, Pex is low, but progressively increases to 

exceed 50%, after 14 days of AD. The maximum value of 77.97% is reached after 

31 days of fermentation for S1, and of 87.01% after 38 days of fermentation for 

S2, respectively. Starting with day 34, there is a remarkably different behavior 

between the outcome of S1 and S2 tests, in terms of biomethane content in biogas. 

While for S1, the methane content sharply decreases, for S2, the methane 

percentage in biogas remains relatively high until the end of the test period. If 

Figs. 3 and 4 are to be compared, the significant fall in biomethane yield showed 

by S1 after 38 d of AD could be linked to decrease of methanogenic activity due 

to substrate depletion. 
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Fig. 4. Time variation of mass percentage of methane in biogas  

 

On the other hand, the slight increase in the methane production of S2 

which leads to a higher BMP for the enzyme enriched SSC sample at the end of 

AD, could be associated to a better digestibility of the substrate following 

enzymatic exposure. The average methane concentration in biogas for the entire 

fermentation duration was 57.2% for S1 and 65.5% for S2, respectively.  

4. Conclusions 

Results of biomethane potential tests suggest that sunflower seed cake is 

an appropriate waste substrate for AD, showing a methane production of 351 

mL/g VS for a total 74 days of anaerobic digestion. The addition of 1% (w/w) α-

amylase and 1% proteinase K to the SSC substrate increased the overall BMP 

with about 8.5% compared to the control, despite the fact that a slight inhibition 

was observed during the first days of anaerobic digestion. The kinetics of 

anaerobic degradation was evaluated using the Cone model, where the values of 

the rate constant for S1 substrate were higher compared to S2, indicating a 

decrease in mean process rate in the presence of enzymes. On the other hand, 

findings suggest that although the methane yield of S1 is higher compared to S2, 

the AD of S2 provides a more concentrated and thus a more calorific gas which 

may require less expenditure for purification. 
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