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Abstract This study investigated the effects of nutrients
supplementation during codigestion of maize silage and
cattle slurry. Batch anaerobic biodegradability tests lasted
20 days under mesophilic conditions, and an organic load-
ing rate of 5.0 g VS (volatile solids)/L were done. Biogas
yield increased with the dose of the cattle feed supplement
up to 894 L/kg VS, which was 65% higher than in the
control reactor. Similarly, the cumulative biogas produc-
tion rate (CBPR) increased with successive increase in the
dose of feed supplement. Supplementation enabled effi-
cient volatile fatty acids (VFA) elimination and pH increas-
ing; however, the best VFA/TA ratio was achieved with
feed supplementation of 25 mg/g of feedstock, providing
the highest rate of biogas production (k=0.22/d). The
highest increase in biogas production of 8.0 mL/mg was
achieved with the lowest nutrient supplement dosage.
Based on these results, it can be recommended that a
supply of feed supplement at a ratio of 0.5% of the fresh
mass provide considerably increasing biogas production.
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1 Introduction

A global trend for biofuels production is focused on
sustainability in environmental and economic aspects.
To meet the acceptable sustainability criteria, the second
generation biofuel technologies manufacture biofuels
from non-food biomass. Agricultural residues available
for the second generation biofuels include various crop
and plant residues, fruit and vegetable waste, grass,
forest residues, livestock manure, and many other by-
products of various agricultural processes (Paudel et al.
2017). The anaerobic digestion (AD) of agricultural
residues is an attractive second-generation technology
with the potential of environmental and economic ben-
efits (Wei et al. 2015).

AD is now a well-established treatment technology
suited for wastewater or wastes containing high levels of
organic matter. Biogas produced during AD is a renew-
able energy source that can replace conventional fuels to
produce heat, power, and it can also be used as gaseous
fuel in automotive applications (Achinas et al. 2017).
Energy gain/input ratio in AD is estimated at 28.8 MJ/
MJ, which outcompetes the other technologies for
bioenergy production from biomass (Chandra et al.
2012a, b). Biogas calorific value is determined by the
methane concentration, which is affected by many op-
erational parameters, i.e., temperature, pH, mixing, and
humidity (Yebo et al. 2011). However, the most signif-
icant factor governing the biogas yield and composition
is a feedstock characteristic. Well-balanced feedstock
should ensure highly efficient biogas production. There
are many studies concerning the impact of pretreatments
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methods and codigestion strategies on biogas produc-
tion from agricultural residues (Zheng et al. 2014; Wei
et al. 2015), while less attention has been paid to inor-
ganic nutrients supplementation for AD stimulation.

Mineral nutrients play an important role as the grow-
ing factors supporting the microorganisms’ metabolism
to maintain the effective digestion process (Sibiya et al.
2015; Choong et al. 2016). Methanogens are highly
dependent on micronutrients such as Fe, Zn, Ni, Cu,
Co, Mn, which stimulate reactions catalyzed by
metalloenzymes, formation of cytochromes, and
ferroxins (Moestedt et al. 2016; Bougrier et al. 2018).
Macronutrients (C, N, S, P, H) also play an important
role in the growth and metabolism of anaerobic micro-
organisms acting as buffering agents and enzyme com-
ponents (Pobeheim et al. 2010; Takashima et al. 2011).
However, the presence of nutrients in the feedstock not
always guarantee that AD is efficient because the pro-
cess can only be carried out successfully with the certain
nutrients concentrations (Sibiya et al. 2015; Bougrier
et al. 2018). The nutrients requirements of the mixed
methanogens culture are not now well understood and
may vary depending on the feedstock characteristics as
well as the involved species and their methanogenic
pathways (Ortner et al. 2015; Choong et al. 2016). Thus,
there is a great challenge to clarified a suitable dose of
nutrients to improve the performance of methane pro-
duction from agricultural residues. The objective of the
study was the impact of different levels of nutrient
supplementation on biogas yield from cattle slurry and
maize silage mixture.

2 Materials and Methods
2.1 Feedstock Origin and Characteristics

In this study, cattle slurry and maize silage mixture were
used as a substrate for AD. Cattle slurry and maize
silage were obtained from a farm located at the Research
Station of University of Warmia and Mazury in Olsztyn
in Baldy (Poland). The cattle slurry was collected di-
rectly from the temporary field storage of solid manure
All samples were collected at five locations, each in
amount of 1 kg. Then, the 5 kg sample was stirred to
ensure the homogeneity. Maize silage was collected in
the same manner. Cattle slurry and maize silage used as
a feedstock for AD were mixed in weight based ratio of
1:4. Then, 250 g of a mixed sample was homogenized
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for 20 min. (Robo 30, Germany) to obtain a homoge-
neous mixture. Then the sample was hydrated with fresh
water to the average total solids (TS) value 0f 25.4% and
volatile solids (VS) value of 79% TS.

2.2 Feed Supplement Source

Typical feed supplement for dairy cattle was used as a
nutrient source for AD of the mixture of cattle slurry and
maize silage. The nutrient source contained the follow-
ing: crude fiber 5.6%, crude oils and fats 3.7%, organic
phosphorus 0.67%, magnesium 0.5%, crude protein
17.9%, crude ash 7.1%, calcium 0.7%, sodium 0.35%,
zinc oxide 76 mg/kg, vitamin E 30 mg/kg, sodium
selenate 0.6 mg/kg, calcium iodate 2 mg/kg, magnesium
oxide 61 mg/kg, copper sulphate SH,O 30 mg/kg, and
ferrous sulphate monohydrate 25 mg/kg. Cattle feed
supplement was added to the anaerobic reactors in dif-
ferent doses showed in Table 1. The study was per-
formed in six experimental variants differed in the
amount of feed supplement used.

2.3 Batch Anaerobic Biodegradability Tests

AD of agricultural residues with nutrient supplementa-
tion was conducted using Oxi-Top® respirometers
(WTW, USA) that consisted of the bottles with an active
volume of 1 L coupled tightly with measuring devices
recorded an increase of the partial pressure induced by
biogas production. Pressure in the reaction tank was
recorded every 80 min. The perfect gas equation was
the basis for computing the volume of produced biogas
in respirometric tests. The volumes of biogas generated
per normal conditions were computed on the basis of

Table 1 The study organization

Variants mg/mL mass of
feed supplement
per unit volume

mg/g mass of mg/gys mass of
feed supplement feed supplement
per fresh mass of per organic dry

of a reaction tank the feedstock mass of the
feedstock

B 0 0 0

Gl 0.1 5 19

G2 0.2 10 39

G3 0.5 25 97

G4 1 50 193

G5 2 100 387
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pressure changes inside the bottle headspace. Respiro-
metric tests also provided grounds to determine the
biogas production rates. The endogenous production
of the anaerobic sludge was removed from the calcula-
tions of biogas and methane productions of the tests.
Similarly, the biogas production from the raw feed sup-
plement source was measured and subtracted from the
measured gas production. Anaerobic sludge for inocu-
lation originated from the closed postfermentation tanks
of agriculture biogas plant with TS concentration of 3.7
+0.3% and VS concentration of 69.2 +2.8%. In order to
ensure anaerobic conditions inside the respirometers,
nitrogen gas was injected into each bottle for 5 min to
remove atmospheric air. The experiments were carried
out at a constant mesophilic condition (36 °C) in a
shaking incubator at 150 rpm. Respirometers with a size
of 1 L were filled with 50 mL of anaerobic sludge and a
mixture of feedstock and cattle feed supplement to
achieve initial organic loading rate (OLR) of 5.0 g VS/
L in all tested variants. Biodegradability tests were
carried out for a period of 20 days.

2.4 Analytical Methods

The gravimetric method was used to determine TS and
VS in samples of homogenized mixture of maize silage
and cattle slurry. The composition of biogas produced in
the headspace of respirometers was measured every 24 h
using a portable gas analyzer GMF (gas data). The
percentage volumes of CHy (%v/v), CO, (%v/v), O,

950

(%viv), HoS (ppm), H, (ppm), NH, (ppm) were deter-
mined. The tritation method (Tritlab AT 1000, Hach)
was used for the determination of VFA/TA ratio (vola-
tile fatty acids and total alkalinity ratio). The pH value
was determined by HQ 440d digital pH-meter (Hach).

Based on the pressure measurement results in respi-
rometers, the kinetics of biogas production were deter-
mined depending on the amount of cattle feed supple-
ment. The reaction rate constants were determined based
on the measurement data using the nonlinear regression
method and an iterative method. In the method at each
iterative step, the function is replaced with the linear
differential for the designated parameters. As a test of
the curve fit (for the designated parameters) to the
experimental data, the (” coefficient of concordance
was applied. The coefficient is the ratio of the sum of
the squares of the deviations from the values calculated,
using the found function, from the experimental data, to
the sum of the squares of the deviations of the experi-
mental data from the mean. The lower the ¢ coefficient
value, the better the concordance.

Each experimental variant was conducted in three
replications. The results were statistically analyzed
with Statistica 10.0 PL package (Statsoft, Inc.). The
hypothesis on distribution of each analyzed variable
was verified with a Shapiro-Wilk W test. One-way
analysis of variance (ANOVA) was applied to deter-
mine the significance of difference between vari-
ables. Variance homogeneity in groups was checked
with a Levene test, whereas the significance of

Fig. 1 Specific biogas yield
(SBY) with different amount of

cattle feed supplement 800
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differences between the analyzed variables was de-
termined with a Tukey RIR test. In all tests, the level
of significance was adopted at p = 0.05.

3 Results and Discussion

Bioreactors are designed to control and enhance specific
biochemical reactions and many of them taking place in
nature. AD bioprocess reproduces rumen fermentation,
where acidification, hydrolysis, and then acidogenesis
and methanogenesis occur. However, the rates of bio-
degradation occurring in the anaerobic bioreactors still
remain lower than in animal guts (Bayané¢ and Guiot
2011). Moreover, digestion in the animal ruminants can
be additionally enhanced by feed additives, which stim-
ulate the rumen functions. In our study, feed supplement
for dairy cattle was successfully used as a nutrient
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medium for microorganisms in methanogenic AD of
maize silage and cattle slurry mixture.

3.1 Biogas Yields and Kinetics

Figure 1 shows the specific biogas yield (SBY) in all
tested variants compared to the control variant without
nutrients supplementation. It was found that SBY in-
creased with increasing dose of cattle feed supplement
from 643 L/kg VS in G1 to 894 L/kg VS in GS5. Simi-
larly, the cumulative biogas production rate (CBPR)
increased with successive increase in the dose of cattle
feed supplement (Fig. 2). Interestingly, even 19 mg of
feed supplement per 1 g VS of the feedstock (G1 vari-
ant) resulted in significant increase in biogas production
compared with the control variant (B) (p < 0.05). In the
control variant (B), SBY achieved 543 L/kg VS, which
was around the values reported in the literature. Typical
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Fig. 2 Cumulative biogas production rate (CBPR) using different amount of cattle feed supplement
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biogas yield for maize ranged from 560 to 650 L/kg VS
(Weiland 2010), while cattle manure had a biogas yield
0f200-300 L/kg VS (Nasir et al. 2012). El-Mashad and
Zhang (2010) achieved SBY of 406 L/kg VS from dairy
manure and about 500 L/kg VS from the mixture of
dairy manure (52%) with food waste (45% based on
VS) after 20 days of AD.

It was found that strategy of nutrients supplementa-
tion was highly recommended for the digestion sub-
strates which originally have low trace element contents
such as food wastes and energy crops (Nges et al. 2012;
Choong et al. 2016). Nordell et al. (2016) found, that
trace element supplementation enhanced codigestion of
manure from swine and dairy animals with municipal
solid waste. SBY achieved nearly 1000 L/kg VS when
the trace element solution was added to the continuously
stirred tank reactor (CSTR), while it was about 900 L/kg
VS in CSTR without nutrient supplementation. The
supplementation of Fe, Co, Mo, and Ni to anaerobic
batch reactors treated food waste allowed to obtain the
specific methane yield of 504 mL/g VS, which was
35.5% higher compared with reactors without metals
supplementation (Zhang et al. 2015).

Administration of nutrient supplementation dosage is
now one of the most promising way of optimizing AD
(Moestedt et al. 2016). An optimally adjusted trace
element supplementation provides the stabilization and
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optimization of AD by promoting the growth of micro-
organisms involved in the process and allowing the
accumulation of the necessary enzymes and co-
enzymes balance (Zhang et al. 2015). According to the
results of the study, the biogas production per 1 mg of
the introduced cattle feed supplement was inversely
proportional (Fig. 3). The highest increase in biogas
production of 8.0 mL/mg was achieved with the lowest
nutrient supplement dosage. It should be noted that
nutrient addition should be always optimized to balance
the economic costs of high performance of AD. There
was no relationship between the amount of nutrient
supplementation and the methane content in biogas. In
all experimental variants, the concentration of methane
ranged from 52 to 54% (p > 0.05). According to litera-
ture, methane content in biogas is connected mainly
with the composition of the feedstock, and it increases
with the increasing fat and protein contents (Chandra
et al. 2012a). Thus, the similar biogas content in all
experimental variants was the result of the unchanging
composition of the feedstock.

3.2 Liquid Phase Parameters
The balance between the processes of hydrolysis,

acidogenesis, acetogenesis, and methanogenesis are cru-
cial to reach successful in biogas yield and organic

25 50
mg/g

100

mass of feed supplement per fresh mass of the feedstock

Fig. 3 Increase biogas yield per unit cattle feed supplement (mL/g)
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matter biodegradation. Excessive production of VFA
during hydrolysis and acetogenesis phase can cause
inhibition in methanogens metabolism (Lee et al.
2014). In this study, stability of AD was evaluated based
on the evolution of VFA, VFA/TA ratio, and pH in the
liquid phase after 20 days of the digestion (Table 2).

Nutrients supplementation during AD of maize silage
and cattle slurry mixture was effective in enhancing
VFA elimination and pH increasing. The concentration
of VFA was the highest in the control variant (B) and
showed a decreasing trend with increasing dose of cattle
feed supplement (Table 2). Even the lowest supplemen-
tation of nutrients reduced VFA concentration by half
compared with the control variant. At the same time, pH
was the lowest in variant B, and subsequent addition of
cattle feed supplement ensured an increase in pH
(Table 2). However, in all variants of experiment pH
remained optimal for methanogens.

A ratio of VFA/TA in variants with supplementation
balanced between 0.28 and 0.18, reaching in G2 and G3,
a value very close to 0.25, which is an ideal value
according to the scientific literature (Rosato 2017). Con-
sidering biogas production rate related to VFA/TA ratio,
the highest rate of biogas production (k=0.22/d) was
obtained in G3 variant.

Agricultural residues such as maize and grass are
characterized by the lack of essential nutrients, thus
AD of these substrates resulted in low methane yield,
acidification problems, and instability of the whole pro-
cess (Weiland 2010; Nges et al. 2012; Sibiya et al.
2015). Codigesting energy crops with manure is a strat-
egy used in many crop-based biogas plants in Germany
to enhance biogas production; however, substrate bio-
degradability limitation is observed even on a prolonged
HRT (Nges et al. 2012). Supplementation of nutrients
allowed VFA degradation at a high rate, which ensures
obtaining the optimum pH level (6.5-7.5) for

Table 2 Liquid phase parameters

Variants pH VFA mg/L VFA/TA

B 6.93 (£0.11) 2450 (+320) 0.39 (£0.05)
Gl 7.21 (£0.08) 1290 (+280) 0.28 (£0.06)
G2 7.29 (£0.07) 970 (=190) 0.27 (+0.05)
G3 7.32 (£0.10) 840 (+270) 0.24 (£0.08)
G4 7.39 (£0.09) 560 (+120) 0.23 (£0.05)
G5 7.48 (£0.12) 440 (£ 160) 0.18 (+0.06)
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maintaining the ideal living surroundings of microbes
and stability of the digester (Nges et al. 2012; Zhang
et al. 2015; Choong et al. 2016). The study showed that
typical feed supplement for dairy cattle may be effec-
tively used to intensify the biogas production from
agricultural residues.

4 Conclusions

Our study demonstrated that the strategy of nutrients
supplementation during AD of maize silage and cattle
slurry mixture is beneficial. This was evidenced by good
biogas yield, high pH, low VFA concentrations, and the
improvement of VFA/TA ratio. The specific biogas
yield SBY increased with the increasing dose of cattle
feed supplement from 543 L/kg VS in the control var-
iant to the maximum value of 894 L/kg VS. Nutrient
supplementation did not enhance the methane content in
biogas, which ranged from 52 to 54% (p > 0.05). How-
ever, an optimal dose of supplement is crucial in order to
have a successful AD and low costs of the process. In
our study, nutrient supplementation of 0.5% of the fresh
mass considerably increased biogas production.
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