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Abstract
The purpose of this research is to evaluate the anaerobic digestion of apple pomace waste in terms of pretreatment. In this 
study, the main pretreatment strategies for apple pomace include: ultrasound (35 and 53 kHz), thermal and chemical (pH 
5 and 10). For each pretreatment method four different temperatures are selected as 25, 40, 50, and 60 °C, and operation 
times are selected as 5th, 15th, 30th, and 45th minutes. The effects on pretreatment were investigated by measuring changes 
in the soluble protein concentrations of pretreated wastes and the enhanced anaerobic digestion was investigated by using 
the biochemical methane potential (BMP) assay. The soluble proteins of ultrasonic (35 kHz at 60 °C, 45th min), ultrasonic 
(53 kHz at 60 °C, 45th min), chemical (pH 5 at 60 °C, 5th min), chemical (pH 10 at 60 °C, 30th min) and thermal chemical 
(40 °C, 15th min) pretreatment apple pomace were 74.3, 75.6, 48.7, 85.5 and 58.6% higher, respectively. The results indicated 
that apple pomace treated with 53 kHz at 60 °C, 45th min had the highest biogas yield of 1519 mL  CH4/g VSS.day after 
anaerobic digestion, which was on average 40.9% higher than raw pomace.

Keywords Apple pomace · Ultrasonic pretreatment · Chemical pretreatment · Biochemical methane potential · Soluble 
protein

1 Introduction

With the increasing energy demand and concerns related 
to non-renewable energy resources, renewable energy is 
regarded as a sound alternative energy in the next generation 
(Zi-lin et al. 2013). Agro-industrial byproducts and residues 
are often used as the broadcast source of the substrate for 
anaerobic biotransformation to biogas, which suggests that 
byproduct substrates could be alternatives to energy crops in 
anaerobic digestion plants (Menardo et al. 2012). Although 
biomass energy is more costly than fossil fuel-derived 
energy, trends to limit carbon dioxide and other emissions 
through emission regulations, carbon taxes, and subsidies of 
biomass energy would make it cost competitive (Chynoweth 
et al. 2001; Charters 2001), even when low-cost treatment, 
due to high energy recovery and environmentally friendly 

are taken into consideration (Ferreira et al. 2013). Wastes 
from agro-industrial processing are high in organic matter 
and are therefore ideal for anaerobic digestion (AD).

Turkey is the most important apple production state in 
the world and produced 2480 million tons of apples in 2014 
(TUIK 2015). For commonly seen apple pomace (AP), the 
moisture content is in the range of 70–75% and the cellu-
lose, protein and lipid contents are 7.2–43.6, 2.9–5.7 and 
1.2–3.9%, respectively, on a dry weight basis (Dhillon et al. 
2013).

Disposal of AP has long been a problem for producers. 
The AP can damage the environment, ranging from sur-
face and ground water pollution to foul odors (Kafle and 
Kim 2013) if not treated effectively. Additionally, the large 
quantities of agro-industrial by-products do not have eco-
nomic value and the availability of landfill space for AP 
disposal decreases each year (Riggio et al. 2015). AP tends 
to have low total solids and high volatile solids, and is easily 
degraded in an anaerobic digestion (AD) process.

AD is widely applied in solid stabilization technol-
ogy to degrade a complex variety of organic wastes in the 
absence of free or dissolved oxygen. One of the end prod-
ucts is biogas (Sterling et al. 2001). The generated biogas 
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can be used for generating electricity (used for cooking and 
heating), as direct vehicle fuel and for producing chemicals 
(Cantrell et al. 2008). AD processes are correspondingly 
divided into four stages: (1) hydrolysis, (2) acidogenesis, (3) 
acetogenesis, and (4) methanogenesis (Demirbas and Balat 
2009).

Hydrolysis is the rate limiting step for conventional 
anaerobic digestion of solid wastes due to the cell struc-
ture of microbial biomass and the extracellular polymeric 
(lipids, polysaccharides, and proteins or amino acids) sub-
stances (Eskicioglu et al. 2006). Total solid destruction as 
well as volatile solid destruction is also considered to be a 
very reliable measure of anaerobic digestion. Additionally, 
when microorganisms break down proteins, they release 
ammonium-nitrogen. Increased levels of ammonium in the 
solution can therefore indicate improved anaerobic digestion 
(Muller et al. 2009).

AD performance is enhanced by pretreating the waste to 
break the polymer chains into soluble components (mono-
mers). This will improve the hydrolysis of the organic mat-
ter, accelerate the AD process, increase the biogas produc-
tion, as well as reduce the digestion time and the amount of 
final residuals (Beszédes et al. 2009).

Different processes of pretreatment have been applied 
in the anaerobic digestion process. The main pretreat-
ment processes are thermal, chemical (Xu et al. 2014), and 
ultrasonic (Feng et al. 2009a). Each pretreatment method 
has advantages and disadvantages, and there is no “ideal” 
method (Chen et al. 2014). But among the different pre-
treatment approaches available, thermo-chemical and ultra-
sonic pretreatments have been reported as being effective 
and economically flexible (Apul and Sanin 2010; Rafique 
et al. 2010).

Heat produced during thermal treatment alters the chemi-
cal bonds of the cell wall and cell membrane to make it more 
amenable to biodegradability and enhance anaerobic digest-
ibility (Cesaro and Belgiorno 2014). Climent et al. (2007) 
found that only low temperature thermal treatment (70 °C) 
increased biogas production by 50% and found no effect for 
high temperature treatment.

Chemicals used for treating biomass include acid, alkali, 
or aqueous ammonia. Although the target of each chemical 
is different, overall, there are several chemical methods that 
remove hemicellulose from biomass, including methods that 
fractionate the biomass using acid catalysts (Jurado et al. 
2013; Choi et al. 2013). Vlyssides and Karlis (2004) stud-
ied concentrated wasted activated sludge (10% total solid) 
from a soft drink wastewater treatment plant at lower tem-
peratures (< 100 °C) and more neutral pH values (pH 8–11) 
and achieved reasonable improvements for chemical oxygen 
demands solubilization.

The term ultrasound is used to define sound energy in a 
frequency range of 20–100 kHz that is above human hear-
ing (Pilli et al. 2011). Wang et al. (1999) applied ultrasound 
or sonication pretreatment in the anaerobic digestion of 
WAS. In the pretreatment, a 9 kHz frequency was operated 
for 0, 10, 20, 30 and 40 min. The results indicated that the 
methane generation increased with ultrasonication time up 
to 30 min. Grönroos et al. (2005) demonstrated that ultra-
sonic pretreatment enhanced methane production during the 
anaerobic digestion process, and ultrasonic power as well as 
ultrasonic treatment time had the most significant effect on 
increasing methane production. Luste et al. (2009), Elbesh-
bishy et al. (2011) and Saha et al. (2011) reported that ultra-
sonic pretreatment of WAS increases solubilization, which 
enhances volatile solid (VS) destruction and ultimate biogas 
production.

To the best of our knowledge, it has never been applied to 
ultrasonic and thermal pretreatment methods for apple pom-
ace disintegration. Soluble of protein in typical pretreatment 
process was never reported earlier.

This study has primarily established ultrasound, thermal 
and chemical disintegration as the main methods, of the 
many methods for the pretreatment of apple pomace in a 
beverage factory in Mersin. A secondary objective of the 
study was to evaluate the performance of pretreatment-con-
ditioned apple pomace for enhancing the destruction of solu-
ble protein. The final objective of the study is to assess the 
effects of optimum pretreatment conditions (max. soluble 
protein) of apple pomace anaerobic digestion performance 
through biochemical methane potential (BMP) assays.

2  Materials and Methods

2.1  Feedstock

The apple pomace used throughout the experiments was 
obtained from agricultural food products factory between 
November and February, during the apple harvest time. 
Biomass samples were oven dried (105 °C) and ground to 
2 mm for chemical analysis and anaerobic digestion assay. 
The characteristics of the substrate utilized in the study are 
listed in Table 1.

2.2  Anaerobic Inoculum

The anaerobic inoculum used in this study was obtained 
from the anaerobic digester plant of a dairy factory in 
Aksaray. The sludge was stored at 4 °C for no more than 
2 days before utilization. The mesophilic anaerobic inocu-
lum was maintained in a 5 L flask reactor, which was ini-
tially filled with 3 L of waste-activated sludge obtained 
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from the dairy factory. The characteristics of this sludge are 
shown in Table 1.

2.3  Biochemical Methane Potential (BMP) Assays

The digestibility of apple pomace or digestate was tested 
using the biochemical methane potential (BMP) tests. In 
each set of experiment, biochemical methane potential was 
determined for the highest value of soluble protein. All sam-
ples used in the BMP test were diluted to total solid concen-
tration of 10%, and 30 mL of diluted sample and 5 mL of 
inoculum were placed in each of the 125 mL serum bottles.  
A mixture with equal amounts of  KHCO3 and  NaHCO3 was 
added to each reactor to ensure a  CaCO3 alkalinity con-
centration of 4000 mg/L. The pH was adjusted to pH 7 by 
adding 0,5 M NaOH. To minimize aerobic biodegradation, 
nitrogen gas was sparged into the digestion mixture in the 
reactor bottles for 2 min. The BMP reactor bottles were 
then sealed and put into a temperature-controlled incuba-
tor (Zhicheng, ZHWY-211D) to perform the BMP test for 
30 days. Biogas production was monitored daily with a grad-
uated syringe using a volume displacement technique. Daily 
room temperature and pressure at the time of gas sampling 
were recorded and gas volumes were corrected to standard 
conditions for temperature and pressure. Each BMP assay 
was performed in triplicate.

2.4  Pretreatment Procedure

The thermal pretreatment experiment was implemented 
based on 4 × 4 factorial, complete design. The two factors 
used were the apple pomace sample at different tempera-
tures (25, 40, 50 and 60 °C) and operation times (5, 15, 30, 
45 min). For each pretreatment, 10 g of apple pomace resi-
due was mixed with 90 mL distilled water and heated in an 
incubator shaker (Zhicheng, ZHWY-211D) to the specified 
heating conditions and time.

For the alkaline pretreatment of samples, an alkaline rea-
gent was used. NaOH alkaline reagent was examined at two 
pH levels, 5 and 10, and four different temperatures, 25, 40, 
50 and 60 °C. In the case of NaOH, the effect of mixing time 
was examined at 5, 15, 30 and 45 min. For NaOH-pretreated 
samples, 1N NaOH solution was added until the desired pH 
level was reached. All used chemicals were purchased from 
Merck (Merck, Whitehouse Station, NJ, USA).

The effect of sound frequency, temperature and duration 
of sonication on treatment efficiency was investigated by 
an ultrasonic device (Kudos, LHC Heating). Two levels of 
sound intensity (35 and 53 kHz), four temperatures (25, 40, 
50, 60 °C) and four levels of sonication time (5, 15, 30 and 
45 min) were tested Like the thermal and chemical pretreat-
ment experiments, these experiments were carried out as a 
2 × 4 × 4 fully crossed factorial design.

The experimental process is briefly described in Fig. 1.
After the operation time, the samples were left to reach 

room temperature prior to analysis. The soluble protein 
was measured after centrifuging the samples for 30 min at 
3250 rpm and filtering each sample through a 0.45 μm pore-
size filter.

2.5  Analytical Methods

The sludge volume index (SVI) was calculated using the set-
tled sludge volume of 1 L at 30 min settling time. The values 
of pH and conductivity were measured using an HQ411D 
equipment. The total solid (TS) and volatile solid were deter-
mined according to the APHA standard methods (APHA 
2012). Total organic carbon (TOC) measurements were real-
ized by TOC-TN (Shimadzu TOC-VCPN) analysis system.

Samples were also passed through 0.45 μm filters to 
measure the soluble protein concentration following the 
Coomassie Brilliant Blue G-250 method with absorbance 
595 nm. Bovine serum albumin (BSA) was used as the 
standard (Feng et al. 2009b). The chemicals used for these 
analyses were purchased from Merck.

3  Results and Discussion

3.1  Ultrasonic Pretreatment

Changes in soluble protein value depending on temperature 
and operation time in 35 kHz ultrasound pretreatment are 
shown in Fig. 2.

As seen in Fig. 2, the increase in temperature increases 
the value of soluble protein. At the same time, it was deter-
mined that the operation time of the highest soluble protein 
value was the 45th min. The highest soluble protein value 
was also obtained at 60 °C, 45th min (165.3 mg/L). The 

Table 1  The characteristics of inoculum and raw apple pomace

Value Units Apple pomace Inoculum

pH – 3.96 –
Conductivity μS/cm 2000 –
Total solids % 8.0 –
Volatile solids % 89.7 –
Total organic carbon mg/L 46,097.2 –
Soluble protein mg/L 42.56 –
Volatile solids (VS) mg/L – 24,500
Suspended solid content (SS) mg/L – 23,000
Sludge volume index (SVI) mL/g – 224
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soluble protein value increased linearly depending on the 
increase in temperature.

The effects of temperature and operation time on solu-
ble protein at 53 kHz ultrasonic pretreatment are shown in 
Fig. 3.

The highest soluble protein values at 25, 40, 50, and 
60  °C were found to be at the 15th, 30th, 30th, and 
45th min, respectively. The highest soluble protein was 
175 mg/L at 60 °C, 45th min. The soluble protein values 

in 53 kHz ultrasonic pretreatment were found to be higher 
compared with the 35 kHz pretreatment at all temperatures 
and operation times, except for 25 °C. In short, the 53 kHz 
ultrasonic pretreatment is more effective than the 35 kHz 
ultrasonic pretreatment. However, it has been determined 
that the efficiency of the 53 kHz ultrasonic pretreatment 
depends on long operation times. Ultrasonication with 
temperature has a significant impact on the soluble protein 
of the apple pomace solubilization of solid phase matter, 

Fig. 1  A schema of the experi-
mental process
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as well as on the increases in the concentration of organic 
matters.

3.2  Chemical Pretreatment

The changes of soluble protein values for pH 5 and pH 10 
in the chemical pretreatments were investigated, and the 
experimental results are shown in Figs. 4 and 5.

As seen above, the highest soluble protein values were 
obtained for 60 °C at the 5th min (83 mg/L), for 40 °C 
at the 30th min (67.07 mg/L), for 50 °C at the 15th min 
(70.3 mg/L), and for 25 °C at the 45th min (56.2 mg/L). The 
soluble protein value did not change because of the near to 
initial pH value.

It has been determined that the value of soluble protein 
at pH 10 pretreatment is much higher than that using other 
pretreatment methods. The optimum operation time for 
pH 10 pretreatments was 30 min. Soluble protein values 
decreased over more than 30 min of operation time. It has 

been determined that the temperature is highly effective on 
the dissolution of protein in the pH 10 pretreatment. The 
highest soluble protein value was measured as 294.3 mg/L 
at 60 °C, 30th min.

3.3  Thermal Pretreatment

Thermal pretreatment experiments were carried out at 25, 
40, 50, and 60 °C temperatures for the 5th, 15th, 30th, and 
45th min like the other pretreatment tests. The effect of tem-
perature on protein dissolution is given in Fig. 6.

In thermal pretreatment studies, it was determined that 
there was an inverse relationship between temperature and 
soluble protein. The highest protein values were obtained 
at the 15th min. The highest soluble protein values were 
102.9, 92.13 mg/L, and 89.5 at 40, 50, and 60 °C, respec-
tively. Thermal treatment disrupts the chemical bonds of the 
protein, resulting in the release of intracellular components 
and enhancing anaerobic digestibility behavior; this is in 

Fig. 3  Soluble protein changes 
in the 53 kHz ultrasound pre-
treatment
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Fig. 4  Soluble protein changes 
in the pH 5 chemical pretreat-
ment
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agreement with the results found in the literature (Zhong 
et al. 2014).

3.4  Cumulative Biochemical Methane Production

Biochemical methane potential experiments were performed 
taking into account the highest soluble protein values that 
were obtained during the periods specified in each pretreat-
ment operation time and temperatures.

In the 35 kHz ultrasonic pretreatment experiments, the 
highest soluble protein value was obtained at the 45th min. 
Therefore, biochemical methane potential experiments were 
applied to the specimens from 45 min of pretreatment. The 
results obtained in the experiment are given in Fig. 7.

After 30 days of digestion of raw apple pomace with 
inoculation, the cumulative biochemical methane potential 
was found to be 897 mL  CH4/g VSS.day. The biochemical 
methane potential at the 40, 50, and 60 °C were found to be 
lower than the potential obtained with the putrefaction of 

raw apple pomace with inoculation. Only under the 25 °C, 
45 min pretreatment conditions, biochemical methane poten-
tials were found to have an increase of 17.73%.

 Soluble protein values for pretreatment conditions of 
25 °C 15 th min, 40 °C 30th min, 50 °C 30th min, 60 °C 45th 
min, are given in Fig. 8 at 53 kHz ultrasonic pretreatment. 
The biochemical methane potential results obtained after 
53 kHz ultrasonic pretreatment studies are shown in Fig. 8.

As seen in Fig. 8, the biochemical methane potential is 
increased in the 53 kHz pretreatment studies. The highest 
increase was obtained at 60 °C 45 min (40.93%). Compared 
with the biochemical methane potential values obtained by 
putrefactive raw apple pomace with the inoculation, the 
increase was 6.45, 17.4, and 20.8% at 25 °C, 15 min; 40 °C, 
30 min; and 50 °C, 30 min, respectively. However, cumula-
tive biochemical methane potentials increased with tempera-
ture in the 53 kHz pretreatment studies.

At pH 5 chemical pretreatments, it was determined that 
the soluble protein values increased with increase in the 

Fig. 5  Soluble protein changes 
in the pH 10 chemical pretreat-
ment
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Fig. 6  Soluble protein changes 
in the thermal pretreatment
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temperature and decrease in the operating times. The bio-
chemical methane potential values obtained as a result of 
these pretreatment studies are given in Fig. 9.

The cumulative biochemical methane potential at 25 °C 
for 45 min and 40 °C for 30 min increased by 5.9 and 

0.8%, respectively. At higher temperatures, the cumulative 
biochemical methane potential decreased.

It has been determined that the optimum operating time 
is 30 min in the pH 10 chemical pretreatment experiments. 

Fig. 7  The effect of the 35 kHz 
ultrasonic pretreatment on bio-
chemical methane production
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Fig. 8  The effect of ultrasonic 
pretreatment at 53 kHz on bio-
chemical methane potential
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Fig. 9  Influence of the pH 5 
chemical pretreatment on bio-
chemical methane potential
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The effect of pretreatment studies under these conditions 
on biochemical methane potential is given in Fig. 10.

The cumulative biochemical methane potentials obtained 
as a result of pH 10 chemical pretreatment studies were 
determined to be higher at higher temperatures. An increase 
of 1.3% was obtained at 50 °C for 30 min and 3.8% at 60 °C 
for 30 min.

While the cumulative methane potential at 25 °C was 
714.56 mL  CH4/g VSS.day, it was measured as 892.11 mL 
 CH4/g VSS.day when the temperature was raised to 40 °C. 
However, these values were determined to be lower than the 
cumulative biochemical methane potential in the inoculated 
raw apple pomace (897 mL  CH4/g VSS.day).

In thermal pretreatments, the optimum operating time 
was determined to be 30 min and the biochemical methane 
potential changes are given in Fig. 11.

The cumulative methane potential was found to be 
725.9 mL  CH4/g VSS.day after thermal pretreatment at room 
temperature. 40 °C for 15 min thermal treatment increased 
the cumulative biochemical methane potential by 10.5%. 
The highest cumulative biochemical methane potential 

increase in this pretreatment was obtained at 60 °C at 15 
min as 11.1%.

4  Conclusion

This study has primarily established ultrasound, thermal and 
chemical disintegration as main of the many methods for 
the pretreatment of apple pomace. A secondary objective of 
the study was to evaluate the performance of pretreatment 
conditioned apple pomace for enhancing the destruction 
of soluble protein. Final objective of the study, assess the 
effects of optimum pre-treatment conditions (max. soluble 
protein) of apple pomace anaerobic digestion performance 
through biochemical methane potential (BMP) assays.

In the 35 kHz ultrasonic pretreatment, the highest soluble 
protein value was also obtained at 60 °C. The soluble protein 
values increased with time at 60 °C and the highest value 
was obtained at 45 min as 165.3 mg/L. Cumulative bio-
chemical methane potentials were only increased by 17.73% 

Fig. 10  Biochemical methane 
potential changes after the pH 
10 chemical pretreatment
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Fig. 11  Biochemical methane 
potential changes after thermal 
pretreatment
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at 25 °C for 45 min. Although soluble protein increased at 
other operation times and temperatures, no increase in the 
biochemical methane potential was detected.

When the frequency was increased to 53 kHz in the 
ultrasound pretreatment studies, both the soluble protein 
values and the biochemical methane potential values were 
increased. Soluble protein values increased with tempera-
ture and operation time. The highest values were obtained at 
60 °C, 45 min. The cumulative biochemical methane poten-
tial at 60 °C 45 min was calculated as 1519 mL  CH4/g VSS.
day, and it was determined that these results were 40.93% 
more than the results obtained from raw apple treated to the 
putrefaction with inoculation (control group).

In the case of chemical pretreatment studies, the decrease 
in the operating time at pH 5 pretreatment increased the 
soluble protein value. At elevated temperatures (50 and 
60 °C), no increase in the biochemical methane potential 
was achieved. Increases of 5.9 and 0.88% were obtained at 
25 °C, 45 min and 40 °C, 30 min, respectively.

In the pH 10 pretreatment, soluble protein values were up 
to 294.3 mg/L. Unlike the results of pH 5 pretreatment stud-
ies, biochemical methane potential values increased by 1.3 
and 3.8% at high temperatures (50 and 60 °C). The increases 
due to temperature were determined.

In the thermal pretreatment, cumulative biochemical 
methane potentials were increased by 10.57% at 40 °C, 
15 min and 11.17% at 60 °C, 15 min.

To sum up, the maximum increase in the cumulative bio-
chemical methane potential among the pretreatment meth-
ods was obtained in 53 kHz ultrasound at 60 °C at 45 min 
with 40.93%, and it was determined that the most effec-
tive method was ultrasound pretreatment at a frequency of 
53 kHz when compared with other pretreatment methods. It 
was observed that the temperature and operation time have 
an enhancing effect on various pretreatments, and in some 
cases it has an inhibitory effect on the increase of biochemi-
cal methane potential. In this study, the effectiveness of cer-
tain pretreatment methods on methane increase has been 
proven.

Acknowledgements This work was supported by the Aksaray Univer-
sity Scientific Research Project (2015-018).

References

APHA (2012) Standard methods for the examination of water and 
wastewater. American Public Health Association, Washington, 
DC

Apul OG, Sanin FD (2010) Ultrasonic pre-treatment and subsequent 
anaerobic digestion under different operational conditions. Biore-
sour Technol 101(23):8984–8992. http s://doi.org/10.1016 /j.bior 
tech .2010 .06.128

Beszédes S, Kertész S, László Z, Szabó G, Hodúr C (2009) Biogas 
production of ozone and/or microwave-pretreated canned maize 
production sludge. Ozone Sci Eng 31(3):257–261. http s://doi.
org/10.1080 /0191 9510 9028 4121 8

Cantrell KB, Ducey T, Ro KS, Hunt PG (2008) Livestock waste-
to-bioenergy generation opportunities. Bioresour Technol 
99:7941–7953. http s://doi.org/10.1016 /j.bior tech .2008 .02.061

Cesaro A, Belgiorno V (2014) Pretreatment methods to improve 
anaerobic biodegradability of organic municipal solid waste 
fractions. Chem Eng J 240:24–37. http s://doi.org/10.1016 
/j.cej.2013 .11.055

Charters WWS (2001) Developing market for renewable energy tech-
nologies. Renew Energy 22(1–3):217–222. http s://doi.org/10.1016 
/S096 0-1481 (00)0001 8-5

Chen X, Zhang Y, Gu Y, Liu Z, Shen Z, Chu H, Zhou X (2014) 
Enhancing methane production from rice straw by extrusion pre-
treatment. Appl Energy 122(1):34–41. http s://doi.org/10.1016 
/j.apen ergy .2014 .01.076

Choi CH, Um BH, Kim YS, Oh KK (2013) Improved enzyme effi-
ciency of rapeseed straw through the two-stage fractionation 
process using sodium hydroxide and sulfuric acid. Appl Energy 
102:640–646. http s://doi.org/10.1016 /j.apen ergy .2012 .08.011

Chynoweth DE, Owens JM, Legrand R (2001) Renewable methane 
from anaerobic digestion of biomass. Renew Energy 22(1–3):1–8. 
http s://doi.org/10.1016 /S096 0-1481 (00)0001 9-7

Climent M, Ferrer I, Baeza MD, Artola A, Vazquez F, Font X (2007) 
Effects of thermal and mechanical pretreatments of secondary 
sludge on biogas production under thermophilic conditions. 
Chem Eng J 133(1–3):335–342. http s://doi.org/10.1016 /j.cej.2007 
.02.020

Demirbas MF, Balat M (2009) Progress and recent trends in biogas pro-
cessing. Int J Green Energy 6(2):117–142. http s://doi.org/10.1080 
/1543 5070 9027 8483 0

Dhillon GS, Kaur S, Brar SK (2013) Perspective of apple process-
ing wastes as low-cost substrates for bioproduction of high value 
products: a review. Renew Sustain Energy Rev 27:789–805. http 
s://doi.org/10.1016 /j.rser .2013 .06.046

Elbeshbishy E, Aldin S, Hafez H, Nakhla G, Ray M (2011) Impact of 
ultrasonication of hog manure on anaerobic digestibility. Ultra-
son Sonochem 18(1):164–171. http s://doi.org/10.1016 /j.ults onch 
.2010 .04.011

Eskicioglu C, Kennedy KJ, Droste RL (2006) Characterization of 
soluble organic matter of waste activated sludge before and after 
thermal pretreatment. Water Resour 40(20):3725–3736. http s://
doi.org/10.1016 /j.watr es.2006 .08.017

Feng X, Lei H, Deng J, Yu Q, Li H (2009a) Physical and chemical char-
acteristics of waste activated sludge treated ultrasonically. Chem 
Eng Process 48(1):187–194. http s://doi.org/10.1016 /j.cep.2008 
.03.012

Feng X, Deng J, Lei H, Bai T, Fan Q, Li Z (2009b) Dewaterability of 
waste activated sludge with ultrasound conditioning. Bioresour 
Technol 100:1074–1081. http s://doi.org/10.1016 /j.bior tech .2008 
.07.055

Ferreira LC, Donoso-Bravo A, Nilsen PJ, Fdz-Polanco F, Pérez-Elvira 
SI (2013) Influence of thermal pretreatment on the biochemical 
methane potential of wheat straw. Bioresour Technol 143:251–
257. http s://doi.org/10.1016 /j.bior tech .2013 .05.065

Grönroos A, Kyllönen H, Korpijärvi K, Pirkonen P, Paavola T, Jokela 
J, Rintala J (2005) Ultrasound assisted method to increase soluble 
chemical oxygen demand (SCOD) of sewage sludge for digestion. 
Ultrason Sonochem 12(1–2):115–120. http s://doi.org/10.1016 
/j.ults onch .2004 .05.012

Jurado E, Skiadas IV, Gavala HN (2013) Enhanced methane produc-
tivity from manure fibers by aqueous ammonia soaking pretreat-
ment. Appl Energy 109:104–111. http s://doi.org/10.1016 /j.apen 
ergy .2013 .03.075

https://doi.org/10.1016/j.biortech.2010.06.128
https://doi.org/10.1016/j.biortech.2010.06.128
https://doi.org/10.1080/01919510902841218
https://doi.org/10.1080/01919510902841218
https://doi.org/10.1016/j.biortech.2008.02.061
https://doi.org/10.1016/j.cej.2013.11.055
https://doi.org/10.1016/j.cej.2013.11.055
https://doi.org/10.1016/S0960-1481(00)00018-5
https://doi.org/10.1016/S0960-1481(00)00018-5
https://doi.org/10.1016/j.apenergy.2014.01.076
https://doi.org/10.1016/j.apenergy.2014.01.076
https://doi.org/10.1016/j.apenergy.2012.08.011
https://doi.org/10.1016/S0960-1481(00)00019-7
https://doi.org/10.1016/j.cej.2007.02.020
https://doi.org/10.1016/j.cej.2007.02.020
https://doi.org/10.1080/15435070902784830
https://doi.org/10.1080/15435070902784830
https://doi.org/10.1016/j.rser.2013.06.046
https://doi.org/10.1016/j.rser.2013.06.046
https://doi.org/10.1016/j.ultsonch.2010.04.011
https://doi.org/10.1016/j.ultsonch.2010.04.011
https://doi.org/10.1016/j.watres.2006.08.017
https://doi.org/10.1016/j.watres.2006.08.017
https://doi.org/10.1016/j.cep.2008.03.012
https://doi.org/10.1016/j.cep.2008.03.012
https://doi.org/10.1016/j.biortech.2008.07.055
https://doi.org/10.1016/j.biortech.2008.07.055
https://doi.org/10.1016/j.biortech.2013.05.065
https://doi.org/10.1016/j.ultsonch.2004.05.012
https://doi.org/10.1016/j.ultsonch.2004.05.012
https://doi.org/10.1016/j.apenergy.2013.03.075
https://doi.org/10.1016/j.apenergy.2013.03.075


 Ş. Tulun, M. Bilgin 

1 3

94

Kafle GK, Kim SH (2013) Anaerobic treatment of apple waste with 
swine manure for biogas production: batch and continuous opera-
tion. Appl Energy 103:61–72. http s://doi.org/10.1016 /j.apen ergy 
.2012 .10.018

Luste S, Luostarinen S, Sillanpää M (2009) Effect of pre-treatments 
on hydrolysis and methane production potentials of by-products 
from meat-processing industry. J Hazard Mater 164(1):247–255. 
http s://doi.org/10.1016 /j.jhaz mat.2008 .08.002

Menardo S, Airoldi G, Balsari P (2012) The effect of particle size 
and thermal pre-treatment on the methane yield of four agricul-
tural by-products. Bioresour Technol 104:708–714. http s://doi.
org/10.1016 /j.bior tech .2011 .10.061

Muller CD, Abu-Orf M, Blumenschein CD, Novak JT (2009) A com-
parative study of ultrasonic pretreatment and an internal recycle 
for the enhancement of mesophilic anaerobic digestion. Water 
Environ Res 81(12):2398–2410. http s://doi.org/10.2175 /1061 4300 
9X40 7311 

Pilli S, Bhunia P, Yan S, LeBlanc RJ, Tyagi RD, Surampalli RY (2011) 
Ultrasonic pretreatment of sludge: a review. Ultrason Sonochem 
18(1):1–18. http s://doi.org/10.1016 /j.ults onch .2010 .02.014

Rafique R, Poulsen TG, Nizami A, Asam Z, Murphy JD, Kiely G 
(2010) Effect of thermal, chemical and thermo-chemical pre-treat-
ments to enhance methane production. Energy 35(12):4556–4561. 
http s://doi.org/10.1016 /j.ener gy.2010 .07.011

Riggio V, Comino E, Rosso M (2015) Energy production from anaero-
bic co-digestion processing of cow slurry, olive pomace and apple 
pulp. Renew Energy 83:1043–1049. http s://doi.org/10.1016 /j.rene 
ne.2015 .05.056

Saha M, Eskicioglu C, Marin J (2011) Microwave, ultrasonic and 
chemomechanical pretreatments for enhancing methane poten-
tial of pulp mill wastewater treatment sludge. Bioresour Technol 
102(17):7815–7826. http s://doi.org/10.1016 /j.bior tech .2011 .06.05

Sterling JMC, Lacey RE, Engler CR, Ricke SC (2001) Effects of 
ammonia nitrogen on  H2 and  CH4 production during anaerobic 
digestion of dairy cattle manure. Bioresour Technol 77(1):9–18. 
http s://doi.org/10.1016 /S096 0-8524 (00)0013 8-3

TUIK (2015) Turkey Statistics Institution, Ankara, 10752
Vlyssides AG, Karlis PK (2004) Thermal-alkaline solubilization 

of waste activated sludge as a pre-treatment stage for anaero-
bic digestion. Bioresour Technol 91(2):201–206. http s://doi.
org/10.1016 /S096 0-8524 (03)0017 6-7

Wang Q, Kuninobu M, Kakimoto K, Ogawa HI, Kato Y (1999) 
Upgrading of anaerobic digestion of waste activated sludge by 
ultrasonic pre-treatment. Bioresour Technol 68(3):309–313. http 
s://doi.org/10.1016 /S096 0-8524 (98)0015 5-2

Xu J, Yuan H, Lin J, Yuan W (2014) Evaluation of thermal, thermal-
alkaline, alkaline and electrochemical pretreatments on sludge 

to enhance anaerobic biogas production. J Taiwan Inst Chem E 
45(5):2531–2536. http s://doi.org/10.1016 /j.jtic e.2014 .05.029

Zhong W, Li Z, Yang J, Liu C, Tian B, Wang Y, Chen P (2014) Effect 
of thermal–alkaline pretreatment on the anaerobic digestion of 
streptomycin bacterial residues for methane production. Biore-
sour Technol 151:436–440. http s://doi.org/10.1016 /j.bior tech 
.2013 .10.100

Zi-lin S, Gai-he Y, Yong-zhong F, Guang-xin R, Xin-hui H (2013) Pre-
treatment of rice straw by hydrogen peroxide for enhanced meth-
ane yield. J Int Agric 12(7):1258–1266. http s://doi.org/10.1016 /
S209 5-3119 (13)6035 5-X

Şevket Tulun Research Assistant 
Şevket Tulun obtained his M.Sc. 
degree (2014) from the Faculty 
of Environmental Science at 
Aksaray University. His further 
graduate studies were carried out 
at the Białystok University of 
Technology. His main interests 
are waste, waste management 
and biogas. Ebru Mutlu Tulun 
has been married since 2017. 

Melayib Bilgin obtained his B.Sc. 
degree (2006) from the Faculty 
of Enviromental Science at 
Aksaray University, Turkey, and 
his Ph.D. (2010) degree from 
Dokuz Eylül University in İzmir, 
Turkey. He continued with his 
research and academic activities 
at the Aksaray University until 
he was promoted as an associate 
professor in 2010. Afterward, he 
achieved the full associate pro-
fessor rank at Aksaray Univer-
sity, Turkey. Dr Bilgin’s research 
interests focus on themes related 
to solid waste, waste manage-

ment soil treatment and environmental science.

https://doi.org/10.1016/j.apenergy.2012.10.018
https://doi.org/10.1016/j.apenergy.2012.10.018
https://doi.org/10.1016/j.jhazmat.2008.08.002
https://doi.org/10.1016/j.biortech.2011.10.061
https://doi.org/10.1016/j.biortech.2011.10.061
https://doi.org/10.2175/106143009X407311
https://doi.org/10.2175/106143009X407311
https://doi.org/10.1016/j.ultsonch.2010.02.014
https://doi.org/10.1016/j.energy.2010.07.011
https://doi.org/10.1016/j.renene.2015.05.056
https://doi.org/10.1016/j.renene.2015.05.056
https://doi.org/10.1016/j.biortech.2011.06.05
https://doi.org/10.1016/S0960-8524(00)00138-3
https://doi.org/10.1016/S0960-8524(03)00176-7
https://doi.org/10.1016/S0960-8524(03)00176-7
https://doi.org/10.1016/S0960-8524(98)00155-2
https://doi.org/10.1016/S0960-8524(98)00155-2
https://doi.org/10.1016/j.jtice.2014.05.029
https://doi.org/10.1016/j.biortech.2013.10.100
https://doi.org/10.1016/j.biortech.2013.10.100
https://doi.org/10.1016/S2095-3119(13)60355-X
https://doi.org/10.1016/S2095-3119(13)60355-X

	Enhanced Soluble Protein and Biochemical Methane Potential of Apple Biowaste by Different Pretreatment
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Feedstock
	2.2 Anaerobic Inoculum
	2.3 Biochemical Methane Potential (BMP) Assays
	2.4 Pretreatment Procedure
	2.5 Analytical Methods

	3 Results and Discussion
	3.1 Ultrasonic Pretreatment
	3.2 Chemical Pretreatment
	3.3 Thermal Pretreatment
	3.4 Cumulative Biochemical Methane Production

	4 Conclusion
	Acknowledgements 
	References




