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ABSTRACT

In this study, effect of two chemical compounds (i.e., 1-octanol and hexanal) respectively from 
the alcohol and aldehyde groups on thermophilic (55±2 °C) anaerobic process digesting the 
waste produced at a paper industry was investigated. In this scope, possible inhibition was 
monitored by the cumulative methane (CH4) yields in the batch reactors digesting the paper 
waste as the feedstock at concentrations of 0.005%, 0.05%, and 0.5% for each compound. Com-
paring the effects of the two different groups with the control reactor having only the paper 
waste as the substrate, the results revealed that adding 1-octanol and hexanal up to 0.05% con-
centrations had some synergistic effect on biogas yield (i.e., from 3% to 12% enhancement). 
Accordingly, the highest methane yields were 550 and 567 mL/g-VSfed, respectively on average 
in the presence of 1-octanol and hexanal at a concentration of 0.05% while the cumulative 
methane yield was observed as 490 mL/g-VSfed for the control reactor. With the exception of 
1-octanol at 0.5%, adding both compounds at each investigated concentration was beneficial 
for the digestion in the batch process. Therefore, the selected alcohol and aldehyde sources did 
not cause the expected detrimental effect on the methanogens even at the maximum amounts 
added in this study. Nevertheless, since the effect of the chemical compounds on methane gen-
eration has been generally concentration-dependent, the toxic effects of 1-octanol and hexanal 
would be better observed at higher concentrations (>0.5%), especially when their threshold 
levels are exceeded in anaerobic reactors digesting paper wastes.

Cite this article as: Yarsur E, Horváth IS, Yangın Gömeç Ç. Methane yield of paper industry 
waste in the presence of two compounds from alcohol and aldehyde groups during thermo-
philic anaerobic digestion. Environ Res Tec 2023;6:1:54–59.

INTRODUCTION

Depending on the total solids (TS) content of the sub-
strate, anaerobic digestion has been applied as wet (i.e., 
TS from 0.5% to 15%) or dry (i.e., TS more than 20%) 

processes for many decades. However, dry anaerobic di-
gestion is particularly preferred for treating the industri-
al wastes in order to meet the energy demand of the facil-
ities. In this context, since paper wastes have high carbon 
content and TS concentrations; these difficult degradable 
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feedstocks have been stabilized efficiently by anaerobic 
reactors also enabling biogas generation as one of the re-
newable energy sources [1–3]. However, paper industry 
wastes contain mostly hemicellulose and cellulose and 
degradation of these materials by the microorganisms are 
not easy. On the other hand, inhibitory substances found 
in paper wastes might cause process failure in bioreac-
tors with reduced biogas yields. These inhibitory com-
pounds are sulphuric (e.g., unionized H2S, SO3

2-, SO4
2-) 

and chlorinated (e.g., Adsorbable Organic Halides and 
pentachlorophenol) compounds, wood extractives (e.g., 
resin acids, fatty acids, volatile terpenes, sterols, juvabi-
ones, and tannins), and some other compounds such as 
H2O2 [4, 5]. Since paper and packaging materials are lig-
nocellulose-based natural polymers; they release acetic 
acid, aldehydes, alcohol, and ester-based volatile organic 
compounds (VOCs) due to ageing [6]. Hence, necessary 
precautions against these toxic substances should be tak-
en in order to keep the digestion process at steady-state 
condition for achieving an enhanced methane produc-
tion. For example, some chemical compounds such as 
aldehydes (e.g., hexanal) and alcohols (e.g., 1-octanol) 
might be toxic especially to the methanogenic cultures, 
which adversely affect biogas yields of anaerobic process-
es with long lag phase periods at their increasing con-
centrations [3, 7]. In this context, acclimation periods 
generally allow the microbial cultures to adapt unfavor-
able conditions and inoculum adaptation plays a key role 
during anaerobic digestion of the inhibitory substances 
in bioreactors [8]. Besides available microorganisms, the 
impact of the chemical compounds on the stabilization 
process change depending on the operation parameters 
(e.g., pH, temperature, hydraulic retention time etc.). 
Moreover, it was reported that the effect of the com-
pounds from alcohol and aldehyde groups on methane 
generation has been also concentration-dependent [9]. 
According to Jansson et al. [3], the chemical compounds 
that could affect biogas production in traditional wet an-
aerobic digestion processes were hexanal and 1-octanol 
which have been detected in the wastes/wastewaters of 
various industries such as food and paper sectors. Ac-
cordingly, the main source of odour in many paper with 
high wood extractives is the auto- and photo-oxidation 
of linoleic acid, oleic acid, linolenic acid. On the other 
hand, hexanal is a well-known aliphatic aldehyde and it 
is a predominant reaction product of linoleic acid (i.e., a 
fatty acid component in wood extractives) oxidation and 
accounts for odour nuisance in pulp and paper indus-
try. It was also reported that hexanal was the dominating 
volatile aldehyde originating from pulp and paper pro-
duced for food packaging purposes. On the other hand, 
a large variety of other aldehydes, ketones and alcohols 
are also formed [10, 11]. Among them, 1-octanol, known 
as a fatty alcohol, is described as typical volatile oxida-

tion compound of oleic acid which also contributes to 
off-flavor development and released to the environment 
as a metabolite of many plants [10, 12, 13]. Octanol is 
also found in paper industry wastewaters, due to its us-
age as an antifoaming agent during paper making [14]. 
Hence, investigation of the impact of hexanal and 1-octa-
nol on anaerobic digestion is important owing to the fact 
that anaerobic treatment is mostly used to stabilize the 
wastes from paper industry [3, 15]. Nevertheless, these 
two compounds might be beneficial or detrimental to the 
anaerobic digestion [9]. Although hexanal and 1-octanol 
could be degraded by some microorganisms which are 
involved in anaerobic digestion process, high concentra-
tions of these chemicals could reduce the biogas produc-
tion [3]. Hence, the aim of this work was to investigate 
the impacts of 1-octanol and hexanal on cumulative 
methane yield during thermophilic (55±2 °C) anaerobic 
digestion of the waste from a paper industry.

MATERIALS AND METHODS

Substrate, Inoculum, and Chemical Compounds
The paper waste (PW) with a total solids (TS) and volatile 
solids (VS) contents of about 28% and 27% was supplied by 
a pulp and paper industry located in Varberg, Sweden. The 
inoculum was obtained from a dry anaerobic digester plant 
treating municipal solid waste at thermophilic conditions 
(Borås, Sweden). TS content of the inoculum was 3.6% with 
a volatile content of about 65% [16].

The chemical compounds examined were from two groups 
i.e. alcohol (1-octanol) and aldehyde (hexanal); all provid-
ed by Sigma-Aldrich (Germany). 1-Octanol (C8H18O), also 
known as N-octan-1-ol or capryl alcohol, is a clear and 
colorless liquid which is a fatty alcohol lipid molecule with 
a molecular weight of 130.23 g/mol [12]. Besides, hexanal 
(C6H12O) is also a clear and colorless liquid with a molec-
ular weight of 100.16 g/mol [17]. Both chemical solutions 
were prepared by diluting pure liquid chemical compounds 
with distilled water in order to achieve concentrations of 
0.005%, 0.05% and 0.5% (w/v). Hence, 0.27–27 and 0.3–30 
mg COD were added to each bottle by adding hexanal and 
1-octanol, respectively.

Batch Reactors and Operating Conditions
The experiments were carried out at thermophilic con-
ditions (55±2 °C) using 118 mL serum glass bottles at 
which anaerobic digestion took place. The reactors were 
kept in an incubator and operated as batch systems. In 
order to measure the methane production of only the in-
oculum, the blank reactors were set-up with only inoc-
ulum (Control_Seed) to be incubated without the addi-
tion of substrates and chemical compounds. On the other 
hand, the control reactors were also set-up only with the 
inoculum and the used paper waste (Control_PW) with-
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out the addition of chemical compounds. Only distilled 
water was added in the blank and control flasks. All as-
says were running with the substrate to inoculum ratio of 
1:2 (VS basis) in reactors corresponding to 0.5 g-VS for 
the substrate and 1.0 g-VS for the inoculum (VSsubstrate to 
VSinoculum). Besides, each serum bottle except the control 
ones, included 2 mL of the single selected compound. On 
the other hand, the control reactors were prepared with 
2 mL tap water instead of hexanal or 1-octanol solution. 
Hence, the working volume for each reactor was about 45 
mL with the headspace of about 75 mL. After the addi-
tion of all necessary components; each serum bottle was 
sealed with a rubber septum and with an aluminum cap. 
Then, the headspace of each reactor was flushed with the 
gas mixture of 80% N2 and 20% CO2 for 2 minutes to 
maintain anaerobic conditions inside the reactors. The 
reactors were then incubated at 55±2 °C while they were 
shaken manually once a day during the incubation peri-
od of 45 days. All experimental set-up was done in tripli-
cates (i.e., with a total of 24 flasks) and average methane 
gas values were calculated.

Analytical Procedure
Gas samples were taken three times a week at the first weeks 
of the study, then were gradually reduced as twice a week 
and once a week towards the end of the digestion period. 
The total solids (TS) and the volatile solids (VS) of the sub-
strate and inoculum were determined according to Standard 
Methods [18]. On the other hand, the biogas samples were 
taken from each reactor’s headspace using a 250-µL pres-
sure-lock gas syringe (VICI, Precision Sampling Inc., Ba-
ton Rouge, LA, USA). Gas measurement and analysis were 
conducted as described in a previous study by Teghammar 
et al. [19] and each methane (CH4) by volume was obtained 
at standard conditions (0 °C and 1 atm). The compositions 
[methane (CH4), hydrogen (H2), carbon dioxide (CO2)] of 
the produced biogas were determined using a gas chroma-
tography (Perkin-Elmer Clarus 590, Perkin-Elmer Inc., 
Waltham, MA, USA) equipped with a packed column (6’ x 
1.8” OD, 80/100, Mesh, Perkin Elmer Inc., Waltham, MA, 
USA) and a thermal conductivity detector (Perkin-Elmer 
Inc., Waltham, MA, USA) at an inject temperature of 150 
°C. The carrier gas was nitrogen operated with a flow-rate 
of 20 mL/min at 60 °C.

Table 1. The toxic concentrations of some alcohols and aldehydes in anaerobic digestion

Compound class	 Value	 Unit	 Reference

4-Methylbenzaldehyde	 4.25 (IC50)*	 mmol/L	 Sierra-Alvarez and Lettinga [20] 

Benzaldehyde	 5.03 (IC50)	 mmol/L

Formaldehyde	 10	 mg/L	 Qu and Bhattacharya [21]

2-Phenylethanol	 46.53 (IC50)	 mmol/L	 Sierra-Alvarez and Lettinga [20] 

Phenylmethanol	 31.74 (IC50)	 mmol/L

Allyl alcohol	 3000	 mg/L	 Demirer and Speece [22]

*: The inhibitory concentration (IC50) that reduces 50% of methane production.

Table 2. Average methane yields and standard deviations (mL CH4/g-VS)

Chemical conc. (%)					     Incubation time (d)

		  0	 2	 9	 13	 23	 29	 35	 45

Inoculum (Control_Seed)

	 0	 0±0	 13±1.0	 38±1.6	 89±4.0	 102±4.2	 107±5.4	 119±7.1	 128±8.8

Paper waste + Inoculum (Control_PW)

	 0	 0±0	 34±2.5	 145±10.8	 461±36.3	 537±89.8	 581±92.3	 600±93	 618±92.1

Paper waste + Inoculum + 1-octanol

	 0.005	 0±0	 39±5.1	 137±1.5	 400±7.8	 596±13.5	 628±8.9	 657±12.2	 675±9.1

	 0.05	 0±0	 35±4.2	 133±2.3	 395±14	 567±36	 628±13.8	 655±11.8	 678±12.5

	 0.5	 0±0	 34±1.1	 136±8.9	 381±106	 527±87	 563±91	 583±91	 599±96

Paper waste + Inoculum + Hexanal

	 0.005	 0±0	 37±1.6	 143±11	 414±51.4	 615±32.7	 651±45	 673±40.4	 685±43

	 0.05	 0±0	 34±2.0	 143±10	 439±33.5	 607±18	 646±25.4	 673±19.7	 695±17.4

	 0.5	 0±0	 30±2.3	 130±10.2	 408±42.8	 540±42.1	 578±44.4	 607±35.5	 638±43.5
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RESULTS AND DISCUSSION

Since some alcohols and aldehydes found in paper wastes 
might cause process failure in bioreactors; necessary pre-
cautions against these toxic substances should be taken in 
order to keep the digestion process at steady-state condi-
tion for achieving an enhanced methane production [7]. 
The toxic concentrations of some alcohols and aldehydes in 
anaerobic digestion are presented in Table 1.

Since Jansson et al. [3] performed a similar study with hex-
anal and 1-octanol at mesophilic (37±1 °C) condition; this 
particular study was performed in order to investigate the 
effects of these selected compounds on biogas production 
at the same concentrations at thermophilic (55±2 °C) con-
dition. Hence, 1-octanol and hexanal were added into the 
reactors to achieve concentrations of 0.005, 0.05, and 0.5% 
(w/v). The results showed that addition of 1-octanol and hex-
anal at concentrations of 0.05% resulted in increased biogas 
production (Table 2) after 45-days incubation period. The 
highest net methane yields were 550 and 567 mL/g-VSfed, 
respectively in the presence of 1-octanol and hexanal at a 
concentration of 0.05%. These results corresponded to about 
10% and 12% enhancement in cumulative methane produc-
tion, respectively compared to the control reactor (490 mL 
CH4/g-VSfed) digesting only the paper waste. Hence, adding 
both compounds to 0.05% was beneficial for the digestion 
process. Even at 0.5%, hexanal was somewhat beneficial; 
however, 1-octanol at this concentration showed a slight 
effect with a retardation in biogas generation of about 3% 
decrease. Accordingly, cumulative methane yield for 1-octa-
nol was 471 mL CH4/g-VSfed whereas it was 510 mL CH4/g-
VSfed for hexanal compared to the control reactor (490 mL 
CH4/g-VSfed). Hence, it could be concluded that increasing 
concentrations of both chemicals from 0.05% to 0.5% in-
dicated not significantly different methane yields than that 
obtained from only paper waste in the control reactor. Effect 
of the additions of chemical compounds on net methane 
yields are presented in Table 3. In this context, continued 

biogas productions revealed the probable consumption of 
both chemicals up to a certain concentration by the anaer-
obic microorganisms available in thermophilic batch reac-
tors. The effect of the selected compounds from alcohol and 
aldehyde groups on the initial digestion rate is presented in 
Figure 1a for 1-octanol and in Figure 1b for hexanal.

Table 3. Effect of the additions of chemical compounds on biogas production at different concentrations

Reactor content	 Chemical	 Chemical	 Net methane yield	 Variationa,b 
		  compound	 concentration (%)	 (mL CH4/g-VS)	 (%)

Inoculum (Control_Seed)	 –	 0	 128	 –

Paper waste + Inoculum (Control_PW)	 –	 0	 490	 –

Paper waste + Inoculum	 1-octanol	 0.005	 547	 (+)9

			   0.05	 550	 (+)10

			   0.5	 471	 (-)3

Paper waste + Inoculum	 Hexanal	 0.005	 557	 (+)11

			   0.05	 567	 (+)12

			   0.5	 510	 (+)3

a: [(CH4 produced by feedstock with chemical compound-CH4 produced by control)/(CH4 produced by control)x100]; b: Enhancement is indicated by (+) where-
as retardation is indicated by (-) in net methane yield.

Figure 1. Biogas generation during thermophilic anaerobic 
digestion of paper waste with (a) 1-octanol and (b) hexanal 
at different concentrations in comparison to control reac-
tors (without chemical compounds) .
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Although adding 1-octanol and hexanal did not indicate 
any apparent inhibition on anaerobic digestion perfor-
mance of the paper waste up to 0.5% at thermophilic (55±2 
°C) condition, Jansson et al. [3] who performed a similar 
study with the same hexanal and 1-octanol concentrations 
reported contrary findings at mesophilic (37±1 °C) condi-
tion. Accordingly, they reported substantial inhibition and 
lower methane yields at all concentrations irrespective of 
the chemical compound used. On the other hand, long lag 
phase was not observed in this particular study unlike Jans-
son et al. [3]. Accordingly, they previously reported more 
than 20 days for hexanal and 80 days for 1-octanol during 
mesophilic digestion of paper waste in similar batch assays 
at S/I ratio (VS basis) of 1.0 with a TS of 16%. Therefore, 
since the addition of the same alcohol and aldehyde sources 
up to a concentration of 0.05% improved the performance 
of the anaerobic process with an increase in methane yield 
in this particular study, it was probably due to the difference 
in initial VS content fed [23] into the batch reactors as well 
as due to higher (i.e., thermophilic) operating temperature. 
Meegoda et al. [24] also reported that reaction rates are in-
creased at higher temperatures which result in a possibility 
of higher loading rates and improved biogas yields.

In conclusion, contrary to expectation, the selected chem-
ical compounds did not indicate notable toxic effect on 
methane production in the batch assays even the concentra-
tion increased to 0.5% for 1-octanol and hexanal. However, 
preliminary results revealed that the toxic effects of both 
selected compounds would be observed at different operat-
ing conditions [3]. Moreover, higher concentrations of the 
chemical compounds from alcohol and aldehyde groups 
would exert inhibitory effect especially when their thresh-
old levels are exceeded in anaerobic reactors digesting the 
wastes from industries such as food and paper facilities.

CONCLUSIONS

According to the results, cumulative methane yields mea-
sured in the batch assays showed that the degradation pro-
cess was not slowed down and the externally added com-
pounds from the alcohol (1-octanol) and aldehyde (hexanal) 
groups up to a concentration of 0.05% made it possible for 
the methanogens to produce a higher amount of ultimate 
biogas. Hence, addition of the selected compounds was ben-
eficial for the digestion and improved the performance of the 
anaerobic process with an enhancement in methane yield of 
10% for 1-octanol and 12% for hexanal. Accordingly, com-
pared to the control reactor which only included the paper 
waste; net methane yield for 1-octanol was 550 mL CH4/g-
VSfed whereas it was 567 mL CH4/g-VSfed for hexanal at 
0.05% concentration of each compound. When it comes to 
the effects of the selected chemical compounds at 0.5% con-
centration of each, no remarkable toxic effect on methane 
production was observed even the concentration increased 

up to 0.5% for both compounds. Accordingly, methane 
yields indicated a slight increase for hexanal whereas a slight 
decrease for 1-octanol even at 0.5% concentration. Contrary 
to expectations, the reason why methane yields did not de-
crease even with increasing concentrations of both chemical 
compounds, was probably due to the fact that threshold lev-
els were still not exceeded in the batch assays. In conclusion, 
continued biogas productions also revealed the probable 
consumption of both chemicals up to a certain concentra-
tion by the anaerobic microorganisms available in the reac-
tors digesting paper waste at thermophilic temperature.

Acknowledgement
This work was financially supported by the Department 
of Scientific Research Projects of ITU (Project Number: 
MYL-2019-42365). ITU EU Centre Erasmus Office is also 
acknowledged. The authors are also grateful for former 
PhD student, Vanessa Elisa Pinheiro, for all practical help 
in the lab at the Swedish Centre for Resource Recovery, at 
University of Borås.

DATA AVAILABILITY STATEMENT
The authors confirm that the data that supports the findings 
of this study are available within the article. Raw data that 
support the finding of this study are available from the cor-
responding author, upon reasonable request.

CONFLICT OF INTEREST
The authors declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

ETHICS
There are no ethical issues with the publication of this man-
uscript.

REFERENCES

[1]	 Y. Li, S. Y. Park, and J. Zhu, “Solid-state anaerobic 
digestion for methane production from organic 
waste,” Renew Sustainable Energ Review, Vol. 15, pp. 
821–826, 2011. [CrossRef]

[2]	 J. Yi, B. Dong, J. Jin, and X. Dai, “Effect of increasing 
total solids contents on anaerobic digestion of food 
waste under mesophilic conditions: performance 
and microbial characteristics analysis,” PLoS One, 
Vol. 9, pp. e102548, 2014. [CrossRef]

[3]	 A. T. Jansson, R. J. Patinvoh, M. J. Taherzadeh, and 
I. Sárvári Horváth, “Effect of organic compounds on 
dry anaerobic digestion of food and paper industry 
wastes,” Bioengineered, Vol. 11, pp. 502–509, 2020. 
[CrossRef]

[4]	 T. Meyer, and E.A. Edwards, “Anaerobic digestion of 
pulp and paper mill wastewater and sludge,” Water 
Research, Vol. 65, pp. 321–349, 2014. [CrossRef]



Environ Res Tec, Vol. 6, Issue. 1, pp. 54–59, March 2023 59

[5]	 S. Lacorte, A. Latorre, D. Barceló, A. Rigol, A. 
Malmqvist, and T. Welander, “Organic compounds 
in paper-mill process waters and effluents,” TrAC 
Trends in Analytical Chemistry, Vol. 22, pp. 725–
737, 2003. [CrossRef]

[6]	 I. Alam, and C. Sharma, “Degradation of paper 
products due to volatile organic compounds,” 
Preprint (Version 1) available at Research Square 
[https://doi.org/10.21203/rs.3.rs-2080804/v1], 
2022. [CrossRef]

[7]	 A. Nsair, S. Onen Cinar, A. Alassali, H. Abu Qdais, 
and K. Kuchta, “Operational parameters of biogas 
plants: A review and evaluation study,” Energies, 
Vol. 13, pp. 3761, 2020. [CrossRef]

[8]	 C. Yangin-Gomec, T. Sapmaz, and S. Aydin, “Im-
pact of inoculum acclimation on energy recovery 
and investigation of microbial community changes 
during anaerobic digestion of the chicken manure,” 
Environmental Technology, Vol. 41, pp. 49–58, 
2020. [CrossRef]

[9]	 H. Yanti R. Wikandari, R. Millati, C. Niklasson, 
and M. J. Taherzadeh, “Effect of ester compounds 
on biogas production: beneficial or detrimental?” 
Energy Science & Engineering, Vol. 2, pp. 22–30, 
2014. [CrossRef]

[10]	 A. Fagerlund, D. Shanks, K. Sunnerheim, L. Eng-
man, and H. Frisell, “Protective effects of synthetic 
and naturally occurring antioxidants in pulp prod-
ucts,” Nordic Pulp & Paper Research Journal, Vol. 
18, pp. 176–181, 2003. [CrossRef]

[11]	 H. Lindell, “Odour and Taste Originating from Food 
Packaging Board,” C.F. Baker, Ed. Products of Paper-
making, Trans. of the Xth Fund. Res. Symp. Oxford, 
Manchester: FRC, pp. 431–497, 2018.

[12]	 National Center for Biotechnology Information. 
“1-Octanol,” 	 https://pubchem.ncbi.nlm.nih.
gov/compound/1-Octanol, National Center for Bio-
technology Information (NCBI) website. 2020.

[13]	 R. Domínguez, M. Pateiro, M. Gagaoua, F.J. Barba, 
W. Zhang, and J. M. Lorenzo, “A comprehensive re-
view on lipid oxidation in meat and meat products,” 
Antioxidants, Vol. 8, pp. 429, 2019. [CrossRef]

[14]	 Q. Chang, Emulsion, Foam, and Gel, Q. Chang, Ed. 
Colloid and Interface Chemistry for Water Quality 
Control, Chapter 11, Academic Press, pp. 227-245, 
2016. [CrossRef]

[15]	 C. Yangin-Gomec, E. Yarsur, and O.Y. Ozcan, “En-
ergy recovery during anaerobic treatment of ligno-
cellulosic wastewater with dynamic modeling and 
simulation results,” Biomass Conversion and Biore-
finery, 2021. [CrossRef]

[16]	 E. Yarsur, “Biogas recovery during anaerobic treat-
ment of lignocellulose-rich pollutants with high sul-
fate content: an investigation via innovative applica-
tions,” Master Thesis, Istanbul Technical University, 
Istanbul, Turkey, Feb. 2021.

[17]	 National Center for Biotechnology Information. 
“Hexenal,” https://pubchem.ncbi.nlm.nih.gov/com-
pound/Hexanal, National Center for Biotechnology 
Information (NCBI) website. 2020.

[18]	 American Public Health Association. “Standard 
Methods for the Examination of Water and Waste-
water,” 21st ed., American Public Health Association 
(APHA) Press, Washington, United States, 2005. 

[19]	 A. Teghammar, J. Yngvesson, M. Lundin, M. J. Ta-
herzadeh, and I. Sárvári Horváth, “Pretreatment of 
paper tube residuals for improved biogas produc-
tion,” Bioresource Technology, Vol. 101, pp. 1206–
1212, 2010. [CrossRef]

[20]	 R. Sierra-Alvarez, and G. Lettinga, “The effect of 
aromatic structure on the inhibition of acetoclas-
tic methanogenesis in granular sludge,” Applied 
Microbiology and Biotechnology, Vol. 34, pp. 544–
550, 1991.

[21]	 M. Qu, and S. K. Bhattacharya, “Toxicity and bio-
degradation of formaldehyde in anaerobic metha-
nogenic culture,” Biotechnology and Bioengineer-
ing, Vol. 55, pp. 727–736, 1997. [CrossRef]

[22]	 G. N. Demirer, and R. E. Speece, “Anaerobic bio-
transformation of four3-carbon compounds (acro-
lein, acrylic acid, allyl alcohol and n-propanol) in 
UASB reactors,” Water Research, Vol. 32, pp. 747–
759, 1998. [CrossRef]

[23]	 A. T. Jansson, R. J. Patinvoh, I. Sárvári Horváth, and 
M. J. Taherzadeh, “Dry anaerobic digestion of food 
and paper industry wastes at different solid con-
tents,” Fermentation, Vol. 5, pp. 40, 2019. [CrossRef]

[24]	 J. N. Meegoda, B. Li, K. Patel, and L. B. Wang, “A 
review of the processes, parameters, and optimiza-
tion of anaerobic digestion,” International Journal 
of Environment Research Public Health, Vol. 15, pp. 
2224, 2018. [CrossRef]


