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Abstract
Background Recently, free nitrous acid (FNA) pre-treatment of sewage waste activated sludge has been
introduced as an economically attractive and environmentally friendly technique for enhancing methane
production from the anaerobic digestion process. Fenton pre-treatment of sewage sludge, as an
advanced oxidation process, has also been introduced as a powerful technique for methane improvement
in a couple of studies. This study, for the �rst time, investigates the synergy of combined FNA and Fenton
pre-treatment technologies in enhancing the methane production from the anaerobic digestion process
and reducing waste sludge to be disposed of. Actual secondary waste activated sludge in laboratory-
scale batch reactors was used to assess the synergistic effect of the pre-treatments. The mechanisms
behind the methane enhancement were also put into perspective by measuring different microbial
enzymes activity and solubilisation of organic matter. Result This study revealed that the combined pre-
treatments release organic matter into the soluble phase signi�cantly more than the bioreactors pre-
treated with individual FNA and Fenton. For understanding the in�uence of pre-treatments on
solubilisation of organic matter, soluble protein, soluble polysaccharide and soluble chemical oxygen
demand (SCOD) were measured before and after the treatments and it was shown that they respectively
increased by 973%, 33% and 353% after the treatments. Protease and cellulose activity, as the key
constituents of the microbial community presenting in activated sludge, decreased considerably within
the combined pre-treatments (42% and 32% respectively) and methane production enhanced by 43-69%.
Furthermore, total solids and volatile solids destruction improved by 26% and 24% at the end of
anaerobic digestion, which can reduce transport costs of sludge and improve the quality of sludge for
application in farms and forests. Conclusions The results obtained from the experiments corroborate the
synergic effect of the combined FNA and Fenton pre-treatment technologies in degrading the organic and
microbial constituents in waste activated sludge, which improved methane production accordingly. This
is of paramount importance because the total costs of wastewater treatment plants operation and
greenhouse gas emission from sludge treatment and disposal processes would reduce considerably,
which pave the way for the implementation of these technologies.

Background
Sewage Sludge treatment is the most cost-intensive process in wastewater treatment plants, which
accounts for around 60% of total operating costs [1]. Anaerobic digestion of sludge is an environmental
and economical friendly method for sludge management because not only it dispenses with aeration
equipment and related costs, but it also produces bio-methane, from which renewable energy could be
generated. In anaerobic digestion, organic matter of sludge is transformed into CH4, CO2 and N2O [2].
Holistically, gasses produced in sludge treatment and disposal processes could account for 40% of
greenhouse gas emissions in wastewater treatment plants [3,4]. Enhancing methane production in
anaerobic digestion of waste activated sludge harnesses greenhouse gas emissions and converts them
to renewable energy [5]. Enhancement of methane production also reduces the volume of sludge via
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degradation of higher organic matter, which leads to lower sludge disposal costs and higher quality
sludge for land application [6].

Anaerobic digestion of waste activated sludge is often restricted by poor biochemical methane potential,
low biodegradability and slow fermentation process [7]. In order to address these issues, various
strategies have been employed in recent studies. Sólyom et al. [8] and Ennouri et al. [9] assessed the
effect of physical pre-treatments of sludge on anaerobic digestion receptively with an application of
microwave and thermal pre-treatments. Hallaji et al [10, 11] assessed the in�uence of chemical, physical
and physiochemical pre-treatment of sludge on methane enhancement and organic matter degradation in
anaerobic digestion. Recently, Svensson et al [12] and Campo et al [13] also propounded the methods of
the post and intermediate treatments of sludge with the intent of enhancing anaerobic digestion of
sludge, dewaterability and quality of sludge. These treatments disrupt cell walls and extracellular
polymeric substances (EPS), which improve the solubilisation of organic matter and methane production
accordingly [14].

As an environmentally friendly and economically favourable substance, free nitrous acid (HNO2) can be
produced by nitration of anaerobic digestion liquor[15]. It generates hydrogen peroxide (H2), peroxynitrite
(ONOO-), nitrogen dioxide (˙NO2), hydroxide ion (˙OH -) and nitric oxide (˙NO) which have inhibitory
impacts on key microorganisms in wastewater treatment plants at part per billion (ppb) levels [16].
Zahedi et al. [17] demonstrated that after 5 hours of exposure time at 2.49 mg N-HN2/L, cells’ viability in
waste activated sludge declined by 80%, and methane production increased by 20%.

Fenton reagent is formed by a combination of H2O2 and Fe+2 in a constant ratio, which Fe+2 functions as

a catalyst for generating highly oxidising radicals (.OH) [18]. When it comes to oxidation-reduction
potential, Fenton reagent produces stronger radicals (+2.33 V) than hydrogen peroxide alone (+1.36 V)
and ozone (+2.07 V), and it disrupts cell walls and EPS in sludge [18]. Therefore, it has good potential for
enhancing methane production and degradation of organic matter in anaerobic digestion of sludge [19].
Erden and Filibeli [20] demonstrated that 4 g Fe+2/kg TS and 60 g H2O2/kg TS with 60 minutes exposure
time increased methane production by 19.4% in anaerobic digestion of waste activated sludge.
Interestingly, hydrogen peroxide can be produced in wastewater treatment plants via bio-electrochemical
process [21]. The Fenton reactions are shown in Equation number 1, 2 and 3 [18]. Presence of ferrous iron
accelerates the decomposition of hydrogen peroxide to hydroxyl radicals and hydroxyl anions in Eq. 1
[22]. The hydroxyl radicals react with ferrous iron, which leads to Fe+3 and OH− production (Eq.2). There is
huge amount of organic matter (RH) in sludge. The hydroxyl radicals produced from Fenton reaction
react with organic matter in sludge (RH), producing organic radicals (•R), which are highly reactive and
capable of being further oxidised (Eq. 3) [19].

Fe2+ + H2O2 → Fe3+ + •HO + OH− (1)

•OH + Fe2+ → Fe3+ + OH− (2)
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RH + •OH → H2O + •R (3)

In this study, we hypothesised that combined FNA and Fenton pre-treatment could degrade waste
activated sludge more than individual FNA and Fenton pre-treatments, leading to enhanced methane
production accordingly. Considering that, this study aimed for assessing the synergistic effect of
combined FNA and Fenton pre-treatments on 1) methane production from anaerobic digestion of waste
activated sludge, 2) solubilisation of organic matter and 3) destruction of organic matter during the
digestion. For FNA pre-treatment, two concentrations (1.5 and 2.5 mg HNO2/L) at 5 hours exposure time
were considered [17] and for Fenton pre-treatment, two concentrations of H2 (25 and 50 g H2/kg TS) with
a constant ratio of H2/Fe+2 (1/0.067) at 1 hour exposure time were employed [20, 23–25]. Combination
of these conditions was also used for assessing the synergistic effects of FNA and Fenton. To our
knowledge, this is the �rst study, investigating the synergistic effect of combined FNA and Fenton pre-
treatment on anaerobic digestion of waste activated sludge.

Results

In�uences of Fenton and FNA PTs on WAS solubility and enzymes
activity
Fig.1 demonstrates the effect of Fenton and FNA pre-treatments on the solubilisation of organic matter.
The amount ofuble oxygen demand (SCOD) in waste activated sludge samples before and after the
treatments is shown in Fig 1-a. According to the data shown, Fenton1 and Fenton2 pre-treatments
increased SCOD by 0.10 and 0.23 g SCOD/g VS respectively, and FNA1 and FNA2 enhanced SCOD by
0.15 and 0.20 g SCOD/g VS respectively. However, signi�cantly higher enhancement was achieved by
combined FNA and Fenton pre-treatment in comparison to individual pre-treatments. Combined FNA2 and
Fenton2 increased SCOD by 0.43 g SCOD/ g VS, as the most effective pre-treatment in SCOD
improvement among the presented pre-treatments.

The microorganisms existing in sludge are compounded mainly of protein (50%) [18], so it is so important
to rest assured that the organic matter solubilised by the pre-treatments is attributed to biodegradable
organic matter such as soluble protein and polysaccharide. According to the measurements, soluble
protein and soluble polysaccharides increased considerably in all pre-treated bioreactors (Fig 1-b and 1-
c). The highest increase in soluble protein (0.082 g/g VS) and soluble polysaccharide (0.059 g/g VS) was
obtained by FNA2+Fenton2, which corroborate the synergistic effect of combined FNA and Fenton pre-
treatments on disrupting microorganisms’ intracellular compounds and disintegrating organic matters
than these pre-treatments alone. Individual FNA2 and Fenton2 pre-treatments increased soluble protein
by 0.039 and 0.046 g/gVS and soluble polysaccharide by 0.029 and 0.032 g/g VS respectively.

Volatile sspended solid (VSS) is another scale, indicating solubilisation of organic matter. Fig. 1-d
demonstrates the amount of VSS after and before the pre-treatments of waste activated sludge samples.
The amount of VSS declined in the samples after pre-treatments, indicating that suspended solids
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transformed into soluble phase. Although the amount of reduction was slight in the control reactor with
11%, the pre-treated reactors underwent a considerably higher reduction in their VSS with up to 63% in
combined FNA2 and Fenton2 pre-treatments.

Table 1 shows protease and cellulose activity, before and after PTs. Protease and cellulose activities
reduced considerably after PTs. Combined FNA2+FEN2 reduced protease and cellulose activity by 42%
and 32% respectively. The other combined PT (FNA1+FEN1) led to 32% and 27% reduction in protease
and cellulose activity respectively. Among the individual pre-treatments, Fenton exhibited a stronger effect
on the enzyme’s activity in comparison to FNA, which indicates the stronger antimicrobial properties of
Fenton technology.

Pre-treatments’ effect on biochemical methane production
Cumulative methane production from the bioreactors during the digestion process is shown in Fig. 2.
According to the data shown, the highest increase in methane production was achieved from combined
FNA2 + Fenton2 pre-treatments, accounting for 69%, Followed by FNA2 + Fenton2 and FNA2 + Fenton1
with 61% and 57% respectively. However, methane production from individual pre-treatments did not
transcend 26%, which was obtained from Fenton2 pre-treatment. FNA2 showed similar performance in
comparison to Fenton2, which enhanced methane production by 25%.

Degradation of organic matters
In this study, VS and TS were measured regularly during the digestion process, and the trend of these
phenomena is demonstrated in Fig. 3. During the digestion, FNA1 and FNA2 increased VS degradation by
6% and 8% respectively in comparison to the control bioreactor (Fig 3-a). Fenton1 and Fenton2, also,
increased VS degradation by 4% and 9% respectively (Fig 3-b). The highest VS destruction obtained from
pre-treated bioreactors with combined FNA2 + FEN2, accounting for 24% (Fig 3-c). TS degradation
experienced a similar pattern, in which combined FNA and FEN pre-treatments caused the highest
degradation with up to 27% and individual FNA and FEN pre-treatments increased TS degradation by up
to 14% and 20% respectively (Fig 3-(d-f)).

Discussions
Soluble organic matter in waste activated sludge samples increased in all pre-treated reactors
signi�cantly, which is attributable to the disruption of cell walls and EPS by free radicals and oxidative
chemicals produced in the treatment process. A slight increase of soluble organic matter in the control
reactor indicates the activity of the organism in solubilising organic matter as part of the hydrolyses
stage, which naturally happens in the absence of any treatment [2].

The higher e�ciency of combined pre-treatments in SCOD enhancement is attributable to the synergistic
effect of radicals and oxidative chemicals released by FNA and Fenton reagent simultaneously. The
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SCOD enhancement from FNA pre-treatment, in this study, is in agreement with, but slightly higher than
the research carried out by Zahedi et al. [17] and Wang et al. [26], which could be attributed to sludge
speci�cations employed in this study.

The microorganisms existing in sludge are compounded mainly of protein (50%) [18], so it is so important
to rest assured that the organic matter solubilised by the pre-treatments is attributed to biodegradable
organic matter such as soluble protein and polysaccharide. The results achieved in this study was
slightly higher than the study carried out by Wang et al. [26], in which combined FNA and thermal pre-
treatments were applied to waste activated sludge and soluble protein, and soluble polysaccharide
increased by up to 0.07 and 0.03 g/g VS respectively.

Protease and cellulose play a key role in the hydrolysis of organic matters and converting them to more
readily biodegradable forms for anaerobic microorganisms’ consumption. Protease decomposes proteins
to amino acids and cellulose catalyzes the hydrolysis of polysaccharide to monoses [27]. Protease and
cellulose activities were affected by the PTs substantially. The higher level of PTs resulted in the lower
activity of the enzymes. This is especially evident in combined pre-treated reactors. The reduced activity
can be attributed to antimicrobial properties of FNA and Fenton pre-treatments, which probably affect
extracellular and intracellular constituents of the microorganisms. This effect can shorten the time
needed for hydrolysis process in the AD process, which result in shorter hydraulic retention time (HRT)
and smaller digesters that is of great signi�cance from an economic and operational perspective.

The methane produced from the pre-treated bioreactors was considerably higher than that of the control
bioreactor, which a�rms the effectiveness of the employed pre-treatments in improving anaerobic
digestion of waste activated sludge. Among the pre-treated bioreactors, those had been pre-treated with
combined FNA and Fenton produced a signi�cantly higher amount of methane, which corroborates the
synergistic effect of these pre-treatments in enhancing methane production from anaerobic digestion of
waste activated sludge.

Maximum methane production in pre-treated bioreactors was obtained in the �fth day of the digestion
process. However, maximum methane production in the control bioreactor obtained in the second day of
digestion. This difference can be attributed to overloading of the pre-treated bioreactors with soluble
organic matter, which led to a delay of methane production [28]. Hallaji et al. [10] revealed that using
combined FNA and Fenton pre-treatment in anaerobic digestion of mixed primary and secondary sludge
enhance methane production by up to 72%, which is relatively higher than that achieved in this study.
However, methane enhancement obtained in this study was considerably higher than that achieved in
Wang et al. [26] with around 40%, in which they used combined FNA and thermal pre-treatments in
anaerobic digestion of waste activated sludge. In Erden and Filibeli’s study [20], the amount of methane
enhancement from applying Fenton pre-treatments to waste activated sludge was 19.4%, which is
relatively lower than that obtained in this investigation.

VS and TS disintegration are the most important indexes for organic matter destruction of sludge and
anaerobic digestion e�ciency [29]. As can be observed, the initial amount of VS and TS in pre-treated
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reactors is lesser than the control. This can be attributed to the effect of pre-treatments on declining VS
and TS during the treatments’ exposure time. The increase in the level of pre-treatments resulted in VS
and TS degradation. Fenton pre-treatment demonstrated a slightly stronger effect on VS and TS
destruction than FNA in higher concentrations. Analogous patterns were achieved by Pilli et al. [30] who
pre-treated secondary sludge with Fenton reagent for enhancing anaerobic digestion.

Having taken all aspects into account, both FNA and Fenton improved methane production from waste
activated sludge. This is mainly due to the release of more readily biodegradable organic matters into the
soluble phase, caused by the pre-treatments (Fig. 1). Combined pre-treatments caused considerably
higher methane production than FNA and Fenton pre-treatments individually, which is attributable to
different radicals and oxidative chemicals, released by each of these pre-treatments. Methane production
enhancement leads to higher bioenergy generation in wastewater treatment plants and lower greenhouse
gas emission from sludge management process, which is of paramount importance from an
environmental perspective. Furthermore, the improved TS and VS of the digested sludge pave the way for
safer sludge reusing in farmlands and forests as an environmentally friendly and economically attractive
technique.

Despite the signi�cant implications achieved in this investigation, using new methods and technologies
in wastewater treatment plants entails a long-term assessment of technical, economic and environmental
aspects. Therefore, in prospective studies, these phenomena are recommended to be taken into
consideration, to pave the way for the implementation of these pre-treatments in big-scale wastewater
treatment plants.

Conclusion
This study revealed that combined FNA and Fenton pre-treatments signi�cantly enhance solubilisation of
organic matter, microbial degradation, methane production, and organic degradation of waste activated
sludge during anaerobic digestion, compared with these pre-treatments individually. Methane production
enhanced by 69% in the bioreactors pre-treated with combined FNA2 + Fenton2, which is attributable to
the synergistic effect of the pre-treatments and higher solubilisation of organic matter caused in these
reactors. Importantly, in combined pre-treated rectors soluble protein, as readily biodegradable organic
matter, increased substantially and key enzyme’s activity reduced considerably, which corroborate the
synergistic effect of the pre-treatments on disrupting cell walls and EPS in waste activated sludge.
Besides, TS and VS degradation was enhanced by 26% and 24% respectively, compared with the control
bioreactor at the end of the digestion process, which is of great importance from the operation and
environmental perspective. This study clearly revealed the potential of combined FNA and Fenton pre-
treatments in improving anaerobic digestion of waste activated sludge.

Methods

Sludge characterisation
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The South Wastewater Treatment Plant of Tehran is the biggest wastewater treatment plant in the Middle
East, playing a vital role in collecting and treating wastewater of Tehran’s population. Built-in 8 phases,
the plant treats wastewater of 4,200,000 people, living in the central and southern districts of Tehran.
There are 6 mesophilic anaerobic digesters having 53,400 m3 capacity in total, producing around 36,000
m3/day biogas. The digesters treat combined primary and waste activated sludge with a ratio of
40%/60%. All sludge samples used in this study were collected from this wastewater plant.

The thickened waste activated sludge was collected from belt thickener in this plant. After collecting, the
sludge was immediately transferred to the University’s laboratory and after measurements, it was kept at
4 ℃ and low pH. Characteristics of the waste activated sludge was as follows, which are achieved from
triplicate tests with standard error: pH 6.45 ± 0.00, l solid (TS) 40.10 ± 1.56 g/L, volatile solid (VS) 32.00 ±
0.91 g/L, otal suspended solids (TSS) 36.20 ± 1.03 g/L, volatile suspended solids (VSS) 29.40 ± 0.83 g/L,
chemical oxygen demand (COD) 49.20 ± 1.12 g/L and SCOD 3.92 ± 0.10 g/L.

The inoculum used in this research for biochemical methane potential tests was harvested from the
mesophilic digesters of the plant. Characteristics of the inoculum were as follows, which are obtained
from triplicate measurements with standard error: pH 7.58 ± 0.00, TS 31.75 ± 0.93 g/L, VS 24.75 ± 0.86
g/L, TSS 27.75 ± 1.02 g/L, VSS 22.45 ± 0.79 g/L, TCOD 37.30 ± 0.63 g/L and SCOD 3.43 ± 0.15 g/L.

Fenton and FNA methodology
For conducting FNA pre-treatment, �rst, the pH of waste activated sludge samples was reduced to 5.5
with 1 M HCl solution. Then, 4 M nitrite salt (NaNO2) was added to the mixtures, to provide the designated
FNA concentrations in the sludge environment (table.2). In the last stage, the mixtures were shacked with
a shaker at 150 rpm for 5 hours. FNA concentration was computed by the equations N-HNO2 = (SN-

NO2)/(Ka × 10 pH) and Ka = e–2300/(273+℃), in which ℃ is the temperature of the room (23 ℃ in this
experiment), Ka is a constant which is dependent on the temperature and SN-NO2 is the nitrite salt
concentration [31].

For conducting Fenton reaction, �rst, waste activated sludge samples were put into 1 L bottles, then their
pH was decreased to 3 with H2SO4 solution (99%). In the next stage, iron salt (FeSO4) was added to the

mixture, to produce the designated Fe+2 in the sludge environment (table.2). Then, the designated
hydrogen peroxide concentrations were added to the reaction. The ratio of H2/Fe+2 was set at 1/0.067
according to the literature [20, 23–25]. The mixtures were �nally shacked with a shaker at 150 rpm for 1
hour at ambient temperature, so that the Fenton reaction would be approximately terminated [20, 24].

For combined FNA and Fenton pre-treatments, �rst, FNA pre-treatment was applied to waste activated
sludge at 5 hours exposure time (pH = 5.5), then Fenton pre-treatment was applied at 1 hour (pH = 3). The
combined conditions are shown in Table2.
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Biochemical methane potential tests
In order to measure the volume of methane production from waste activated sludge, 27 batch reactors in
addition to blank were carried out in 1000 mL glass bottles with a working volume of 500 mL (Additional
�le 1). The schematic of the reactor is shown in Figure 4. The ratio of inoculum and substrate (I/S) was
adjusted to 2, based upon dry volatile solid [32]. The pH of treated waste activated sludge samples was
adjusted to 7 and their temperature was increased to 37 ℃ prior to mixing with the inoculum, so as to
prevent any temperature and pH shock to the inoculum. After mixing, the bottles were �ushed with N2 gas
for 1 minute (1 L/min), then they were put into the water bath, whose temperature was controlled at 36 ±
1 ℃ by automatic heaters. The bottles were permanently stirred by magnetic stirrers at 100 rpm, to
provide adequate mixing and uniform temperature distribution. All tests were carried out in triplicate. The
digestion process lasted for 44 days when biogas generation was approximately terminated.

Analytical methods
Routine experiments on sludge quality such as TS, TSS, VS, VSS, COD and SCOD were measured
according to standard methods for the examination of water and wastewater[33]. For measuring soluble
proteins before and after the treatments, Folin Phenol reagent was used according to Lowry’s method
[34]. Soluble polysaccharides were also measured with phenol and sulfuric acid, according to Dubois’s
method [35]. In order to separate soluble matter from suspended solids, 10 minutes centrifuge at 15000
rpm was �rst implemented, then the solution was passed through 0.45 μm pore size glass �bre �lter,
using Buchner funnel, and vacuum equipment.

The biogas volume was measured according to the liquid displacement method with an acidi�ed liquid
barrier (pH = 2) that was saturated with NaCl for minimizing the solubility of biogas [36]. Methane
production was measured by gas chromatography (GC), using a Thermal Conductivity Detector (TCD).
The temperature of the column and TCD was set respectively at 75 ℃ and 104 ℃. In each measurement,
0.05 cc sample was injected to the equipment, and 1 minute exposure time was considered for each
measurement. In this study, biogas and methane production were measured once daily and once every
�fth day, respectively during the digestion process.

Key hydrolytic enzymes (Protease and cellulose) activity was measured according to well agar diffusion
method in our previous study [37–39]. For carrying out the enzymatic tests, methanogenic organisms
should be �rst eliminated so as to decline potential errors [40]. For eliminating methanogens from the
samples, heat treatment at 102 ℃ for 30 minutes and BESA (2-bromoethanesulfonic acid) were applied
to the BMP reactors [41, 42]. The samples then were maintained at 37 ℃ for 72 hours before being
assessed for enzymatic activity.

Abbreviations
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BMP: biochemical methane potential; COD: chemical oxygen demand; SCOD: soluble chemical oxygen
demand; TS: total solid; TSS: total suspended solid; VS: volatile solid; VSS: volatile suspended solid; GC:
gas chromatography; TCD: thermal conductivity detector; FNA: free nitrous acid; FEN: Fenton.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data and material
All data generated during this study are included in this published article and its additional �le.

Competing interests
The authors declare that they have no competing interests

Funding
The authors would appreciate Tehran Sewerage Company for �nancially assisting this study, sending the
sludge samples to the university laboratory, and providing some general information about the south
wastewater treatment of Tehran.

Authors’ contributions
Conceptualization, R.K and S. M.H; Data curation, R.K and S. M.H; Formal analysis, S. M.H, and R.K;
Funding acquisition, S. M.H; Investigation, R.K and S. M.H; Methodology, S. M.H and R.K; Project
administration, S. M.H; Supervision, S. M.H; Validation, R.k and S. M.H; Writing—original draft, R.K; Writing
—review & editing, R.K and S. M. H.

Acknowledgment
We acknowledge Tehran Sewerage Company for �nancial support and sending sludge samples and
required data.



Page 11/18

References
1. Pilli S, Bhunia P, Yan S, LeBlanc RJ, Tyagi RD, Surampalli RY (2011) Ultrasonic pretreatment of

sludge: A review. Ultrason. Sonochem. 18:1–18

2. Techobanoglous G, Burton FL, H. D. S (2014) Wastewater Engineering: Treatment and Reuse (5th ed)

3. Brown S, Beecher N, Carpenter A (2010) Calculator tool for determining greenhouse gas emissions
for biosolids processing and end use. Environ Sci Technol. doi: 10.1021/es101210k

4. Shaw A, Coleman P, Nolasco D, Rosso D, Yuan Z, van Loosdrecht MCM, Shiskowski D, Chandran K,
Houweling D, Willis J (2010) Workshop summary: the role of modeling in assessing greenhouse gas
(GHG) emissions. Proc Water Environ Fed 2010:1050–1053

5. Appels L, Baeyens J, Degrève J, Dewil R (2008) Principles and potential of the anaerobic digestion of
waste-activated sludge. Prog Energy Combust Sci 34:755–781. doi: 10.1016/j.pecs.2008.06.002

�. Eskicioglu C, Prorot A, Marin J, Droste RL, Kennedy KJ (2008) Synergetic pretreatment of sewage
sludge by microwave irradiation in presence of H2O2 for enhanced anaerobic digestion. Water Res
42:4674–4682. doi: 10.1016/j.watres.2008.08.010

7. Liu J, Yu D, Zhang J, Yang M, Wang Y, Wei Y, Tong J (2016) Rheological properties of sewage sludge
during enhanced anaerobic digestion with microwave-H2O2 pretreatment. Water Res 98:98–108. doi:
10.1016/j.watres.2016.03.073

�. Sólyom K, Mato RB, Pérez-Elvira SI, Cocero MJ (2011) The in�uence of the energy absorbed from
microwave pretreatment on biogas production from secondary wastewater sludge. Bioresour
Technol 102:10849–10854. doi: 10.1016/j.biortech.2011.09.052

9. Ennouri H, Miladi B, Diaz SZ, Güelfo LAF, Solera R, Hamdi M, Bouallagui H (2016) Effect of thermal
pretreatment on the biogas production and microbial communities balance during anaerobic
digestion of urban and industrial waste activated sludge. Bioresour Technol 214:184–191. doi:
10.1016/j.biortech.2016.04.076

10. Hallaji SM, Torabian A, Aminzadeh B, Zahedi S, Eshtiaghi N (2018) Improvement of anaerobic
digestion of sewage mixed sludge using free nitrous acid and Fenton pre-treatment. Biotechnol
Biofuels 11:233. doi: 10.1186/s13068–018–1235–4

11. Hallaji SM, Siami S, Aminzadeh B (2019) Improving anaerobic digestion of sewage sludge using
combined hydrogen peroxide and thermal pre-treatment. Pollution. doi:
10.22059/poll.2018.260122.462

12. Svensson K, Kjørlaug O, Higgins MJ, Linjordet R, Horn SJ (2018) Post-anaerobic digestion thermal
hydrolysis of sewage sludge and food waste: Effect on methane yields, dewaterability and solids
reduction. Water Res 132:158–166. doi: 10.1016/j.watres.2018.01.008

13. Campo G, Cerutti A, Zanetti M, Scibilia G, Lorenzi E, Ru�no B (2017) Enhancement of waste
activated sludge (WAS) anaerobic digestion by means of pre-and intermediate treatments. Technical
and economic analysis at a full-scale WWTP. J Environ Manage



Page 12/18

14. Ma B, Peng Y, Wei Y, Li B, Bao P, Wang Y (2015) Free nitrous acid pretreatment of wasted activated
sludge to exploit internal carbon source for enhanced denitri�cation. Bioresour Technol 179:20–25.
doi: 10.1016/j.biortech.2014.11.054

15. Law Y, Ye L, Wang Q, Hu S, Pijuan M, Yuan Z (2015) Producing free nitrous acid - A green and
renewable biocidal agent - From anaerobic digester liquor. Chem Eng J 259:62–69. doi:
10.1016/j.cej.2014.07.138

1�. Pijuan M, Wang Q, Ye L, Yuan Z (2012) Improving secondary sludge biodegradability using free
nitrous acid treatment. Bioresour Technol 116:92–98. doi: 10.1016/j.biortech.2012.04.016

17. Zahedi S, Icaran P, Yuan Z, Pijuan M (2017) Enhancing sludge biodegradability through free nitrous
acid pre-treatment at low exposure time. Chem Eng J 321:139–145. doi: 10.1016/j.cej.2017.03.120

1�. Pilli S, Yan S, Tyagi RD, Surampalli RY (2015) Overview of Fenton pre-treatment of sludge aiming to
enhance anaerobic digestion. Rev Environ Sci Biotechnol 14:453–472. doi: 10.1007/s11157–015–
9368–4

19. Neyens E, Baeyens J (2003) A review of classic Fenton’s peroxidation as an advanced oxidation
technique. J. Hazard. Mater.

20. Erden G, Filibeli A (2011) Effects of Fenton Pre-Treatment on Waste Activated Sludge Properties.
Clean - Soil, Air, Water 39:626–632. doi: 10.1002/clen.201000199

21. Rozendal RA, Leone E, Keller J, Rabaey K (2009) E�cient hydrogen peroxide generation from organic
matter in a bioelectrochemical system. Electrochem commun. doi: 10.1016/j.elecom.2009.07.008

22. Pham TTH, Brar SK, Tyagi RD, Surampalli RY (2010) In�uence of ultrasonication and Fenton
oxidation pre-treatment on rheological characteristics of wastewater sludge. Ultrason Sonochem
17:38–45

23. Dewil R, Appels L, Baeyens J, Degrève J (2007) Peroxidation enhances the biogas production in the
anaerobic digestion of biosolids. J Hazard Mater. doi: 10.1016/j.jhazmat.2007.04.059

24. Erden G, Filibeli A (2010) Improving anaerobic biodegradability of biological sludges by Fenton pre-
treatment: Effects on single stage and two-stage anaerobic digestion. Desalination 251:58–63. doi:
10.1016/j.desal.2009.09.144

25. Zhang T, Wang Q, Ye L, Batstone D, Yuan Z (2015) Combined free nitrous acid and hydrogen peroxide
pre-treatment of waste activated sludge enhances methane production via organic molecule
breakdown. Sci Rep 5:. doi: 10.1038/srep16631

2�. Wang Q, Jiang G, Ye L, Yuan Z (2014) Enhancing methane production from waste activated sludge
using combined free nitrous acid and heat pre-treatment. Water Res 63:71–80. doi:
10.1016/j.watres.2014.06.010

27. Feng Y, Zhang Y, Quan X, Chen S (2014) Enhanced anaerobic digestion of waste activated sludge
digestion by the addition of zero valent iron. Water Res 52:. doi: 10.1016/j.watres.2013.10.072

2�. Zahedi S (2018) Energy e�ciency: Importance of indigenous microorganisms contained in the
municipal solid wastes. Waste Manag 78:763–769



Page 13/18

29. Arnaiz C, Gutierrez JC, Lebrato J (2006) Biomass stabilization in the anaerobic digestion of
wastewater sludges. Bioresour Technol 97:1179–1184. doi: 10.1016/j.biortech.2005.05.010

30. Pilli S, More TT, Yan S, Tyagi RD, Surampalli RY (2016) Fenton pre-treatment of secondary sludge to
enhance anaerobic digestion: Energy balance and greenhouse gas emissions. Chem Eng J 283:285–
292. doi: 10.1016/j.cej.2015.07.056

31. Anthonisen A, Loehr R, Prakasam T, Srinath E (1976) Inhibition of Nitri�cation by Ammonia and
Nitrous Acid. J Water Pollut Control Fed. doi: 10.1017/CBO9781107415324.004

32. Boulanger A, Pinet E, Bouix M, Bouchez T, Mansour AA (2012) Effect of inoculum to substrate ratio
(I/S) on municipal solid waste anaerobic degradation kinetics and potential. Waste Manag 32:2258–
2265. doi: 10.1016/j.wasman.2012.07.024

33. APHA (2012) Standard Methods. For the Examination of Water and Wastewater. 22 nd.

34. LOWRY OH, ROSEBROUGH NJ, FARR AL, RANDALL RJ (1951) Protein measurement with the Folin
phenol reagent. J Biol Chem 193:265–275. doi: 10.1016/0304–3894(92)87011–4

35. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956) Colorimetric Method for Determination
of sugars and related substances. Anal Chem 28:350–356. doi: 10.1021/ac60111a017

3�. Walker M, Zhang Y, Heaven S, Banks C (2009) Potential errors in the quantitative evaluation of
biogas production in anaerobic digestion processes. Bioresour Technol 100:6339–6346. doi:
10.1016/j.biortech.2009.07.018

37. Hallaji SM, Kuroshkarim M, Moussavi SP (2019) Enhancing methane production using anaerobic co-
digestion of waste activated sludge with combined fruit waste and cheese whey. BMC Biotechnol.
doi: 10.1186/s12896–019–0513-y

3�. Lorian V (2005) Antibiotics in laboratory medicine. Lippincott Williams & Wilkins

39. Singh Rathore S, Narendhirakannan RT (2014) Journal of Advanced Scienti�c Research SCREENING
OF CELLULASE PRODUCING MICROORGANISMS FROM LAKE AREA CONTAINING WATER HYACINTH
FOR ENZYMATIC HYDROLYSIS OF CELLULOSE. J Adv Sci Res J Adv Sci Res 5:23–30

40. Feng Y, Zhang Y, Quan X, Chen S (2014) Enhanced anaerobic digestion of waste activated sludge
digestion by the addition of zero valent iron. Water Res. doi: 10.1016/j.watres.2013.10.072

41. Oh S-E, Van Ginkel S, Logan BE (2003) The Relative Effectiveness of pH Control and Heat Treatment
for Enhancing Biohydrogen Gas Production. Environ Sci Technol 37:5186–5190. doi:
10.1021/es034291y

42. Basu SK, Oleszkiewicz J a, Sparling R (2005) Effect of sul�dogenic and methanogenic inhibitors on
reductive dehalogenation of 2-chlorophenol. Environ Technol. doi: 10.1080/09593332608618606

Tables
Table. 1 Key enzymes activity in WAS before and after the pre-treatments
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before PT After PT

Reactors Control FNA1 FEN1 FNA1+FEN1 FNA2+FEN2

Protease 320.9 280.7 241.1 21.70.8 18.50.2

Cellulose 371 330.3 28.70.5 270.8 250.4

Enzyme activity is based on activity zone diameter (mm) in well agar diffusion method. The data is
average of triplicate tests (with standard errors).

Table 2. Pre-treatment conditions used in this research

Pre-treatment FNA

(mg /L)

Fenton

mg /g TS

Fe+2

Mg Fe+2/g TS

Control 0 0 0

FNA1 1.5 0 0

FNA2 2.5 0 0

FEN1 0 25 1.68

FEN2 0 50 3.35

FNA1+FEN1 1.5 25 1.68

FNA2+FEN2 2.5 50 3.35

FNA2+FEN1 2.5 25 1.68

FNA1+FEN2 1.5 50 3.35

Figures
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Figure 1

Biomass specific production of (a) SCOD, (b) soluble proteins, (c) soluble polysaccharides and (d) VSS
after pre-treatment. Error bars represent standard error from triplicate measurements.
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Figure 2

Cumulative methane generation from waste activated sludge with a) FNA, b) Fenton and c) combined
FNA and Fenton pre-treatments. Error bars represent standard error from triplicate tests.
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Figure 3

Sludge degradation during AD. Note: a, b and c demonstrate volatile solid degradation. d, e and f
demonstrate total solid degradation. Error bars represent standard error from triplicate measurements.
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Figure 4

Schematic of the experimental system. 1) BMP reactor, 2) aquarium 3) saturated and acidi�ed water, 4)
automatic heater, 5) magnetic stirrer, 6) sampling pipe, 7) sampling control valve, 8) biogas collecting
pipe, 9) biogas control valve, 10) graduated cylinder [10].
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