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A B S T R A C T   

The electro-Fenton (EF) disintegration using iron electrodes was performed for the pretreatment of waste acti-
vated sludge (WAS). The effect of this electro-chemical pretreatment on anaerobic digestion (AD) performance 
and microbial population structure was studied. An improvement of biodegradability and bioaccessibility of 
organic matter was demonstrated. AD of pretreated WAS in an up-flow anaerobic sludge blanket reactor (UASB) 
resulted to an increase of biogas production by 60 % compared to control reactor without disintegration. PCR- 
DGGE and real-time qPCR analyses showed that the high abundance of bacteria and the coexistence of Cop-
rothermobacter in the UASB digestate fed with disintegrated sample established a stable bacterial association 
which is in line with the AD performance. Besides, the increased number of methanogens along the process 
allowed the improvement of methane production in comparison to control reactor.   

1. Introduction 

Activated sludge technology is widely used for the treatment of in-
dustrial and municipal effluents. This process generates a huge quantity 
of waste activated sludge (WAS) with approximately 60 g/capita/day 
[1]. The main method used for the majority of this sludge quantity is the 
in-situ storage in the WWTP and this can have negative effects on the 
environment due to the unstable character of this biomass. 

In an economic context, the bioconversion and recovery of this 
organic material would be a judicious solution to reduce their harmful 
effects. As a bioconversion process anaerobic digestion (AD) can stabi-
lize and reduce the volume of this waste but also can produce a biogas 
rich in methane [2–4]. The digestion of sludge facilitates their man-
agement whatever their final treatment. In fact, anaerobic digestion 
leads in the first place to a 30 to 50 % reduction in the volumes of sludge 
produced in the treatment plant [5]. The other major advantage lies in 
the production of methane, which can be converted to heat and 

electrical energy. Part of this heat can also be used on site, to maintain 
the temperature of digesters or to heat buildings. This technique is used 
worldwide for treating and stabilization of sludge prior to final disposal 
[6]. 

The AD process of activated sludge is characterized by the limit rate 
of hydrolysis step. During this step, the complex macromolecules are 
solubilized under the action of extracellular enzymes excreted by strict 
anaerobic bacteria (Clostridium for the degradation of cellulose, starch) 
or optional aerotolerant (Bacillus for the degradation of proteins). Par-
ticulate compounds are split into monomers (or dimers) small enough in 
size to be transported across the cell membrane. Once in the cell, these 
simple molecules can be used as an energy source for metabolism [7]. 
When considering the methanization of complex wastes containing solid 
fractions, for example cellulose, hydrolysis should be considered the 
limiting step [8]. Disintegration of sludge has been referred as possible 
method to enhance the solubilization and bioavailability of organic 
matter AD biosystem [9]. However, in the context of the development of 
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renewable energy production, it is necessary to carry out a pretreatment 
in order to hydrolyze the activated sludge before its anaerobic digestion. 
The integration of a disintegration/hydrolysis step could be an inter-
esting alternative in order to remove the economic brakes [10]. 
Research works are underway to develop technologies for the pre-
treatment of sludge before anaerobic digestion. These methods are 
essentially based on the destruction of the flocs and the lysis of microbial 
cells. Indeed, various physico-chemical techniques have been developed 
which are based on mechanical, chemical, oxidative (O3, H2O2) or 
thermal treatments [11]. Currently, there is a specific interest to the use 
of advanced oxidation processes (AOP) as effective, economical and 
clean methods to disintegrate WAS by the means of hydroxyl radicals 
(HO•) attack [12,13]. Chemical, electro-chemical (electro-Fenton), 
sono-chemical and photo-chemical processes (photo-Fenton) are the 
main AOP methods used for the disintegration of sludge [11]. Compared 
with Fenton reaction, electro-Fenton (EF) has certain advantages as the 
generation of reagents in situ (H2O2 and Fe2+) via an electrochemical 
process which is beneficial for enhancement of organics degradation 
efficiency as well as the decrease in the cost and reduction in the risks 
associated with reagent transportation. In the case of generation of Fe2+

through the reduction of ferric ions on the cathode reduces the pro-
duction of iron sludge and achieve the diversification of organics 
degradation pathway, such as Fenton oxidation, anodic oxidation, 
flocculation, and electric adsorption. However, EF processes have some 
disadvantage with respect to H2O2 in-situ production. The generation of 
H2O2 is slow because oxygen has low solubility in water and the current 
efficiency is low at acid pH. In addition, the efficiency of the EF process 
depends on electrode nature, pH, concentration of reagents, concen-
tration of pollution, current density, and temperature [14]. Recently, 
electrolysis and ultrasound treatment coupled to biological treatment 
were demonstrated to be efficient to improve biodegradation and sta-
bilization of WAS [15,16]. 

In this general context, the effect of electro-Fenton (EF) pretreatment 
on the degree of WAS disintegration and on anaerobic digestion process 
conducted in UASB reactor was studied. Performance of the digester 
treating raw and disintegrated sludge was investigated. The microbial 
community structure and abundance of digested samples were analyzed 
by denaturing gradient gel electrophoresis (DGGE) and real-time qPCR 
methods. 

2. Material and methods 

2.1. Biomass samples 

Raw WAS sample obtained from a final clarifier of Saltnia urban 
wastewater treatment plant (Sfax, Tunisia) was stored at 4 ◦C. Dis-
integrated WAS was obtained after pretreatment using an electro-Fenton 
system. Table 1 summarizes the characteristics of raw and disintegrated 
sludge used herein. 

Anaerobic inoculum sludge (inocula) was collected from a 

mesophilic digester installed in the laboratory. The average concentra-
tion of volatile suspended solids (VSS) was 9.25 g/L. 

2.2. Sludge disintegration system 

Sludge disintegration was performed using an electro-Fenton system 
equipped by two iron electrodes, an electrolysis reactor and an electric 
generator ASF type 400/40.10. EF treatment was conducted at the 
following operational conditions: current density 2.5 A/dm2; treatment 
time 1 h; H2O2 concentration 1.8 g/L; working volume 300 mL and 
initial pH 3. The content of reactor was homogenized by magnetic stirrer 
(100 rpm) and performed at room temperature. 

2.3. Biochemical methane potential (BMP) tests 

BMP assays were performed at mesophilic conditions (37 ± 1 ◦C) to 
determine the methane potential of sludge samples. Bottles having ca-
pacity of 120 mL were used as anaerobic reactors and VS substrate/VS 
inocula ratio equal to 0.5 was maintained in each bottle. In order to 
enhance the start-up of fermentation, a gas mixture of 75 % N2 and 25 % 
CO2 was used for purging batch reactors. The daily methane production 
of fermentations was determined against a control batch containing only 
inocula. 

2.4. UASB reactor 

The semi-continuous AD was carried out in an up-flow anaerobic 
sludge blanket (UASB) reactor which is a heterogeneous system. This 
reactor having a working volume of 7 L was used to study the anaerobic 
treatment of raw and disintegrated WAS. The digester had a double 
membrane in PVC thermostated at 37 ◦C and controlled by water bath to 
maintain a constant temperature of the reaction medium. Different hy-
draulic retention times (HRT) were maintained during fermentations 
(20, 14, 10 and 7 days). A peristaltic pump was used for the feeding of 
reactor and no adjustment of sludge pH was done before feeding. A 
liquid displacement system was used to measure biogas production. 
Methane percentage was determined by passing the produced biogas 
through KOH solution (20 g/L). The ratio between CH4 volume and 
original biogas volume gives the percentage of methane. This operation 
was done 2 times per week. Before starting fermentation experiments, an 
acclimation period was carried out by feeding the reactor with a mixture 
of anaerobic digestate and raw sludge at the same proportion (v/v). 

2.5. Fractionation of organic matter 

Organic matter of raw and pretreated sludge was characterized by a 
method based on chemical extractions and fluorescence spectroscopy 
[17]. 

2.5.1. Sequential chemical extraction 
Sequential chemical extraction of organic matter present in samples 

was performed according to the methodology developed by Jiminez 
et al. [17]. This methodology can correlate between the bioavailability 
of organic matter in sludge and the chemical accessibility [18]. The 
chemical fractionation of WAS organic matter (OM) resulted to 5 frac-
tions: the dissolved organic matter (DOM); the soluble and extractable 
OM (SPOM); the easily extractable OM (REOM); the slowly extractable 
OM (SEOM) and the poorly extractable OM (PEOM). 

2.5.2. Fluorescence spectroscopy analysis 
Fluorescence spectroscopy analyses were performed according to the 

protocol described by Jiminez et al. [17]. The fluorescence spectra of the 
liquid extracts were recorded on a Perkin Elmer LS55 using wavelength 
excitation ranging between 200 and 600 nm and a scanning mono-
chromator speed of 1200 nm/s. According to He et al. [19], the spectra 
are decomposed into seven zones (zones I to VII) where each one is 

Table 1 
Physico-chemical analysis of raw and disintegrated WAS (data shown as the 
mean ± SD, n = 3).  

Parameters Raw WAS Disintegrated WAS 

pH 6.95 ± 0.2 7.20 ± 0.8 
Conductivity (mS/cm) 3.72 ± 0.3 13.72 ± 0.1 
TS (g/L) 19.45 ± 1.4 14.28 ± 2 
TVS (g/L) 12.67 ± 1.2 10.34 ± 1.3 
TSS (g/L) 15.16 ± 0.9 10.50 ± 0.5 
VSS (g/L) 7.27 ± 1.3 3.00 ± 0.6 
TCOD (g/L) 20.41 ± 4 26.00 ± 1.2 
SCOD (g/L) 1.73 ± 2 4.10 ± 0.3 
NTK (mg/L) 914.20 ± 10 920.00 ± 3 
Proteins (mg/L) 150.12 ± 15 542.36 ± 22 
VFA (mg/L) 84.26 ± 8 924.80 ± 26 
BMP (mL/g VS) 80 ± 12 135 ± 24  
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associated to a specific biochemical family: Tyrosine (zone I); Trypto-
phan (zone II); Tyrosine, Tryptophan and microbial products (zone III); 
fulvic acid (zone IV); glycol protein (zone V); lignocellulose and mela-
noin (zone VI) and humic acid (zone VII). In fact, the simplest molecules 
are located in zones I to III while zones IV to VII represent the complex 
molecules. 

2.6. PCR-DGGE analysis 

Total community DNA of two samples of anaerobic digestates from 
UASB reactor treating raw and pretreated WAS was determined. 
Digestates were extracted using the EZ-10 Spin Column Soil DNA Mini- 
Preps Kit (BIO BASIC INC.). Specific primers set (341FGC/907rR) were 
used to amplify V3-V5 hypervariable regions of the rRNA 16S sequences. 
The thermal cycling program was: first denaturation at 95 ◦C (3 min), 
denaturation at 94 ◦C (30 s), annealing at 55 ◦C (45 s) and extension at 
72 ◦C (45 s). A final extension at 72 ◦C (10 min) was then performed. A 
50 μL reaction mixture containing 1X Invitrogen Taq DNA Polymerase 
buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.2 mM of each primer and 
1 U Taq DNA Polymerase (Invitrogen) was used to perform PCR re-
actions. 1 % agarose gel stained with ethidium bromide (EtBr) was used 
to visualize PCR products. DGGE analyses were performed according to 
the protocol described by Kumar et al. [20]. 

2.7. Sequence analysis 

Predominant DGGE bands were excised from the gel eluted overnight 
in 35 mL of MilliQ water and reamplified by PCR using primers devoid of 
the GC clamp (341F and 518R). PCR products were sequenced using the 
Big Dye® Terminator cycle Sequencing kit and an ABI PRISM 3100 
Genetic Analyzer (Applied Biosystems). 16S rRNA gene sequences were 
initially compared with the GenBank and RDP databases using the on-
line sequence analysis resources “BLAST” (Basic Local Alignement 
Search Tool) and “Seqmatch” (Ribosomal Database project II; Release 
10) [21]. The sequences were checked for possible chimeric structure 
using chimera check on DECIPHER database (http://decipher. cee.wisc. 
edu/FindChimeras.html) [22]. Multiple alignments were generated with 
the MUSCLE program and dendrograms were constructed with MEGA 
program version 7 [23] on the basis of evolutionary distances that were 
calculated by the Neighbor-Joining method with Jukes-Cantor model. 
Statistical evaluation of the tree topologies was performed by bootstrap 
analysis with 1000 resamplings [24]. 

2.8. Nucleotide sequence accession numbers 

The DGGE band sequences of the present work were deposited in 
GenBank under accession numbers MH727093, MH890540 to 
MH890546. 

2.9. Quantification of 16S rRNA, and mcrA gene by quantitative real- 
time PCR (qPCR) 

The abundances of bacterial and methanogen communities in 
digestate samples were assessed by qPCR. Archaeal and bacterial 16S 
rRNA genes were quantified using the primer sets 344F/519R and 331F/ 
797R, respectively. To enumerate the methanogenic communities, 
mlas/mcrA-rev primers sets were used for mcrA gene amplification. 
QPCR was performed in triplicate on a Bio-Rad CFX-96 real-time system 
(Bio-Rad) using the same reaction components and qPCR protocol 
condition as previously described [25,26]. Using the standard curves, 
the abundance of each microbial group was reported as DNA copy 
numbers of corresponding gene per gram of wet sludge. 

2.10. Analytical methods 

Methods used for the physico-chemical analysis (COD, TS, VS, TSS, 

VSS, TKN and pH) are described in previous study [27]. Conductivity 
was measured using a conductimeter (CONSORT). Protein content was 
determined by Bradford method [28]. A mixture of 800 μl of the diluted 
sample and 200 μl of Biorad reagent was maintained at ambient tem-
perature and in the dark during10 min. A calibration curve prepared 
with concentrated bovine serum albumin (BSA) solution was used to 
determine protein concentration. Optical density of samples was 
measured at 595 nm. 

For the determination of total volatile fatty acids (VFA), filtered and 
acidified (pH 3) samples were analyzed by high performance liquid 
chromatography (HPLC: SHIMADZU 10 AVP). 

3. Results and discussion 

3.1. EF disintegration effects on sludge properties 

3.1.1. Physico-chemical characteristics 
Table 1 gives the characteristics of WAS before and after EF treat-

ment. Results showed an effect of EF on different parameters as pH, 
conductivity, COD, VFA. pH of sludge increased and reached a value of 
7.2 after 1 h. Also, an increase of the conductivity was shown 13.72 mS/ 
cm due to the liberation of mineral salts during electrolysis. The VSS/ 
TVS ratio about 0.57 of untreated sludge indicated the high proportion 
of organic matter flocs. The decrease of this ratio to 0.29 with the drop of 
TSS to 10.5 g/l proved the sludge disintegration. Effect of EF over sludge 
solubilization was also noted by the increase of soluble COD, proteins 
and VFA. However, a decrease in total COD was noted due to the 
mineralization of OM which makes the measured soluble COD low 
compared to the real concentration released during treatment. After 30 
min of treatment, the VFA concentration increased from 84.26 to 924 
mg/L. This shows that the disintegration of WAS by EF pretreatment 
causes the VFAs release resulting from cell lysis [29]. This was also 
noted by Xu et al. [30] after electrochemical treatment (Ti/RuO2 
anode). So, the increase of VFA content in pretreated sample with a 
concentration less than 2–3 g/l will obviously promote their anaerobic 
digestion. 

3.1.2. Biodegradability and bioaccessibility 
The biodegradability of OM does not only depend on its composition 

but also on its accessibility and complexity. The integrated methodol-
ogy, successive chemical extractions - 3D fluorescence spectroscopy, 
was used to characterize the accessibility and complexity of OM. The 
effect of the pretreatment on the distribution of different OM categories 
in the extractable fractions was determined. 

The percentages of fluorescence of zones I, II and III were important 
in the most extractable fractions of the raw and pretreated sludge 
(Fig. 1). In fact, the fluorescence percentage of zone I increased from 11 
% to 38 % in the dissolved fraction (DOM) and from 15 % to 25 % in the 
soluble fraction (SPOM) after pretreatment. The enhancement of OM 
solubilization in zone I was also observed in zone III. In the raw sludge, a 
fluorescence percentage of 10 % in all the fractions was registered. This 
percentage increased to 20 % after EF pretreatment in all fractions 
except in PEOM where the percentage is low than 2 %. 

For zones IV, V and VI which are respectively analogues of fulvic 
acids, glycol proteins and lignocellulose show an increase of fluores-
cence percentages in SPOM, REOM and SEOM after pretreatment but a 
significant decrease from 60 to 16 % was observed in PEOM. Whereas 
for the zone VII fluorescence analogous to humic acid [17] shows a high 
percentage of fluorescence (80 %) in the PEOM fraction of the pretreated 
sludge in comparison to the raw sludge (10 %). In fact, this zone contains 
the most complex organic matter and it is not accessible for biological 
degradation [31]. This finding demonstrates that under the effect of EF 
treatment there is a conversion of the simple non-extractable molecules, 
detected in crude sludge, into soluble extractable molecules. According 
to these results, the EF pretreatment improves bio-accessibility of OM 
through the release of non-extractable compounds to the soluble and 
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extractable fractions. 
Fig. 2 shows the complexity index (CI) of each fraction before and 

after pretreatment. CI is the ratio between the sum of percentages of 
zones IV, V VI and VII and the sum of percentages of zones I, II and III, 
and gives an idea about the biodegradability of organic fractions. The 
results in Fig. 2 show that the index of the DOM fraction of raw sludge 
decreases from 0.75 to 0.25 after pretreatment. This shows that the OM 
solubilized during the pretreatment is composed of simple and biode-
gradable molecules. Increasingly higher index was recorded in the other 
fractions of the pretreated sludge, indicating the increase of complex 
molecules concentration with the decrease of accessibility degree. On 
the other hand, low index was measured in the SPOM, REOM and SEOM 
fractions of the raw sludge which shows that the organic matter present 
in these fractions is biodegradable but not easily accessible. Under the 
effect of pretreatment, this part of organic matter becomes more 
accessible to microorganisms, which clearly explains the improvement 
of biogas yield of pretreated sludge. 

3.2. Biochemical methane potential (BMP) 

BMP assays were performed to determine the methane potential of 
raw and pretreated WAS samples. Table 1 gives the results of methane 
yield of samples. The low methane yield of raw sample (0.080 L CH4/g 
VS) confirms the hydrolysis limitation due to the resistance of flocs to 
anaerobic degradation. The increase of anaerobic degradability of pre-
treated sludge was confirmed in this study as a significant improvement 
of methane yield about 68 % was registered which is in correlation with 
the degree of COD solubilization and the released VFA (Table 1). At this 
step of study, batch fermentation results showed the positive effect of EF 
disintegration on the anaerobic digestion of WAS. 

3.3. Semi-continuous anaerobic digestion of disintegrated sludge 

3.3.1. Reactor performance 
Table 2 summarizes the operating conditions applied to UASB 

reactor during fermentation experiments. The schematic configuration 
of UASB reactor is given in Fig. 3. The daily biogas production was in 
correlation with the applied OLR during the two fermentations (Fig. 4). 
However, low biogas yields were noted during the first period of fer-
mentations which then improved with fermentation time and reached 
0.5 and 0.8 L/g VS respectively at the end of the fermentation of raw and 
disintegrated sludge (Fig. 4, Table 2). In the case of raw sludge, no 
significant increase of biogas yield was registered during the increase of 
OLR from 0.35 to 0.5 g VS/L. d that showing the low degradability of 
raw sludge. Based on this result, the fermentation of pretreated sludge 

Fig. 1. Percentage of fluorescence zones in the different OM fractions of raw (a) 
and pretreated (b) sludge. 

Fig. 2. Complexity index in the different OM fractions of raw and pretreated 
sludge in the different OM fractions. 

Table 2 
Fermentation time, organic loading rate (OLR), biogas yield, methane percent-
age and COD removal during semi-continuous fermentation of raw and pre-
treated WAS in UASB reactor (data shown as the mean ± SD, n = 3).  

Samples Fermentation 
time (days) 

OLR 
(g VS/ 
L⋅d) 

Biogas yield 
(L/g VS 
introduced) 

CH4 

(%) 
COD 
removal 
(%) 

Raw WAS 0–35 0.20 
± 0.02 

0.11 ± 0.03 48.00 
± 4.00 

12.00 ±
1.20 

91–100 0.35 
± 0.01 

0.48 ± 0.03 54.00 
± 2.00 

18.00 ±
2.00 

101–130 0.50 
± 0.02 

0.50 ± 0.02 56.00 
± 1.00 

30.00 ±
3.40 

Pretreated 
WAS 

0–35 0.50 
± 0.02 

0.16 ± 0.03 58.00 
± 3.00 

53.00 ±
3.50 

101–130 1.60 
± 0.02 

0.30 ± 0.03 66.00 
± 2.00 

84.00 ±
5.20 

131–190 2.00 
± 0.03 

0.74 ± 0.03 68.00 
± 1.00 

94.00 ±
2.40 

191–250 2.50 
± 0.03 

0.80 ± 0.03 67.00 
± 3.00 

96.00 ±
1.50  
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was started by applying OLR in the range of 0.5 g VS/L⋅d. This period 
was considered as an acclimation phase for the new substrate which 
explains the low biogas yields. Nevertheless, by increasing the OLR a 
progressive increase of biogas yield was observed indicating the 
improvement of consortium activity to convert the hydrolyzed sludge to 
biogas. This result demonstrated the improvement of biogas yield of 
UASB reactor by using EF pretreated sludge as substrate which confirms 
the results of batch fermentation (Table 1). Moreover, an enhancement 
of biogas yield was observed during the semi-continuous fermentation in 
comparison to batch condition. Also, high methane percentages were 
registered during the fermentation of pretreated sludge in comparison to 
raw sample fermentation (Table 2). 

The COD of reactor effluent was determined during fermentations. 
Table 2 gives the COD removals. A maximum COD removal about 30 % 
was obtained in the case of raw WAS. After crossing the bed sludge 
reactor, high removal of COD was registered in the case of pretreated 
sludge and reached 96 % at an OLR of 2.5 g VS/L⋅d. This COD removal is 
considered high compared to other results obtained by Xu et al. [32] 
49.2 % and Li et al. [15] 12.5 %. The high COD removal at a TRH 7 days 
could be explained by the high biodegradability of EF disintegrated 
sludge and the purification performance of UASB reactor. This result 
confirms that the anaerobic UASB reactor is a promising digester design 
for the treatment of WAS [15,33,34]. 

The present study has shown the effectiveness of EF process as 
disintegration pretreatment for a significant improvement of sludge 
biogas yield about 60 %. This finding is considered important in com-
parison to other studies using electrolysis methods and advanced 
oxidation processes before anaerobic digestion of WAS (Table 3). The 
destruction of sludge structure and the enhancement of methane pro-
duction about only 10 % was revealed by using the indigenous iron 
activated peroxidation pretreatment [35]. Similarly, electrochemical 
disintegration of WAS before AD resulted in a 18 and 20 % methane 
production improvement respectively in the case of pretreatment using 
boron-doped diamond [36] and carbon [37] electrodes. Charles et al. 
[38] studied the enhancement of waste activated sludge anaerobic 
digestion using electrolysis process with an ion exchange membrane. 

Their study mentioned that methane yield during anaerobic digestion at 
20 days retention time was 31 % higher than that of untreated sludge. 
This comparison of results supports the conclusion that electrolysis 
pretreatment coupled to Fenton reaction before anaerobic digestion has 
the potential to significantly improve digester performance, resulting in 
high methane potential. Besides, the UASB digester performance could 
be explained by the balance between the microbial communities. In 
order to understand the interaction between these communities, a mo-
lecular study of sludge bacterial biodiversity in this reactor was 
investigated. 

3.3.2. Bacterial community structure 
Bacterial community structure of digested sludge samples (A: raw 

and B: pretreated) was monitored using DGGE method. The number and 

Fig. 3. Schematic configuration of an up-flow anaerobic sludge blanket 
(UASB) reactor. 

Fig. 4. Evolution of OLR and biogas production during fermentation of raw (a) 
and pretreated (b) sludge in UASB reactor. 

Table 3 
Electro-chemical pretreatment methods for the enhancement of WAS anaerobic 
digestion.  

Pretreatment method Methane 
improvement (%) 

References 

Fenton peroxidation process  10 Zhou et al.  
[35] 

Electrochemical with boron-doped 
diamond electrodes  

18 Arinas et al.  
[36] 

Electrochemical with carbon electrode  20 Zeng et al.  
[37] 

Electrolysis process with an ion 
exchange membrane  

31 Charles et al.  
[38]  
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intensity of migrating bands showed a distinct difference between 
sample A and B (Fig. 5, Table 4). DGGE profiles show only two common 
bands in the two samples (bands B15 and B18). Bands B16 and B20 were 
observed only in sample A whereas bands B9, B10, B11 and B14 were 
detected in sample B. In fact, 8 bands were excised from the DGGE gel 
and sequenced. A dendrogram was constructed in order to present the 
relationship of all the partial 16S rDNA sequences representing the 
excised DGGE bands (Fig. 5). All sequences were belonging to Firmi-
cutes, Proteobacteria (Alpha-proteobacteria class), Nitrospira and 
Chloroflexi phyla (Fig. 6). These taxonomic groups are usually detected 
on anaerobic sludge digestion in UASB reactor [39]. Two sequences 
(Band B15 and B16) assigned to Clostridium species of the Lachnospir-
aceae family, are dominant in landfills, sludge and anaerobic reactor 
[40]. Therefore, in the hydrolysis steps of AD, members of Clostridium 
produce a wide variety of extracellular enzymes to convert cellulose, 
xylans, proteins, and lipids into fermentable components [41] and 
participate in acetogenesis step to produce precursors of methane 

production for methanogens [42]. Some species belong to the family 
Lachnospiraceae are involved into hydrolysis, acidogenesis and aceto-
genesis [43]. 

Band B14 sequence related to Oribacterium species, strictly anaer-
obic strains, were isolated from the human oral cavity and sinus pus 
[44]. Band B20 is affiliated to the genus Caldilinea of the Caldilineaceae 
family among the chloroflexi phylum. The sequence (Band B20) present 
93 % of similarity with Caldilinea tarbellica and Caldilinea aerophila 
species, filamentous, thermophilic, anaerobic bacteria isolated during 
the anaerobic digestion of raw WAS. Some studies demonstrated that 
some species belong to the family Caldilineaceae are involved into 
acidogenesis step in the fermentation reactors [38]. Band B9 was closely 
related to the genus Coprothermobacter which can be classified in the 
phylum Firmicutes or phyla Dictyoglomi and Thermotoga [45]. The 
sequence of the band B9 has high similarity 99 % with Cop-
rothermobacter proteolyticus, formerly Thermobacteroides proteolyticus 
that was the first isolated from digestate of a thermophilic co-digestion 
of tannery wastes and cattle manure [41,46]. A Coprothermobacter pla-
tensis was also isolated from a mesophilic digester treating a protein-rich 
wastewater [47]. 

Band B10 was related to the genus Thermodesulfovibrio which uses 
sulfate and other sulfur compounds [48]. These results indicated the 
presence of sulfate-reducing bacteria into the UASB reactor. Bands B11 
and B18 sequences were related to Demequina and Parvibaculum 
genera, respectively. These findings illustrated the coexistence of 
diversified anaerobic bacteria community involved into anaerobic 
digestion steps in the UASB reactor [49]. 

Comparison of results, demonstrated that the AD system treating EF 
pretreated WAS favored the growth of Coprothermobacter. Previous 
works reported that Coprothermobacter growth is often related to the 
presence of proteinaceous substrate [50]. Therefore, the proliferation of 
Coprothermobacter in digester is related to proteinaceous material sol-
ubilization induced by the EF pretreatment. The latter caused the solu-
bilization of organic matter highlighted by the release of simple 
molecules as VFA (Table 1). The high substrate availability in the feed 
pretreated by EF led to the increase of biogas potential and performance 
of fermentation which suggest the establishment of syntrophic associa-
tion between anaerobic bacteria implicated into different steps of AD. 
According to these results, EF process could be integrated to anaerobic 
system of WAS for high bioenergy recovery. 

3.3.3. Bacterial, archaeal and methanogens communities' abundance 
The abundance of bacterial, archaeal and methanogens communities 

in digestate samples was reported as DNA copy numbers of 16S rRNA or 
mcrA genes per gram of wet sludge. Before treatment, the abundance of 
total bacteria and archaea were 195.6 × 108 and 4.29 × 108 whereas, 
after treatment, their abundances were 139.5108 and 5.47 × 108 DNA 
copies g-1, respectively. According to the 16S rRNA copy number in 
bacteria (3.82) and archaeal (1.62) genomes [51], the qPCR data were 
also expressed in relative percentage. Higher proportion of bacteria 
ranging between 96.22 and 97.85 % was obtained in comparison to 
archaea (accounting for 2.14–3.77 % of the total prokaryotic popula-
tion) for the two samples. Assuming that one copy of the mcrA gene, 
methanogens accounted for 0.47 % (raw WAS) to 1.92 % (pretreated 
WAS) of the archaeal community. These results proved that the 
increased number of methanogen along the process allowed the 
improvement of methane production in the reactor. 

4. Conclusion 

The positive effect of EF treatment on the WAS disintegration was 
demonstrated. The EF pretreatment led to the improvement of biode-
gradability and bioaccessibility of organic matter. The anaerobic 
digestion study of pretreated sludge in UASB reactor confirmed the 
enhancement of biosystem performance. The anaerobic bacteria com-
munity analyzed by PCR-DGGE method indicated that EF changed the 

Fig. 5. Denaturing gradient gel electrophoresis (DGGE) profiles of PCR- 
amplified bacterial 16S rRNA gene fragments obtained from digester treating 
raw (A) and EF pretreated (B) sludge. 

Table 4 
Blast results on bacterial 16S rRNA sequences of selected DGGE bands from two 
sludge samples.  

Band Length 
(bp) 

Phylogenetic 
affiliation 
(Phylum or class/ 
family) 

Best match/accession 
number 

Percentage 
of similarity 
(%) 

B9  186 Firmicutes 
Thermodesulfobiaceae 

Coprothermobacter 
proteolyticus DSM 
5265/(NR_074653)  

100 

B10  187 Nitrospirae 
Nitrospiraceae 

Thermodesulfovibrio 
yellowstonii DSM 
11347/(NR_074345)  

100 

B11  205 Actinobacteria 
Demequinaceae 

Demequina lutea 
SV45/(NR_044222)  

95 

B14  202 Firmicutes 
Lachnospiraceae 

Oribacterium 
asaccharolyticum 
ACB7/(NR_125571)  

98 

B15  181 Firmicutes 
Lachnospiraceae 

Clostridium lavalense 
CCRI-9842/ 
(NR_044289)  

100 

B16  161 Firmicutes 
Lachnospiraceae 

Clostridium symbiosum 
ATCC 14940/ 
(NR_118730)  

99 

B18  196 Alphaproteobacteria 
Rhodobiaceae 

Parvibaculum 
lavamentivorans DS-1/ 
(NR_074262)  

97 

B20  190 Chloroflexi 
Caldilineaceae 

Caldilinea tarbellica 
D1-25-10-4/ 
(NR_117797)  

97  
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microbial community to be enriched by the Firmicutes, Proteobacteria, 
Nitrospira and Chloroflexi phyla. These results illustrate a richness of 
microbial community, thus showing the balance of the anaerobic bio-
system with the integration of EF disintegration. Bacterial, archaeal and 
methanogens communities' abundance was also shown to be improved 
in UASB reactor treating disintegrated sludge which explains the puri-
fication performance and high biogas production. In order to evaluate 
the techno-economic feasibility of the developed integrated process, a 
pilot-scale study is needed in the future. The techno-economic feasibility 
is dependent on the degree of sludge disintegration and methane po-
tential but also on the energetic and environmental benefits. For this 
reason, carbon footprint analysis and life cycle assessment should be 
examined in a future work. 
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