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Abstract 

Sludge fermentation between pH 4 and 11 was investigated to generate volatile fatty acids 

(VFA). Despite the highest sludge solubilization of 25.9% at pH 11, VFA accumulation was 

optimized at pH 8 (12.5% out of 13.1% sludge solubilization). 454 pyrosequencing identified 

wide diversity of acidogens in bioreactors operated at the various pHs, with Tissierella, 

Petrimonas, Proteiniphilum, Levilinea, Proteiniborus and Sedimentibacter enriched and 

contributing to the enhanced fermentation at pH 8. Hydrolytic enzymatic assays determined 

abiotic effect to be the leading cause for improved solubilization under high alkaline 

condition but the environmental stress at pH 9 and above might lead to disrupt biological 

activities and eventually VFA production. Furthermore, molecular weight (MW) 

characterization of the soluble fractions found large MW aromatic substances at pH 9 and 

above, that is normally associated with poor biodegradability, making them 

disadvantageous for subsequent bioprocesses. The findings provided information to better 

understand and control sludge fermentation.  
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Highlights 

• pH 11 gave highest solubilization but the optimal VFA accumulation was at pH 8. 

• Low biological activity and high MW substance production dissuaded use of pH > 8. 

• Different acidogens were enriched according to the operating pH. 

• Enrichment of specific genera at pH 8 maximized VFA accumulation. 
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Sludge fermentation; pH; volatile fatty acids (VFA); size exclusion chromatography (SEC); 

454 pyrosequencing 

Abbreviations 

AD anaerobic digestion 

BNR biological nutrient removal 

COD chemical oxygen demand 

DGGE denaturing gradient gel electrophoresis 

DNA deoxyribonucleic acids 

EPS extracellular polymeric substances 

FISH fluorescence in situ hybridization 

MW molecular weight 

qPCR quantitative polymerase chain reaction 

rRNA ribosomal ribonucleic acids 
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RI refractive index 

SEC size exclusion chromatography 

SRT solids retention time 

TS total solids 

TSS total suspended solids 

UV ultraviolet 

VFA volatile fatty acids 

VS volatiles solids 

VSS volatile suspended solids 

WAS waste activated sludge 
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1. Introduction 

Sludge treatment and its disposal remain one of the biggest challenges in the wastewater 

treatment industry, and could account for up to 50% of a wastewater treatment plant’s 

operating cost (Appels et al., 2008). Municipal sludge is often a mixture of primary and 

secondary (waste activated sludge, WAS) sludges at many wastewater treatment plants. 

Microbial fermentation could be utilized to reduce the organic content, produce volatile 

fatty acids (VFA) and subsequently methane. The VFA can be used as carbon source for 

biological nutrient removal (BNR) processes or biopolymer production (Jiang et al., 2009; Li 

et al., 2011), while methane is a source of renewable energy (Appels et al., 2008). 

Recently, extensive studies had assessed the impact of pH to improve waste activated 

sludge (WAS) fermentation in batch configuration between pH 4 and 12 at 21⁰C (Chen et al., 

2007), 28⁰C (Jie et al., 2014), 35⁰C and 55⁰C (Zhang et al., 2009; Zhang et al., 2010). 

According to these studies, alkaline condition was consistently reported to be more efficient 

than acidic condition for sludge solubilization, and the highest solubilization was found at 

the highest pH value tested. VFA accumulation was found to reach maximum at pH 10 at 

21⁰C and 28⁰C after 8 to 10 days (Chen et al., 2007; Jie et al., 2014). At higher temperature, 

Zhang et al. (2009) reported that sludge fermentation at 35⁰C yielded the highest VFA 

accumulation at pH 9 after 5 days and even higher VFA concentrations at 55⁰C at pH 8 after 

9 days. 

Furthermore, Zhang et al (2009) also found that the VFA accumulation did not increase 

despite of higher solubilization observed at pH 10 and above at mesophilic (35⁰C) 

temperature under batch configuration treating WAS. Yu et al. (2008a) found the abiotic 

effect was the leading cause of the enhanced sludge solubilization at pH 10. Too high pH 
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value could actually impair the biological microbial fermentation activities as acidogens 

generally functioned from pH 4 to 8.5 (Appels et al., 2008). However, Yuan et al (2006) 

established that some degree of biological activities was still retained at pH 10. It is thus 

necessary to understand the extent of biotic activities during sludge fermentation in milder 

acidic and alkaline conditions (between pH 4 and 10). This would improve the understanding 

of biotic activities contribution to sludge solubilization and VFA production, which may 

potentially reduce chemical usage during sludge fermentation. Besides microbial activity, pH 

2.5, 9.8 and 11.8 had been found to influence the molecular weight (MW) distributions of 

solubilized organic matters released from the sludge, which consequently affected its 

biodegradability (Eskicioglu et al., 2006; Xie et al., 2014). Similarly, the MW distributions of 

the soluble fractions between pH 4 and 10 have not been evaluated. Understanding the 

sludge solubilization products and its solubilization mechanism at different pHs could help 

to better control and optimize the sludge fermentation process. 

In addition, production of VFA is driven by the concerted effort of various acidogenic 

microorganisms. Investigation of the microbial community structures at different pHs during 

WAS fermentation have been reported previously. The studies had been performed with 

batch configuration between pH 4 and 12 at 28⁰C using denaturing gradient gel 

electrophoresis (Jie et al., 2014) and semi-continuous configuration at pH 8 (55⁰C), 9 (35⁰C) 

and 10 (21⁰C) using clone library and fluorescence in situ hybridization (FISH) (Zhang et al., 

2010). However, the results could not yet establish a proper link between the roles of 

microbial populations at different pHs to the performance of sludge fermentation. 

Correlation of the identified microorganisms with their possible functions during sludge 

fermentation at different pHs would provide valuable insights into the underlying biological 
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reactions. This study used 454 pyrosequencing to gather more sequencing reads than would 

have been possible with DGGE or other cloning related methods. This way, a more 

comprehensive representation of the microbial community could be achieved.  

The feed for this study would be the mixture of primary and secondary sludges, commonly 

found at many wastewater treatment plants. This study aims to evaluate the characteristics 

of the soluble organic matter during semi-continuous mixed sludge fermentation process 

under mesophilic (35⁰C) condition and 3 days solids retention time (SRT) at different pHs. 

Particular attention is given on the organic compositions and the MW distributions. 

Mesophilic condition is operated in this study so that the process could be readily applied to 

existing mesophilic anaerobic digesters in the tropical climate. Batch experiments had also 

demonstrated that the bulk of sludge acidogenesis of waste activated sludge at 35⁰C was 

achieved within 3 to 4 days (Zhang et al., 2009; Zhang et al., 2010). Hence, SRT of 3 days is 

chosen for the sludge fermentation in this study. The microbial community acclimated at 

different pHs will also be characterized to give microbiological insight to the sludge 

fermentation process. 

2. Materials and Methods 

2.1. Bioreactor operation 

Semi-continuous bioreactors were operated in 1 L glass bottles with 0.9 L working volume 

for 106 days. 0.3 L of sludge was withdrawn from each reactor as they were mixed and 

replaced with 0.3 L of feed sludge daily to make SRT of 3 days. Bioreactors were incubated 

on a temperature controlled shaker at 35⁰C and 120 rpm. One bioreactor was operated 

without pH adjustment and served as control, while eight bioreactors were controlled at pH 
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4, 5, 6, 7, 8, 9, 10 and 11 using 5 M hydrochloric acid or 5 M sodium hydroxide. The pH 

adjustments were done throughout the experiment, twice every day with 12 hour intervals. 

However, a fixed pH value could not be maintained. The pH variations and chemical dosage 

are presented in Table 1. The bioreactors were initially seeded with anaerobic sludge 

treating sewage sludge from a local full-scale wastewater treatment plant and purged with 

nitrogen to create the anaerobic condition. The feed sludge is sewage sludge, composed of 

mixed primary and secondary sludge from the same plant. The feed sludge characteristics 

were 25.4 ± 3.0 g TS L
-1

; 20.3 ± 2.5 g VS L
-1

; 37,200 ± 2,800 mg tCOD L
-1

; 2,000 ± 400 mg 

sCOD L-1; and pH 5.8 to 6.0. 

(*insert Table 1 here) 

2.2. Sludge fractioning protocol 

Sludge fractioning protocol was performed to extract the extracellular polymeric substances 

(EPS), namely the pellet, tightly-bound EPS, loosely-bound EPS and slime fractions as 

described by Yu et al. (2008b) for enzymatic activity measurements. The tightly-bound EPS, 

loosely-bound EPS and slime fractions were then filtered through 0.45 µm nylon filters to 

remove particulates. All EPS fractions were resuspended in phosphate buffered saline 

solutions, pH adjusted according to the pH of their respective bioreactors. All EPS fractions 

were subsequently stored at 4⁰C before further use. 

2.3. Analytical methods 

Chemical oxygen demand (COD), totals solids (TS), total suspended solids (TSS), volatile 

solids (VS), volatile suspended solids (VSS) were measured in accordance with the standard 

methods (APHA et al., 2005). Soluble fraction of sludge sample to measure soluble COD 
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(sCOD), soluble carbohydrates and soluble proteins were prepared by centrifugation at 

12,000 xg for 5 min and the supernatant was filtered through 0.45 µm nylon filter. Soluble 

protein and carbohydrate concentrations were measured using Lowry-Folin and phenol-

sulphuric acid methods, respectively (Feng et al., 2009). The COD conversion factors for 

carbohydrate (glucose) was 1.07 mg COD mg glucose
-1

 and protein (bovine serum albumin, 

BSA) was 1.5 mg COD mg BSA-1 (Feng et al., 2009). VFA concentrations and biogas 

compositions were measured as described previously using gas chromatography (GC) 

(Agilent, USA) after filtering the soluble fraction through 0.2 µm nylon filter (Maspolim et 

al., 2014). Daily biogas volume produced was collected in tedlar gas bags and measured with 

a wet gas meter (Ritter, Germany). The average values were calculated after the bioreactors 

had achieved steady-state from the 37th day. The extent of solubilization was calculated as 

described by Ge et al. (2011), which is expressed as 

Extent of solubilization % = 
CODCH4 + CODSo - CODSi

CODTi - CODSi

 x 100%      (1) 

where CODCH4 = methane produced a day, as mg COD based on 0.38225 L CH4 g COD
-1

 at 

25⁰C (temperature during biogas volume measurement); CODSi = soluble COD concentration 

of inlet; CODSo = soluble COD concentration of outlet; CODTi = total COD concentration of 

inlet. 

Amylase and protease activities were measured to represent enzymatic activities produced 

by microorganisms to hydrolyse carbohydrate and protein, respectively (Yu et al., 2008a). 

These enzymatic tests were performed to all the sludge fractions. Amylase activity was 

analysed with enzymatic assay of α-amylase (Sigma-Aldrich, USA) using 3, 5-dinitrosalicyclic 

acid colorimetric method with soluble starch (S2630, Sigma-Aldrich, USA) as substrate and 
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30 minutes incubation. Protease activity was analysed with universal protease activity assay 

(Sigma-Aldrich, USA) using Folin’s & Ciocalteu’s phenol colorimetric method with casein 

(C7078, Sigma-Aldrich, USA) as substrate and 60 minutes incubation. 

Size exclusion chromatography (SEC) was performed using high-performance liquid 

chromatography (HPLC) (Agilent, USA) following methods described by Tian et al. (2014). 

Refractive index (RI) and ultraviolet (UV) light at 254 nm were used as detectors. The use of 

RI detector allowed universal visualization of materials as long as sufficient concentrations 

were present. UV detector at 254 nm allowed for specific visualizations of aromatic 

compounds such as proteins and humic acids (Yang et al., 2013). The molecular weight 

(MW) was calibrated using polyethylene glycol and polyethylene oxide standards with MW 

of 500, 70, 4, 0.6 and 0.1 kDa. A linear relationship could be derived (Tian et al., 2014) and 

was expressed as 

Log (molecular weight) = 9.8223 – 0.6748 x (retention time)    (2)  

2.4. DNA extraction and quantitative PCR (qPCR) 

Genomic DNA was extracted from the seed sludge, feed sludge and bioreactors after 47 and 

77 days of bioreactor operation. PowerSoil DNA isolation kit was used to extract the DNA in 

duplicates, following the manufacturer’s instructions (MoBio, Singapore). Extracted DNA 

was then stored at -20⁰C before further analysis. Quantitative PCR (qPCR) was performed 

using primers and TaqMan probes targeting the 16S ribosomal ribonucleic acids (rRNA) gene 

of universal Bacteria and universal Archaea, as described previously (Maspolim et al., 2014). 

qPCR was used to evaluate the impact of pH on archaeal and bacterial population 

quantities. 
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2.5. 454 pyrosequencing and the bioinformatics analysis 

The extracted genomic DNA was sent to Research Testing Laboratory (RTL, USA) for 

bacterial tag-encoded FLX amplicon pyrosequencing as described by Dowd et al. (2008). 16S 

rRNA gene universal bacterial primer set (341F and 907R, targeting V3-V5 hypervariable 

region) (Muyzer et al., 1993) and 16S rRNA gene universal archaeal primer set (517F and 

909R, targeting V4-V5 hypervariable region) (Baker et al., 2003) were used for the PCR 

amplification. The sequences were archived in NCBI Sequence Read Archive (SRA) with the 

accession SRP055486. The program Mothur v 1.33.3 was used to prepare the raw data for 

analysis in accordance with Mothur 454 SOP (Schloss et al., 2011). Raw sequences obtained 

from RTL were initially trimmed to exclude sequences with at least 1 ambiguous base calls, 

more than 1 barcode mismatch, 2 primer mismatch, 8 homopolymeric bases and if they 

contained average quality score below 25 over a 50 bp sliding window. Sequences were 

then aligned using the respective SILVA bacterial and archaeal database, and trimmed again 

so that all sequences started from the same aligned position with at least half of the 

expected read length. The “pre-cluster” function was subsequently used to merge 

sequences with 1 bp difference. Chimeras were removed UCHIME using database-

independent approach. OTUs were clustered at 97% sequence similarity with average 

neighbouring clustering algorithm. Normalization of sample size was conducted by 

“sub.sample” function in Mothur by resampling the same number of reads for each sample, 

based on the smallest sample size. Taxonomic classification at the phylum and genus level 

were done with naïve Bayesian classifier method using RDP training set 9 alignment 

database and taxonomy, bootstrapped 1,000 times with 50% cutoff. Heatmap was also 

constructed with heatmap.2 function from R using the bacterial data output from Mothur, 
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whereby the OTUs containing less than 30 reads were removed for visualization purpose 

(Fig. SA). The OTUs with their genus identification were aligned on the y-axis and were 

hierarchically clustered using Bray-Curtis algorithm. The heatmap was used to identify 

important classified bacterial genus during the microbial community analysis.  

3. Results and discussion 

3.1. Effect of pH on the solubilization of organic matter 

(*insert Fig. 1. here) 

Higher mixed sludge solubilization was achieved with higher pH, whereby pH 11 (the highest 

pH tested in this study) achieved the highest solubilization at 25.9%. The highest 

solubilization in acidic condition (pH 5) was at 8.2% while the neutral bioreactor achieved 

6.8% solubilization (Fig. 1A). Consistent with previous findings treating WAS, alkaline 

condition was better for sludge solubilization than acidic and neutral conditions between pH 

4 and 11 (Chen et al., 2007; Jie et al., 2014). The organic compositions of the sludge soluble 

fractions tested in this study were methane, VFA, carbohydrates and proteins. Other 

components not accounted for were categorised as others. Zhang et al. (2009) found 

elevated concentrations of ethanol and lactic acids during WAS fermentation process in 

both increasing acidic and alkaline conditions, which may have contributed to this “other” 

component. VFA formed almost the entire soluble organic composition in the control and 

pH 5 to 7 (up to 7.4%), indicating effective acidogenesis reactions (Fig 1A). The VFA 

component stabilized at around 12% from pH 8 to 10 even though there was increasing 

sludge solubilization, as proteins, carbohydrates and other components gradually increased 

(Fig 1A). This showed that higher solubilization caused by the alkali action did not 
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necessarily translate to higher VFA accumulation at pH above 8. Indeed, lower VFA 

accumulation was observed at pH 11, where VFA formed 8.9% solubilization while 

carbohydrates, proteins and other components formed 2.1%, 6.5% and 8.3%, respectively 

(Fig 1A). Poor acidogenesis was also observed at pH 4, where VFA formed only 1.9% out of 

5.2% of sludge solubilization. 

Acetic and propionic acids were always the predominant accumulated VFA species under all 

conditions, except in the control, pH 6 and 7 bioreactors where part of the acetic acid was 

converted into methane (Fig. 1B). Butyric and iso-valeric acids followed as the next most 

predominant VFA species in the bioreactors. Both acetic and propionic acids would be 

preferred for subsequent BNR, AD or biopolymer production (Jiang et al., 2009; Li et al., 

2011). 

Methane production in the control, pH 6 and 7 contributed to 0.5% to 0.6% solubilization. It 

was also detected in bioreactor at pH 8 but at much lower percentage (0.09% solubilization). 

On the other hand, negligible biogas production was detected at pH below 6 and above 8. 

Hence, operating pH restricted methanogenic activity, which utilized VFA to produce 

methane during sludge fermentation. 

VFA yields during the mixed sludge fermentation were calculated to be 410 ± 70 mg COD g 

VSS-1 at pH 8 and 150 ± 40 mg COD g VSS-1 with no pH control. These values were higher 

compared to similar batch WAS fermentations under 35⁰C between pH 4 to 11, where the 

highest VFA yield were obtained at pH 9 (298 mg COD g VSS-1) and the reactor with no pH 

control gave 60 mg COD g VSS-1(Zhang et al., 2009). The type of substrate being treated 

could influence the sludge fermentation. It had been discussed previously that primary 

sludge, which formed part of the mixed feed sludge in this study, was more easily degraded 
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than WAS (Zhang et al., 2009). This possibly explained the higher VFA yield obtained in this 

study compared to the mesophilic batch fermentation treating WAS alone. 

(*insert Fig. 2. here) 

In terms of total activity, it was found that amylase and protease activities were reduced 

below pH 6 and above pH 8 (Fig. 2). Total enzymatic activities at pH 5 and below, as well as, 

pH 10 and above were reduced by more than 50%. In contrast, sludge solubilization was 

increased with higher pH or lower pH beyond the control (pH 6) (Fig. 1A), indicating the role 

of abiotic effect by acid or alkaline dosage to hydrolysis at different pHs. The results also 

demonstrated the detrimental impact of alkaline condition to the biotic contribution to 

hydrolysis. It could be inferred that this impact of high pH to bioprocess might lead to the 

poor acidification efficiency at pH 9 and above. However, further study is required to 

confirm the effect of pH on the enzymatic activities for acidogenesis reactions. The 

development of alkaliphilic microorganisms associated with sludge fermentation would be 

discussed later. 

(*insert Fig. 3. here) 

Soluble fractions of the control and pH 6 bioreactors gave the lowest RI signals relative to all 

other bioreactors (Fig. 3A and 3B), which was consistent with the extent of solubilization 

results based on COD in Fig. 1A. Different molecular weight (MW) distributions were 

observed in the bioreactors at different pH. All samples showed a peak with MW size 

between 0.1 and 4 kDa (Fig. 3A and 3B). Meanwhile, another peak was detected from the 

pH 9, 10 and 11 soluble fractions which had a size larger than 500 kDa (Fig. 3B).  
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Passing the soluble fractions through a UV detector at 254 nm did not yield obvious signals 

in all samples for the range between the 0.1 and 4 kDa (Fig. 3C and 3D), indicating that the 

substance detected on RI was not aromatic in nature and might represent VFA, as shown in 

Fig. 1A. A large MW peak (> 500 kDa) was, however, observed at pH 9, 10 and 11 (Fig. 3D). 

This large MW peak could have been derived from release of proteinaceous cell fragments 

or EPS into the soluble fractions (Eskicioglu et al., 2006), which was mediated by the sodium 

hydroxide dosed. In alkaline condition, proteins were denatured and EPS were solubilized to 

release the organic contents tightly bound within the sludge matrix. Damage to the 

microbial cell in the sludge also occurred as alkali induced solubilization of membrane 

proteins and saponification of the membrane lipids (Mendonca et al., 1994). Previous 

investigation assessed the biodegradability of soluble fractions at different MW which were 

derived from WAS pretreated with microwave and thermal hydrolysis (96⁰C) (Eskicioglu et 

al., 2006). That study found that the soluble fractions larger than 300 kDa gave lower 

biodegradation rate than other soluble fractions containing smaller MW molecules due to 

structural complexity and lower surface area to volume ratio. The presence of such high 

MW substances would be disadvantageous for subsequent use of the fermentation liquor in 

BNR processes, biopolymer production or methanogenesis, which required VFA as the ideal 

carbon source. Hence, the use of fermentation liquor from mixed sludge fermentation at pH 

above 8 would not be a preferred option and require further examination. Overall, these 

findings suggested operation of mixed sludge fermentation is recommended at pH 8 at 

mesophilic (35⁰C) condition with 3 days SRT.  

3.3. Effect of pH on microbial community structures 

3.3.1 Microbial quantitative analysis by qPCR 
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(*insert Fig. 4. here) 

The archaeal and bacterial DNA copies of the feed sludge influenced the archaeal and 

bacterial DNA copies in the bioreactors, as higher archaeal and bacterial DNA copies 

observed at 77 than 47 days in the feed sludge corresponded to higher abundances in the 

respective bioreactors. In general, both the archaeal and bacterial DNA copies were reduced 

compared to the feed sludge as the bioreactors were operated, except for the Archaea in 

the control, at pH 6 to 8 and pH 9 at 47 days, and the Bacteria in the control, at pH 6 to 9 at 

47 days and pH 7 at 77 days (Fig. 4). Archaea showed the highest abundance at pH 7, 

followed by the control, pH 6 and pH 8. On the contrary, the sludges at pH 4, 10 and 11 

experienced almost one log of reductions in archaeal DNA copy abundance compared to the 

feed sludge (Fig. 4A). As Archaea are typically found to be methanogens in anaerobic 

reactors, the results indicated that pH around neutral were more favourable for the growth 

of methanogens than acidic or alkaline conditions, hence the methanogenesis recorded 

around neutral pHs in this study (Fig. 1A). It was also noted that despite the similar methane 

volume produced at pH 6 and 7, the archaeal abundance was slightly higher at pH 7 than 6. 

This might be attributed to the different methanogenic communities present in the two 

conditions, which would be described later. Similarly, there were also quantitative 

reductions to the feed sludge in the bacterial qPCR results. Almost one log reduction was 

observed at pH 4, 10 and 11 at 77 days and it was halved at pH 5, 8 and 9 (Fig. 4B). Since 

qPCR targeted universal Bacteria, it was unclear if the reduction of Bacteria abundances was 

attributed to the loss of microorganisms derived from the feed sludge, or the active 

acidogenic microorganisms. Nevertheless, qPCR confirmed the influence of acidic and 

alkaline conditions to the reduction of both archaeal and bacterial population abundances. 
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3.3.2 Microbial community analysis by 454 pyrosequencing 

454 pyrosequencing targeting Archaea generated a total of 210,000 sequencing reads in this 

study. Sequence processing, clustering into OTUs at 97% similarity and normalization by 

Mothur reduced the number of reads to 1,544 reads in each sample. Taxonomic 

classification using RDP database resulted in 99% of the OTUs being classified to genus level 

and the rest as unclassified (Fig. 5A). All the archaeal genera identified were known 

methanogens. Methanolinea and Methanospirillum were found to be predominant 

methanogens in the samples collected from all bioreactors including the feed and seed 

sludges (Fig. 5B). The relative abundance of the hydrogenotrophic Methanolinea was 

between 41% and 93%, except at pH 7 and 8 with 28% to 48% relative abundance. 

Meanwhile, hydrogenotrophic Methanospirillum’s relative abundance was between 5% and 

35% (Fig 5B). Hydrogenotrophic methanogenesis seemed to be the important pathway for 

methanogenesis with short SRT during sludge fermentation process and this had been 

observed in previous anaerobic sludge digestion processes (Kim et al., 2013). In addition, 

Methanosarcina was enriched in the control (naturally buffered to between pH 5.8 and 6.2), 

pH 6 and 7 bioreactors, but negligible in the other bioreactors. These enrichments were 

consistently observed in both the 47 and 77 days samples. Methanosarcina can grow 

between pH 5 and 8 (De Vrieze et al., 2012) and this coincided with the pH values where it 

was enriched. Hence, Methanosarcina was likely associated with methanogenesis between 

pH 6 and 7. In contrast, Methanocorpusculum was exclusively enriched at pH 7 and 8 (Fig. 

5B), as hydrogenotrophic Methanocorpusculum can grow between pH 6.5 and 7.5 

(Anderson et al., 2009). Methanocorpusculum appeared to be cultivated better than 

Methanosarcina at pH 7 and 8, and would also likely to be associated with methanogenesis 
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under these conditions. Characterization of the methanogenic communities by 454 

pyrosequencing and their abundances by qPCR demonstrated that methanogens could be 

sustained and acclimated at pH 6, 7 and 8 with short SRT (3 days), which could be correlated 

with the methanogenic activities under these conditions. 

(*insert Fig. 5. here) 

454 pyrosequencing targeting Bacteria generated a total of 300,000 sequencing reads in this 

study. Sequence processing, clustering to 97% similarity and normalization by Mothur 

reduced the number of reads to 955 reads in each sample. Microbial ecology in the 

anaerobic process is still yet to be understood as 29% of the bacterial OTUs could not be 

classified to genus level (Fig. 5A). Similar to the archaeal communities, the bacterial 

communities found in 47 days were related to those in 77 days. 

(*insert Fig. 6 here)  

(*insert Table 2. here) 

Fig. 6 shows that Parabacteroides, Paludibacter and Caldisericum were detected in the seed 

sludge, feed sludge, control and bioreactors in acidic, neutral and alkaline conditions. These 

genera had been commonly discovered in anaerobic digesters previously and were found to 

be involved in VFA production (Krieg et al., 2010). This implied that the feed sludge had 

developed acidogens which subsequently influenced the bacterial composition of the 

bioreactors in this study. However, these genera predominating in the feed sludge were 

largely replaced by other genera in all bioreactors. This proved that the reductions of 

bacterial DNA copies observed in qPCR at pH 4, 10 and 11 (Fig. 4B) were attributable to the 

death of microorganisms derived from the feed sludge, while specialized microorganisms 
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were enriched. The semi-continuous sludge fermentation process with 3 days SRT between 

the control and pH 4 to 11 at 35⁰C in this study led to the acclimation of heterogeneous 

bacterial community structures capable of producing VFA. Importantly, the specific genera 

enriched in the bioreactors in this study were optimal in their respective operating pH 

conditions (Fig. 6 and Table 2). Hence, operating pH could be considered as one of the 

selective pressure for the enrichment of these different genera and that there was a wide 

diversity of microorganisms with acidogenic capabilities from pH 4 to 11.  

Under acidic condition, Hallella was detected in the control, pH 4, 5 and 6 bioreactors, and 

Phascolarctobacterium in the control, pH 5 and 6, but not under neutral and alkaline 

conditions (Fig. 6). Prevotella and Clostridium_sensu_stricto were enriched at pH 5 alone, 

while Oscillibacter only at pH 4. Oscillibacter valericigenes is known to be a mesophilic, 

anaerobic fermentative bacterium which produced valeric acid as the main fermentation 

product from carbohydrates with optimum pH of 6 to 6.5 (Iino et al., 2007). Hallella and 

Prevotella are anaerobic Bacteria that ferment carbohydrates and some proteins to succinic 

and acetic acids, which grew at pH 5.5 to 5.7 and 4.6 to 5, respectively (Krieg et al., 2010). 

The succinic acid produced could in turn be consumed by Phasolarctobacterium to produce 

propionic acid (Vos et al., 2009). Meanwhile, Clostridium_sensu_stricto species were 

grouped as Clostridium cluster 1, based on their 16S rRNA fingerprints but displayed a 

variety of phenotypic characteristics (Vos et al., 2009). Despite the acclimation of acidogens 

under acidic condition, the enzymatic activity at pH 4 and 5 (Fig. 2) and the sludge 

solubilization mediated by acid dosage here were lower than in alkaline conditions. 

Consequently, less solubilized organic matters were available to be acidified (Fig. 1A). In 

addition, Hallella and Oscillibacter were the genera enriched at pH 4, but their optimal 
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growth conditions were not at pH 4 (Iino et al., 2007; Krieg et al., 2010). The enriched 

microbial communities at pH 4 might not be functioning optimally and this could also 

explain its low acidogenic efficiency, as the VFA component contributed only half of the 

sludge solubilization (Fig. 1A). 

Under alkaline condition, Fig. 6 shows that Tissierella could be detected at pH 8, 9 and 10. In 

addition, Petrimonas, Proteiniphilum, Levilinea and Proteiniborus could be found at pH 8 and 

9. Tissierella grew optimally at mesophilic condition and produced acetic, butyric, isovaleric 

acids at optimum pH of 8.3 (Vos et al., 2009), which was similar condition to the pH range it 

was enriched in this study. Levilinea is an anaerobic microorganism isolated from an 

anaerobic reactor, which ferments sugars and amino acids into hydrogen, acetic and lactic 

acids between pH 6 to 7.2 (Yamada et al., 2006). Petrimonas, Proteiniphilum and 

Proteiniborus are fermentative Bacteria, producing mainly acetic acid, hydrogen and carbon 

dioxide (Krieg et al., 2010; Vos et al., 2009), with the latter two mainly using proteins as 

fermentative substrate, with tolerable pH ranges of 6 to 10 (Niu et al., 2008). Petrimonas 

grew optimally at pH 7.2 (Krieg et al., 2010). Sedimentibacter was only enriched at pH 8. It 

was known to ferment proteins through Stickland-type reactions between pH 7 and 8.2 to 

produce VFA (Vos et al., 2009), and hence, was likely involved in the acidogenesis of 

proteinaceous matter at pH 8. This was consistent with a previous study which utilized 

stoichiometric analysis to suggest the Stickland-type pathway as the main pathway for VFA 

production during WAS fermentation in alkaline condition (Liu et al., 2011). These results 

demonstrated that Tissierella, Petrimonas, Proteiniphilum, Levilinea, Proteiniborus and 

Sedimentibacter which were enriched at pH 8 were able to grow in mild alkaline condition. 

Their biotic contribution, as proven by the hydrolytic enzymatic activities in Fig. 2, when 
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combined with the abiotic solubilization mediated by sodium hydroxide dosage at pH 8, 

were able to yield comparable VFA accumulation to that at pH 10 in this study. Hence, 

fermentation at pH 8 is recommended.  

At higher pH values, Guggenheimella was enriched at pH 10, which utilized mainly proteins 

to produce VFA (Fig. 6) (Vos et al., 2009). The enrichment of Anaerobranca, Alkalibaculum 

and Clostridium_XI were also observed at pH 10 and 11. Both Anaerobranca and 

Alkalibaculum were known to produce VFA. Anaerobranca was considered an extremophile, 

able to survive in alkaliphilic environment (pH 6 to 10.5) and sodium chloride concentration 

up to 6% (w/v) (Table 2) (Vos et al., 2009). Sodium plays a significant role in substrate 

uptake and ATP generation for alkaliphiles, including Anaerobranca (Kevbrin et al., 2005). 

High sodium in the bioreactors at pH 10 and 11 would have resulted from the high dosage of 

sodium hydroxide used for pH adjustment and this might drive the enrichment of 

Anaerobranca (Zhang et al., 2010). All the bioreactors operated at pH 9 and above also 

managed to enrich carbohydrate- and protein-utilizing acidogens, but the additional 

bioenergetics requirement to survive under the stressed condition of high pH and salinity 

might lead to the reduced acidogenic activities observed in this study (Kevbrin et al., 2005). 

The detection of methanogens and acidogenic Bacteria in the feed sludge led to the 

possibility of initiating the sludge fermentation process without inoculum or seed sludge, as 

had been reported by Morgan-Sagastume et al. (2015). However, the specialized microbial 

populations enriched at pH 8 were very low or below the detection limit in both the seed 

inoculum and feed sludge, and hence it could not be clearly determined if these specialized 

microorganisms originated from the seed or feed sludge. In addition, previous study found 

that seed inoculum enhanced VFA accumulation compared to without inoculation during 
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WAS fermentation under mild alkaline condition (pH 9) (Huang et al., 2014), indicating the 

importance of inoculum for sludge fermentation. 

Mixed sludge fermentation at pH 8 provided a balance of abiotic solubilization by sodium 

hydroxide and preservation of microbial activity to give optimal VFA accumulation in this 

study, and provided suitable fermentation products for subsequent applications. 

Understanding the characteristics of the solubilization product and the underlying microbial 

communities gave insights for potentially better control and optimization of the sludge 

fermentation process. 

4. Conclusion 

VFA accumulation was optimized at pH 8 despite higher solubilization at higher pH, where 

proteins, carbohydrates and other organic matter formed the remaining organic 

compositions. The solubilization products after fermentation above pH 8 contained high 

MW organics with possibly low biodegradability and would be unfavourable for subsequent 

biological processes. Enzymatic activity results revealed a reduction in biotic hydrolytic 

activities outside pH 6, 7 and 8 even when suitable acidogens were enriched, indicating the 

impairment of biological activities. However, Tissierella, Petrimonas, Proteiniphilum, 

Levilinea, Proteiniborus and Sedimentibacter were enriched at pH 8 and contributed to the 

highest fermentation efficiency in this study.  
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List of captions 

Table 1. The pH variations and chemical dosage of the bioreactors. 

Table 2. The pH value and sodium chloride cultivation concentration ranges of the identified 

genera in the bioreactors by 454 pyrosequencing. 

Fig. 1. The average extent of sludge solubilization with its organic composition (a), and the 

average VFA concentration with its speciation (b) in the bioreactors. Error bars signify the 

standard deviations for a population sample, n = 4. 

Fig. 2. Amylase (A) and protease activities (B) of EPS fractions from sludges at different pHs. 

Error bars signify the standard deviations for number of replicates, n = 3. 

Fig. 3. Size exclusion chromatograms of the soluble fractions from the control and acidic 

bioreactors with refractive index (a), 254 nm detectors (c); and chromatograms of the 

soluble fractions from the neutral and alkaline bioreactors at day 77 with refractive index 

(b), 254 nm detectors (d). The dotted lines represent the retention time of the calibration 

standards. 

Fig. 4. Microbial quantification by qPCR of the feed sludge and bioreactors at 47 and 77 

days, targeting the Archaea (A) and Bacteria (B). The dotted lines represent the respective 

archaeal and bacterial quantifications of the anaerobic seed sludge. Error bars signify the 

standard deviations for number of replicates, n = 3. 

Fig. 5. Distribution of taxonomic classification of Archaea and Bacteria to genus level (A); the 

relative abundances of archaeal OTUs with 97% similarity to genus level (B); and the relative 

abundance of bacterial OTUs with 97% similarity to phylum level (C).  



  

http://ees.elsevier.com/bite/download.aspx?id=1379004&guid=efef8327-4cab-4c48-835d-2224aab95afa&scheme=1


  

http://ees.elsevier.com/bite/download.aspx?id=1379005&guid=42c68143-b13f-4571-babe-3fec7464e6dd&scheme=1


  

http://ees.elsevier.com/bite/download.aspx?id=1379006&guid=1f7bbba2-ec1e-4092-9c17-77626a88edec&scheme=1


  

http://ees.elsevier.com/bite/download.aspx?id=1379007&guid=e6c9874d-71c8-479b-b1a1-486f57df7346&scheme=1


  

http://ees.elsevier.com/bite/download.aspx?id=1379009&guid=cc6de69c-b24e-4f2a-a126-0d44edfd99bf&scheme=1


  

http://ees.elsevier.com/bite/download.aspx?id=1379019&guid=f0f41807-c760-4084-bda1-220e16d43f26&scheme=1


  

28 

 

Fig. 6. Relative abundances of bacterial genera in the feed sludge, seed sludge and 

bioreactors at 47 and 77 days. 
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List of tables 

Table 1. The pH variations and chemical dosage of the bioreactors. 

Target pH of bioreactor pH variations Chemical dosage 

No control 5.8 - 6.3 - 

pH 4 3.9 - 4.3 0.05 ± 0.01 g HCl g TS feed
-1

 

pH 5 4.9 - 5.1 0.01 ± 0.00 g HCl g TS feed
-1

 

pH 6 5.8 - 6.2 0.01 ± 0.00 g NaOH g TS feed-1 

pH 7 6.5 - 7.2 0.03 ± 0.02 g NaOH g TS feed-1 

pH 8 7.1 - 8.2 0.07 ± 0.02 g NaOH g TS feed
-1

 

pH 9 8.2 - 9.2 0.1 ± 0.02 g NaOH g TS feed
-1

 

pH 10 9.2 - 10.2 0.14 ± 0.02 g NaOH g TS feed-1 

pH 11 10.2 - 11.2 0.17 ± 0.02 g NaOH g TS feed
-1
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Table 2. The pH value and sodium chloride concentration cultivation ranges of the identified 

genera in the bioreactors by 454 pyrosequencing. 

Phylum Genus 

Cultivation 

pH range 

Cultivation 

NaCl range 

Bacteroidetes Bacteroides 7 to 8.5 N.R. 

Paludibacter 

5.0 to 7.6 

(optimum 6.6) 0 to 0.5% 

Parabacteroides 

5.0 to 8.5 

(optimum 7 to 7.5) 0 to 2% 

Petrimonas around 7.2 

0 to 4% 

(optimum 0%) 

Proteiniphilum 

6.0 to 9.7 

(optimum 7.5 to 8) 0 to 5% 

Hallella 5.5 to 5.7 N.R. 

Prevotella 4.6 to 5 N.R. 

Caldiserica 

Caldisericum 

5.5 to 7.5 

(optimum 6.5) 0.5 to 1% 

Chloroflexi Levilinea 6 to 7.2 0 to 0.25% 

Firmicutes Phascolarctobacterium N.R. N.R. 

Clostridium_ 

sensu_stricto varied varied 

Proteiniborus 

6.4 to 10 

(optimum 8.5 to 8.8) 0 to 2% 

Sedimentibacter 7 to 8.2 N.R. 

Tissierella 

6.5 to 8.5 

(optimum 8.3) N.R. 

Guggenheimella 

6.5 to 9 

(optimum 7.5 to 8) N.R. 

Anaerobranca 

6 to 10.5 

(optimum 8.5 to 9.5) 

0 to 6% 

(optimum 1 to 2.5%) 

Alkalibaculum 

6.5 to 10.5 

(optimum 8 to 8.5) N.R. 

Clostridium_XI varied varied 

Oscillibacter 

5.5 to 8.5 

(optimum 6 to 6.5) 0 to 4% 
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Highlights 

• pH 11 gave highest solubilization but the optimal VFA accumulation was at pH 8. 

• Low biological activity and high MW substance production dissuaded use of pH > 8. 

• Different acidogens were enriched according to the operating pH. 

• Enrichment of specific genera at pH 8 maximized VFA accumulation. 

 

 




