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ABSTRACT 
 

The main objective of this research was to identify the compounds responsible for 

persistent odors in biosolids during long-term storage using olfactometry measurements 

and to determine their generation pattern with regard to time of appearance and decline 

using gas chromatography-mass spectrometry (GC-MS). Another objective of this study 

was to investigate the effect of various digestion and dewatering techniques on odors and 

determine if there is a correlation between the peak concentration and time of appearance 

of short-tem organic sulfur odors and persistent odors. Headspace analysis was used to 

quantify short-term odor-causing organic sulfur compounds and persistent odors from 

compounds such as indole, skatole, butyric acid and p-cresol for an incubation period up 

to 150 days.  

 

A unique odor generation pattern was observed for each of the compounds analyzed for 

all the dewatered cakes tested in this study. Dewatered cake samples were also analyzed 

to determine their detection threshold by a trained odor panel and the results were 

consistent with the general pattern of odor generation observed in this study. Positive 

correlations were observed between the peak concentration of organic sulfur and 

persistent odor compounds whereas little or no relationship was observed between their 

times of appearance. The type of sludge used in digestion (primary sludge, WAS and 
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mix) was found to affect the production of odor-causing compounds significantly. 

Primary sludge produces the highest odors followed by mix. WAS was found to produce 

biosolids with a low odor concentration. Positive correlation was observed between odor 

concentration and digestion SRT. Significant reduction in odor concentration was 

observed when the SRT was increased from 12-days to 25-days. At 45-day SRT, further 

reduction in odors was not very significant. Moreover, the results from this study indicate 

that methanogens play an important role in the degradation of both organic sulfur and 

persistent odors.  Although the highest odors during biosolids incubation came from 

sulfur compounds, the persistent odors must be managed as part of a comprehensive 

sludge management approach.
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Chapter 1 

 

INTRODUCTION 

 

 

In recent years, public concern over odors from wastewater treatment and land application sites 

has increased. Odor complaints have increased due to encroachment of housing around existing 

sewage treatment works or construction of new works (Balling and Reynolds, 1980) and 

increased awareness consumer rights (Vincent and Hobsen, 1998). The intensification of land 

application has also lead to a concomitant increase in concerns about odors generated from 

biosolids storage facilities and land application sites. Biosolids odors have always been one of 

the major issues for wastewater utilities and were identified to be the principal complaints from 

the public based on a report released by the National Research Council (National Research 

Council, 2002). Odors are typically a problem for dewatered biosolids since digested sludge 

usually shows no or low odor (Adams et al., 2004). 

 

Odor emissions are a nuisance for the population in the vicinity of the sewage treatment works 

(Frechen, 1988, Wilson et al., 1980). Odor emissions affect quality of life (Brennan, 1993) 

leading to psychological stress and symptoms such as insomnia, loss of appetite and irrational 

behavior (Wilson et al., 1980). The three main stages of wastewater handling; collection, 

treatment and disposal are all potentially odorous, although careful plant design and operation 

can lessen the effects of odor and help control the general odor problem (Gostelow et al., 2001). 

There are also many other factors that affect the emissions of malodors such as content of solids 

which can adsorb dissolved gases, turbulence, ventilation and the area of exposed surfaces. 
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In order to solve the odor problem at sewage treatment works and land application sites, the 

odor-causing compounds should be quantified and their sources should be identified. Such 

quantification of the problem will allow plant operators or designers to make informed decisions 

on the choice of processes, process modifications or the scope of odor control schemes 

(Clarkson, 1993). There are a number of odor measurement methods being used like Human 

sensory panels (Brennan and Kenny, 1994) and odor potential (Hobson, 1994). In this study, 

odor-causing compounds in dewatered biosolids were first identified by a trained odor panel 

using gas chromatography combined with an olfactometry detector at the start of this study and 

individual odor-causing compounds were quantified using gas chromatography-mass 

spectrometry (GC-MS) in the gas stream introduced.  

 

The odors typically identified from a wastewater processing facility or a land application site 

containing biosolids are mostly reduced sulfur compounds, nitrogen based compounds and 

organic fatty acids (WEF, 1995). Odors are typically a problem for dewatered biosolids since 

digested sludge usually has low or no odor (Adams et al., 2004). Shearing of sludge that occurs 

in dewatering devices such as centrifuges and belt filter presses degrade the proteins in sludge, 

leading to odor gas production (Muller et al., 2004). This necessitates the need to investigate the 

effect of various digestion and dewatering techniques on the odor generation potential of sludge.  

The available literature in the field of agricultural waste, swine manure systems and biosolids 

odor management have provided a great deal of background information as to how exactly 

various odor-causing compounds of concern are produced and degraded in the environment. The 

findings from this study will provide more insight into the regulation of these compounds during 
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the entire duration of biosolids storage and the effect of the source of sludge and the treatment 

process on the odor generation potential. 

 

1.1 PROBLEM STATEMENT 

VOSC are of particular interest to wastewater treatment. Previous studies have revealed that 

there is a direct correlation between the concentration of these compounds and human olfactory 

assessments of digested biosolids (Higgins et al., 2006, Witherspoon et al., 2004). Therefore, 

most of the available literature on odor production for digested and dewatered sewage sludges 

has been for the volatile organic sulfur compounds (VOSC) namely methanethiol (MT), 

dimethyl sulfide (DMS) and dimethyl disulfide (DMDS). These compounds are generally 

produced over the first 10 days after storage and then decrease (Novak et al., 2004). 

Methanogens are shown to be the key VOSC degraders, and recovery of methanogenesis activity 

during biosolids storage can lead to odor removal (Sipma et al., 2002, Higgins et al., 2006). The 

lag in methanogenic activity results in the accumulation on VOSC, and is responsible for what 

olfactory observations perceive as odors. The odor pattern of generation and consumption for 

these compounds is shown in Figure 1. 



 4 

 

Figure 1: Trend of VOSC production and dissipation for digested biosolids 

 

VOSC are the most odorous compounds in dewatered biosolids but it has been found that odors, 

measured by an odor panel, persist and may even rise over the biosolids storage period of up to 

120 days. It is therefore essential to identify and quantify the compounds responsible for causing 

persistent odors during long-term storage of biosolids. Although the highest odors come from 

VOSC, these long term and persistent odors must be managed as part of a comprehensive sludge 

management approach. The study of biosolids odors during long-term storage in facilities and 

application on land for beneficial reuse is still relatively nascent.  

 

The first part of this study takes a step at identifying the long-term odor causing compounds. For 

long-term storage, odorous volatile aromatic compounds (OVAC) were suspected to contribute 

to the persistent odor that remains due to their resistance to degradation under field storage 

conditions (Chen et al., 2006). Understanding the biological pathways leading to generation of 

odors and the mechanism behind them is, therefore, an important step to future developments of 

odor control and prevention strategies. In this study, biosolids will be incubated in vials for a 
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period up to 150 days to quantify these compounds in the headspace of incubation vials using 

GC-MS. The odor measurements will provide a holistic picture of how odorous compounds are 

regulated under biosolids storage conditions and if a unique pathway exists for these compounds 

with regard to their generation and degradation. If the persistent odors are restricted to a 

particular time frame within the 150 days incubation period, then the biosolids can be stored for 

that period until the odor dissipates or land applied during the odor-free period. On the other 

hand, if the odor generation pattern is scattered over the storage period, then it will indicate that 

additional chemical, biological and mechanical odor control strategies and effective solids 

handling process need to be developed in order to better control the odors. This study will add 

another dimension to the understanding of odors in biosolids by investigating beyond the scope 

of organic sulfur odors. This study also aims at finding if there is a correlation between the rate 

and extent of short-term organic sulfur odors and persistent odors.  

 

The second part of this study aims at finding the effect of several digestion and dewatering 

techniques on both short-term and persistent odors. In recent years, biosolids odor production has 

been identified to be the results of post-dewatering microbial activity, which generates gaseous 

malodor through protein degradation (Higgins et al., 2006; Novak et al., 2006). Therefore, it 

would be significant to know if they can influence persistent odors as well. Major factors that 

influence biosolids during post digestion processing (dewatering, storage and land application) 

include mechanical shear and polymer addition for conditioning. The impacts of dewatering 

equipment on odor production were investigated by several researchers and some mechanisms 

were proposed, which include 1) shearing release of proteins and substrates for microbial 

degradation, 2) shearing inhibition of methanogenic populations, and 3) inhibition of 
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methanogenic populations by increase of solids content (Chen et al., 2005; Erdal et al., 2008; Qi 

et al., 2008). It is likely that similar mechanisms or methanogenesis may also be behind the 

observed persistent odors. 

 

Additionally, this study also aims to compare the odor generation potential of primary sludge, 

WAS and a mixture. The characterization of the sources of odor emissions is very important for 

odor control processes so that appropriate measures can be taken to prevent the odors from 

emanating right at its source. Finally, this study will lead to future research that will address the 

role of microbial populations and rate of protein degradation in further enhancing the 

understanding of biosolids odors. 

 

1.2 RESEARCH OBJECTIVES 

Based on the review of prior work and initial investigation into the available literature, this study 

was undertaken to determine the following objectives: 

1. To identify the compounds responsible for persistent biosolids odors 

2. To determine the odor generation pattern of OVAC with regard to time of appearance and 

decline 

3. Assess the correlation between the concentration of short-term organic sulfur odors and 

persistent odors 

4. Predict the general pattern of odor generation from biosolids during long-term storage 

5. Investigate the role of methanogenesis in persistent odor regulation during biosolids 

storage 

6. Evaluate the impact of various digestion and dewatering techniques on odors 
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7. Compare the odor generation potential of primary sludge, waste activated sludge (WAS) 

and mixture of primary and WAS 

 

1.3 HYPOTHESES 

1. For objective 1, it was hypothesized that the major contributors of persistent odors would 

mostly be composed of volatile aromatic compounds, short-chain fatty acids and other 

nitrogen-based compounds based on the study conducted by Chen et al., 2006. This 

hypothesis was tested by performing headspace analysis (Glindemann et al., 2004) using 

gas chromatography with an olfactometry detector. 

2. For objective 2, it was hypothesized that a unique pattern will be observed for each of he 

persistent odor causing compounds with regard to their time of appearance and 

degradation over the biosolids incubation period of 120 days. This hypothesis was based 

on the assumption that since both short-term sulfur odor-causing compounds and 

persistent odor causing compounds are produced by protein degradation, there will be a 

unique pattern for persistent odor production as in the case of sulfur odors. 

3. For objective 3, it was hypothesized that a linear correlation would be observed between 

the concentration of short-term sulfur odors and persistent odors. It was also 

hypothesized that a linear correlation would be observed between the time of first 

appearance of persistent odors and the time for odorous sulfur compounds to peak. 

4. For objective 4, it was hypothesized that the general pattern of odor production over a 

biosolids incubation period of 120 days would be restricted to a specific time frame and a 

period of low or negligible odor will exist during or at the end of 120 days. 
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5. For objective 5, it was hypothesized that methanogenesis will play an important role in 

the degradation of odorous compounds that contribute to persistent odors. This 

hypothesis was based on previous research that revealed that methanogens were the key 

VOSC degraders during biosolids storage (Higgins et al., 2006). Since both VOSC and 

persistent odors are produced by the same phenomena of protein degradation, it is likely 

that their degradation mechanism will also be similar. This hypothesis was tested by the 

addition of a methanogenic inhibitor, 2-bromoethanesulfonic acid (BESA) in biosolids 

samples followed by odor analysis using GS-MS. Additionally, methane concentration 

was also measured in the headspace of biosolids incubation vials to determine if the 

generation and degradation of odors correlates with methane concentration. 

6. For objective 6, it was hypothesized that various digestion and dewatering techniques 

will effect the odor generation potential of sludge. Digestion SRT and VS reduction can 

influence odor production and hence it is expected that digestion techniques with a higher 

SRT and VS reduction will be effective in reducing odors (Verma et al., 2006). Shearing 

of sludge occurs in dewatering devices that renders the protein containing exocellular 

polymer bioavailable, leading to odor gas production (Muller et al., 2004). Therefore, it is 

also hypothesized that dewatering devices that produce more shear would produce more 

odors. These hypotheses were tested by performing odor analysis of biosolids obtained 

from different sewage treatment facilities across the nation and in England and Australia 

that make use of different type of digestion and dewatering processes. 

7. For objective 7, it is hypothesized that odor reduction in primary sludge will be greater 

than WAS with increase in SRT. WAS contains biomass and non-hydrolysable 

particulate matter and hence increase in digestion SRT will not lead to high VS reduction. 
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The results from this study will reveal the effect of VS reduction on persistent odor 

causing compounds. This hypothesis was tested by performing anaerobic batch digestion 

of primary sludge, WAS and a mix of both at three different SRT conditions following by 

biosolids preparation and odor analysis. 
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Chapter 2 

LITERATURE REVIEW 

2.1 BIOSOLIDS ODORS 

2.1.1 Introduction 

Nuisance odors associated with anaerobically digested and dewatered biosolids are mostly 

dominated by certain groups of odorous volatile compounds. The major categories of odor-

causing compounds associated with biosolids are as follows: 

 

1. Volatile Organic Sulfur Compounds (VOSC) – hydrogen sulfide (H2S), methanethiol 

(MT), dimethyl sulfide (DMS), dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), 

carbonyl sulfide (COS), carbon disulfide (CS2). 

2. Volatile Nitrogen Compounds (VNC) – trimethyl amine (TMA), indole, skatole. 

3. Volatile Fatty Acids (VFA) – acetic acid, butyric acid, valeric acid, iso-valeric acid. 

 

In this study, odor analysis using GC-MS was performed for VOSC such as MT, DMS, DMDS, 

indole, skatole, butyric acid and p-cresol. These compounds were selected for analysis based on 

the GC-olfactometry results provided by a trained odor panel by comparing their relative 

intensity. It was revealed that indole, skatole, butyric acid and p-cresol were the major persistent 

odors and this study these compounds will be referred as persistent odors. The procedure for the 

GC-olfactometry test will be discussed in detain in Chapter 3. VOSC are of particular interest to 

wastewater treatment facilities since previous studies have reported that they are the major 

sources of odors in digested biosolids and there is a high correlation between odor detection 

threshold (DT) and concentration of VOSC, indicated by a multiple regression equation having a 



 11 

correlation coefficient of 0.90 (Higgins et al., 2006). As such, much of the research in the field of 

biosolids odors production and treatment process is focused on VOSC. Although, a great deal of 

literature on the generation and control of persistent odor-causing compounds is available for 

livestock buildings, swine manure storage systems and river sediments. Past research on odor 

emissions from livestock buildings has focused on the development of a dispersion model to 

calculate ambient odor concentrations and the separation distance between livestock buildings 

and residential areas. Such research has compared the separation distance of livestock buildings 

with empirical guidelines used in some countries and concluded that diurnal variation of odor 

sensation at the calculated separation distance is in accordance with the observed time of 

complaints (Schauberger et al., 2001). Efforts to investigate the effect of dietary fermentable 

protein on odor strength and offensiveness of pig manure has led to the understanding that 

increased protein content resulted in higher concentrations of MT, DMS, p-cresol, skatole but did 

not influence VFA and indole concentrations in the manure (Le et al., 2008). Further research by 

Yao et al., (2011) has identified odor-causing sulfides, indolics, phenolics and volatile fatty acids 

to be the key odorants in emissions from a swine nursery house and assessed the effect of 

microclimate (including temperature, relative humidity and air speed) on these compounds. The 

results from this research show that the concentrations of MT and DMS were significantly higher 

during the summer whereas the highest concentrations of VFAs, indole, skatole and p-cresol 

were found during winter due to low ventilation rates during winter or due to lower activity of 

odor degrading microorganisms during winter. The data obtained in this study can be helpful in 

preparing strategies to reduce the odor emissions from enclosed facilities. 
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2.1.2 Volatile organic sulfur compounds (VOSCs) 

MT, DMS, DMDS and DMTS are characterized as VOSC and they cause short-term odors in 

sludge/biosolids. VOSCs generated during biosolids storage are mainly comprised of MT 

(Novak et al., 2004). MT is produced by the microbial degradation of L-methionine followed by 

oxidative deamination and demethiolation (Segal et al., 1969). MT is also produced as a result of 

methylation of H2S and activity of sulfur reducing bacteria in natural systems (Higgins et al., 

2004; Bak et al., 1992). In a similar process, the methylation of MT results in the production of 

DMS. Previous research (Segal and Starkey, 1969) has shown that when MT is provided as the 

sole carbon and sulfur source, certain bacteria isolated from soil cultures have the ability to 

convert up to 90% of initial MT to DMS. On the other hand, the conversion of DMS to MT is not 

possible under these conditions, as cultures initially supplemented with DMS showed no 

capacity for MT production. Chin and Lindsay, 1994 have described abiotic pathways involving 

oligomers of H2S and MT leading to the formation of DMDS and DMTS. Oxidation of MT with  

Iron as electron acceptor results in the formation of thiyl radicals (CH3S•) which reacts with 

hydroxyl radicals to form sulfenic acid (CH3SOH). DMTS is formed either by reaction of 

sulfenic acid with H2S, or by dehydration of sulfenic acid to form methyl methanethiosulfinate 

(CH3(S=O)SCH3) and subsequent reaction with H2S. Another reason for the production of odors 

in sludge/biosolids is the presence of extracellular polymeric substances (EPS) in sludge, which 

helps in determining biological floc structure and settling characteristics. Characterization of 

EPS protein in full-scale and laboratory activated sludge reactors revealed that methionine is 

present at a rate of approximately 1.5-3 percent of total protein, by mass (Higgins and Novak, 

1997). Higgins et al. (2006) later reported that the breakdown of EPS bound methionine would 

result in VOSC odors. 
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Researchers have shown that, biosolids incubated under closed anaerobic conditions initially 

produce VOSC related odors, and then the odors decrease to below the level of olfactory 

detection (Figure 1). Methylotropic methanogens have been shown to be the key VOSC 

degraders and can lead to sulfur odor removal during biosolids storage by using them as electron 

donors to form methane (Higgins et al. 2006). Chen et al., 2005 also explained the role of 

methanogens in the degradation of VOSC odors by the addition of 2-bromoethanesulfonic acid 

(BESA) to inhibit methanogenesis. They observed that a single addition of BESA to a 

methanogenic culture at a concentration of 10
-5

 to 10
-4

 M was sufficient to cause complete 

inhibition of methanogenesis and quantitative measurements of headspace VSC increased to its 

peak value, but did not exhibit the typical decrease observed in unammended samples. The lag in 

methanogenic activity results in the accumulation of VOSC odors. Researchers have suggested 

various reasons for the lag in methanogenic activity after biosolids dewatering including 

mechanical shear, aeration and cell lysis (Higgins et al., 2006). Therefore, the presence of an 

active methanogenic community in digested and dewatered biosolids will prove to be an 

effective odor control strategy. 

 

2.1.3 Volatile Fatty Acids (VFA) 

VFA have high odor nuisance values and can be detected at several miles from the facilities (Ali 

et al., 2000). N-Butyric acid has a distinctive odor (i.e. sweet rancid) with a low odor detection 

threshold. In accordance with Japanese offensive odor control laws, butyric acid is 30-35 times 

more offensive than hydrogen sulfide and propionic acid, respectively, at an odor intensity of 3 

(Tanaka, 2000).  VFA are mainly released from anaerobic decomposition of organic waste in 

various activities, such as manure storage facilities, composting sites and wastewater treatment 
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plants (Govere et al., 2007; Sheridan et al., 2003; Cohen et al, 2001. Hydrolysis and acidification 

can convert complex substances in sludge flocs into VFA (Elefsiniotis and Oldham, 1994). 

Recently, it has been found that pH 10.0 can inhibit methanogenesis and lead to the production 

of  VFA (Chen et al., 2007; Yuan et al., 2006). 

 

Various mechanisms leading to increased VFA production in sludge during digestion to achieve 

enhanced biological phosphorus removal have been identified, yet the literature on atmospheric 

VFA concentrations is not adequate. In anaerobic digestion of waste activated sludge (WAS), 

complex organic materials are first hydrolyzed and fermented by rapidly growing and pH-

sensitive acidogenic bacteria into VFA (Li et al., 1992; Siegrist et al., 1993). The VFA are then 

oxidized by slowly growing acetogenic bacteria into acetate, molecular hydrogen, and carbon 

dioxide that are suitable as substrates for the methanogenic bacteria (Denac et al., 1988; 

Pavlostathis et al., 1991; Ozturk et al., 1993). Highest VFA production rates in upflow sludge 

blanket reactors have been reported to occur at SRT between 15 and 20 days (Elefsiniotis and 

Oldham, 1991). Ahn and Speece (2006) studied the effect of pH on thermophilic reactors fed 

with primary sludge and they concluded that under alkaline conditions, the VFA production and 

solubilization of organic matter was high. Bouzas et al., (2002) obtained maximum VFA 

production at the highest solids concentration. 

 

The degradation of VFA by denitrifying microorganisms has been studied and used to eliminate 

nitrate in wastewaters (Min et al., 2002). VFA formation can be prevented by orienting the 

degradation of organic matter in wastewater into odorless products through anaerobic respiration 

with nitrate as the electron acceptor (denitrification). The degradation of VFA in clayey soil has 
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been extensively studied because VFA represent the major organic constituent of landfill 

leachate and provide the greatest potential for leachate induced organic contamination of 

groundwater. Hrapovic and Rowe, (2002) have reported significant microbial activity of sulfate 

reducing and methanogenic bacteria that are capable of carrying out fermentation and 

mineralization of VFA in clayey soil exposed to landfill leachate. They also showed that 

regardless of the rapid growth in microbial population, the VFA degradation was small and 

measurable only after a lag of 140-180 days. It was hypothesized that this lag of otherwise 

readily degradable VFA peristed due to a combination of effects of a high initial concentration of 

these acids applied to carbon starved soil microorganisms and the small pore size of the 

compacted clay. These results will help in better understanding the VFA pattern observed in our 

study. 

 

2.1.4 p-cresol 

Mathus et al., (1995) reported the biological production of p-cresol from the amino acid L-

tyrosine in anaerobic medium inoculated with material from one of the several anaerobic 

systems, including swine waste, petroleum-contaminated sediment, municipal sewage sludge and 

pristine pond sediment. The results from their study also suggest that microorganisms that 

degrade L-tyrosine with the production of p-cresol occur in widely diverse anaerobic systems. 

 

Clauben and Schmidt (1998) have proposed a pathway for the degradation of p-cresol. The 

isolated a hyphomycete, Scedesporium apiospermum which has the ability to utilize p-cresol as 

carbon and energy source. The observed that p-cresol catabolized via a single pathway to yield 3-

oxoadipate. The pathway proposed by Clauben and Schmidt for the degradation of p-cresol is 
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shown in Figure 2. The methyl group in p-cresol is oxidized to by S.apiospermum to yield 4-

hydroxybenzoate which, due to the activity of an inducible 4-hydroxybenzoate 3-hydroxylase, 

leads to the production of protocatechuate. 

 

Figure 2: Proposed pathway for the degradation of p-cresol (Clauben and Schmidt, 1998) 

 

Silva et al. (2009) have also shown the oxidizing ability of a nitrifying consortium to oxidize  p-

cresol to intermediates such as, p-hydroxybenzaldehyde and p-hydroxybenzoate, which were 

later completely mineralized. When p-hydroxybenzaldehyde was added to the samples, it was 

consumed at a specific rate value eight times lower than the p-cresol consumption rate and the 

nitrifying process was inhibited in the same way as observed with p-cresol, indicating that p-

hydroxybenzaldehyde could be the main compound responsible for nitrification inhibition and p-

hydroxybenzaldehyde oxidation was the limiting step in p-cresol mineralization by the nitrifying 
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consortium. Texier and Gomez, 2007 have also reported simultaneous nitrification and p-cresol 

oxidation in sequencing batch reactors. Their results showed that the oxidation of p-cresol and its 

intermediates was carried out faster throughout the cycles and nitrification inhibition decreased 

with the number of cycles. 

 

2.1.5 Indole and Skatole 

Indole and skatole are among the most potent of persistent odors associated with odor 

production. They are volatile, lipophilic compounds produced as one of the end products of the 

anaerobic degradation of L-tryptophan in the storage areas. The odors from indole and skatole 

are detected at low threshold concentration (Nagata & Takeuchi, 1990). Additionally, skatole 

contributes to boar taint, acts as a pneumotoxin in ruminants, and may cause tissue damage in 

humans (Deslandes et al., 2001). Indole contributes to the unpleasant odor of feces (Bethea and 

Narayan, 1972). It has been shown that the addition of intermediate indolic or aromatic 

compounds increases the formation of skatole (Cook & Loughrin, 2006). Microbial species are 

capable of the complete synthesis of skatole from L-tryptophan or only by the decarboxylation of 

indole-3-acetic acid, skatole‘s proximate precursor (Jensen et al., 1995). Therefore, the 

abatement of indole odors can also be utilized for elimination of skatole odors. 

 

Several researchers have investigated the degradation of indole and have suggested different 

degradation pathways. Sakamoto et al. (1953) reported that indole was degraded by a bacterium 

isolated from tap water, and proposed a biochemical pathway via indoxyl (3-hydroxyindole), 

2,3-dihydroxyindole, isatin, formylanthranilic acid, anthranilic acid, salicylic acid, and catechol. 

Oshima et al. (1965) found that indole was oxidized by the enzyme indole-3-hydroxylase 
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produced by Pseudomonas indoloxidans to indoxyl, which was further oxidized spontaneously to 

indigotin. However, Ps. Indoloxidans could not utilize indole eiher as a carbon or a nitrogen 

source. Direct formation of dihydroxyindole from indole and further degradation involving N-

carboxyanthranilate were reported for an aerobic Gram-positive coccus (Fujioka and Wada, 

1968). Another research suggests that isatin and gentisate were the major intermediates produced 

by Alcaligenes sp. strain In3 in the degradation of indole (Claus and Kutzner, 1983). They also 

found that the strain could degrade indole as sole carbon source under aerobic conditions but it 

could not degrade skatole. However, under anaerobic conditions it was observed that indole 

could be metabolized to form methane (Wang et al., 1984). Bak and Widdel (1986) isolated a 

sulfate-reducing bacterium, Desulfobacterium indolicum, from marine sediments which used 

indole as sole carbon source and electron donor. Under anaerobic and denitrifying conditions, 

indole degradation is achieved through a two-step hydroxylation pathway yielding oxindole and 

isatin by bacterial consortia (Berry et al., 1987; Madsen et al., 1988; Madsen and Bollag, 1989). 

Gu and Berry, (1991, 1992) examined the metabolism of indole and 3-methylindole by an indole 

degrading methanogenic consortium enriched from sewage sludge and postulated its biochemical 

degradation pathway. The mold, Aspergillus niger, is also capable of co-metabolizing indole 

when glucose and nitrate are present in the culture medium (Kamath and Vaidyanathan, 1990). 

In most of the recent studies on indole degradation, the indole concentration supplied to the test 

medium were kept low because of its toxicity to microorganisms, however, Doukyu and Aono 

(1997) observed that high concentration of indole can be degraded by Pseudomonas sp. ST-200 

using an organic solvent-water system consisting of two phases to avoid the toxicity effects. Past 

research suggests that the degradation of indole has been well correlated to the biological activity 

of organisms that are involved in the degradation of odors. As such, the manipulation of these 
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microbial communities through the use of an easily controlled operational parameter could have 

a large impact on biosolids odor production. 

 

2.2 EFFECT OF DIGESTION AND PRETREATMENT TECHNIQUES ON ODORS 

2.2.1 Introduction 

When treating municipal wastewater, the disposal of sludge is a problem of growing importance, 

representing up to 50% of the current operating costs of a wastewater treatment plant (Baeyens et 

al., 1997). The sludge generated as a by-product of the physical, chemical and biological 

processes must undergo treatment in order to reduce the water content of raw sludge, transform 

the highly putrescible organic matter into a relatively stable or inert organic and inorganic 

residue and finally condition the residue to meet disposal acceptance regulations. Biosolids are 

abundant sources of food for microorganisms in the form of proteins, amino acids and 

carbohydrates (EPA, 2000a). It is hypothesized that better digestion with increased solids 

reduction and reduced biological activity can reduce odors in biosolids since less substrate will 

be available to fuel odors. There are various operational parameters in sludge digestion such as, 

digestion temperature, VS reduction achieved, digestion sludge retention time (SRT), type of 

sludge used for digestion (primary sludge, secondary sludge or mix of both) and selection of the 

most dominant microbial community selected by the digestion process influence the production 

of odors in the resulting biosolids.  

 

Research concerning the effect of digestion temperature on the production of odors from 

digested and dewatered biosolids is scarce. Although, significant amount of literature is available 

on the generation of digester headspace odors that can provide the necessary background 
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information on the behavior of sludge under different temperature conditions. Iranpour et al., 

(2005) compared two full-scale thermophilic digestion facilities to determine the effect of 

intermittent temperature increases on the production of digester headspace VOSC odors. They 

found that the odor concentration increased in response to the transient temperature fluxes for 

both the digestion facilities. Thermophilic digestion has advantages over mesophilic digestion in 

terms of pathogen (fecal coliforms, Salmonella) removal (Han and Dague, 1997; Krugel et al., 

1998). However, high digestion temperatures in single-stage anaerobic thermophilic digesters 

lead to the accumulation of volatile fatty acids (VFA) leading to lower process stability and odor 

problems (Ghosh et al., 1995; Van Lier, 1996; Bivins and Novak, 2001). Previous research 

concerning thermophilic digestion temperatures suggests that higher digestion temperatures tend 

to select for non-methylotropic methanogenic species. Zinder et al. (1984) observed a shift in the 

dominant aceticlastic methanogenic microbial community from methanosarcina sp. 

(methylotropic methanogens) to methanothrix sp. (non-methylotropic methanogens) when the 

digestion temperature was increased to 58C. Such findings clearly indicate that the reason for 

increase in odor concentrations with temperature is due to the absence of odor degrading 

methanogenic microbial community. On the other hand, odors from biosolids obtained by 

dewatering after the digestion process are also greatly affected by shear input and polymer 

addition during dewatering (Chen et al., 2005; Higgins et al., 2006; Muller et al., 2005). 

Research has shown that odors in biosolids digested by thermophilic digestion decrease with 

increase in temperature, unlike VOSC odors from digester headspace, which increases at higher 

temperature. Kumar et al., (2006) have shown that peak VOSC concentration in the headspace of 

incubation vials of biosolids digested thermophilically was reduced by approximately 50% as 

compared to samples digested mesophilically. Another study by Wilson et al., (2006) 



 21 

investigates the effect of steady state digestion temperature across a range of thermophilic 

temperature on the activity of VOSC producers in digested and dewatered biosolids. They 

observed decrease in peak VOSC concentration with increase in temperature. They hypothesized 

that the observed trend may be due to thermal inhibition of the microbial community that is 

responsible for methionine degradation. 

 

SRT and volatile solids reduction (VSR) are two most important operational parameters in 

anaerobic digestion. Better digestion at higher SRT with increased VSR is known to reduce odor 

generation potential of sludge since some of the proteins associated with VS (that degrade to 

produce odors) have also been destroyed by digestion. VSR is commonly used to measure the 

performance of anaerobic digestion processes. The VS content is used as an indicator of the 

amount of organic matter contained in sludge. The VSR achieved depends on the type of sludge 

digested, temperature and SRT. The amount of odors generated depends on the viable microbial 

population and SRT plays a significant role in selecting the predominant microbial species 

(Zhang et al., 1994). SRT also affects various sludge properties such as floc size, extracellular 

polymeric substance content, settling characteristics, soluble microbial products and others (Le-

Clech et al., 2006). 

 

Additionally, the type of sludge used for digestion (i.e. primary, secondary and mix) can affect 

the odor generation potential of sludge. Primary sludge is rich in readily biodegradable organic 

matter (proteins, lipids, carbohydrates). Co-digestion of WAS and primary sludge is also popular 

since it can overcome the difficulties of treating WAS alone and adjust its unbalanced nutrients. 

WAS contains mostly bacterial mass. Anaerobic digestion of WAS is difficult compared to 
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primary sludge due to the rate limiting cell hydrolysis step (Pavlostathis and Gosset, 1986). This 

manuscript will summarize the effect of the type of sludge digested on odor production. 

 

Anaerobic digestion has three main steps: hydrolysis, acidogenesis and methanogenesis. It is 

hypothesized that anaerobic digestion includes hydrolysis of sludge floc (insoluble organic 

matter and high molecular weight compounds such as polysaccharides, lipids, proteins, fats and 

nucleic acids) into soluble organic materials (Chu et al., 2003), acidification and breakdown of 

soluble organic molecules into acetate, hydrogen and carbon dioxide (Dewil et al., 2002) and 

conversion of the produced acetate and carbon dioxide into methane via methanogenesis 

(Takiguchi et al., 2004). Commonly anaerobic digestion process degrades only 20-40% of the 

sludge organics in 10-30 days (Appels et al., 2008). Hydrolysis is of concern because it is the 

rate-limiting step in anaerobic digestion. Because of the long duration of the hydrolysis step 

there has been significant interest over the past decades to accelerate it by developing advanced 

digestion and sludge pretreatment processes. 

 

2.2.2 Cambi Process 

Cambi Process involves thermal hydrolysis as a pre-treatment to anaerobic digestion to increase 

the biological degradation of organic volatile solids and biogas production. The thermal 

hydrolysis makes the sludge readily available for digestion dissolving and decomposing the 

solids, while at the same time facilitating a higher degree of separation of solid and liquid phase 

after digestion. Cambi process is better than the conventional thermal hydrolysis process because 

it operates at lower temperatures (160-180C) and utilizes steam instead of heat exchangers for 
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primary heating of sludge. The Cambi treatment process consists of four main steps that are 

outlined below: 

1. Thickening: The sludge is pre-dewatered to around 15% to 20% dry solids content using 

centrifuge, belt filter press or other dewatering device. 

2. Pulping: The thickened sludge is pre-heated to 80-100C in a continuous-fed reactor 

using recycled steam from a batch operated reactor where steam at 12 bar is added to 

achieve temperatures of 150-160C and pressures of about 8 to 9 bar. The batch reactor is 

maintained at these conditions for approximately 30 minutes to produce a product that 

meets Class A biosolids standards and causes no filamentous bulking problems in the 

digester. The sludge is homogenized using a recycle loop and a macerator. 

3. Reactor: The homogenized sludge is cooled down to about 100C and the reactor 

pressure is dropped to approximately 2 bar. The transfer of sludge from pulping tank to 

the reactor causes some degree of cell lysing. 

4. Flash Tank: The hydrolyzed sludge is flashed to ~0.5 bar. 

 

In the thermal hydrolysis process, the application of maximum temperature in the range of 100-

175C at low pressure (max. 13 bar) produces partial or total destruction of the cell walls, thus 

making the cell contents more available for biological degradation, while decreasing sludge 

viscosity and enhancing dewaterability (Ahn et al., 2008; Chauzy et al., 2007). The best results 

are achieved when operating with secondary sewage sludge. However, any type of sludge is 

generally adequate for treatment by means of this process, with significant outcomes obtained 

(Haug et al., 1978, 1983). Optimal conditions for this process are temperatures of about 170C 

and operation times in the range of 30-60 min (Haug et al., 1978; Hiraoka et al., 1985; Li and 
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Noike, 1992). Hydrolysis temperature, more importantly than contact time, seems to govern the 

extent to which sludge disintegration occurs (Li and Noike, 1992). Temperature higher than the 

optimum range lead to a sharp reduction in biodegradability of sludge hydrolysate (Stuckey and 

McCarty, 1978). Possible explanations for this behavior include the production of recalcitrant 

soluble organics (Bougrier et al., 2007) or toxic/inhibitory intermediates during the thermal 

hydrolysis process (Barlindhaug and Odegaard, 1996). 

 

2.2.3 Enzymic hydrolysis (EH) and Enhanced Enzymic hydrolysis (EEH) 

The EH process consists of multiple stage, serial flow reactors, which separates out the 

hydrolysis and acidogenesis stages, from the methanogenic stage, providing optimal conditions 

for hydrolysis and acidification. Figure 3 shows the flowsheet of the EH process of the treatment 

plant from which samples were obtained for this study. 

 

Figure 3: Flowsheet of Enzymic Hydrolysis treatment of sludge 
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The process utilized six serial reactor vessels (RV) with an overall retention time of 2-3 days 

upstream of mesophilic anaerobic digestion. The entire system is operated as a mesophilic 

system at 42C for optimum enzyme activity. Each reactor vessel is mixed using gas mixing and 

sludge is moved through the plant in a reverse cascaded batch mode. This process facilitates 

hydrolysis proceeding faster compared with conventional anaerobic digestion, allowing the 

digestion stage to be smaller, the organic loading to be increased, and the retention time to be 

reduced. Electrical energy is provided via a biogas powered combined heat and power plant. 

 

On the other hand, EEH process is operated with both a mesophilic and a thermophilic stage. 

Figure 4 shows the flowsheet of EEH process of the treatment plant from which samples were 

obtained for this study. 

 

Figure 4: Flowsheet of Enzymic Hydrolysis treatment of sludge 
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Reactor vessels 1, 2 and 3 are operated as serial mesophilic reactors, and reactor vessels 4, 5 and 

6 are operated as a serial-batch pasteurization stage. The serial reactors are operated at 42C with 

HRT of 1.5 days. The thermophilic stage operates at 55C with a retention time of 1.5 days 

incorporating 5-hour hold time. EEH process is advantageous as compared to EH process 

because of its capability to eliminate a wide range of pathogen types, from virus to cysts and in 

some cases ova because of pasteurization at high temperature. 

 

EH of sludge has been investigated for the last three decades and a number of enzymes have 

been reported to play an important role in a range of waste treatment applications. Previous 

studies have reported that optimum enzyme activity in the anaerobic digestion process could not 

only cut down digesting time, improve sludge digestibility (Wawryznczyk et al., 2008), and 

reduce disposal costs (Ronja, 2008), but also could be easily controlled, and its products were 

harmless to environment (Ahuja et al., 2004). Dey et al. (2006) demonstrated that enzymes were 

useful both for releasing extracellular polymeric substances (EPS) and identifying 

polysaccharides and glycoconjugates together with lectins panel. Hydrolytic enzymes can break 

down polymeric substances through multi-step processes, during which compounds can be 

transformed from a recalcitrant state to one that is more biodegradable (Gianfreda and Rao, 

2004). The hydrolysis of complex organic structures in the degradation of biodegradable 

particulate organic matter is heavily dependent on hydrolytic enzymes, like glucosidases, lipases, 

and proteases. It was demonstrated that a combination of proteases, lipase and endo-glycanases 

could accelerate solubization of municipal sludge (Roman et al., 2006; Wawrzynczyk., 2003). In 

other cases, enzymes are also able to increase the degradation rate of biodegradable substances, 

such as activated sludge, allowing for more efficient treatment processes (Whitney et al., 2002). 
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2.2.4 Cannibal Solids Reduction Process 

The Cannibal solids reduction process is a patented technology, which significantly reduces the 

biological solids produced through an interchange recycle flow between the aerobic activated 

sludge process and a specially controlled sidestream bioreactor. Research at Virginia Tech by 

Novak et al. (2007) has shown that the Cannibal process is capable of reducing excess sludge up 

to 60% and yield (mg VSS per mg COD) to up to three times as compared to conventional 

activated sludge process. This technology has been proven in many facilities of various sizes and 

applications. Figure 5 shows a flowsheet of a typical Cannibal process set-up. 

 

Figure 5: Flowsheet for the Cannibal process 

 

It is hypothesized that in this process, the anaerobic bioreactor, referred to as the interchange 

reactor, will select for different organisms than the activated sludge system. According to 

Easwaran (2006), these organisms break down the aerobic sludge flocs releasing floc-bound EPS 

that is subsequently utilized by them to grow. The excess microorganisms from the interchange 

reactor are then recycled to the aeration basin where they are degraded by the aerobes to 
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regenerate the EPS and other organic material. As a result, it cannibalizes itself, thereby 

maintaining a constant substrate concentration through the release and uptake of different 

organic material. Novak et al. (2007) also hypothesized that the most dominant microbial 

community in Cannibal process includes slower growing microorganisms that are typically 

washed out in conventional activated sludge systems and the microbial community may consist 

of fermenters, iron reducers, polyphosphate accumulating organisms (PAOs) and Anamox 

organisms. Previous research has also reported that in order to maintain a steady suspended 

solids concentration throughout the system, the optimal interchange rate should be around 10% 

of the return sludge flow (Easwaran, 2006; Novak et al., 2007). The biggest disadvantage of 

using the Cannibal process is that it may cause build up of phosphorus in the system and 

increased levels in the plant effluent since there is little wasting that allows for the removal of 

excess PAOs and the possible formation of inorganic phosphorus compounds due to higher 

cation concentration (Goel and Noguera, 2006). 

 

2.2.5 Sequencing Batch Reactors (SBRs) 

SBRs are operated in a sequence of four steps: Fed/Fill, React, Settle and Decant. The fill period 

of an SBR has been studied more extensively in the past years since the duration of the fill period 

can be varied to allow the SBR to operate in a range between a plug flow reactor (PFR) and a 

continuous stirred tank reactor (CSTR). In a PFR configuration, a high process loading factor is 

achieved by a short fill period, wherein the reactor receives a high initial amount of organic 

matter and nutrients whereas, in a CSTR configuration, a longer fill period is required to achieve 

a small process loading factor (Grady et al., 1999). According to Zaiat et al. (2001), the main 

factors affecting the overall SBR performance are: agitation, initial ratio between substrate and 
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biomass concentrations, reactor and feeding strategy. The feeding pattern of a SBR can influence 

the population dynamics and kinetics of activated sludge (Martins et al., 2003) and has been 

found to impact the settleability and dewaterability of sludges (Dionisi et al., 2006). Increasing 

the length of the fill period results in a low substrate concentration, which can negatively affect 

the settling properties of activated sludge. Data obtainer by Bagley and Brodkorb (1999) 

suggested that longer fill cycles might be beneficial for SBRs especially for rapidly acidified 

substrates. SRT is another design parameter important in determining the performance of SBRs. 

Researchers using bench-scale SBRs have shown that increasing the SRT improves sludge 

dewaterability (Sanin et al., 2006). 

 

The anaerobic SBR has been recently developed to function as a self-immobilizing biomass 

retaining reactor that has been found to be suitable for treating organic wastewaters (Chang et al., 

1994). It offers some attractive advantages over other systems, including flexible operation, no 

liquids or solids recycling, and the ability to use the same vessel for both reacting and settling. 

Despite its operational advantages, it has not been used as widely in the wastewater treatment 

industry as other anaerobic processes. One of the reasons is its low performance efficiency if 

overloaded. Although the variable nature and the type of wastewaters will lead to loading 

differences, operating an anaerobic SBR inadvertently depresses maximum achievable loading 

(Bagley and Brodkorb, 1999). The loading problem may be the result of the anaerobic SBR 

usually selecting methanogens that grow at low VFA concentrations (Speece, 1996). The concept 

of operating SBR under anaerobic conditions may prove beneficial in controlling odors because 

of a dominant methanogenic community. 
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2.3 EFFECT OF DEWATERING TECHNIQUES ON BIOSOLIDS ODORS 

The generation of biosolids odors is dependent on the degradation of amino acids such as, 

methionine, L-tryptophan and L-tyrosine within sludge floc-associated EPS. Shearing of sludge 

that occurs in dewatering devices like centrifuges and belt filter presses is known to significantly 

influence the production of odors (Muller et al., 2004). Major factors the influence biosolids 

odors during post digestion processing (dewatering, storage, and disposal) include mechanical 

shear and polymer addition. One of the steps generally involved in thickening and dewatering is 

the flocculation of sludge with inorganic (ferric or ammonium chloride) or organic flocculant 

(synthetic polyelectrolyte), called conditioning. In this way, an inorganic or organic flocculant 

may be added to induce the formation of flocculated particle networks, resulting in an improved 

structure with reduced water retention. The impacts of dewatering equipment on odor production 

were investigated by several researchers and some mechanisms were proposed, which include 1) 

shearing releases the proteins and substrates for microbial degradation, 2) shearing inhibition of 

methanogenic populations, and 3) inhibition of methanogenic populations by increase of solids 

content (Chen et al., 2005; Erdal et al., 2008; Qi et al., 2008). The mechanism proposed by Chen 

et al. (2005) is most widely accepted wherein mechanical shear of sludge that occurs in the 

dewatering devices in the presence of cationic polymer renders EPS-associated protein 

bioavailable in post-dewatered biosolids. The floc-bound protein is released into solution when 

digested sludge is exposed to significant shear forces. Higgins et al. (2006) have showed that a 

necessary step in the conversion of EPS-bound protein to odor-causing compounds is the 

denaturation of protein as shown in Figure 6. 
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Figure 6: Steps in the conversion of EPS-bound protein to odor-causing compounds 

 

The quantitative shear force applied by dewatering equipment can be measured by the unitless 

parameter Gt, which is the product of the instantaneous velocity gradient between solids particles 

within the shear device and the time over which this gradient is applied. The Gt values for the 

most commonly employed dewatering equipment as stated in the literature are as follows: Low-

Solids Centrifuge, 10,000: Mid-Solids Centrifuge, 25,000; High-Solids Centrifuge, 75,000; Belt 

filter press, 10,000 (WERF, 2006). The magnitude of Gt has a significant impact on the degree of 

dewatering, and hence the final biosolids concentration. Muller et al. (2004) have reported that 

the VOSC odor concentration increases with increase in cake solids content. Therefore, it is clear 

that the dewatering device increases the cake solids content and simultaneously causes shearing 

to release the floc-bound protein. The results from the same study also showed that no 

appreciable VOSC production was observed when shear was applied in the absence of the 

conditioning polymer. These results suggest that polymer addition, application of shear and 

increase in cake solids concentration simultaneously is necessary for biosolids odor production. 
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Sludge dewatering by centrifuge enables increase in dry solids content up to 20-40% and BFP 

dewatering enables increase of 24% up to 42% of dry solids (Werther and Ogada, 1999). 

Although the amount of dry solids content achieved in a BFP is slightly higher than a centrifuge. 

Chen et al. (2011) have reported no odor accumulation in BFP dewatered cakes due to less 

shearing of sludge in a BFP. Flocculants are used to increase sludge dewatering efficiency 

(Nguyena et al., 2008), which is useful especially in sludge separation based on difference in 

particle weight. Flocculant reacts with sludge to form flakes and clusters of sludge particles. The 

amount of dosed flocculant significantly influences the amount of dry solids content in 

dewatered sludge as well as the amount of dry solids. Previous research by Subramaniam et al. 

(2005) has shown that the polymer dose has a positive correlation with the concentration of 

odors generated. 

 

During the last few years, researchers have reported relatively low concentration of fecal 

coliform (pathogen indicators) after anaerobic digestion; however, immediately after mechanical 

dewatering, relatively high concentrations of fecal coliforms were measured (Erdal et al., 2003; 

Qi et al., 2004). Several different reasons for the large increase in coliform density after 

dewatering have been presented. For example, Qi et al. (2004) suggested regrowth of the 

coliforms was a possible mechanism to explain this phenomenon. Alternatively, Cheung et al. 

(2003) reported that the difference in enumeration between the liquid and the cake was likely due 

to sample matrix effects. Similarly, Monteleone et al. (2004) suggested that the shear 

experienced by the solids during high solids centrifugation improved the release of the bacteria 

from the floc matrix, which increased the numbers that could be cultured, compared with before 

dewatering. Despite conditioning and many technical improvements during recent years, 
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wastewater sludge remains hard to dewater and, for many applications, it cannot achieve 

sufficiently low water content. A plateau of 35% (wt%) dry solids content seems to be the 

highest efficiency which can be commonly reached by the three most employed mechanical 

dewatering techniques: centrifugation, dewatering by belt filter press or dewatering by filter 

press (La Heij et al., 1996). The difficulty has been mainly due to the fact that particles are very 

fine, colloidal in nature and gel like structure due to polymeric flocculation.  

 

Different options have been investigated to enhance the wastewater sludge dewatering, one of 

the most successful used is the pressure dewatering assisted by an electrical field (D.C or A.C). 

Electrodewatering or electro-osmosis of sludge is a fairly recent technology that has been 

developed in the past decade. It is known to improve the dewatering drastically, both with regard 

to dewatering rate, and final solids content (Barton et al., 1999; Saveyn et al., 2006). Most 

mechanical dewatering processes involve two stages: the first is the filter cake formation stage 

and the second is the compression stage where further water is squeezed from the cake by the 

application of a mechanical force. The electric field can be applied to either or both dewatering 

stages, or as a pre-or-post treatment of the dewatering process. As the sludge particles possess a 

negative surface charge, they are surrounded by a layer with a higher density of positive charges, 

the electric double layer (Weber and Stahl, 2002). When a direct current electric field is applied 

to the filter cake, the sludge particles stay trapped in the cake matrix, but the positive counterions 

are attracted by the negative electrode. As they move towards the electrode, they drag the bulk 

water in the pores with them, resulting in a net increase of the dewatering rate (Hiemenz and 

Rajagopalan, 1997). This net increase in the dewatering rate makes electrodewatering 

economically attractive (Gingerich et al., 1999). However, the effectiveness of electro-
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dewatering process strongly depends on electric field strength and the contact time (Raats et al., 

2002; Glendinning et al., 2007). Moreover, an increase in voltage application subsequently 

results in reduced water content in the final sludge cake as reported by Saveyn et al. (2006). 

During electro-dewatering process, sludge type and alkalinity plays an important role in water 

removal rate and the final dry solid content of the sludge cake (Tuan et al., 2008) 
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Chapter 3 

 

EXPERIMENTAL METHODS AND MATERIALS 

 
 

3.1 RESEARCH SETTING 

 

The primary objective of this research project was to identify the major odor-causing compounds 

in digested biosolids and to determine if there was a unique pattern of odor production and 

degradation during biosolids storage. Therefore, before the start of any odor analysis, all the 

compounds that cause odors during biosolids storage were first identified by a trained odor panel 

at Microanalytics, Inc. Over the duration of the research project, biosoilds and sludge samples 

from various utilities were shipped to Virginia Tech for odor analysis. The selection of samples 

used in this study was based on the digestion and dewatering techniques used in their processing 

such that odor generation pattern of samples from a variety of treatment processes could be 

analyzed. This also provided with a very good research setting for the research objective of 

evaluating the effect of various digestion and dewatering techniques on the odor generation 

potential of sludge. 

 

All the biosolids samples were incubated at 22°C in vials and odor measurements were 

conducted using Gas Chromatography-Mass Spectrometry (GC-MS) for up to 120 days to 

quantify the odor-causing compounds in the headspace of incubation vials. Odor concentration 

for individual compounds was plotted against time for all the biosolids samples analyzed in this 

study. Additionally, batch digestion was also performed at 37°C at three different SRT 

conditions for primary sludge, secondary sludge and a mix of both from the same treatment 

plant, followed by odor measurements.  
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3.2 SAMPLE COLLECTION 

36 samples from 17 treatment plants were analyzed in this research, most of them providing 

anaerobic digestion and centrifuge dewatering. Other treatment plants utilized various advanced 

digestion techniques such as the Cambi process, Cannibal® process, enzymatic hydrolysis, 

enhanced enzymatic hydrolysis, mesophilic digestion, sequencing batch reactors and dewatering 

techniques like belt filter pressing and electrodewatering. The choice of these particular 

treatment processes was made for several reasons. First, these processes are relatively new and 

odor studies on the samples treated using these processes would provide additional information 

on their effectiveness in controlling the odors and overall reliability. Second, the use of these 

processes in our study will also provide a good background literature review on the effect of 

these processes on various wastewater treatment parameters like VS destruction, protein content, 

reactivation and regrowth, microbial populations involved and enzyme activity. Thirdly, it would 

be highly beneficial to know how these techniques compare with conventional anaerobic 

digestion, centrifuge dewatering. There are relatively few treatment plants in the United States 

which use advanced digestion techniques and the results from this study will help in deciding 

whether they should be used when odor-related issues are a concern. 

 

Samples were analyzed within 24 hours of collection and were stored at 4˚C for preservation 

until the start of the experiment. In addition, sludge/biosolids were shipped from some treatment 

plants through overnight shipping. Samples were also collected from upstream processes such as 

waste activated sludge and primary sludge. Dewatered cake samples were obtained as close to 

the dewatering equipment as possible (usually from the conveyor belts moving the cakes from 

dewatering equipment to the collection area). 
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3.3 SAMPLE PREPARATION 

Dewatered cakes of anaerobically digested sludges were prepared using the centrifuge simulation 

technique developed by Muller et al. (2004) to provide the shearing conditions similar to that 

occurring in a high solids centrifuge. This simulation technique typically consists of the 

following three distinct stages: 

1. Polymer conditioning and shearing: Sludges were conditioned with a cationic 

polyacrylamide polymer (Clarifloc-3275, 1% 
w
/w). The optimum polymer dose was 

estimated using the capillary suction time (CST) test according to method 2701G of 

Standard methods (APHA, 1995). Triton type CST apparatus (304-M and 165) and 

Whatman 17-CHR chromatography paper was used for the determination of CST. 

Sludges were sheared with the required polymer dose for 30 seconds at 100mL 

increments in a 
1
/5 hp Warring blender at approximately 12,000 rpm. The polymer dose 

that produced the lowest CST was chosen as the optimum polymer dose.  

2. Dewatering: 400 ml aliquots of sheared sludge were dewatered in the laboratory using a 

Beckman- Coulter Avanti-JE centrifuge at 10,000 rpm for 30 minutes. The centrate was 

decanted and the solids pellet was further dewatered using a pneumatic piston press 

assembly over a Whatman 41 filter paper. The solids were subjected to a pressure of 38 

psi for 15 minutes in order to achieve the increased cake solids concentration typical of 

full-scale high solids centrifuges.  

3. Biosolids incubation: The headspace storage method described by Glindemann et al., 

2004 was used to assess the odor-causing compounds produced during biosolids storage. 

This method simulates the conditions that exist within a storage pile. 40 mL EPA vials 

with Teflon
TM

-lined septa were used as incubation containers in this study. The sealed 
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incubation vials were used to limit the exposure of the dewatered biosolids to 

atmospheric air, thus replicating the environments within a biosolids pile. Dewatered 

solids were cut into pieces in order to facilitate gas transfer between the biosolids and 

headspace. 5 grams of dewatered solids was added to each vial and was incubated at 

ambient room temperature (~22˚C). Multiple odor vials containing dewatered cake 

samples were prepared for all the sludge samples for odor analysis using GC-MS. 

 

3.4 HEADSPACE ODOR ANALYSIS 

The measurement of specific odor-causing compounds in the headspace of incubation vials was 

done using a cryotrapping gas chromatograph (GC 5890, Agilent) – mass selective detector (MS, 

HP 5970). The GC column was a Supelco Equity-5, 30 m x 0.25 mm capillary column with 1 µm 

film thickness. A liquid nitrogen cryotrap was used to achieve discreet peaks and was controlled 

by AMA Systems (Germany) cryotrap heaters and control equipment. The compounds of interest 

including MT, DMS, DMDS, VFAs, p-cresol, indole and skatole were individually assessed 

using HP Chemstation integration software. The oven temperature was programmed from 50˚C 

to 265˚C to facilitate the analysis of compounds with varying boiling points. 

 

3.5 ADDITIONAL ANALYSIS 

In addition to the odor analysis the following tests were conducted: 

1. Total and Volatile solids 

2. Methane analysis 

All solids analyses were conducted according to Standard Methods (APHA, 1995). Headspace 

methane was analyzed on a Shimadzu Gas Chromatograph (Model GC- 14A) with a thermal 
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conductivity detector. The column was constructed from a 4 meter length of copper tubing with a 

6.35 mm inner diameter. The column was coiled to fit in the GC-14A oven and packed with 

Haysep Q media (Supelco, Bellefonte, PA). Helium was used as a carrier gas at a flow rate of 

approximately 17 ml/min. 

Batch digestion: 

Primary sludge, thickened WAS and a mixture of both (2:1) was used to set up anaerobic batch 

digesters to compare their odor generation potential. WAS was thickened before digestion by 

removing water from it manually. The primary sludge and WAS used in this study were obtained 

from the Blacksburg Wastewater Treatment Plant. Total 9 batch digesters were set with primary 

sludge, WAS and mix (primary+WAS), each at 3 different SRTs (12-day, 25-day and 45-day) in 

4L flasks. Upon initiation, the headspace of the flasks was purged with nitrogen to make them 

anaerobic and then the flasks were sealed with rubber stoppers and silica gel. Additionally, 1L 

gas bags were attached to all the flasks to provide enough headspace for gas production. pH and 

solids content was measured twice a week throughout the digestion period to ensure optimum 

performance of the digesters. After the completion of SRTs, the digested sludges were centrifuge 

dewatered in the laboratory followed by odor measurements using GC-MS. 
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Chapter 4 

 

RESULTS AND DISCUSSION 

 

 
4.1 GENERATION PATTERN OF ODOR-CAUSING COMPOUNDS 

The odor-causing VOSCs such as MT, DMS and DMDS and OVACs, indole, skatole, p-cresol 

and VFAs were quantified in the headspace of incubation vials. At the start of this study, the 

trend of these long-term and persistent odors was unknown. It was expected that most of the odor 

causing compounds would peak within 50 days. However, odor analysis was conducted for up to 

150 days using GC-MS and multiple replicates of a variety of sludges were tested.  

 

The odor generation pattern for sulfur compounds analyzed in this study had the same generation 

pattern as described by Novak et al., 2004. The organic sulfur gases peaked within 10 days of 

storage and then declined. Digestion and dewatering techniques influence the short-term odor 

generation potential of the sludge in terms of time of appearance and decline of VOSCs and their 

concentration in the headspace. The sulfur odor data for some of the anaerobically digested, 

centrifuge dewatered samples tested in this study are shown in Figure 7.  
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Figure 7: Odor generation pattern of VOSC odors 

Figure 7 shows the predicted growth and decay curve of VOSC odors from centrifuge dewatered 

cakes. The concentration depicted on the y-axis is the sum of concentrations of MT, DMS and 

DMDS. These odors varied in the rate of odor production and the time taken to reach peak 

concentrations. All the biosolids samples followed a similar pattern of odor production. MT was 

the most dominant of all the organic-sulfur gases and the decline of MT marked the 

accumulation of DMS indicating that MT is being converted to DMS. The concentration of 

DMDS is typically quite low throughout the incubation period. 

 

4.1.1 BUTYRIC ACID AND P-CRESOL  

 

Odor generation patterns for butyric acid and p-cresol are shown in Figure 8, 9 and 10. Sample 

shown in Figure 8 is anaerobically digested, centrifuge dewatered, sample shown in Figure 9 is 

anaerobically digested, electrodewatered and sample shown in Figure 10 is Cambi preprocessed, 

anaerobically digested sludge that was dewatered using a centrifuge. Butyric acid and p-cresol 
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were found at low concentration within 10 to 15 days of storage and then declined. From 30 to 

80 days, the concentrations of both the compounds were negligible or below the detection limit 

of the instrument. At around 80 to 100 days, both butyric acid and p-cresol peaked again and the 

peak concentration varied for different samples but was always within the range of 0.005 to 1.6 

ppm and 0.07 to 4.5 ppm for butyric acid and p-cresol, respectively. Even at these low 

concentrations, butyric acid and p-cresol can be detected at several miles from the facilities 

because of their low odor threshold values of 0.00026-0.0005 mg/m
3
 and 0.00001-0.00005 

mg/m
3 

(Gemert et al., 1984), respectively. 

 

Figure 8:  Generation patterns of butyric acid and p-cresol for anaerobically digested, 

centrifuge dewatered sludge 
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Figure 9:  Generation patterns of butyric acid and p-cresol for anaerobically digested, 

electrodewatered sludge 

 

 

Figure 10: Generation patterns of butyric acid and p-cresol for centrifuge dewatered 

Cambi sludge 

 

It is important to note here that the concentration of butyric acid was lower than that of p-cresol 

for both initial and delayed peaks in all the samples. Moreover, for the delayed peak, the 
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depletion of p-cresol was accompanied by the appearance of butyric acid, indicating that butyric 

acid might be an intermediate in the degradation of p-cresol under biosolids storage conditions.  

 

Fedorak et al., 1986 reported that in the absence of bicarbonate, phosphate and major cations like 

Na
+
, NH4

+
, Ca

2+
 and Mg

2+
 in sludge caused methane production to cease with subsequent 

accumulation of p-cresol. As described in the later in this report, at around 70 to 80 days of 

biosolids incubation, the reappearance of butyric acid and p-cresol peak is accompanied by a 

decrease in methane concentration. The results from this study provide some insight on the 

reappearance of p-cresol at around 80 days of incubation. The exhaustion of the cationic polymer 

used in this study for conditioning of sludge may be a reason for the reappearance of p-cresol. 

 

It was hypothesized that since both VOSCs and OVACs originate from the degradation of amino 

acids, they will be degraded by the same phenomena (i.e methanogenesis). It has been proved 

that the anaerobic biodegradation of p-cresol can be achieved under methanogenic conditions 

(Bisaillon et al., 1993) and sulfate-reducing conditions (Häggblom et al., 1990). Fedorak et al., 

1986, reported that when a phenolic mixture containing p-cresol with the same phenolic 

concentration as wastewater was subjected to degradation by a methanogenic consortium, p-

cresol was actively degraded during the first 15 days of incubation. This suggests that the 

depletion of both initial p-cresol seen in the first 15 days and delayed peak of p-cresol is due to 

methanogenic activity as in the case of sulfur odor degradation. 

 

Additionally, degradation of butyric acid during the biosolids storage cycle can follow the same 

phenomena as in the case of anaerobic digestion wherein butyrate is anaerobically oxidized to 
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acetate, which can be consumed by acetoclastic methanogenic archaea. It has also been 

documented that accumulation of VFAs induces the growth of acetate-utilizing methanogens 

(Ahring, 1995), which clearly indicates the reason for the degradation of butyric acid in our 

samples as soon as they peak. 

 

Another interesting thing to note is that it takes relatively less time to degrade initial peaks of 

butyric acid and p-cresol (around 10 days) as compared to time taken to degrade their delayed 

peaks (more than 20 days). The degradation time correlates with the peak concentration in the 

sense that less time is taken to degrade low initial odors and more time is taken to degrade high 

delayed odors. This indicates that if these odors are being degraded by the methanogenic 

organisms, their metabolic activity is either constant throughout the biosolids incubation period 

or decreasing at the time of reappearance of butyric acid and p-cresol peaks.  

 

4.1.2 INDOLE AND SKATOLE 

The trend for production and decline of indole and skatole odors are shown in Figure 11 for 

Cambi sludge and other anaerobically digested sludges dewatered using a high solids centrifuge.  
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Figure 11: Trend of combined indole and skatole odors 

 

Indole and skatole appear in the headspace of incubation vials at around 35 to 50 days of storage 

and persist for about 120 days and then decline. Combined indole and skatole concentration in 

the headspace are in the range of 0.05 to 2.9 ppm. From 35 to 80 days, the headspace gas is 

mostly dominated by indole with little or no skatole present. After 80 days of incubation until the 

end of the incubation period, the concentration of indole decreases with a simultaneous increase 

in skatole concentration. This suggests that indole is being gradually converted to skatole since 

the total concentration of indole and skatole remains unchanged. It has been shown that the 

addition of intermediate indolic or aromatic compounds increases the formation of skatole (Cook 

and Loughrin, 2006). Microbial species are capable of the complete synthesis of skatole from L-

tryptophan or only by the decarboxylation of indole-3-acetic acid, skatole‘s proximate precursor 

(Jensen et al., 1995).  
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Gu et al., 2002 studied the relationship between structures of substituted indolic compounds and 

their degradation by anaerobic microorganisms. In their study, indole degradation was achieved 

in 28 days by a methanogenic consortium and 35 days by a sulfate-reducing consortium. Skatole 

was transformed under methanogenic conditions and mineralized only under sulfate-reducing 

conditions. No strong evidence supports the complete degradation of skatole under methanogenic 

conditions. Wang et al., (1984) reported that indole can be metabolized to form methane under 

anaerobic conditions.  

 

Figure 12: Pathway for degradation of indole under methanogenic conditions and skatole 

under sulfate-reducing conditions (Gu et al., 2002) 

 

The lag period before the accumulation of these compounds can be because of the slow 

degradation rate of tryptophan as compared to other amino acids. It can also be because the 

indole and skatole degrading microorganisms are absent or present in low abundance at the start 

of the incubation period.  

 

 



 48 

4.2 GENERAL TREND OF ODOR PRODUCTION 

Organic sulfur odors and persistent odors were measured in samples for up to 150 days. Over the 

duration of the test, the total odor profile observed in some of the samples is shown in Figure 13, 

14 and 15. These figures show the complete odor generation pattern for anaerobically digested, 

centrifuge dewatered sludges obtained from three different wastewater treatment facilities. 

Similar odor patterns were obtained for all the other samples tested in this study. 

 

Figure 13: General Pattern of Odor Production (Indole, Skatole, Butyric acid and p-cresol 

are shown on the secondary axis) 
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Figure 14: General Pattern of Odor Production (Indole, Skatole, Butyric acid and p-cresol 

are shown on the secondary axis) 
 

 

Figure 15: General Pattern of Odor Production (Indole, Skatole, Butyric acid and p-cresol 

are shown on the secondary axis) 
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As it can be seen in Figure 13, 14 and 15, for the first 5 to 10 days of incubation period, the 

headspace gas is dominated by sulfur gases mostly methanethiol and small concentration of 

butyric acid and p-cresol. From around 10 to 40 days, can be considered as a period of low or 

negligible odors. At 40 to 60 days, indole and skatole (mostly indole) starts accumulating in the 

headspace and they persist for up to about 130 days and then decline. In the meanwhile, another 

peak for both butyric acid and p-cresol is observed around 80 to hundred days. The samples 

reach a low or no odor benchmark after 120 to 130 days, which varies for different samples. 

 

The odor generation pattern observed in this study correlates well with the odor panel data as 

shown in Figure 16. The biosolids used by the odor panel had been anaerobically digested and 

dewatered using a medium solids centrifuge. Novak et al., (2004) proposed that sulfur odors less 

than 200 ppm can be considered as low odor and sludges with odors above 500 ppm are highly 

odorous. 

 

Figure 16: Odor panel detection threshold data for an anaerobically digested, centrifuge 

dewatered cake 
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The detection threshold during the entire cycle of biosolids incubation as shown in Figure 16, 

correlates with the general pattern of odor production and degradation as shown in Figure 13, 14 

and 15. High dilution value at the start of the incubation period corresponds to the peak of sulfur 

odors observed during that time. Relatively low and constant odor detection threshold between 5 

to 70 days corresponds to the indole and skatole odors observed during this time in our study. 

Further increase in threshold at around 10 days corresponds to the delayed peak of butyric acid 

and p-cresol. The low odor benchmark reached by the biosolids tested by the odor panel 

confirms decline of all odor-causing compounds tested in this study after 100 days. 

 

4.3 ROLE OF METHANOGENESIS IN ODOR PRODUCTION 

Previous research has shown that methanogenic organisms are able to degrade VOSCs from 

biosolids to sulfide under storage conditions (Chen et al., 2005). Methane concentration was 

measured in the headspace of biosolids incubation vials for the entire storage period to 

investigate the role of methanogens in degradation of persistent odor-causing compounds. Odor 

measurements ad methane analysis was performed simultaneously for an anaerobically digested, 

centrifuge dewatered sample and the data obtained is shown in Figure 17. 
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Figure 17: Regulation of Methane during Biosolids Storage (VOSC and Methane are 

shown on the primary axis and persistent odors are shown on the secondary axis) 

 

As expected, the increase in methane concentration is accompanied by degradation of VOSC 

odors. After the decline of VOSC, the methane concentration remains almost constant for up to 

40 days indicating that the period of low odor is due to the metabolic activity of methanogens 

during that period. Methane concentration starts decreasing with the appearance of indole and 

skatole at around 40 days and remains constant at that level until the end of storage period. This 

suggests that either indole, skatole are toxic to methanogens under storage conditions or indole 

and skatole producing organisms utilize methane in the process of converting tryptophan to 

indole. The methane concentration profile observed in this study is consistent with the previously 

reported methane profile observed during thermophilic anaerobic degradation of protein and 

amino acids (Örlygsson et al., 1994). 

 

 



 53 

4.4 CORRELATION BETWEEN SHORT-TERM AMD PERSISTENT ODORS 

The headspace indole and skatole concentration plotted as a function of organic sulfur 

concentration for several anaerobically digested, centrifuge-dewatered sludges are shown in 

Figure 18. The indole and skatole concentration = 0 ppmv for a waste activated sludge digested 

for 45 days. Figure 18 shows that the samples that had high organic sulfur odors also had high 

indole and skatole odors. Most of the samples tested in this study had organic sulfur odors in the 

range of 100 to 1000 ppmv. Therefore, it was highly beneficial to test sludges that had extremely 

high organic sulfur compounds to evaluate how well short-term and persistent odors correlate for 

samples with varying concentrations. The most odorous sludge tested in this study had an 

organic sulfur concentration of 3700 ppmv and its corresponding indole and skatole 

concentration was 2.9 ppmv, which was also the highest among all the samples. 

 

Figure 18: Correlation between organic sulfur and indole, skatole odors 
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Figure 19 shows the correlation of headspace organic sulfur concentration with butyric acid and 

p-cresol concentrations for several anaerobically digested, centrifuge-dewatered sludges. The 

data indicates that the biosolids samples with high organic sulfur odors have high p-cresol and 

butyric acid concentrations as well. The data correlates well for organic sulfur odors in the range 

of 100 to 1000 ppmv whereas correlation is poor when samples with organic sulfur odors above 

1000 ppmv are also considered. 

 

Figure 19: Correlation between organic sulfur, butyric acid and p-cresol odors 

 

Figure 20 shows the correlation of headspace indole, skatole concentration with butyric acid and 

p-cresol concentrations for several anaerobically digested, centrifuge-dewatered sludges. The 

data indicates that butyric acid and p-cresol odor concentrations correlate well with indole, 

skatole odors for individual samples.  
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Figure 20: Correlation of butyric acid, p-cresol odors with indole+skatole odors 

 

Figure 21 shows the correlation between headspace butyric acid and p-cresol concentrations for 

several anaerobically digested, centrifuge-dewatered sludges. These data indicate that there is a 

general but weak relationship between butyric and p-cresol odors. This data will help in further 

understanding of the simultaneous appearance of butyric acid and p-cresol during biosolids 

storage.  
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Figure 21: Correlation between butyric acid and p-cresol odors 

 

The data in Figures 18, 19, 20 and 21 suggest that there is a good correlation not only between 

short-term and persistent but also between various persistent odors as well. Moreover, this data 

also suggests that either both methionine and tryptophan are present in high concentrations in 

samples with high odors or the population of organisms producing organic sulfur and indole, 

skatole odors is equivalent in biosolids samples. Further study is required to verify this and 

improve our knowledge of the effect of microbial populations on odor generation from 

dewatered cakes. 

 

The relationship between the times of appearance of various odor-causing compounds during 

biosolids storage were also investigated in this study. Figure 22 shows a weak trend (R
2
=0.1) for 

the time of first appearance of indole, skatole with time taken to reach peak VOSC 

concentration. Similarly, the relationship between the time taken to reach peak butyric acid, p-
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cresol concentration and the time taken to reach peak VOSC concentration is shown in Figure 

23. Once again, the graph suggests little relationship between their times of appearance. 

 

Figure 22: Relationship between time of appearance of indole, skatole and VOSC 

 

 

Figure 23: Relationship between time of appearance of butyric acid, p-cresol and VOSC 
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The data in Figure 22 and 23 suggest that the time taken by short-term organic sulfur odors to 

peak cannot be used as a predictor of the time of appearance of persistent odors. If a correlation 

had existed, appropriate preventive measures could have been taken to reduce or eliminate their 

appearance. 

 

4.5 EFFECT OF DIGESTION AND DEWATERING TECHNIQUES ON ODORS 

As discussed in Chapter-2, it is well known that digestion techniques play an important role in 

regulating biosolids odors. Better digestion with increased volatile solids reduction leads to 

fewer odors. Dewatering equipment, especially high solids centrifuge, have been identified as the 

major source of odors in biosolids. The dewatering equipment causes shearing of sludge, which 

releases the bioavailable protein, the degradation of which leads to odors.  

 

4.5.1 COMPARISON OF ODOR GENERATION POTENTIAL OF SOME DIGESTION 

TECHNIQUES 

This part of the study will focus on comparing the combined effect of different types of digestion 

and dewatering techniques on the short-term and persistent odor generation potential of sludge. 

Figure 24 shows the effect of some of the digestion techniques with centrifuge-dewatered cakes 

on short-term VOSC odors. Comparison of biosolids odors digested using Mesophilic digestion, 

conventional anaerobic digestion, Cannibal process and Cambi process is shown in Figure 24. 
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Figure 24: Effect of various digestion techniques followed by centrifuge dewatering on 

organic-sulfur odors 

 

Out of all the digestion techniques tested in this study that were followed by dewatering using a 

high-solids centrifuge, the highest VOSC odors were found in the conventional anaerobically 

digested sludge cakes. The VOSC odors for anaerobically digested, centrifuge-dewatered sludges 

were in the range of 50 to 3700 ppmv. It can be seen that increased digestion temperature in 

mesophilic digestion produce biosolids that support relatively less VOSC production. On the 

other hand, the rate of production and decay of VOSC is much slower for mesophilically-

digested biosolids. This suggests that not only the activity of VOSC producers is affected by 

increased digestion temperature but also that the overall presence of these organisms is decreased 

such that their metabolic products are not allowed to accumulate. Cambi digestion, which 

involves an initial thermal hydrolysis step (high temperature and high pressure) reduce the odors 

significantly. Wilson et al. 2006 have also reported that with increase in digestion temperature, 

there is a decreased rate of VOSC production. This observed effect of increased digestion 
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temperature has been directly related to the thermal inhibition of the microbial community that is 

responsible for methionine degradation to produce VOSC since no significant change in VS 

reduction is observed at extremely temperatures. Cannibal Process is a solids reduction process 

and as expected, the VOSC odors produced by it are low since the required substrates for VOSC 

production are destroyed to some extent along with volatile solids. Figure 25 shows the effect of 

the above discussed digestion techniques on butyric acid odors. 

 

Figure 25: Effect of various digestion techniques followed by centrifuge dewatering on 

butyric acid odors (Cambi and mesophilic digested biosolids odors are shown on the 

secondary axis) 
 

In Figure 25, it can be seen that butyric odors follow a similar trend as VOSC with regard to the 

relative effect of digestion techniques. The butyric acid concentration is the highest for 

anaerobically digested, centrifuge-dewatered samples followed by Cambi sludge and mesophilic 

digestion. Although, butyric acid concentration in both Cambi and mesophilically digested 

sludge is an order of magnitude lower than anaerobically digested samples but the concentration 
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is lowest in the mesophilic samples. Moreover, the odors last for around 100 days in mesophilic 

samples whereas odors in other samples persist for up to 140 days. This is contrary to the VOSC 

odor trend where the rate of production and degradation of the mesophilic sample was slower as 

compared to other samples. This suggests that mesophilic digestion is more effective in reducing 

butyric acid than VOSC since it produces low concentration of butyric acid and also degrades it 

faster. Stuckey and McCarty (1984) have found that digestion after pretreatment at mesophilic 

temperatures (30-40˚C) resulted in greater bioconvertibility at all pretreatment temperatures than 

digestion at thermophilic temperatures (<50˚C). Another study found that the biodegradability of 

pretreated sludge decreased after a certain temperature because of increase in recalcitrant 

compounds (Fdz-Polanco et al., 2008). No butyric acid was observed in the headspace of 

samples digested using the Cannibal process. Figure 26 shows the effect of these digestion 

techniques on p-cresol odors. 

 

Figure 26: Effect of various digestion techniques followed by centrifuge dewatering on p-

cresol odors (mesophilic digested biosolids odors are shown on the secondary axis) 
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In Figure 26, it can be seen that mesophilic samples have significantly lower p-cresol 

concentration as compared to other samples and it persists for only about 70 days. From these 

results, it appears that the mesophilic digestion sample follow the same trend (low concentration 

and faster degradation) for both butyric acid and p-cresol. The relative concentrations of p-cresol 

for the other samples are consistent with butyric acid concentrations with highest odors from 

anaerobically digested samples followed by Cambi, mesophilic and Cannibal samples. Unlike 

butyric acid, p-cresol concentration was quite significant in the Cannibal samples. Figure 27 

shows the effect of the same digestion techniques on the trend of indole and skatole odors. 

 

Figure 27: Effect of various digestion techniques followed by centrifuge dewatering on the 

trend of indole+skatole odors 

 

The effect of these digestion techniques on indole, skatole odors are consistent with their effect 

on butyric acid odors. Cannibal process has proved to be the most effective treatment process in 

reducing both short-term and persistent odors.  
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4.5.2 SEQUENCE BATCH REACTOR (SBR) 

To compare the effect of substrate loading rate on odors, samples were collected from SBR 

systems that were being operated at Virginia Tech at 3 SRT conditions by Nirupa Maharajh as a 

part of her research project. The SBR systems were operated at two different substrate loading 

conditions:  fast feed rate or pulse feed reminiscent of a plug flow reactor (PFR) configuration 

and slow feed rate reminiscent of a continuous stirred tank (CSTR) configuration. Bench scale 

manipulation of these configurations was achieved using SBR systems by adjusting the length of 

the fill period: shorter fill period, or fast feed rate, produced higher substrate gradients (PFR 

system) and longer fill periods or slow feed rate produced lower substrate gradient as seen in 

CSTR systems (Dionisi et al., 2006). The fast and slow feed reactor solids were digested using 

anaerobic degradation and concentrated via centrifugation Figure 28 and 29 show the VOSC 

odor data for fast and slow feed systems. 

 

Figure 28: VOSC odor data for fast feed systems at three SRT conditions (SRT = 2, 5 days 

is shown on the secondary axis) 
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Figure 29: VOSC odor data for slow feed systems at three SRT conditions (SRT = 2, 5 days 

is shown on the secondary axis) 
 

Comparison of the data in Figure 28 and 29 showed that the fast feed aerobic reactors produced 

higher odors than the slow feed aerobic reactors for all three SRT conditions particularly because 

of higher VS and VSS in fast feed systems than the slow feed systems. Erdal et al. (2008) 

reported that effluent biopolymers for these systems were found to consist of more than 50% 

protein, indicating that the exocellular polymeric substance was primarily protein (substrate for 

odor production). The effluent biopolymers at each SRT were higher for the slow feed systems, 

indicating that these systems were losing more proteins from the biomass (Maharajh, 2010). 

These findings explain that high VOSC odors in the fast feed samples are due to higher protein 

content retained within the sludge in these systems. The odors for both fast and slow feed were 

considerably lower at SRT of 2 and 5 days whereas the odors at SRT=10 days were very high. 

The odors at SRT=5days for both fast and slow feed systems were much lower than the odors at 
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SRT=10 days. On the other hand, there was only a slight difference between the odors at SRT of 

2 and 5 days, the odors at 2 day SRT being lower. Additionally, the peak and subsequent decline 

of VOSC odors was much sharper for the 10-day SRT samples. The 5-day SRT samples showed 

the most gradual decline in odors, particularly for the slow feed samples. It has been found that 

VOSC odors decrease, as the SRT of anaerobic digesters increase (Verma et al., 2006). The 

results of our study indicate that SRT of aerobic SBRs is directly proportional to the VOSC odor 

concentration. One possible explanation for this is that higher SRT samples might have more 

dissolved oxygen present in them which inhibits the growth of VOSC-degrading methanogenic 

organisms. Figure 30 shows the butyric acid data for the fast feed and slow feed systems. 

 

Figure 30: Butyric acid odor data for fast and slow feed systems at three SRT conditions 

(Fast feed SRT = 5 days is shown on the secondary axis) 

 

In Figure 30, it can be seen that the no butyric acid was found in the headspace of incubation 

vials of fast feed samples with 2-day SRT and slow feed samples with 5-day and 2-day SRTs. 
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These data are consistent with the VOSC data for fast and slow feed samples in which the odor 

concentrations were much lower than normal for 2-day and 5-day SRT fast and slow feed 

systems. At 10-day SRT, butyric acid concentration in slow feed samples is much lower than fast 

feed samples. Butyric acid concentration in 5-day SRT fast feed samples is 10 orders of 

magnitude lower than in the 10-day SRT samples and odors persist for a longer time at 5-day 

SRT. Figure 31 and 32 show the p-cresol data for fast feed and slow feed samples respectively. 

 

Figure 31: p-cresol odor data for fast feed systems at three SRT conditions 
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Figure 32: p-cresol odor data for slow feed systems at three SRT conditions 

 

As expected based on the VOSC and butyric acid data, the p-cresol concentrations decrease with 

decreasing SRT for both slow feed and fast feed systems. p-cresol persists for a relatively smaller 

time for the 2-day and 5-day SRT samples. Figure 33 and 34 show the combined indole and 

skatole odor concentrations for fast feed and slow feed systems respectively. Indole and skatole 

concentration is higher for the fast feed than slow feed sample for all the three SRT conditions 

but the difference is not very significant. Moreover, odors in samples of both fast and slow feed 

configurations persist for almost same duration. This indicates that the fast feed system is not 

very efficient in reducing indole and skatole odors unlike odors from VOSC, butyric acid and p-

cresol. Highest odor concentration was observed for samples with a 5-day SRT followed by 2-

day and 10-day SRT samples. 
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Figure 33: Combined indole and skatole odor trend for fast feed systems at three SRT 

conditions 

 

 

Figure 34: Combined indole and skatole odor trend for slow feed systems at three SRT 

conditions 
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4.5.3 ENZYMIC HYDROLYSIS (EH) VS. ENHANCED ENZYMIC HYDROLYSIS 

(EEH) 

EH is a sludge pretreatment process, which consists of multiple stage serial flow mesophilic 

reactors. It separates out hydrolysis and acidogenesis stages of anaerobic digestion from the 

methanogenic stage, providing optimal conditions for hydrolysis and acidification. This 

facilitates hydrolysis proceeding faster compared with conventional mesophilic ananerobic 

digesters, allowing digestion stage to be smaller, the organic loading to be increased, and the 

retention time to be reduced. Although, EEH is also based on the same principle as EH, it 

consists of multiple stage serial flow mesophilic reactors followed by a serial-batch 

pasteurization stage to allow for additional pathogen removal. Figure 35 shows the VOSC data 

for samples pretreated by the EH and EEH processes followed by mesophilic anaerobic digestion 

and centrifuge dewatering. 

 

Figure 35: VOSC odor data for EH and EEH samples followed by mesophilic anaerobic 

digestion and centrifuge dewatering 
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The data shown in Figure 35 suggest that EEH is much more effective in reducing VOSC odors 

as compared to EH. One possible explanation for this is that the additional thermophilic 

pasteurization stage in EEH allows for additional VS reduction. Bungay et al. (2008) studied the 

EH and EEH samples from the same treatment plants that we used in this study and they found 

that biosolids treated by the EEH process showed no pathogen regrowth or reactivation and 56% 

VS reduction was achieved in EEH samples compared to 50% in the EH samples. No butyric 

acid and p-cresol was observed in the EH and EEH samples suggesting that both the 

pretreatment processes prove effective in removing these odors. Figure 36 shows the indole and 

skatole odor trend for EH and EEH samples.  

 

Figure 36: Combined indole and skatole odor trend for EH and EEH samples followed by 

mesophilic anaerobic digestion and centrifuge dewatering 

 

Significant difference was observed between the indole and skatole odor concentration of EH 

and EEH samples. This data is consistent with the VOSC data with lower odors in EEH samples 

than EH samples. 
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4.5.4 CENTRIFUGE VS. BELT FILTER PRESS (BFP) 

Centrifuge and belt filter press are the two most commonly used devices used for sludge 

dewatering. Shearing of sludge that occurs in dewatering devices like centrifuges and belt filter 

presses is known to significantly influence the production of odors (Muller et al., 2004). When 

digested sludge in the presence of a conditioning polymer is exposed to high shearing forces 

during dewatering, proteins are released from sheared sludge particles and rendered bioavailable, 

the degradation of which leads to odors. Figure 37 shows the VOSC odor data for a Cambi 

sludge from a single treatment plant dewatered using centrifuge and BFP. 

 

Figure 37: VOSC odor data for a Cambi sludge dewatered using a centrifuge and belt filter 

press 

 

First, the VOSC odor data shown in Figure 37 is very low since the sludge under consideration is 

Cambi. The low values irrespective of the dewatering technique used are consistent with our 

previous results, which supported the fact that Cambi sludge has a low odor generation potential. 

The sludge dewatered using a BFP further reduces the odors of Cambi sludge as compared to a 
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centrifuge. Since we know that shearing of sludge produces odors in dewatered cakes, therefore, 

it can be inferred from the results that sludge undergoes less shear in a BFP. Recent studies by 

Chen et al. (2011) have reported that sludges dewatered using a BFP did not show any odor 

accumulation and fecal coliform regrowth. Figure 38, 39 and 40 compare the persistent odors 

from butyric acid, p-cresol and indole+skatole respectively, in centrifuge and BFP dewatered 

samples. 

 

Figure 38: Butyric acid odor data for a Cambi sludge dewatered using a centrifuge and belt 

filter press 
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Figure 39: p-cresol odor data for a Cambi sludge dewatered using a centrifuge and belt 

filter press 

 

 

Figure 40: Combined indole and skatole odor trend for a Cambi sludge dewatered using a 

centrifuge and belt filter press 
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The butyric acid concentration in the samples dewatered using a centrifuge and BFP is 

comparable. Although, butyric acid in BFP samples persists for only about 75 days as compared 

to 90 days in centrifuge samples. Based on these results, it can be inferred that both the 

dewatering techniques perform equally well in reducing butyric acid odors. It is also possible 

that the difference in butyric acid concentration had been more significant if any other sludge 

treated by conventional anaerobic digestion was used since Cambi sludges are produce low 

odors. On the other hand, as expected, BFP produces low concentrations of p-cresol, indole and 

skatole. Overall, the results suggest that dewatering using BFP can prove to be a good strategy to 

control biosolids odor-related issues. 

 

4.5.5 CENTRIFUGE VS. ELECTRODEWATERING 

Electrodewatering is a technique that uses electricity and controlled mechanical pressure to 

extract additional water from mechanically dewatered cake. The application of electric field 

across sludge or biosolids cake induces electro-osmosis, which removes the water molecules 

attached to the cake and hence increases cake dry matter content. The results from our study 

revealed that electrodewatered cakes have a very high odor generation potential (both organic 

sulfur and persistent odors) as compared to centrifuge-dewatered cakes. Figure 41 shows the 

comparison between the VOSC data for a single sludge dewatered using a centrifuge and an 

electrodewatering device. 
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Figure 41: VOSC data for cakes dewatered using a centrifuge and an electrodewatering 

equipment 

 

In Figure 41, it can be seen that the electrodewatering equipment increases the odor generation 

potential of sludge significantly. The VOSC odors for cake dewatered using a centrifuge are 

around 100 ppmv whereas electrodewatered cakes have around 1400 ppmv of VOSC odors. It 

would be very beneficial to know the reason for high odors in electrodewatered cakes since it has 

proved to be a successful method for increasing cake dry matter content at low cost, so that 

appropriate measures can be taken to eliminate the odors. The persistent odor concentrations are 

also very high for electrodewatered cakes than centrifuged cakes. Figure 42, 43 and 44 show the 

butyric acid, p-cresol and indole+skatole concentration, respectively, for centrifuge and 

electrodewatered cakes. 
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Figure 42: Butyric acid data for cakes dewatered using a centrifuge and an electro-

dewatering equipment 

 

 

Figure 43: p-cresol data for cakes dewatered using a centrifuge and an electro-dewatering 

equipment 
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Figure 44: Combined indole and skatole concentration for cakes dewatered using a 

centrifuge and an electro-dewatering equipment 

 

From the above figures, it can be inferred that even though butyric acid and p-cresol odor 

concentrations are very high for electro-dewatered cakes, the odors in both the cakes persist for 

the same duration of time. Additionally, electro-dewatering technique appears to be least 

effective in controlling odors from indole and skatole because not only the odors are much 

higher but they also persist for a much longer time than odors in centrifuged cakes. Further 

research is required to investigate the mechanism of odor generation in electro-dewatered cakes 

in order to better control the odors. Saveyn et al., (2005) have reported that most of the water in 

conditioned sludge that is removed by electro-dewatering is interfloc water, situated in between 

the sludge flocs, and some of the water in intrafloc water, present inside the sludge flocs. At the 

beginning of the electro-dewatering cycle, water is removed from the interfloc pores until the 

pore channels become fully compressed, after which the removal of water from the intrafloc 
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pores is the most important step. This suggests that increase in shearing of individual sludge 

particles might be the reason behind highly odorous electro-dewatered cakes. 

 

4.6 ODOR GENERATION POTENTIAL OF PRIMARY AND SECONDARY SLUDGE 

4.6.1 VOSC odors in primary sludge, WAS and mix 

Odors were measured in the batch digested, centrifuge-dewatered samples using GC-MS. The 

results from this part of the study will provide information about the effect of SRT on the odor 

generation potential of primary sludge, WAS and mix. At many treatment plants WAS is 

thickened independently and then combined with primary sludge for further treatment. Based on 

previous research by Verma et al. (2006) which indicates reduction in VOSC odors in sludge 

(mixture of primary and WAS) with increase in SRT, it can be hypothesized that persistent odors 

will also decrease with increase in SRT. Figure 45, 46 and 47 show the VOSC odor data for 

primary sludge, WAS and mix, respectively, at 3 different SRT conditions. 

 

Figure 45: Comparison of VOSC odors in primary sludge at 3 different SRT conditions 
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Figure 46: Comparison of VOSC odors in WAS at 3 different SRT conditions 

 

 

Figure 47: Comparison of VOSC odors in a mixture of primary sludge and WAS at 3 

different SRT conditions 
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In the above figures, it can be seen that all the three digested sludges have the highest odors at 

12-day SRT and the odors gradually decrease with increase in SRT. Primary sludge has a higher 

odor concentration than WAS and mix at all the 3 SRTs. Moreover, maximum reduction in odors 

is observed in primary sludge from 1200 ppmv to 800 ppmv as the SRT is increased from 12-

days to 25-days. For all the three sludge, the reduction in odors is most significant when the SRT 

is increased from 12-days to 25-days and very little reduction in odors is observed with further 

increase in SRT to 45 days. This suggests that every sludge has an optimum SRT range and after 

the optimum value is reached no further reduction is odors can be achieved due to the presence 

of particulate matter in sludge which is non-biodegradable, since all the readily biodegradable 

material has already been degraded at the optimum SRT. Another thing to note is that WAS has a 

very low odor generation potential, much lower than the normal range for anaerobically digested 

sludges and increase in SRT further reduces the odors. To confirm the low odor generation 

potential of WAS, odors were quantified in two more waste activated sludge cakes from different 

treatment plants and the presence of low odors in both the samples that digested WAS produces 

cakes with low odors (data not shown). Dhar et al. (2011) have also reported the observation of 

extremely low concentration of VOSC odors in WAS. Therefore, we can say that the type of 

sludge has significant impact on odor production during storage. In general, primary sludge 

contains a fairly high portion of easily biodegradable organic matter (and hence proteins) that 

can be degraded to produce a high concentration of odors. WAS contains mainly bacterial mass 

which requires complex enzymes for cell wall lysis. Microorganisms that produce odors from 

degradation of protein may find it difficult to degrade such substances and therefore produce low 

odors. It is also possible that the protein content in WAS is not enough to generate odors.  
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4.6.2 Butyric acid and p-cresol odors in primary sludge, WAS and mix 

The highest concentration of butyric acid and p-cresol was observed at 12-day SRT for all the 

sludges. At 12-day SRT, primary sludge had a peak concentration of 0.12 ppm butyric acid and 

0.07 ppm p-cresol. Unlike VOSC odors, which were very low in WAS, butyric acid and p-cresol 

concentrations in the headspace were significant in WAS and were comparable to mix. Figure 48 

and 49 shows the butyric acid and p-cresol data respectively, for primary sludge, WAS and mix 

at 12-day SRT. 

 

Figure 48: Butyric acid data for primary sludge, WAS and mix at 12-day SRT 
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Figure 49: p-cresol data for primary sludge, WAS and mix at 12-day SRT 

 

It can be seen that irrespective of the concentration, the odors in all the sludges persist for around 

130 days. Additionally, WAS has a moderate concentration of butyric acid and p-cresol as 

compared to significantly low VOSC concentration, suggesting that WAS has a high potential 

for generating butyric acid and p-cresol odors. Therefore, it would be wrong to assume WAS as a 

low odor sludge just based on its low VOSC odors. Moreover, no butyric acid or p-cresol was 

observed in the headspace of cakes with 25-day and 45-day SRTs indicating that anaerobic 

digestion at high SRTs may prove to be a good persistent odor control strategy. 

 

4.6.3 Indole and skatole odors in primary sludge, WAS and mix 

The trend of indole and skatole odors in primary sludge, WAS and mix at different SRT 

conditions is similar to VOSC odors the lowest odor generation potential in WAS. Figures 50, 51 

and 52 show the combined indole and skatole data in primary sludge, WAS and mix.  
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Figure 50: Combined indole and skatole odor trend in primary sludge at 12-day, 25-day 

and 45-day SRTs 
 

 

 

Figure 51: Combined indole and skatole odor trend in WAS at 12-day and 25-day SRTs 
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Figure 52: Combined indole and skatole odor trend in primary sludge+ WAS mix at 12-day 

and 25-day SRTs 

 

Indole and skatole concentrations at 12-day SRT are very high in all the three sludges and the 

concentrations are almost equal in primary sludge and mix, indicating that in order to reduce 

these odors, sludges should be digested at a higher SRT. The odors at 25-day SRT show a 

decreasing tread with increase in SRT but they persist for the same amount of time (between 50 

to 100 days of incubation) in all the sludges. The best odor reduction was observed at 45-day 

SRT with no odors in WAS and mix.  

 

4.6.4 Effect of SRT on odors 

In order to summarize the effect of SRT on short-term and persistent odors in primary sludge, 

WAS and mix, the peak concentrations were plotted against SRT. Verma et al. (2006) have 

clearly demonstrated the effect of SRT on VOSC odors. Figure 53 shows the effect of SRT on 
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various odor-causing compounds. Moreover, it also shows the comparison between the odor 

reductions in individual sludge sample.  

  

  

Figure 53: Effect of SRT on odor-causing compounds in primary sludge, WAS and mix 

 

It can be seen that the most significant reduction for all the odor-causing compounds in all the 

sludges was achieved at 25-day SRT. Further increase in SRT to 45 days did not result in a 

significant change in concentration. The results suggest that in order to control butyric acid and 

p-cresol related odor problems, anaerobic digestion of any type of sludge at 25-day SRT would 

be most beneficial. SRT theoretically determines mean microbial life-time, and hence microbial 
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population. From our result, 12-day SRT may select microbial community with bigger odor 

production capacity than that selected under longer SRT. As the second possible mechanism, the 

SRT might have affected the odor accumulation capability of sludge via the difference in 

biomass concentration. Nges et al. (2010) have also found that shortening of anaerobic digester 

SRT from 25 days to 12 days resulted in increase in both biogas production rate and volumetric 

methane production rate. It can be inferred that, the reduced odor generation at 25-day SRT 

might be because of highly active methanogenic population under those conditions. On the other 

hand, to completely eliminate VOSC and indole+skatole related odors, co-digestion of primary 

sludge and WAS at 25-day SRT would be advantageous. It has also been reported that use of co-

substrates also improves the biogas yields from anaerobic digesters due to positive synergisms 

established in the digestion medium and the supply of missing nutrients by the co-substrates 

(Mata Alvarez et al., 2000). Finally, it can be concluded that primary sludge is the most odorous 

of all the three sludges because it mainly consists of readily biodegradable organic matter, which 

is associated with proteins that degrade to produce odors. 
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Chapter 5 

 

CONCLUSION 

 

 
This research derived several conclusions that can be utilized to guide further research into the 

evaluation of odor-causing compounds in digested biosolids: 

1. Major odor-causing compounds in digested biosolids during storage period are 

methanetiol, dimethyl sulfide, dimethyl disulfide, butyric acid, p-cresol, indole and 

skatole. 

2. Unique generation and degradation patterns exist for all the odor-causing compounds 

during biosolids storage up to 150 days. 

3. The general pattern of odor production correlates with the odor panel detection threshold 

data. 

4. Methanogenesis plays an important role in the regulation of both organic sulfur and 

persistent odors although further research should be conducted to validate this 

phenomenon. 

5. Strong linear correlation exists between the concentration of organic sulfur and persistent 

odors and between various persistent odor-causing compounds as well. 

6. There is no linear relationship between the time of appearance of short-term organic 

sulfur odors and persistent odors. 

7. Cambi process and Cannibal process produce biosolids with a low odor generation 

potential. 
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8. Fast feed configuration of SBRs produces more odorous biosolids than the slow feed 

configuration. Moreover, negative correlation was observed between the odor 

concentration and SRT of aerobic SBRs. Further investigation into the operation of SBRs 

and their mechanism of odor production are required to understand the reason for 

increase in odor concentration with SRT. 

9. Electro-dewatering technology was found to produce high concentrations of organic 

sulfur and persistent odors as compared to centrifuge dewatering whereas cakes 

dewatered using belt filter press produced very low odor concentrations. Excessive 

sharing of sludge during removal of water molecules from sludge particles was suggested 

as a possible reason for the production of odors from the electro-dewatered cakes. 

10. The type of sludge used in digestion (primary sludge, WAS and mix) can affect the 

production of odor-causing compounds significantly. Primary sludge produces the 

highest odors followed by mix. WAS was found to produce biosolids with a low odor 

concentration. A positive correlation was observed between odor concentration and SRT. 

Significant reduction in odor concentration was observed when the SRT was increased 

from 12-days to 25-days. At 45-day SRT, further reduction in odors was not very 

significant. 

 

Based on the results from this study, further research is recommended to investigate the effect of 

the degradation rates of amino acids under biosolids storage conditions on the time of appearance 

of different odor-causing compounds. Moreover, additional knowledge of the shift in microbial 

populations is required to better understand the regulation and distribution of odors under storage 

conditions. The role of methanogens in persistent odor degradation needs to be further elucidated 
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along with relative degradation rates of all the odor-causing compounds. Additional clarity to the 

understanding of persistent odors can also be realized by investigating the mechanism of odor 

production by fairly recent technologies like electro-dewatering and Cambi process. 
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