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Abstract Degradation of known odor precursors in sludge during anaerobic digestion was
systematically studied and simulated using the Anaerobic Digestion Model Number 1
(ADM1). The degradation of various protein fractions (particulate, soluble, and bound),
volatile fatty acids (VFAs), lipids, and amino acids of primary sludge (PS) and waste-
activated sludge (WAS) were monitored during anaerobic digestion. The degradation kinetic
constants of the odor precursors namely, protein, lipid, and VFAs were determined.
Relationships between degradations of protein fractions and volatile suspended solid were
established; a strong relationship between bound protein, a major odor precursor, and volatile
suspended solid degradation was found. No statistically significant difference in bound
protein reduction was observed between PS and WAS. ADMI1 was successfully used to
simulate the lab scale continuous anaerobic digestion; model results with optimized
parameters showed good agreement with the experimental data for methane production and
several other sludge parameters including odor precursors such as lipids, VFAs, and proteins.

Keywords Anacrobic digestion - Odors precursors - Cell protein - Bound protein - ADM 1
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Introduction

Anaerobic fermentation is the most commonly applied process for stabilization of biosolids.
A disadvantage of the fermentation technique is the slow degradation rate of biosolids;
usual residence times in anaerobic digesters are about 20—40 days, requiring large digesters.
Noxious odor production during anaerobic digestion and from the stored biosolids is
considered to be a significant disadvantage of this useful process [1].

Although H,S is considered to be the most prevalent odor compound, there are typically
other organic odorous compounds, such as mercaptans and amines, present in anaerobic
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digestion. Prior research has implicated volatile sulfur compounds (VSCs) including
hydrogen sulfide (H,S), methanethiol or methyl mercaptan (MT), dimethyl sulfide,
dimethyl disulfide, and dimethyl trisulfide in odors from biosolids [2]. In addition to
VSCs, ammonia and volatile fatty acids (VFAs), phenols are also implicated as possible
odor causing compounds in the excretion of pigs, cattle, and human wastes [3].
Laboratory tests have indicated that protein degradation and, especially the degradation
of methionine, an amino acid, is the main source for the production of VSCs. Proteins are
hydrolyzed by extracellular enzymes (proteases) into their constituent polypeptides and
amino acids. The pathway for the production of MT from methionine is described as [2]:

. Protease . Peptidase Methionine
Proteins —enzvme _, Polypeptides —enzvme _, C,HgO,NSCH; —Lvase ___, HSCHj
Methionine Methanethiol

Hydrogen sulfide (H,S) can be formed from the degradation of cysteine, sulfur-containing
amino acid, as shown below:

. Protease . Peptidase Cysteine
Proteins —<enzvme ___, Polypeptides —enzvme _, C3;HgO,NSCH; —Lyase _, H,S
Cysteine Hydrogen Sulphide

While the carbohydrate, lipid, and protein content of municipal biosolids often accounts
for the majority (90%) of the organic load [4], in some industries, protein is the
predominant part of the organic load. For example, the protein component of a dairy
wastewater stream can account for more than 40—-60% of the total chemical oxygen demand
[5]. Although the presence of proteins has been confirmed in the organic matter of treated
municipal waste water and sludge [6], literature on protein degradation during anaerobic
digestion is both sparse and contradictory.

In a pioneering work, Breure et al. [7] studied degradation of a model protein, gelatin, in
controlled anaerobic digestion, and observed that it was converted at high rates and to a
substantial extent to volatile fatty acids. Since proteins, carbohydrates, and lipid are almost
always present simultaneously in biosolids, complete degradation of protein in the presence
of carbohydrates may not be achieved as glucose and other easily fermentable substrates
can repress the synthesis of exoproteases (a necessary enzyme) in pure cultures of bacteria
[7], and the degradation of gelatin was retarded by increasing concentrations of
carbohydrates present in the feed as a second substrate. In contrast, in a controlled study,
it was found that as much as 70% of the protein was broken down in the acidogenic reactor
and inclusion of protein had no effect on the reaction pathway for lactose degradation [8].

Proteins in wastewater and sludge are generally divided into three fractions: soluble,
bound/labile (loosely attached with the cells), and tightly bound fractions (within the
bacterial cells) [2]. Labile proteins are thought to become readily bioavailable during
dewatering giving rise to higher odor potential [9].

Mathematical anaerobic digestion models (ADM) have been extensively investigated
and developed during the last three decades [10]. As one of the most sophisticated and
complex ADM, the Anaerobic Digestion Model No. 1 (ADMI) is the integrated
anaerobic model developed by the International Water Association Task Group for
modeling of Anaerobic Digestion Processes [4]. It consists of a number of processes to
simulate all possible reactions occurring in anaerobic sludge digestion including not only
biological reactions, such as disintegration and hydrolysis of suspended solids, uptake
(growth), and decay of microorganisms, but also physico-chemical reactions, including
ion association/dissociation and liquid—gas transfer. In total, 19 processes, 24 compo-
nents, and 56 relative stoichiometric and kinetic parameters are assumed for biological
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processes. Some of the limitations of this model include the absence of phosphorus
modeling and the fate of sulfur compounds. This includes the generation of H,S in the
digester gas and the fate of sulfur species in the digested sludge, as a predictor of odor-
generating potential [11].

Although Higgins et al. [2] studied the fate of odor precursors (such as protein) in
anaerobic digestion, systematic research on odor precursors in anaerobic digestion of
municipal biosolids is very limited [1]. The objectives of this work are to monitor the
degradation of various protein fractions (particulate, soluble, and bound) in primary and
secondary municipal sludge during anaerobic digestion, determine the relationship between
degradations of various protein fractions and volatile suspended solids in the sludge,
simulate the degradation of odor precursors such as protein, lipids, and VFAs, and estimate
their kinetic constants using ADM1.

Materials and Methods Primary sludge (PS), waste-activated sludge (WAS), and anaerobic
sludge (seed sludge) were obtained from a full-scale anaerobic digester at St. Marys, Water
Pollution Control Plant (Ontario, Canada) twice a week. The sludges were then stored in a
cool room at 4 °C. Four 4-L reactors were used as anaerobic bioreactors, with a working
volume of 3.5 L and hydraulic retention time of 14 days. The working volume in all
reactors was filled with anaerobic sludge at the beginning. Subsequently, two reactors
(duplicates) were fed with 250 mL/day of primary sludge and the other two (duplicates)
were fed with 250 mL/day of waste-activated sludge. The reactor contents were
continuously mixed using the WU-50007-30 Cole-Parmer” Stir-Pak” mixer. A temperature
of 38 °C was maintained by using hot water recycled from a water bath, and pH was
controlled in a narrow range of 6.5—7.5 during the experiments using either NaOH or HCIL.
Both influent and effluent of the reactors were analyzed once a week over the entire
duration of experiments. Biogas volume was measured using a Wet-Tip gas meter (Gas
Meters for Laboratories, Nashville, TN). All four reactors were operated continuously over
a period of 70 days and served to maintain constant inoculums for the experiments
described. All the experiments and analysis were conducted in duplicates.

Analytical Standard methods [12] were used to determine total chemical oxygen demand
(TCOD), soluble chemical oxygen demand (SCOD), biological oxygen demand (BOD),
total suspended solids (TSS), volatile suspended solid (VSS), alkalinity, lipid, total nitrogen
(TN), total phosphorus (TP), and H,S content of the biogas (iodometric method) and will
not be described for brevity; only analysis procedures of VFAs and proteins are presented
below. About 50 mL samples were centrifuged at 3,000xg for 15 min at 5 °C to separate the
liquid and solids in the sample. The centrate was filtered with a 0.45-um membrane, and
the filtrate was used to measure the VFA concentrations using a gas chromatograph (Varian
8500, Varian Inc., Toronto, Canada) with a flame ionization detector equipped with a 30-m
lengthx0.32-mm internal diameter fused silica column (CP-Sil 5 CB column) containing a
100% dimethyl polysiloxane phase. Helium was used as carrier gas at a flow rate of 5 mL/min.
The temperatures of the column and detector were 110 °C and 250 °C, respectively. Protein was
determined by micro-bicinchoninic acid protein assay (Pierce, Rockford, USA), which was
modified by Lowry et al. [13]. Methane was determined by injecting 0.5 mL of the biogas
composition into a gas chromatograph (Model 310, SRI Instruments, Torrance, CA) equipped
with a 182.88-cm lengthx0.3175-cm internal diameter thermal conductivity detector (TCD)
and a molecular sieve column (Mol sieve 5A, mesh 80/100) with Silcosteel” Coated Tubing.
The temperatures of the column and the TCD detector were 90 °C and 105 °C, respectively.
Argon was used as carrier gas at a flow rate of 30 mL/min.
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Anaerobic Digestion Simulation ADM1 is a complex model involving many input
parameters in addition to the interrelation between the decay and the regeneration
cycles of microorganisms [14]. The decay processes of all microorganisms result in the
production of carbohydrates, proteins, and lipids, which can be used as substrates after
disintegration and hydrolysis. The regeneration of organic matter from biomass decay
makes the model more complex [14]. Inhibition and gas transfer are also complex steps in
the model. The default stoichiometric matrix and rate of reactions equations described by
the ADM1 technical report [4] were used. MATLAB 2008 (The MathWorks, Inc. Natick,
US) ODE23S ordinary dynamic equation solver was used to solve the dynamic
differential and algebraic system of equations.

Statistical Analysis The Student ¢ test was used to test the hypothesis of equality at the
95% confidence level. The null hypothesis was defined as no difference between the two
groups tested vs. the alternative hypothesis that there is a statistical difference between
the two groups.

Results and Discussion
Performance of Anaerobic Digesters

The biodegradability of waste components in anaerobic digestion varies widely [15]
depending on many factors, such as the concentration and components of sludge, types and
amount of anaerobic bacteria, organic loading rate, hydraulic residence time, temperature,
and pH. The reductions of TSS, VSS, TCOD, SCOD, and BOD are usually used to evaluate
the removal efficiency of waste substances in anaerobic digestion.

Steady-state data collection was after 30 days of operation corresponding to two
turnovers of the mean SRT, and steady-state reductions of TSS, VSS, TCOD, and SCOD in
both PS and WAS are shown in Fig. 1(a—d), respectively. A summary of the steady-state
performance data for the digesters is also shown in Table 1. Average TSS reduction of 42+
5% and 27+3%, VSS reduction of 54+1.7% and 36+2%, TCOD reduction of 55+1.2%
and 39+2.3%, and SCOD reduction of 71+£3.9% and 59+3% for PS and WAS,
respectively, are in consistent with the literature [15—17]. Average TBODs reduction was
784+5% and 61+3.7% for PS and WAS, respectively, on the other hand, TN and TP
removal in both systems were insignificant (practically zero) as expected and not
identifiable within the analytical accuracy. In both PS and WAS, the order of reductions
was: TBODs > SCOD > TCOD > VSS > TSS. The above results indicate that WAS is more
difficult to be degraded than PS as widely reported in the literature [18, 19].

The accumulation of methane from PS was greater than that in WAS as the total
experimental methane was 84+1.6 and 49+0.1 L vs. theoretical methane of 89+1.3 and 41+
0.5 mL, respectively. Experimental methane production rates were 1.2 and 0.7 L/days vs.
theoretical production rate of 1.3 and 0.6 L/days for PS and WA, respectively. Theoretical
methane was determined based on CH,4 equivalent COD of 0.395 L CH4/gCOD at 37 °C [20].

It is necessary to note that in the case of PS the theoretical values of CH, were 6%
higher than the experimental values, while the opposite (19% lower) was observed in the
case of WAS. Nonetheless, based on the results obtained from the ¢ test analysis, we can
conclude that there is no statistically significant difference between experimental and
theoretical methane for both PS and WAS at the 95% confidence level.
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Fig. 1 Reduction in PS and WAS in anaerobic digestion. a TSS. b VSS. ¢ TCOD. d SCOD

The composition of biogas in both systems is shown in Table 1. Although the WAS
digester exhibited lower VSS and COD destruction efficiencies, higher methane content
was observed at 62% vs. 54% in the PS digester. The above results indicated that both PS
and WAS digestion reactors were working well and produced expected results.

Odor Precursors

Volatile Fatty Acids Figure 2a shows the influent concentrations of the volatile fatty acid
components in PS and WAS. The concentration of VFA in PS (1,855+58 mg/L) was much
higher than that of WAS (50617 mg/L). For PS, acetic acid (482+59 mg/L), propionic

Table 1 Performance of AD during PS and WAS runs

Steady-state performance [AVG+SD (n)]

Primary sludge (mg/L) Waste-activated sludge (mg/L) Ave. red. (%)
Parameter Influent Effluent Influent Effluent PS WAS
TSS 20,521+£768(12) 11,843+£627(24) 17,914£721(12) 13,138+412(24) 423 265
VSS 15,729+1,364(12)  7,990+679(24) 12,7284397(12)  8,485+611(24) 53.7  35.7
TCOD 30,827+1,223(12)  13,931+1,010(24) 23,402+1,069(12) 14,288+477(24) 54.8  38.6
SCOD 3,078+61(12) 878+77(24) 2,092+£212(12) 852+69(24) 71.4 58.5
TBODs 7,532+£542(6) 1,690+434(12) 7,345+798(6) 2,886+463(12)  77.6  60.7

54.0+3.0 CH4 % 62.0+3.0 CHy %

44.5+5.0 CO, % 36.2+4.0 CO, %

1.06+0.4 H,S % 1.62+0.5 H,S %
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Fig. 2 Average VFA in PS and WAS. a Influent concentrations. b Reduction

acid (481446 mg/L), and butyric acid (540+79 mg/L) were the predominant VFA, while in
WAS only acetic and propionic acid concentrations were high at 226+26 and 171+15 mg/L,
respectively. The ratio of VFA in PS to WAS was around 3.7. The average VFA/SCOD ratios
were 2.2% and 0.6% for PS and WAS, respectively.

Higher concentrations of the organic acid in PS may indicate septicity of the sludge [21].
In addition, higher concentrations of VFAs after anaerobic digestion in PS indicate greater
odor potential for this sludge. Figure 2b presents the average reduction of each VFA for
both systems. The removal efficiencies are very high for all volatile acids. The average
VFA reduction reached 97+1% for PS and 92+5% for WAS.

Protein Fractions Table 2 displays the average influent concentrations of various protein
fractions in PS and WAS. Soluble protein was 12% and 10% of the SCOD for PS and WAS,
respectively, while the particulate protein was 9% and 12% of the particulate COD. The
labile and particulate protein fractions of the PS were lower than those of WAS, whereas
higher soluble protein was observed in the PS compared to WAS. The relatively higher
labile and particulate protein concentrations in WAS relative to PS are reasonable since
labile and particulate proteins are associated with bacterial cell mass and the WAS is
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Table 2 Average concentrations and reductions of various protein fractions in PS and WAS

Proteins Primary sludge (mg/L) Waste-activated sludge (mg/L)

Influent Effluent Red. (%)  Influent Effluent Red. (%)

Soluble protein (mg/L) 387498 230+77

Particulate protein (mg/L) 2,158+119 2,531+87

Bound protein (mg/L) 380+37 158+16 61.4+4.8  702+33 294428 58.5+3.2
Cell protein (mg/L) 1,777+92 1,204+82  31.2+5.0 1,828+64  1,481+71 18.0£5.5
Particulate Protein (g/gVSS) 0.133 0.171 0.199 0.211

Bound Protein (g/gVSS) 0.024 0.020 0.055 0.036

Cell Protein (g/gVSS) 0.110 0.151 0.143 0.174

primarily biomass. As seen above, average reduction of soluble protein and particulate
protein in PS was 67+3.4% and 40+2.5%, respectively, which is slightly higher than that of
WAS, 61+3.2% and 31+3%, respectively.

Figure 3a shows that particulate protein reduction correlated well with the VSS reduction
in both PS and WAS with R* of 85% and 82%, respectively. Since particulate protein is
composed of the cellular protein and bound protein (loosely attached with the cell), it is also
considered as a component of VSS, and the correlation of its degradation with that of VSS
is reasonable. As indicated earlier, odor potential is directly related to the labile/bound
protein content in sludge/biosolids [2, 22] and its removal can substantively reduce the
malodor of sludge.

The average reduction of bound or labile protein for both PS and WAS were 61+
4.8% and 59+3%, respectively. It is also noticeable that there is no statistically
significant difference between the bound protein reductions in both PS and WAS at the
95% confidence level. Figure 3b shows the relationship between bound protein reduction
and VSS reduction; bound protein reduction increases from 45% to 68% with VSS
reduction from 28% to 37% in the case of PS. For WAS, bound protein reduction
increased from 51% to 67% with VSS reduction changed from 31% to 50%; bound
protein or the labile fraction of protein reduction are also positively correlated with VSS
reduction. Further analysis was conducted using the particulate protein data. The
difference between particulate and bound protein is the cellular protein of the bacterial
mass; degradations of bound and cell protein in both PS and WAS are compared in
Table 2. Although, bound protein removals in both sludges were comparable, the cellular
protein removal was slightly higher in PS than WAS consistent with the relatively higher
VSS destruction in PS. Cell protein removal was reasonably correlated with VSS removal
(Fig. 3¢). Bound protein removal was better than cell protein in both sludges reflecting
the biodegradability of bound protein [14].

The particulate protein content was normalized with respect to VSS content and is
presented in Table 2 for the raw and digested sludges. As expected, WAS has more
particulate protein than PS due to the fact that WAS is predominantly biomass and both
bound and cell protein are parts of the biomass in WAS. Data in Table 2 confirm that bound
protein per unit mass of VSS in primary sludge and WAS decreased by about 17% and
33%, respectively, implying that odor generation potential downstream of anaerobic
digestion is mitigated not only as a result of anaerobic VSS reduction, but also by a
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reduction in bound/labile protein per unit mass, as bound protein is also a constituent of
VSS. In this study, cell protein removal was only about 7-8% of the VSS removal.

Lipid Degradation Lipids are also a source of odor [23]. The average concentrations of
lipids in raw PS and WAS were 1,486+423 and 367+ 144 mg/L, respectively. Compared to
other constituents, lipid reduction for both types of sludges exhibited greater variability, as
reflected by the steady-state averages of 64+6.8% and 38+4.7% for PS and WAS,
respectively. The higher lipid reduction in PS is intriguing as fats and greases, which
predominate in PS, are generally less biodegradable than oils [24].
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Kinetics and Simulation of Odor Precursors

The steady-state ADM1 had been used with good success for approximately 2 years on a
wide range of full-scale wastewater treatment facilities [10, 25, 26]. All biochemical
extracellular solubilization steps are divided into disintegration and hydrolysis, of which the
first is a largely non-biological step and converts composite particulate substrate to inerts,
particulate carbohydrates, protein, and lipids. The second is enzymatic hydrolysis of
particulate carbohydrates, proteins, and lipids to monosaccharides, amino acids, and long-
chain fatty acids (LCFA), respectively. Disintegration is mainly included to describe
degradation of composite particulate material with lumped characteristics (such as primary
or waste-activated sludge), while the hydrolysis steps are to describe well defined, relatively
pure substrates (such as cellulose, starch, and protein feeds). All disintegration and
hydrolysis processes are represented by first order kinetics. Two separate groups of
acidogens degrade monosaccharide and amino acids to mixed organic acids, hydrogen, and
carbon dioxide. The organic acids are subsequently converted to acetate, hydrogen, and
carbon dioxide by acetogenic groups that utilize LCFA, butyrate and valerate (one group for
the two substrates), and propionate. The hydrogen produced by these organisms is
consumed by hydrogen-utilizing methanogenic bacteria and the acetate by aceticlastic
methanogenic bacteria. Death of biomass is represented by first order kinetics, and dead
biomass is maintained in the system as composite particulate material. Inhibition functions
include pH (all groups), hydrogen (acetogenic groups), and free ammonia (aceticlastic
methanogens). pH inhibition is implemented as one of two empirical equations, while
hydrogen and free ammonia inhibition are represented by non-competitive functions. The
other uptake-regulating functions are secondary Monod kinetics for inorganic nitrogen
(ammonia and ammonium), to prevent growth when nitrogen is limited, and competitive
uptake of butyrate and valerate by the single group that utilizes these two organic acids [4].

Total protein, lipids, carbohydrate, inert particulates, as well as soluble components that
include amino acids, long-chain fatty acids, sugars, and VFAs were the model inputs with
protein (measured) based on CsH;NO,, lipid (measured) based on Cs7H;04O0¢ [26], inert
particulates (measured as TS minus VS), carbohydrate (estimated from the particulate COD
mass balance), long-chain fatty acids (measured), amino acids (measured as soluble
protein), sugars (estimated from the soluble COD balance), acetate (measured), propionate
(measured), and butyrate (measured). The various components of biomass, i.e., sugar,
amino acid, long-chain fatty acids, valerate and butyrate, propionate, acetate, and hydrogen
degraders, all were set to zero following the recommendation of Batstone et al. [4]. The
input values of ADM1 parameters as percentages of particulate chemical oxygen demand
were 10% protein, 15% lipids, and 57% carbohydrate with sugars, amino acids, long-chain
fatty acids, and VFAs contributing 2%, 8%, 5%, and 60% of the SCOD, respectively, in the
case of PS, while in the case of WAS, the corresponding contribution of protein, lipid, and
carbohydrate to PCOD were 6%, 5%, and 55% with sugars, amino acids, long-chain fatty
acids, and VFAs contributing 13%, 7%, 27%, and 24% of the SCOD, respectively. It is
evident that PS contained higher percentage of lipids and VFAs than WAS, while the sugars
and long-chain fatty acids were higher in WAS than PS. The kinetics, stoichiometric, and
physico-chemical parameters used in this simulation are the recommended/default values
reported in the ADMI technical report [4], whereas the modified (optimized) kinetics
parameters were determined after calibration of the ADMI simulations with the
experimental data of the anaerobic reactors used in this work. It is important to mention
that the reaction rates (kinetics) vary widely based on the type of sludge or substrate used;
Christ et al. reported that the hydrolysis rate coefficient (k) were in the range of 0.025—0.2,

@ Springer



Appl Biochem Biotechnol (2011) 164:1292—-1304 1301

0.015-0.075, and 0.005-0.01 day ' for carbohydrates, proteins, and lipids in sewage
sludge, respectively [14]; Gujer and Zehnder reported that the k£ were in the range of 0.041—
0.13, 0.02-0.03, and 0.08-0.4 dayf1 [4]; O’Rourke et al. found them to be 0.21-1.94,
0.0096-0.1, and 0.0096—0.17 day ' in PS [4]; while Batstone et al. reported that k was
0.25 day '+£100%, 0.2 day '+100%, and 0.1 day '+300% [4].

The first step was to set the initial (default) values for all model parameters.
Subsequently, the simulation was undertaken to fit the model output to the
experimental data. Based on the simulation outcome, the kinetic values were
optimized. Initial parameter values, percent variation, and estimated parameter values
for PS and WAS that better fit the experimental data are given in Table 3. To better
describe the process, the initial values of the carbohydrate, lipid, and protein hydrolysis
rate coefficients, for example, were set based on the technical report [4], kpyq n=0.25,
knyda pr=0.2, and kyyq 1;=0.1 dayfl, respectively, then ADM1 model was applied and its
outcomes were compared to experimental data, based on the comparison the kinetics
were optimized to kpyq n=0.3, khya pr=0.05, and kpyq 1;=0.09 dayfl in the case of PS
and kiyq n=0.1, kpyq p»=0.03, and kyyq 1;=0.05 dayf1 in the case of WAS. As expected,
the hydrolysis kinetic parameters were higher in PS than WAS, since primary sludge
contains more particulate substrates such as lipids, carbohydrates, and proteins than the
WAS, which is predominantly biomass with large biopolymers that are more difficult to
degrade. The relative ease of biodegradability of PS as compared to WAS is well
documented in the literature [16]. Table 4 displays the influent and effluent sludge
characteristics as well as the methane production along with the ADM1 predictions for
both PS and WAS, respectively. It is evident that the model results with optimized
parameters showed good agreement with the experimental data for methane production

Table 3 Default and optimized ADM kinetic parameters for both PS and WAS sludge

ADM?*  Varies Estimated Estimated
within® (%) PS WAS
Hydrolysis Carbohydrate K hyd ch day’ 0.25 100 0.3 0.1
Protein K hyd pr day' 0.2 100 0.05 0.03
Lipids K hyd i day’ 0.1 300 0.09 0.05
Maximum uptake Sugars km_su day ! 30 100 30 30
rate Amino acids km_aa day ! 50 100 4 5
Long-chain fatty km_fa day ™! 6 300 6 6
acids
Propionic acid km pro  day”’ 13 100 15 20
Acetic acid km_ac day ™! 8 100 8 11
Valeric acid + Butyric km_c4 day ! 20 100 20 30
acid
Half saturation Sugars Ks_su kgCOD/m*> 0.5 100 0.5 0.5
constant Amino acids Ks aa kgCOD/m*> 0.3 30 0.3 0.3
Long-chain fatty acids Ks_fa kgCOD/m* 0.4 300 0.4 0.4
Propionic acid Ks_pro kgCOD/m* 0.1 100 0.1 0.1
Acetic acid Ks_ac kgCOD/m* 0.15 100 0.1 0.1
Valeric acid + Butyric Ks_c4 kgCOD/m*> 0.3 300 0.1 0.1
acid

 Batstone et al. [4]

@ Springer



1302

Appl Biochem Biotechnol (2011) 164:1292-1304

Table 4 Experimental influent and effluent characterization with the ADM prediction for primary and WAS

sludge

Exp. ADM ADM Reduction Reduction

Influent Effluent Exp. (%) ADM (%)
Primary sludge
Gas (L/d) 1.2 1.24
SCOD (mg/L) 3,078 878 961 71 69
TCOD (mg/L) 30,827 13,931 14,627 55 53
Lipid (mg/L) 1,485.0 665 657.4 55 56
P Protein (mg/L) 2,158.0 1,367 1,281.5 37 41
Amino acid (mg/L) 193.5 81.5 85.2 58 56
Propionate (mg/L) 481 19 20.8 96 96
Butyrate (mg/L) 540 12 10.7 98 98
Valerate (mg/L) 252 4 4.9 98 98
Acetate (mg/L) 582 30 31.1 95 95
VFA (mg/L) 1,855.0 65.0 67.6 96 96
SCOD (mg/L) 3,078 878 961 71 69
TCOD (mg/L) 30,827 13,931 14,627 55 53
Lipid (mg/L) 1,485.0 665 657.4 55 56
P Protein (mg/L) 2,158.0 1,367 1,281.5 37 41
Amino acid (mg/L) 193.5 81.5 85.2 58 56
Propionate (mg/L) 481 19 20.8 96 96
Butyrate (mg/L) 540 12 10.7 98 98
Valerate (mg/L) 252 4 49 98 98
Acetate (mg/L) 582 30 31.1 95 95
VFA (mg/L) 1,855.0 65.0 67.6 96 96
Waste-activated sludge
Gas (L/d) 0.68 0.65
SCOD (mg/L) 2,092 852 788 59 62
TCOD (mg/L) 23,402 14,288 14,993 39 36
Lipid (mg/L) 367 215 2283 41 38
P Protein (mg/L) 2,529 1,828 1,774.3 28 30
Amino acid (mg/L) 115 56 56.4 51 51
Propionate (mg/L) 171 11 13.6 94 92
Butyrate (mg/L) 80 5 6.3 94 92
Valerate (mg/L) 29 3 2.9 90 90
Acetate (mg/L) 226 19 19.5 92 91
VFA (mg/L) 506.0 38.0 422 92 92

with average percentage error of 3% and 5% for primary and WAS, respectively. Similar
agreement was observed in case of odor precursors, namely, protein, VFAs, lipids, and
amino acid as the percentage error were 6%, 4%, 1%, and 5% for PS and 3%, 11%, 6%,
and 0.1% in the case of WAS, respectively. Maximum deviation in the fitted parameter
values from the default values occurred for hydrolysis rate constant for protein and
maximum uptake rate for amino acids.
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Conclusions

Degradation of odor precursors such as VFA and bound protein in sludge during anaerobic
digestion was systematically monitored and modeled using the ADMI1. Below are the
highlights of the major findings of this study:

L.

In general, anaerobic digestion efficiency for all sludge primary parameters such as
TSS, VSS, TCOD, SCOD, and TBODs for primary sludge was higher than waste-
activated sludge.

The concentration of VFA in the raw PS of 1,855+58 mg/L was considerably higher
than the raw WAS of 506+17 mg/L, with average removal efficiencies during
anaerobic digestion of 97+1% and 92+5%, respectively. The average concentrations of
lipids in the raw PS and WAS were 1,486+423 and 367+144 mg/L, respectively, and
the removal of lipid varied during anaerobic digestion.

Average reductions of various protein fractions were 40+2.5% and 314+3% for
particulate protein, 67+3.4% and 61+3.2% for soluble protein, and 61+4.8% and 59+
3% for bound or labile protein for PS and WAS, respectively. Reduction of bound
protein or the labile protein, which is implicated in odor production in sludge, was
positively correlated with VSS reduction for both sludges. No statistically significant
difference was observed between the bound protein reductions in both PS and WAS. A
17% and 37% reduction in bound protein per unit VSS indicates a possible reduction in
odor generation potential not only associated with stabilization of VSS, but also due to
bound protein degradation.

The ADM1 was used to simulate the steady-state lab scale anaerobic digester. The
model predicted well both the methane production and degradation of odor precursors.
The model results with optimized parameters showed good agreement with the
experimental data for methane production with average percentage errors of 3% and
5% for primary and WAS, respectively. Good agreement was also observed for protein,
VFAs, lipids, and amino acids as reflected by percentage errors of 6%, 4%, 1%, and
5% in the case of PS and 3%, 11%, 6%, and 0.1% in the case of WAS, respectively.

Acknowledgments The authors wish to acknowledge the financial help from NSERC and Trojan
Technologies, Canada.

References

1. Higgins, M. J., Adams, G., Chen, Y., Erdal, Z., Forbes, R., Glindemann, D., et al. (2008). Role of

protein, amino acids, and enzyme activity on odor production from anaerobically digested and dewatered
biosolids. Water Environment Research, 80, 127—-135.

. Higgins, M. J., Adams, G., Chen, Y., Erdal, Z., Forbes, R., Glindemann, D., Hargreaves, J. R., McEwen,

D., Murthy, S. N., Novak, J. T., & Witherspoon, J, (2004), Relationship between biochemical
constituents and production of odor causing compounds from anaerobically digested biosolids. WEF and
AWWA Odors and Air Emissions 2004 Conference, Washington, USA, 18-24.

. Rideout, T. C., Fan, M. Z., Cant, J. P., Wagner-Riddle, C., & Stonehouse, P. (2004). Excretion of major

odor-causing and acidifying compounds in response to dietary supplementation of chicory inulin in
growing pigs. Journal of Animal Science, 82, 1678—1684.

. Batstone, D. J., Keller, J., Angelidaki, 1., Kalyuzhnyi, S. V., Pavlostathis, S. G., Rozzi, A., et al. (2002).

Anaerobic digestion model no. 1, IWA Task Group for mathematical modelling of anaerobic digestion
processes. Water Science and Technology, 45(10), 65—-73.

@ Springer



1304 Appl Biochem Biotechnol (2011) 164:1292-1304

S.

6.

10.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Barnett, J. W., Kerridge, G. J., & Russell, J. M. (1994). Effluent treatment systems for the dairy industry.
Australian Biotechnology, 4(1), 26-30.

Dignac, M. F., Ginestet, M. P., Rybacki, D., Bruchet, A., Urbain, V., & Scribe, P. (2000). Fate of
wastewater organic pollution during activated sludge treatment: nature of residual organic matter. Water
Research, 34(17), 4185—-4194.

. Breure, A. M., Mooijman, K. A., & Van-Andel, J. G. (1986). Protein degradation in anaerobic digestion:

influence of volatile fatty acids and carbohydrates on hydrolysis and acidogenic fermentation of gelatin.
Applied Microbiology and Biotechnology, 24, 426—431.

. Kisaalita, W. S., Lo, K. V., & Pinder, K. L. (1990). Influence of whey protein on continuous acidogenic

degradation of lactose. Biotechnology and Bioengineering, 36, 642—646.

. Khanal, S. K., Grewell, D., Sung, S., & Van Leeuwen, J. (2007). Ultrasound applications in wastewater

sludge pretreatment: a review. Critical Reviews in Environmental Science and Technology, 37, 277-313.
Gavala, H. N., Angelidaki, 1., & Ahring, B. K. (2003). Kinetics and modeling of anaerobic digestion
process. Advances in Biochemical Engineering/Biotechnology, 81, 57-93.

. Johnson, B. A. R., & Shang, Y. (2006). Applications and limitations of ADM1 in municipal wastewater

solids treatment. Water Science and Technology, 54(4), 77-82.

APHA. (1998). Standard methods for the examination of water and wastewater. Washington DC:
APHA.

Lowry, O. H., Rosebrough, N. J., Farr, R. A. L., & Randall, J. (1951). Protein measurement with the
folin-phenol reagent. The Journal of Biological Chemistry, 193, 265-275.

Gujer, W., Henze, Z., & Mino, M. T. (1999). Loosdrecht, activated sludge model no. 3. Water Science
and Technology, 39(1), 183—193.

Mata-Alvarez, J., Macé, S., & Llabrés, V. (2000). Anaerobic digestion of organic solid wastes. an
overview of research achievements and perspectives. Bioresource Technology, 74(1), 3—16.

. Ros, M., & Zupan¢i¢, G. D. (2003). Thermophilic anaerobic digestion of waste activated sludge. Acta

Chimica Slovenica, 50, 359-374.

Park, C., Lee, C., Kim, S., Chen, Y., & Chase, H. A. (2005). Upgrading of anaerobic digestion by
incorporating two different hydrolysis processes. Journal of Bioscience and Bioengineering, 100(2),
164-167.

Bougrier, C., Carrere, H., & Delgenes, J. P. (2005). Solubilization of waste-activated sludge by ultrasonic
treatment. Chemical Engineering Journal, 106, 163—169.

Metcalf and Eddy (2003) Wastewater engineering: treatment disposal reuse, 4th ed. New York:
McGRAW-HILL

Richard, M. (2003) Activated sludge microbiology problems and their control. 20th Annual USEPA
National Operator Trainers Conference. Buffalo, NY, June 8.

Subramanian, R., Novak, J. T., Murthy, S., & North, J. (2005). Investigating the role of process
conditions in wastewater sludge odor generation, WEFTEC 2005. D.C., USA: Washington.

Rappert, S., & Muller, R. (2005). Odor compounds in waste gas emissions from agricultural operations
and food industries. Waste Management, 25, 887-907.

Cime, D. G., Paloumet, X., Bjomsson, L., Alves, M. M., & Mattiasson, B. (2007). Anaerobic digestion
of lipid-rich waste-effects of lipid concentration. Renewable Energy, 32(6), 965-975.

Batstone, D. J., & Keller, J. (2003). Industrial applications of the IWA anaerobic digestion model No. 1
(ADM1). Water Science and Technology, 47(12), 199-206.

Blumensaat, F., & Keller, J. Y. (2005). Modelling of two-stage anaerobic digestion using the TWA
Anaerobic Digestion Model No.l (ADM1). Water Research, 39, 171-183.

Jeppsson, U. (2007) Investigation of anaerobic digestion alternatives for Henriksdal’s WWTP IEA, Lund
University

@ Springer



	Simulating the Degradation of Odor Precursors in Primary and Waste-Activated Sludge During Anaerobic Digestion
	Abstract
	Introduction
	Results and Discussion
	Performance of Anaerobic Digesters
	Odor Precursors

	Kinetics and Simulation of Odor Precursors
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


