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Despite the efforts to better manage biosolids field application programs,

biosolids managers still lack of efficient and reliable tools to apply large quantities of

material while avoiding odor complaints. Objectives of this research were to

determine the capabilities of an electronic nose in supporting process monitoring of

biosolids production and, to compare odor characteristics of biosolids produced

through thermal-hydrolysis anaerobic digestion (TH-AD) to those of alkaline

stabilization in the plant, under storage and in the field. A method to quantify key

odorants was developed and full scale sampling and laboratory simulations were

performed. The portable electronic nose (PEN3) was tested for its capabilities of



distinguishing alkali dosages in the biosolids production process. Frequency of
recognition of unknown samples was tested achieving highest accuracy of 81.1%. This work
exposed the need for a different and more sensitive electronic nose to assure its applicability at
full scale for this process. GC-MS results were consistent with those reported in literature and

helped to elucidate the behavior of the pattern recognition of the PEN3. Odor
characterization of TH-AD and alkaline stabilized biosolids was achieved using
olfactometry measurements and GC-MS. Dilution-to-threshold of TH-AD biosolids
increased under storage conditions but no correlation was found with the target
compounds. The presence of furan and three methylated homologues in TH-AD
biosolids was reported for the first time proposing that these compounds are produced
during thermal hydrolysis process however, additional research is needed to fully
describe the formation of these compounds and the increase in odors. Alkaline
stabilized biosolids reported similar odor concentration but did not increase and the
‘fishy’ odor from trimethylamine emissions resulted in more offensive and unpleasant
odors when compared to TH-AD. Alkaline stabilized biosolids showed a spike in
sulfur and trimethylamine after 3 days of field application when the alkali addition
was not sufficient to meet regulatory standards. Concentrations of target compounds
from field application of TH-AD biosolids gradually decreased to below the odor
threshold after 3 days. This work increased the scientific understanding on odor
characteristics and behavior of two types of biosolids and on the application of

electronic noses to the environmental engineering field.
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Chapter 1. Introduction and Objectives

1.1 Introduction

Domestic wastewater treatment plants play an important environmental roll as
nutrient recovering facilities while enhancing water quality before water is returned to
the natural environment or for beneficial reuse. Physical, chemical and biological
processes are used in a standard wastewater treatment plant (WWTP) to separate the
solids from the liquid phase and to degrade, to some extent, pollutants that have been
added to the water during its domestic and, sometimes, industrial use. During the
treatment process, a high solids content mixture is generated as a by-product which
has the potential to be converted to energy and to be reused for agricultural purposes
due to its nutrient rich composition. In the United States, in order to do so, these solids
have to be conditioned in accordance to the Federal rule 40 CFR Part 503 (EPA, 1995)
regulation such that they do not pose a threat to human health or to the environment
and can then be beneficially used as “biosolids”. Approximately 7,180,000 dry tons of
solid residuals are generated each year from the treatment process at the more than
16,000 municipal wastewater treatment facilities in the U.S., from which about 55%
are beneficial used as biosolids and 45% are disposed (landfilled or incinerated)
(Beecher et.al., 2007).

Biosolids application to agricultural fields represents a source of organic
matter and plant nutrients instead of using fertilizers (Obreza and O’Connor, 2003;

Laor et.al., 2011). In the same way, for municipalities it is an end-of-pipe waste



disposal solution as well as a sustainable practice when compared to other alternatives
such as incineration or landfilling (Singh and Agrawal, 2008; Lu et.al. 2012). Some of
the concerns related to the agricultural use of biosolids are potential contamination by
heavy metals and organic pollutants, malodors, and vectors attraction (EPA, 2000). In
this sense, sanitary concern about biosolids field application due to nuisance odors can
lead to public opposition and possible failure of a sustainable biosolids management
program.

Public complaints due to biosolids field applications are a result of odor
causing compounds being released from biosolids followed by transport to sensitive
populations. Currently, application programs of biosolids to agricultural fields are
regulated by state rules on nutrient management in order to control nutrients loadings,
pursue a high crop yield and protect soils and waterways from contamination (EPA,
2000). However, ignoring the odor characteristics of the biosolids and of the location
of application sites can result in public opposition (Iranpour et.al. 2004).

The aim of this project was to address odor-related challenges in a specific
biosolids field application program, by means of 1) increasing the understanding on
the production and release of odor causing compounds in the treatment plant and in
the field, as well as 2) evaluating new technology for odor monitoring that would

allow for a better decision making on the biosolids final destination.



1.2 Background
1.2.1. Odor formation and release

The main groups of odor-causing compounds released from the WWTP and
biosolids application described in the literature are organic sulfur compounds, volatile
fatty acids, and nitrogen based compounds. These compounds are presented in Table 1

with their human detection limits.

Table 1.1 Odor thresholds for human detection limit of main odor-causing
compounds from biosolids.
Odor threshold

C d Od
ompoun or ppbv  Source ug/m?3a
Hydrogen
Sulfide Rotten egg 10 OSHA 24.9
. . Decayed Amoore and
Dimethyl Sulfide vegetables 2.2 Hautala, 1083 5.6
Dimethyl Decayed
Disulfide vegetables 6.4 Fords, 1988 475
Carbon Disulfide Rotten pumpkin 16 \{;ézchueren, 296
Methyl Rotten cabbage 1.1 Devos, 1990 2.2
mercaptan
Ammonia Sharp, pungent 5754 Devos, 1990
Trimethylamine  Fishy odor 5.49 Devos, 1990 0.11
. . 144- Devos, 1990-
Acetic Vinegar 6.0 Nagata, 2003 356
. . Devos, 1990-
Propanoic Rancid 35-5.7 Nagata, 2003 108.3
Butyric Rancid 3819 Devos 1990,

Nagata, 2003

aDevos et.al. 1990.



Wastewater treatment plant

Sulfur compounds form the majority of odorants associated with sewage
treatment works. Domestic sewage typically contains 3-6 mg/L organic sulfur, derived
mainly from proteinaceous material and, it can contain further organic sulfur resulting
from sulfonates in household detergents (about 4 mg/L) (Boon, 1995). Inorganic
sulfur, in the form of sulfate, is present in quantities depending on the hardness of the
water, typically in concentrations of 30-60 mg/L (Boon,1995). Hydrogen sulfide (H2S)
is the predominant odorant associated with sewage (Bonnin et al., 1990; Vincent and
Hobson, 1998). The formation of H>S arises from two sources: the reduction of sulfate
and the desulfurisation of organic compounds containing sulfur in a reduced state

(Harkness, 1980). The formation of H»S from sulfate is shown in the following

equations:

anaerobic bacteria
S0;? + organic matter S™2+ H,0 +CO, (1)
S™2+2H* - H,S (2

The optimum redox potential (Eh) for this reaction is -200 to -300mV (Boon,
1995). HS is a weak acid and dissociates according to pka; = 7.04 and pka, = 12.89.
It is only molecular H.S that will lead to odor problems. At pH 7, approximately 50%
of the sulfide is in this form. Thus, acidic conditions will enhance H2S odour problems

and basic conditions will suppress them. On the other hand, sulfur occurs in a reduced



form in some amino acids (i.e. cysteine, cystine, methionine, taurine) where it
provides a structural link within protein molecules (Harkness, 1980). Other sulfur-
containing odorants can similarly be derived from sulfur-containing amino acids, and
can also be formed from reactions between HS and unsaturated ketones (Harkness,
1980) as it is discussed in the following section (solids treatment).

Nitrogen-containing odorants can also be significant sources of odor. They are
mainly ammonia, amines, indole and skatole. It has been reported that indole and
derivatives (such as skatole) have a character similar to the general sewage treatment
works odor when considered in isolation (Young, 1984). Nitrogen sources in sewage
are urine, proteins and amino acids. Amines in particular are produced from amino
acids by the removal of the carboxyl (COOH) group (Harkness, 1980).

Volatile fatty acids, aldehydes, alcohols and ketones are the by-products of
carbohydrate fermentation and are generally associated with anaerobic treatment and

in particular with the treatment of sewage sludge (Bonnin et al., 1990).

Solids treatment

In a survey for the patterns of odorous chemicals within a WWTP, Kim et al
(2002) found that carbon disulfide (CS>), dimethyl sulfide (DMS), dimethyl disulfide
(DMDS) were more prevalent in samples collected from downstream processes and
corresponded with decreased oxidation-reduction potential (ORP) conditions.
Propionic acid (PA), and butyric acid (BA) were consistently identified in the primary
gravity thickeners, while trimethylamine could only be detected from biosolids after

alkaline stabilization.



Also in 2002, Novak et al. described the mechanisms for DMDS and
trimethylamine (TMA) formation in limed biosolids. They showed that methyl
mercaptan (MM) is sorbed by an acid-base reaction with lime and subsequently
converted into DMDS. They also found that TMA is not produced by the liming
treatment of biosolids but this process does convert TMA from the ionic form to the
molecular form due to an increase in the pH that lead to TMA volatilization causing
the “fishy” odor. Enzymatically degradation of acrylamide-based polymer (Kim et al.,
2003; Chang et al., 2005) and protein (Kim et al., 2003) in the wastewater and sludge
has been found to be the overriding factor in TMA production.

Further research on the formation of VOSC in biosolids has shown that the
production of MM that leads to the formation of DMDS, mainly occurs from
biological degradation of the amino acid methionine and the methylation of hydrogen
sulfide, the latter being formed from the degradation of cysteine and sulfate reduction;
DMS is formed through the methylation of MM and; DMDS by MM oxidation
(Higgins et. al., 2003; Novak et.al., 2006; Higgins et. al., 2006). This VOSC cycling is
shown in Figure 1. The demethylation of DMS, DMSD and MM is done by

methanogens communities in the biosolids to produce H.S (Chen et al., 2005).
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Figure 1.1 Cycling Pathway of Volatile Organic Sulfur Compounds
production and transformation in anaerobic digested biosolids.

Source: Higgings et. al., 2006

Field

Dimethyl disulfide, DMS, CS», NHs, TMA, methyl ethyl ketone, and acetone
have been identified as odorant emissions from biosolids application to forest soil,
where sorbent tubes followed by thermal desorption into a gas chromatography-mass
spectrometry (GC-MS) system was used as the analytical technique (Rosenfeld, 1999).
Reduced sulfur compounds like hydrogen sulfide and methyl mercaptan are unstable
in oxidized environments and oxidize to form DMDS in land-applied biosolids
(Rosenfeld et al., 2000; Higgins et al., 2006). Banwart and Bremmer (1975) found that
DMDS accounted for 55 to 98% of total S evolved from biosolids application to soil
in aerobic conditions. Ammonia and TMA comprise most of the nitrogen emissions
from land-applied biosolids (Rosenfeld et al., 2000).

In a more recent project, Laor et al. (2011) identified VOC emissions from two

types of biosolids during their production and over time after land application. They
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detected high ammonia and amines concentrations in digested sludge followed by
alkaline stabilization (higher biosolids quality) and these concentrations were below
the detection threshold after soil incorporation. Nitrogen containing compounds were
not detected in digested biosolids without alkaline stabilization (lower quality). The
VOSC’s profiles for both biosolids behaved similarly after land application and
differed from those chemical patterns at the treatment plant showing that handling
operations, weather conditions and soil characteristics may influence the chemistry of
the odor causing compounds. Other VOC’s such as short chain alkanes, BTEX and

terpenes were also identified in this study.

1.2.2. Processes affecting the presence of odors.

In addition to the description of the odor causing compounds in the literature,
there is evidence that these compounds are present depending on the biosolids
treatment process and, sometimes, these processes are affected by the upstream waste
water treatment operations. This evidence is described in this section.

Several treatments can be used to produce biosolids. Aerobic digestion,
anaerobic digestion (AD), alkaline stabilization, composting and, lagoons are among
the main technologies used in the United States (EPA, 1995). Each technology
produces biosolids with different odor characteristics and quality. According to an
estimate made by Beecher et.al. (2007) approximately 66% of the biosolids produced
in the US is by using anaerobic digestion or alkaline stabilization. Dewatering
strategies are commonly used to reduce the amount of material and the cost of hauling.

Belt-filters, drying beds and centrifuges are the main ones described in literature



(EPA, 1995). These dewatering technologies can lead to odor problems due to shear
and re-activation of microorganisms that produce odors.

Higgins et al. (2008) published an evaluation of in-plant parameters on
biosolids odors from eleven facilities that use anaerobic digestion and dewatering in
their biosolids production. The highest concentrations of sulfur compounds found after
dewatering were in facilities using high speed centrifuges. The same effect had been
observed by Muller et al. (2007). Higgins et al. (2008) also found that longer solids
retention times and higher ratio of secondary solids (waste activated sludge) to
primary solids reduced the odors from the final material. There was an observed
reduction in biosolids odor with the addition of ferric salts but variability in the effect
among the eleven plants did not allow for strong conclusions. However, Zeynep et al.,
(2008) further described the effect of iron on sulfur compounds where the presence of
iron reduces the odor characteristic of biosolids by precipitation as ferrous sulfide.
Novak et al. (2002) found sulfur compounds as the main chemicals associated with the
odor properties from anaerobic digested biosolids and described the concentrations
profiles to be specific to each facility and sampling event (within the same facility).

Both, Novak et al. (2002) and Kim et al. (2003) examined the mechanism of
odor generation in limed biosolids. The main difference between anaerobic digested
biosolids and limed biosolids is the presence of TMA due to an increase in the pH that
will lead to TMA emission. The sulfur compounds profile changed from AD process
with a reduction of H>S and an increase in organic reduced sulfur compounds. Kim
(2003) described the effect of upstream processes on the odor profile of the final

material where untreated biosolids storage increased odor problems, and the addition



of cationic polymer was the main source of amine compounds. The breakdown of
cationic polymer to produce amines was further described by Chang et al. (2005).

Other research has focused on the use of statistical models to describe the
odors or odor compounds as a dependent variable on the upstream processes. Gabriel
et al. (2005) found strong correlations between DMDS emissions measured by SPME-
GC-MS from limed biosolids and the ratio of primary solids to secondary solids,
oxidation-reduction potential (ORP) in the gravity thickening process and the amount
of material dewatered by the centrifuges. In the same way, Janpengpen et al. (2007)
found that the secondary sedimentation basins blanket depth and the polymer addition
were the variables that better described the emissions of H>S and ammonia (NHs) from
the biosolids production process (limed).

Emphasis has been put in recent years on pre-treatments enhancing AD to
increase loading rates and biogas yields (Carlsson et.al. 2012). Several methods have
been studied with some of them already operating at full scale. This pretreatment
methods can be classified in mechanical, thermal, chemical and biological
(Ariunbaatar et.al. 2014). Thermal hydrolysis (TH) prior anaerobic digestion to
produce high quality biosolids is a promising technology that has recently been
introduced in the United States. In Europe, more than 30 facilities already use this
technology and the impact on the odor reduction seems to be clear. However, few
scientific studies have addressed this topic to make any conclusions related to odor
characterization and control. In an evaluation of enhance digestion processes for
biosolids treatment, Murthy et al. (2009) showed that the advantage of the thermal

hydrolysis pretreatment is that high solids can be achieved with belt filter press
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dewatering that are equivalent to centrifuge dewatering. Belt filter press cakes have
generally been shown to have lower odors and less likelihood of indicator bacteria
regrowth in the cake (Higgins et.al. 2007), which further helps the thermal hydrolysis
process minimize risks related to odors and indicators. Electro-Dewatering of
anaerobically digested biosolids showed better odor characteristics under storage
conditions when compare with heat drying (Navab-Daneshmand et.al. 2014).
However, literature on the impact of these enhanced treatments on the quality of

biosolids from an odor perspective is still limited.

1.2.3. Odor monitoring for decision making

An odor is a mixture of volatile molecules present at very low concentrations
in the inhaled air that, upon coming in contact with the human sensory system, is able
to stimulate an anatomical response. Odors are recognized via the memory effect of
previous experienced smells, thus accounting for the high subjectivity of the odor
perception (Freeman, 1991). Therefore, measuring odors in any form represents a
challenge due to the low concentrations of compounds at which an odor can be
perceived. Often times, analytical techniques are not designed to detect nor quantify
concentrations at the detection threshold. In addition, odor detection is subjective and
highly variable from person to person. In wastewater and biosolids studies, odors have
been monitored using several approaches. Some of these utilize human sensory
panels; others seek to simulate the human olfactory system; while still others are based

on concentration measurements in comparison to measured detection thresholds.
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Olfactometry

Odor characterization become of particular importance when designing
processes and management strategies for biosolids production and reuse. Sensory
measurements employ the human nose as the odor detector, relating directly to the
properties of odors as experienced by humans. Dymanic olfactometry is the sensory
measurement of choice for odor assessments in wastewater facilities (Lebrero, 2011).
Odor concentrations (dilution to threshold —DT-) are quantified by determining the
amount of dilution needed to bring the odorous air sample to its threshold. The higher
the threshold value, the more dilution is needed to bring the odor to threshold, thus the
stronger the odor. In addition, hedonic tone may be reported as a mean to measure
how pleasant or unpleasant an odor is as well as the level of dilution require to
characterize the type of smell. Olfactometry measurements are performed by sensory
panel members selected according to EN-13725.

Sampling techniques and sampling containers for olfactometry analysis may
affect the results reported, especially when odor compounds are unstable and reactive,
which is the case of sulfur compounds. Trabue et al. (2007) found background
contamination that can lead to bias on the final result when using Tedlar bags, a
container commonly used to sample air for olfactometry determinations as well as for
the determination of specific compounds using analytical techniques. Laor et al.
(2011) concluded the similarly when testing and comparing different materials of
sampling bags (Tedlar vs. Nalophan). Nevertheless, due to the use of the human nose
as a detector, olfactometry is still a preferred approach for reporting odors (Boeker,

2014).

12



Chemical analysis

In contrast with more general oflactometric measurements, information on
specific compound concentrations provide valuable insight when evaluating process
and mechanisms of odor generation and emissions as well as to monitor strategies for
odor reduction. In order to obtain this information, analytical techniques are used.

Odorous emissions are composed of a complex mixture of hundreds of
chemical compounds at ppb and ppt concentrations, which presents a challenge to the
sensitivity and separation capacity of gas chromatography (GC). These low
concentrations present in odors are very often below the detection limits of most
common GC detectors (mass spectrometry and flame ionization), commonly in the
parts per billion range. Studying odor compounds in environmental applications
(agricultural or wastewater/biosolids), this low concentrations have forced the use of
pre-concentration of the odorants either via cryogenic trapping (Trabue, et.al., 2008a)
or via adsorption into porous polymers or carbon-based adsorbents (Trabue, et.al.
2008b; Kim, et.al. 2002). One of the main limitations of using gas chromatography
when monitoring odor compounds is a major capital investment and a significant
technological challenge with high trained personnel to operate it.

In the same way that for olfactometric measurements, sampling techniques and
containers play an important role in chemical analysis of air samples. For the majority
of air toxic compounds, canisters present a fair option for sampling; however, when
sulfur compounds are to be measured, reactivity represents an issue. In this sense,
fused-silica lined canisters have shown to be the preferred option (Trabue, et. al.

20084a).
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Online sensors

Online odor monitoring presents a number of challenges in odor management.
Traditionally, single odorants such as H2S and NH3 have commonly been used for
online monitoring as surrogate compounds. Specific gas sensors for these surrogates
are based on chemical, electrochemical, catalytic, and optical detectors with a high
sensitivity and selectivity for some target odorants (Lebrero, 2011). They present low
response times, low detection limits (ppb levels in some cases), low cost and provide a
direct reading of the concentration of the target odorants. However, specific sensors
only provide a partial characterization of odorous emissions because H>S and NHs are
not always responsible for the entire odor profile. In addition, because most specific
sensors are based on odorant adsorption, they are susceptible to interferences from

reduced sulfur compounds and humidity (Lebrero, 2011).

Electronic nose

Electronic noses are arrays of electronic sensors capable of detecting and
differentiating complex mixtures of volatile compounds. The instruments contain an
array of one to 32 sensors, using a variety of different sensor technologies from
organic polymers to metal oxides to micro-balances (Lebrero, 2011). According to
Harper (2001), advantages of electronic noses include high sensitivity and correlation
to human sensory panels for many applications.

Electronic nose sensors have been used in the food industry to monitor quality
of decaying fruits (Brezmes et.al., 2000) and meats (Ghasemi-Varnamkhasti et al.,

2009) as well as processed food such as rice extrudes (Feng et.al., 2011). Application
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of electronic nose technologies in the environmental engineering field has been
reported for the quantification of odors from composting facilities (Sironi et.al.,
2007a; Sironi et.al., 2007b and; Delgado-Rodriguez et.al.; 2012), within wastewater
treatment plants (Stuetz et.al., 1999; Bourgeois and Stuetz, 2002 and; Sohn et.al.,
2009) and at receptor locations downwind from treatment facilities (Sironi et.al.,
2008).

Challenges still exist as electronic nose sensors can exhibit drift in response
due to changing environmental conditions and over time (Harper, 2001; Romain and
Nicolas, 2009). Sampling techniques (i.e. static and dynamic) and sample
characteristics (i.e. temperature and humidity) have shown to limit their performance
in full scale applications (Knobloch et.al., 2009). Moreover, the concept of using
sensor arrays for odor measurements has recently been evaluated by Boeker (2014)
concluding in part that the response of an electronic nose should not be correlated to

that of human perception of smell.

1.3 Objectives

Despite the efforts to better manage biosolids field application programs and to
reduce the likelihood of complaints related to odor emitted from biosolids, managers
still lack efficient and reliable tools to successfully apply large quantities of material
while avoiding odor complaints from communities and cities.

The main limitations in achieving improvements are the lack of deep
understanding on the interaction between the upstream variables affecting the odors in

the final material and at the application sites. On the other hand, technologies for odor
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monitoring that would support a decision making process as to the biosolids allocation
have not proven to be reliable. Furthermore, the use of technologies to provide real
time feedback to the facility operation have not been yet explored with the
complementary scientific tools and framework needed to support the output of such
strategy.

Therefore, this research aimed to develop a methodology whose output will help
fulfilling the gap between the scientific understanding and the process engineering on
the production and field application of biosolids with the goal of exploring tools for
decision making that would lead to a successful biosolids management program.

Specific objective were:

1. To develop a methodology to quantify key odorant compounds commonly
found in biosolids to support the evaluation of new monitoring technologies.

2. To determine the capabilities of an electronic nose in supporting an on-line
process monitoring scheme in a biosolids management program.

3. To compare odor characteristics of biosolids produced through thermal
hydrolysis anaerobic digestion to those of alkaline stabilization from the same
initial sludge.

4. Conduct biosolids storage simulation to assess biosolids stability from an odor
perspective.

5. Conduct biosolids field application under controlled conditions to study key
odorant compounds behavior over time depending on the biosolids treatment

process.
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Objective 1 is non-hypothesis driven and the importance of meeting this objective
relies on that it becomes a key tool to achieve objective 2-5, for which a series of

questions have been stated to support reaching the goals of this study.

1.3.1 Objective 2. Evaluating an electronic nose for process monitoring of biosolids.
Questions:
a) Is an electronic nose capable of providing reliable feedback to the biosolids
production system?
b) Is it capable of distinguishing between different process conditions that
affect odors from biosolids?
Hypotheses
a) With the information provided by the electronic nose, it will be possible to
recognize and classify 90% of the treatment process operational conditions.

Experimental approach

Electronic nose sensors are designed to detect differences in complex air
sample matrices. For example, they have been used in the food industry to monitor
process performance and quality control. However, no information is available on the
application of sensor arrays to monitor process performance of biosolids treatment

processes.

Selection of a commercial electronic nose that has been studied for
environmental applications and that allows for conducting research was an import step

to achieve this goal. Two instruments were evaluated based on technology (number
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and type of sensors), publications, cost and communication with manufacturers. The
Portable Electronic Nose -PEN3- (Airsense Analytics, Schwerin, Germany) showed
the best balance with the main advantage that it allowed for deeper and more versatile

data analysis for pattern creation and sample recognition.

This work examined the feasibility of the PEN3 to discriminate between
treatment conditions of alkaline stabilized biosolids and to explore its performance by
comparison with quantitative analysis of key odorants. Untreated sludge samples were
collected from Blue Plains Advanced Waste Water Treatment Plant in Washington,
D.C. Seven quick lime treatment rates from 0 to 30% (w/w) were prepared and the off
gas was monitored by GC-MS and with an electronic nose with ten metal oxide
sensors. Pattern recognition models were created from the electronic nose data using
Linear Discriminant Analysis and Principal Component Analysis. Details of the

experimental design and results can be found in Chapter 3.

1.3.2 Objective 3. Odor characterization of biosolids.

Questions:

a) What are the odor characteristics of biosolids produced by TH-AD process?
b) Are these characteristics better than the ones from alkaline stabilized

biosolids?
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Hypothesis:

a) The thermal hydrolysis-anaerobic digestion process will reduce odors in
biosolids by 50%, measured as dilution to threshold, compared to alkaline
stabilization.

Experimental approach

There are clear advantages of incorporating novel pretreatment process to
enhanced anaerobic digestions, such as thermal hydrolysis, as well as new
technologies for dewatering of biosolids based on these novel pretreatment. The
reported advantages have focused on the intensification of resource recovery and less
and safer material to be disposed. However, literature on the impact of these enhanced
treatments on the quality of biosolids from an odor perspective is still limited.

This work established the odor characteristics of THAD biosolids and compared them
with three levels of alkaline stabilized biosolids. Odor characterization was achieved
by using olfactometry measurements and chemical analysis by GCMS. Details on

methodology used and results can be found in Chapter 2 and Chapter 4.

1.3.3 Objective 4. Stability of odors from biosolids under storage conditions.

Questions:

a) Do odor concentration from TH-AD biosolids increase over time when stored
in anaerobic conditions?

b) How does this changes, if any, compare to the stability of alkaline stabilized
biosolids?

19



Hypothesis:

a) Odors from TH-AD biosolids will increase 20% over a 28 day storage period
due to a further destruction of volatile solids. However, its characteristics will
be less offensive compared to that of alkaline stabilized biosolids.

Experimental approach

Odor characterization from the treatments used in objective 3 were used as starting
point for the simulation of storage under anaerobic conditions for 28 days. Target
compounds included carbonyl sulfide, methyl mercaptan, ethanethiol, dimethyl
sulfide, carbon disulfide, propanethiol, buthanethiol, dimethyl disulfide and
trimethylamine. Dilution to threshold, recognition threshold, hedonic tone and odor
descriptors were reported as well. Details on the methodology and results can be found

in Chapter 2 and Chapter 4.

1.3.4 Objective 5. Key odorants emission from field applied biosolids.

Questions:

a) Does the chemical composition of key odorants emitted from TH-AD biosolids
change over time under controlled field application conditions?

Hypothesis:

a) Concentration of target compounds measured from TH-AD biosolids in field
application will decrease below detection limits in a period of 5 days after

being applied.
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Experimental approach

Target compounds described in Chapter 2 were used to monitor the behavior of key
odorants emission from biosolids when they are subject to field application.
Laboratory tests under controlled temperature and wind speed were performed in order
to isolate independent variables. The tested variables were then the treatment
processes and the soil application techniques. Surface application and soil
incorporation were studied. TH-AD biosolids as well as three levels of alkaline
stabilized biosolids (under-dosed, properly dosed, and over-dosed) and an untreated
control were tested. Details on the experimental design and the results can be found in

Chapter 5.
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Chapter 2. Sampling and Analytical Methods

This chapter covers in detail the main analytical methods used in achieving the objectives
of this study as well as the description of the facility where untreated sludge and biosolids
samples were collected. In chapters 3 to 5 specific materials and methods are described as

needed and the ones presented in this chapter have been omitted to avoid duplication.

2.1 Biosolids Sample Collection

Untreated sludge and biosolids were collected from DC Water Blue Plains Advanced
Waste Water Treatment Plant (AWWTP) located in Washington, D.C., USA. Over the
duration of this study, Blue Plains underwent major changes in the biosolids treatment system
from alkaline stabilization to anaerobic digestion enhanced by thermal hydrolysis pre-

treatment.

2.1.1 Description of the facility and biosolids production

Blue Plains AWWTP has a capacity of treating 370 MGD (970 L min™*) of domestic
wastewater using a treatment train consisting on preliminary treatment (screening and grit
removal), chemical enhanced primary treatment, conventional activated sludge, secondary
clarification, nitrification-denitrification, tertiary sedimentation, filtration, chlorination and
dechlorination to finally discharge on the Potomac River under strict regulations. Solids from
tertiary sedimentation are fully recycle. Primary solids undergo gravity thickening and
secondary solids thicken by dissolved air flotation. Currently, solids blend and go further
screening, followed by dewatering by high speed centrifuges before entering thermal
hydrolysis process. After hydrolysis, solids cool down by heat exchangers and enter anaerobic

digestion for 15 days (solids retention time). Final dewatering is achieved by belt filter press
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before hauling for beneficial reuse. A schematic of the treatment processes is shown in Figure
2.1. Class A biosolids production to March 2016 is approximately 400 wet metric tons per
day. Additional high speed centrifuges are still in place for alkaline stabilization for flow
peaks. If needed, primary and secondary solids would blend and undergo dewatering, by high
speed centrifugation, and alkaline stabilization with quick lime (CaO) to produce class B
biosolids and beneficially reused.

The untreated sludge samples used in this study before the plant upgrade (before
December 2014) were collected using a metal shovel from a sampling port in the screw
conveyor system after centrifugation, before alkaline stabilization, and were stored in 22-L
plastic buckets. Average total solids of the samples collected in this period was 26.2% (+4.1).
In 2015 and after, samples were collected from a mechanical sampling port after preliminary
dewatering (before THP) for untreated samples (Appendix A) and manually from the
conveyor system after the belt filter press for stabilized biosolids (TH-AD biosolids). Average
total solids of the samples collected in this period was 16.5% (+2.1). Sampling points are
marked in Figure 2.1.
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Figure 2.1 General layout of Blue Plains AWWTP. Source: (DCWater, 2015)
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2.2 Chemical Analysis by Gas Chromatography-Mass Spectrometry
2.2.1 Sampling

Headspace samples were collected into evacuated 1.4 L canisters coated with fused silica
(Entech Instruments Inc., Simi Valley, Ca., USA) and were analyzed within 24 hours.
Canisters were prepared prior sampling using an Entech 3100A automated cleaning system
(Entech Instruments Inc., Simi Valley, Ca.) using the following program: canisters heated to
70 °C; filled to 2.0 x 10° Pa with zero air; evacuated to 130 Pa; repeated for 10 cycles; final
evacuation to 1.3 Pa for 12 h before being used for sampling. This ensured that the canisters
were free from any volatile and semi-volatile compound. Clean tests were performed as part of
guality assurance by randomly selecting one canister per batch of 10 to be filled with ultra-

high purity nitrogen and analyzed by GC-MS using the same method as that for samples.

2.2.2 Sample analysis

Analysis of canisters was performed within 24 hr of sampling using an Entech Instruments
Inc. (Simi Valley, Ca., USA) system consisting of a Model 7500 Autosampler followed by a
Model 7200 Preconcentrator coupled to an Agilent 5790N Gas Chromatographer-Mass
Spectrometer (Agilent Technologies Inc., Wilmington, De., USA).

Sample canisters were placed in the autosampler and air samples of 10 to 500 mL were
withdrawn for pre-concentration using the following method: empty trap at -40 °C to remove
most water vapor; VOCs captured on Tenax trap at -40 °C and flushed with helium to remove
remaining water; Tenax trap heated to 10 °C; VOCs trapped on fused silica tube at -150°C;
tube heated at to 50 °C onto the GC-MS column. All gas transfer lines were coated with fused
silica and heated to 100 °C. Components of the analytical system including details of the
Preconcentrator are shown in Appendix B.

Gas chromatography conditions were: Rtx1-MS Column (60 m x 0.32 mm x 1.0 um)
(Restek Corporation, Bellefonte, Pa.); Helium carrier gas at a constant flow of 1.5 mL min;
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temperature program: 35 °C hold 5 min; 10 °C min to 130 °C; 20 °C min™ to 220°C hold 5
min. Mass spectrometer source was operated in electron impact mode with simultaneous total
ion chromatography and selected-ion monitoring. Temperature conditions were: transfer line
240 °C and source at 230 °C. Target ions for selected-ion monitoring were: carbonyl sulfide
(60 m/z); methyl mercaptan (48 m/z); ethanethiol (62 m/z); dimethyl sulfide (62 m/z); carbon
disulfide (76 m/z); propanethiol (76 m/z); buthanethiol (90 m/z); dimethyl disulfide (94 m/z);

and trimethylamine (59 m/z). 1,4 dichlorobenzene (63 m/z) was used as an internal standard.

2.2.3 Calibration curve

Calibration of the GC-MS was carried out using certified gas standards from Restek
Corporation and Tech Air Companies (While Plains, NY, USA): 5 ppm ( 5%) mixture of
carbonyl sulfide, methyl mercaptan, ethanethiol, dimethyl sulfide, carbon disulfide,
propanethiol and buthanethiol; 5 ppm (x 2%) standard of dimethyl disulfide; trimethylamine 5
ppm (x 5%); and 1ppm (x 5%) of TO-14 internal standard mixture including
bromochloromethane, 1,4 difluorobenzene, chorobenzene-d5 and 1,4 bromochlorobenzene.
Standard gases were diluted into canisters to 250 ppbv and 25 ppbv as working standards
using a 4600 dynamic dilutor (Entech Instruments Inc., Simi Valley, Ca) and ultra-high purity
nitrogen as balance gas. Diluted standards were prepared every 6 weeks for calibration curves
and were used for calibration check in every set of samples.

Calibration curves were created by withdrawing different volumes of gas mixtures from
the working standard canisters and a set volume of internal standard gas. The calibration
range for VOSCs was 0.4 ppb (v/v) to 17.5 ppm (v/v) using injection volumes of 500 mL and
10 mL respectively (Appendix C). The method detection limit (MDL) for VOSCs was
calculated as the standard deviation of eight replicate injections of a 0.25 ppb standard,
multiplied by the t-student value at seven degrees of freedom. This resulted in MDL values of
0.04 ppb for VOSC except for buthanethiol at 0.02 ppb and DMDS at 0.09 ppb (Table 2.1).
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The chromatographic peak shape for trimethylamine on the RTx1-MS column was wide
and tailing due to its inherent polarity. However, as a separate chromatographic analysis
method was not available, and TMA has been identified in previous research as an important
odorant, the ratio of peak height to internal standard peak height was used for calibration. The
linear range of TMA concentrations was 100 ppb (v/v) to 1.0 x 10° ppb (v/v). The estimate

method detection limit for TMA was 80 ppb (v/v).

Table 2.1 Target analytes for GC-MS.

Odor Target Vapor Solubility in

MW  threshold? ion MDLP pressure water (g/Lat pKa
Compound @/moh __ (ppbv) (m/z) _ (ppbv) (bar at 20°C) 20°C) 25°C
Carbonyl sulfide 60 55 60 0.05 10.1 1.22* N/A
Methyl 48 1.1 48 0.06 2.05 23.3 10.33
Mercaptan
Ethyl Mercaptan 62 0.1to1° 62 0.04 0.58 6.8 10.61
Dimethyl sulfide 62 2.2 62 0.04 0.45 22* N/A
Carbon disulfide 76 95.16 76 0.05 0.53 2 N/A
1-Propanethiol 76 0.1to1° 76 0.03 0.2 1.9% 10.7
1-Buthanethiol 90 0.1to 1P 90 0.02 0.04 0.56* 10.78
Dimethyl
disulfide 94 12.33 94 0.09 0.03 2.5 N/A
Trimethylamine 59 5.49 59 804 1.8 890** 9.8

MW Molecular Weight

aDevos et.al. 1990

bBingham et.al. 2001

¢ Method Detection Limit

d Estimated Method Detection Limit
N/A Not Applicable

* At 25°C

** At 30°C

2.3 Electronic Nose
2.3.1 Introduction

The basic principle of operation of an electronic nose has been introduced recently as a
new technology for classification of chemical samples. A sensor array consists of a combination

of chemical sensitive sensors, which change their resistance with the presence of gaseous
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compounds. The signals obtained from these sensors are related to the gas composition being
measured and can be compared with previously stored patterns through recognition algorithms.
Due to the broad range sensitivity of the sensing principle used, an electronic nose is capable of
detecting single compounds or whole gas mixtures and many different applications.

The subsequent analysis is always a comparison of pattern. Such an instrument does not
provide any information about the chemical content (species, quantification) of a sample. With
a training set (pattern) it is capable of distinguishing quality features for a given problem
(discrimination). Or it may be easily used for discovering deviations between standards and
differing samples. During the training phase, single points from a known sample set are “taught”
into the device. Once trained, the electronic nose can be used for classification of unknown

samples.

2.3.2. Portable Electronic Nose (PEN3)

Selection of an electronic nose should be specific to the application since each
instrument consists of an array of different sensors providing inherent specificity. Selection of
a commercial electronic nose that has been studied for environmental applications and that

allows for conducting research was an import step in this project.

The Portable Electronic Nose PEN3 (Airsense Analytics, Schwerin, Germany) was
selected due to the number and type of sensors, literature, cost and communication with
manufacturers. The PEN3 was equipped with ten different heated metal oxide sensors (150 —
500° C) that, although non-specific, they are slightly sensitive to different classes of

compounds. Sensor affinity and sensitivity to particular test compounds are listed in Table 1.

27



Table 2.2 Affinity and sensitivity of PEN3 electronic nose sensors.

Key Sensor  Affinity Sensitivity (mg Kg?)
A wiC Aromatic compounds Toluene, 10

B W5S Broad range. Nitrogen oxides. NO., 1

C W3C Aromatic compounds Benzene, 10

D W6S Hydrogen H., 0.1

E W5C Aromatic compounds. Alkanes Propane, 1

F W1S Broad range. Methane. CHs, 100

G Wiw Sulfur compounds, H2S. Many

terpenes and sulfur organic

compounds. H,S, 1
H W2S Broad range. Alcohols. CO, 100
I Wiw Aromatic. Sulfur organic compounds.  HS, 1
J W3S Methane and aliphatic compounds. Not determined

The PENS utilized an internal sampling pump at a flow rate of 400 mL min* and an
activated charcoal filter to produce clean air as reference gas to flush and zero the sensors. The
method used for all headspace samples was: 60 seconds of flushing the sensor surfaces to a
base line; 10 seconds of zeroing; and 60 seconds of sampling. Sensor response data was
recorded every second and only the final 1-second reading, once the signal prove to be
stabilized, was used for statistical analysis and pattern creation. The PEN3 was controlled and
sensor data was processed using WinMuster software (Version 1.6.2.15, Airsense Analytics,

Schwerin, Germany). A schematic of the PEN3 is shown in Figure 2.2
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Figure 2.2 Elements and flow path in the Portable Electronic Nose (PEN3)

2.3.3 Pattern creation and sample recognition

Based on the monitoring time set for the PEN3 method (60 seconds) and the 10
sensors in it, a total of 600 data points are collected per reading (Figure 2.3). As described in
Chapter 3 and Chapter 4, each sample was recorded in triplicate and several samples were
tested in each test. To reduce the amount of data and to eliminate inconsistency in the data due
to instability of the sensors response at the beginning of each reading, only the response of
individual sensors in the last second of the measuring time, once the response was consistent,
was used for analysis. Examples of measurements with the PEN3 are shown in Figure 2.3.
Even with this data reduction, handling large amount of data requires the application of

powerful statistical tools.
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Figure 2.3. Example of the response of the sensor array.
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The main goal of applying multivariate statistical analysis is to create a model with
patterns that display classes based on a well-known data set. These groups are then correlated
with the characteristics of unknown samples measured with the PEN3 under the same
conditions for classification. Two tools were evaluated for pattern creation: Principal
Component Analysis and Linear Discriminant Analysis and; three algorithms were applied for
identification of unknown samples based on the distance between the data collected from the
sample and the classes in the pattern created: Mahalanobis, Euclidean and Discriminant
Function Analysis (DFA). Figure 2.4 shows the flow diagram for the classification of

unknown samples. WinMuster software was used for this purpose.
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Figure 2.4 Flow diagram for sample classification with the PEN3.
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Principal Component Analysis

Principal component analysis (PCA) is recommended to perform on a set of
data in preparation for subsequent statistical analyses (Johnson, 1998). For a set of
data that are n-dimensional, PCA creates a new n-dimensional space that each
dimension, or axis, is orthogonal to the others (Huang, 2011). These new axes are
called principal component axes and they are uncorrelated. The principal components
(PCs) are in a decreasing order of importance in the sense that the first PC accounts
for the maximal variance in the data set, and each succeeding PC accounts for as much
of the remaining variance as is possible (Johnson, 1998). Therefore, the first few PCs
might have captured most of the variance over the data and can be selected as new
variables. The values in PCA space for the variables are called PC scores and can be
plotted in 2D or 3D to create patterns. Training patterns from measurements with the PEN3
of similar samples are located close to each other after transformation. Hence, the
graphical output is used for determining the difference between groups and comparing
this difference to the distribution of pattern within one group. Additional tools can then

be used for classification of unknown samples.

Linear discriminant analysis

Linear discriminant analysis (LDA) is a supervised classification method
(Huang, 2011). Data from known classes need to be available before the analysis. Similar
to PCA, this data is called training group and it can be used for classification of unknown

observations. LDA is designed to create linear functions, which can best separate the
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classes in the training group. The linear functions are found by maximizing the ratio of
the between-group variance to the within-group variance (Otto, 1999) being this the main
difference with PCA. The criterion of observations being one of the classes is made and
compared to when an unknown observation is projected to that function and

determined which class it belongs to.

Identification of unknown samples

Mahalanobis distance is calculated based on how many standard deviations away A
is from the mean of B. This distance is zero if A is at the mean of B, and grows as A
moves away from the mean (De Maesschalck et.al., 2000). Considering A mean value of
an unknown sample and B the mean value for a known class given by PCA or LDA, the
identification of the sample can be made by correlating the distance to any class set in the
training phase. Similarly, Euclidean distance is used with the difference that instead of using
the mean values, it handles all data points from the unknown sample and calculate the distance
to the pattern points. Lastly, DFA applies only when LDA is used for pattern creation. LDA is
applied to the unknown sample and correlating it to the classes for classification based on p-

values using F-function.
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Chapter 3. Evaluation of an Electronic Nose for Improved

Biosolids Alkaline-Stabilization Treatment and Odor Management

This chapter has been submitted to Sensors and Actuators B: Chemical.

Adrian Romero-Flores, Laura L. McConnell, Cathleen Hapeman, Mark Ramirez, Alba

Torrents.

3.1 Abstract

Electronic nose sensors are designed to detect differences in complex air sample
matrices. They are used in the food industry to monitor process performance and quality
control. However, no information is available on the application of sensor arrays to monitor
process performance of biosolids treatment. The objective of this work was to examine the
feasibility of an electronic nose to discriminate between treatment conditions of alkaline
stabilized biosolids and to explore its performance by comparison with quantitative analysis of
key odorants. Seven quick lime treatment rates from 0 to 30% (w/w) were prepared and the off
gas was monitored by GC-MS and with an electronic nose with ten metal oxide sensors.
Pattern recognition models were created from the electronic nose data using LDA and PCA.
LDA performed better than PCA and showed clear discrimination when single tests were
evaluated. However, when the full data set was included in the pattern creation, the
discrimination of classes (lime dosages) was not as clear as with single test data. Frequency of
recognition was tested by three algorithms with Euclidan and Mahalonbi performing at 81.1%
accuracy while DFA at 69.8%. These limitations are shown to be due to the intrinsic
variability of the wastewater treatment process and the low specificity of the sensor evaluated

in this study. It appears that the electronic nose can discriminate from 0%, 15% and 30% lime
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providing the opportunity to create classes of under-dosed and over-dosed, assuming that 15%
lime is the dosage needed to safely achieve a pH of 12 required for 99% pathogen reduction
for alkaline stabilized biosolids. Full scale application needs to be evaluated considering that
the loss in accuracy is expected to increase with the addition of external variables and

environmental conditions.

3.2 Introduction

Improved gas monitoring tools are needed in a wide range of fields from the food
industry, to disease detection, as well as in many agricultural and environmental engineering
applications (Lebrero et.al., 2011; Liu et.al., 2012; Ram et.al., 2015; Loutfi et.al., 2015).
Electronic nose technology has evolved over the last decade as a promising approach for
applications which require continuous monitoring of specific volatile organic compounds
(VOC’s) or patterns of odorants. Electronic nose sensors provide several desirable
characteristics for the continuous monitoring of complex gas mixtures. These sensors can
provide rapid and automated detection of volatile compounds with low operational costs.
Sensor data can be processed and used to discriminate between air samples containing
complex mixtures of compounds (Feng et.al., 2011).

Electronic nose sensors have successfully been used in the food industry to monitor
quality of decaying fruits (Brezmes et.al., 2000) and meats (Ghasemi-Varnamkhasti et al.,
2009) as well as processed food such as rice extrudes (Feng et.al., 2011). Application of
electronic nose technologies in the environmental engineering field has been reported for the
guantification of odors from composting facilities (Sironi et.al., 2007a; Sironi et.al., 2007b
and; Delgado-Rodriguez et.al.; 2012), within wastewater treatment plants (Stuetz et.al., 1999;
Bourgeois and Stuetz, 2002 and; Sohn et.al., 2009) and at receptor locations downwind from
treatment facilities (Sironi et.al., 2008). Challenges still exist and are often overseen in
research projects as electronic nose sensors can exhibit drift in response due to changing
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environmental conditions and over time (Romain and Nicolas, 2009). Sampling techniques
(i.e. static versus dynamic) and sample characteristics (i.e. temperature and humidity) have
shown to limit their performance in full scale applications (Knobloch et.al., 2009). Moreover,
the concept of using sensor arrays for odor measurements has recently been evaluated by
Boeker (2014) concluding in part that the response of an electronic nose should not be
correlated to that of human perception of smell and thus the focus of process monitoring rather
than odors measurements results in a better goal.

An engineering application where electronic nose technology could be conceptually useful
is in biosolids production for both, process monitoring and odor management to support field
application programs. Reuse of biosolids has proven to be a sustainable practice where
nutrients are safely recycled into the environment while providing utilities with an economical
and socially responsible way to dispose a wastewater treatment byproduct (Obreza and
O’Connor, 2003; Singh and Agrawal, 2008). However, biosolids material that has not been
sufficiently stabilized prior to application in the field can create nuisance odors for nearby
residents, leading to complaints and resistance to biosolids application programs.

US Environmental Protection Agency regulations require stabilization of biosolids prior to
application for pathogen reduction and vector control (EPA 1993). Alkaline stabilization,
which increases the pH of biosolids to 12, is utilized by approximately 20% of the biosolids
operations in the United States (Beecher et.al. 2007) and has been shown to change the
odorant profile of biosolids (EPA 1993). Volatile sulfur compounds and trimethylamine
(TMA) were found to be among the main odorants emitted from alkaline stabilization
(Rosenfeld et al. 1999 and 2000; Kim et al., 2003; Higgins et al., 2003; Chang et al., 2005;
Novak et al., 2002; and Laor et al. 2011). However, limited information exists to correlate
alkaline treatment with specific odorant reduction in biosolids. More precise control over
alkali addition could be useful in reducing nuisance odors in the plant and in the field as well
as reducing cost by avoiding over dosing.
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Obijectives of this work were 1) to determine the feasibility of utilizing an electronic nose
to discriminate between alkaline-stabilized biosolids treated at different rates; 2) examine the
odorant profiles of alkaline-stabilized biosolids treated at different rates in an effort to assess
the minimum rates required to achieve key odorant reduction in the plant; and 3) compare the
response of the electronic nose with measurements of odorants associated with biosolids to
assess the predictive capability and limitations of this technology.

Results are expected to provide important information on the use of commercially-
available electronic nose technology to increase the effectiveness of biosolids treatment
programs and to reduce odor complaints in the field. This approach may also be useful in

other industries such as composting operations to reduce nuisance odors.

3.3 Experimental Methods
3.3.1 Biosolids Sample Collection

Untreated biosolids were collected from Blue Plains Advanced Waste Water Treatment
Plant (Washington, DC, USA). This treatment plant has a capacity of treating 370 MGD (970
L min?) of domestic wastewater and produces approximately 600 wet metric tons of alkaline-
stabilized biosolids per day. The untreated biosolids utilized in the study consisted of a
dewatered 1:1 blend of primary solids and secondary solids. Samples of approximately 10 Kg
were collected using a metal shovel from a sampling port in the screw conveyor system and
were stored in 22-L plastic buckets. Samples were immediately transported to the department
of Civil and Environmental Engineering of the University of Maryland, College Park for

alkaline stabilization.

3.3.2 Alkaline Stabilization
Aliquots (~500 g) of untreated biosolids were transferred to 4.7 L stainless steel bowls for
mixing with calcium oxide (CaO, dry quick lime) and treated at O (untreated control), 5, 10,
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15, 20, 25, and 30 % CaO by mass. The quick lime utilized in this study is the same industrial
grade material utilized in the wastewater plant. Mixing was achieved using a stand mixer
(model RKSM500wh, Kitchen Aid, Benton Harbor, MI, USA) at low speed for 3 min with an
aluminum flat beater. After mixing, a stainless steel dome was placed over the mixing bowl
for headspace analysis with the electronic nose (Section 2.3) and a H.S sensor (Section 3.3.3).
Head space samples were also collected simultaneously in the last six tests for GC/MS
analysis as described in Section 2.2. Temperature and pH (Hach senslON156) were measured
in duplicate as minimum using standard methods after head space sampling was completed. A
total of 10 alkaline stabilization tests were performed over 18 months between October 2013

and April 2015.

3.3.3 Analytical Methods

Electronic nose

Refer to section 2.3 for a detailed description of the instrument and methodology used.

Hydrogen Sulfide

H>S measurements were carried out using an electrochemical sensor (Odalog, Detection
Instruments Co. Phoenix, Az., USA) with a range of 0.1 ppm to 20 ppm and an accuracy of
0.1 ppm. The sensor included a sampling pump with a flow rate controlled at 0.5 L min™.
Calibration of the sensor was performed annually by the manufacturer using an H.S standard
gas (Restek Corporation, Bellefonte, Pa., USA) and calibration checks were performed before

each test using the same standard gas.

Headspace-Gas Chromatography-Mass Spectrometry

Refer to section 2.2 for detailed explanation of the analytical method.
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3.3.4 Statistical analysis

For electronic nose results, the WinMuster software was used to conduct linear
discriminant analysis (LDA) and principal component analysis (PCA) for comparison of
alkaline stabilization results. Euclidean distance, Mahalanobi, discriminant function analysis
(DFA) algorithms were used to determine the recognition frequency of unknown samples. For
this purpose, a sample of 53 readings were taken out from the training data set one by one and
tested as unknown for classification by the patterns created. A percentage of positive
recognition was calculated for each algorithm. A Student’s t-test at p = 0.05 was used to

compare lime treatments with odorant concentration data collected by GC-MS analysis.

3.4 Results and Discussion
3.4.1 Trends in pH, Temperature and Hydrogen Sulfide

Comparison of pH results among treatments indicate that addition of only 5% lime
increased the pH to 11.66 (SD = 0.35) (Figure 3.1) which is just under the recommended pH
12 established by the U.S.EPA for alkaline stabilized biosolids (1993). At 10% lime and
above, pH remained in average between 12.1 and 12.3, clearly illustrating the limitation of pH
measurement alone for process control of lime addition. This effect is due to the solubility of
CaO which precipitates at pH of 12.44 at 25°C and to a potential alkaline error of pH
measurements when working in this range (Cheng 2005). Temperature increased linearly (R?
= 0.989) with the increase in lime dosage (Figure 3.1) due to the exothermic reaction of quick
lime. Results of these experiments indicate that for process monitoring, temperature could be
used as a more effective indicator of lime addition than pH in plants where alkaline
stabilization is utilized.

H>S sensors have been used for monitoring both hazardous conditions and process
performance (Janpengpen 2007). However, in the case of alkaline stabilization, measurement
of H,S is of limited value as its pKa is 7.05 (Boon 1995). Therefore at even low treatment
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levels, H,S will only be present in the non-volatile ionic form (HS"). This effect was observed
in the current study where H,S concentrations dropped from 1.4 ppm (SD = 1.3 ppm) in the

untreated control to below detection limit in all treatments (Figure 3.1).
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Figure 3.1 Results of pH, Temperature and H.S in alkaline stabilized biosolids (average;
n = 10, error bars correspond to the standard deviation). Discrete data. Continuous line for
graphic’s communication purposes only.

3.4.2 Electronic Nose Pattern Recognition

Performance of the PEN3 electronic nose to distinguish between alkaline treatments
was evaluated for samples collected on a single day and then across all 10 tests. For single a
test data analysis, LDA showed higher discrimination performance (Figure 3.2a) when
compared to PCA (Figure 3.2b), accounting for 99.52% of the total variance in a two
dimensional plane and an increase in the y-axis value with the increase of lime dosage. A clear
difference between untreated biosolids and alkaline stabilized material is seen in both analysis
(LDA and PCA). These results were consistently seen for the ten individual tests performed
over the duration of this study. Under these conditions, the use of the PEN3 with LDA pattern
recognition appears to be a promising method to apply for the monitoring of alkaline

stabilization process.
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When the full data set was included in the pattern creation, the discrimination of
classes (lime treatments) is not as clear as with data from only one test. Using LDA it was
possible to create some discrimination showing a separation of classes. The difference
between untreated and treated samples is clear, and the 30% lime treatment could be
differentiated from 5% and 15% but not from the remaining treatments (Figure 3.6, 10 and
20% results not shown). While some precision in the model appears to be lost with the
inclusion of all data, these initial results are encouraging and could be further developed into a
process monitoring scheme. It appears that the electronic nose can discriminate from 0%,
15% and 30% lime (Figure 3.3) providing the opportunity to create classes of under-dosed and
over-dosed, assuming that 15% lime is the dosage needed in this samples to safely achieve a
pH of 12 (Figure 3.1) required for 99% pathogen reduction for alkaline stabilized biosolids

(EPA, 1993).
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3.4.3 Recognition Frequency of Unknown Samples

The pattern recognition model for the PEN3 was further tested for accuracy by removing
sample data from the dataset, recreating the model and then testing the sample removed as
unknown. The new model was tested using the unknown reading for classification by three
different algorithms available in the WinMuster software. A total of 53 tests were performed
showing that the Euclidan and Mahalanobis performed best ones with 81.1% of accurate
recognitions followed by DFA with 69.8%.

For the readings not accurately classified by Euclidan and Mahalanobis algorithms, the
model classified them as a lower lime dosage. Therefore this approach is conservative and
protective with respect to lime addition measurements for agricultural field application of
biosolids. Results from the DFA algorithm indicate that 90% of the readings were improperly
identified as a higher lime dosage, potentially leading to under-dosed biosolids applied in the
field. Therefore use of Euclidan and Mahalanobis algorithms are recommended for unknown

classification in this application.

3.4.4 Odorant profiles of alkaline-stabilized biosolids

Headspace samples from each of the 10 alkaline stabilization tests were analyzed for
TMA and eight VOSCs: methyl mercaptan (MT), ethanethiol (ET), propanethuiol (PT),
buthanethiol (BT), carbonyl sulfide (COS), carbon disulfide (CDS), dimethyl sulfide (DMS),
and dimethyl disulfide (DMDS) (Table 2.1). TMA concentrations in headspace were below
the detection limit in the untreated biosolids and increased with lime dosage corresponding to
higher pH values as would be predicted from its pKa of 9.81 (Perrin 1972) (Figure 3.4). Under
high pH conditions, TMA is present in its molecular form leading to its volatilization
(enhanced by increased temperatures) and a characteristic fishy odor (O’Neil 2006).

Enzymatic degradation of acrylamide-based polymer and proteins in the wastewater and
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sludge has been found to be a significant source of TMA in biosolids (Kim et al., 2003; Chang
et al., 2005).

Total VOSCs in headspace were highest in untreated biosolids at >400 ppb. Lower total
VOSC concentrations of approximately 20 ppb were observed in the 5 % and 10% lime
treatments, suggesting that an increase in pH decreased VOSC levels in headspace. However,
total VOSCs were greater in the 15 % lime treatment at 177 ppb and then remained between

235 and 246 ppb at the higher dose rates, in contrast to results observed for H,S (Figure 3.1).

T 12
500 +
" { 10
© 400 + OVOSCs mTMA .
D
O 8 ;§>
2300 + i
2 68
2 3
2200 + 42
o =
100 + )
0 Ea] |'='|- 0
0 5 10 15 20 25 30

Lime dosage (% w/w)

Figure 3.4 Total VOSC’s and TMA emitted from alkaline stabilized biosolids treated at
different dosages. Error bars represent the standard deviation.

Examining the VOSC results as individual compounds clarified the observations. Only
three compounds (MT, DMS, and DMDS) were observed above the limit of detection. The
primary VOSC detected in headspace of untreated biosolids was MT (Figure 3.5) at an
average of 406 ppb with small concentrations of DMS and DMDS averaging <20 ppb each.
In the 5% and 10% treatments, MT is no longer detected in headspace since it has a pKa of
10.4 (Serjeant 1979) while DMS and DMDS concentrations remain approximately the same.
With increasing lime treatment, the concentration of DMDS was highly variable but appeared

to increase averaging between 168 and 406 ppb while concentrations of DMS remained low.
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It is unclear if the increased concentrations of DMDS were due to formation from MT or were
driven only by increasing temperatures. MT can undergo an acid-base reaction with lime to
then form DMDS (Novak et.al. 2006). The production of MT that leads to the formation of
DMDS primarily occurs from biological degradation of the amino acid methionine. DMS is
formed through the methylation of MT and DMDS by MT oxidation (Higgins et. al., 2006;
Novak et. al., 2006). Based on odorant profiles of the different lime treatment samples, there
is a clear difference in constituents and magnitude between the untreated (primarily MT and
H,S) and treated samples (primarily DMDS and TMA both increasing with dosage).
However, the differences in odorant profile at the higher treatment levels were not dramatic.
This supports results observed using the PEN3 sensor where it was more difficult to

distinguish between samples at higher dose rates.
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Figure 3.5 Speciation of VOSC’s emitted from alkaline stabilized biosolids treated a
different dosages. Error bars represent the standard deviation.

3.4.5 Comparing electronic nose and GC-MS
The results for pattern recognition and identification of unknown samples suggest that the

electronic nose could be successfully tested in a full scale scenario. However, results indicate
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that the electronic nose may have a limited ability to distinguish between the higher lime
dosages tested in this research. To further investigate the potential reasons behind this
limitation, individual sensor responses examined. Sensors showing significant change over the
lime dosages are the ones that respond to sulfur compounds (G and I) (Figure 3.7). These
sensors followed similar trend observed for Total VOSC’s (Figure 3.4). In addition, sensor F
followed a similar trend to that observed for TMA even though its affinity is reported as a
broad range and methane (Table 2.2). Methane has not been previously reported in literature
as a constituent emitted from alkaline stabilized biosolids without previous anaerobic
digestion.

While only three sensors in the electronic nose showed significant change with lime
dosage, information from the ten sensors was required to build the best pattern recognition.
LDA performs best when a larger data set is utilized optimizing for both the difference
between groups and the similarities within each group (Otto, 1999). The high variability in
composition of the emissions from alkaline stabilized biosolids does not allow for the creation
of a cleaner pattern recognition and subsequent higher accuracy in the classification of
unknown samples. The standard deviation of H,S concentrations (Figure 3.1), solids content
of the untreated material (30.3% TS; SD 5.25% TS) and the TMA emissions, which responds
not only to the lime dosage but to the amount and type of polymer commonly used to dewater
biosolids and main source of TMA, explain in part the variability in the process. In other
words, upstream operation of the biosolids treatment process highly affects the characteristics
of the VOC’s profile.

Results of the VOSC speciation (Figure 3.5) explained the differences in VOSC profile
with treatment, demonstrating a large difference between untreated and treated material, but
less difference between the different doses of treatment. A statistical analysis of GC-MS
measurement results for DMS, DMDS, MT and TMA by treatment indicates that most of the
treatments can be distinguished from each other with the exception of 30% from 25%, 30%
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from 20% and 15% from 20% given the high variability of the process (Table 3.1). This
indicates that with data from two groups of compounds (VOSC’s and TMA), GC-MS was
able to distinguish between most of the lime dosages unlike the PEN3 where at least 10 groups
of compounds were accounted for. Moreover, including data from other VOC’s emitted from
biosolids, higher resolution may be achieved and multivariate statistical tools could be
applied. However, continuous GC-MS measurements would be expensive and not feasible

over the long term.
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Table 3.1 Calculated p values for t-tests at 0.05 significance level comparing VOC’s concentrations between lime treatments (as % w/w CaO).

5% 10% 15% 20% 25% 30%
0.0000 0.4338 0.0000 0.2425 0.0000 0.7056 0.0000 0.2425 0.0000 0.6716 0.0000 0.1112
0.4092 0.0059 0.0103 0.0417 0.0255 0.0000 0.0154 0.0000 0.0038 0.0052 0.0598  0.0019

Bold captions indicate p-values below the significance level of 0.05.
*No calculation was possible since concentrations in treatments being compared was reported as zero in both cases.
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3.5 Conclusions

The portable electronic nose PEN3 was able to discriminate between lime dosages for alkaline
stabilized biosolids using LDA when a single sample is tested. However limitations in the pattern
recognition and unknown samples classification appeared when a larger data set was included due to the
intrinsic variability of the biosolids treatment process and the low specificity of the sensor evaluated in
this study.

The results obtained by GC-MS were in agreement with those reported in literature and helped to
elucidate the behavior of the pattern recognition via comparison with individual sensor response to
different biosolids treatment conditions. Despite the lower sensitivity and resolution of the PEN3 when
compared to GC-MS analysis, the demonstrated capabilities for pattern recognition and on-line
applicability could motivate full scale testing. However, transitioning from laboratory scale testing to full
scale training and deployment of an electronic nose requires intensive investigation and further work is
require to assure that sensor array technology is suitable for this type of application where environmental
conditions and process variability are important parameters that may affect overall performance of an
electronic nose. This work exposed the need for a different and more sensitive sensor array for the
monitoring of alkaline stabilized biosolids production process.
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Chapter 4. Odor characterization of TH-AD and alkaline stabilized

biosolids under storage conditions.

This Chapter is in preparation for submission to the International Journal of Integrated

Waste Management, Science and Technology.
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Torrents?.

4.1 Abstract

Environmental conditions such as, snow, frozen ground, rain and spring thaw as well as
agricultural practices typically make storage of biosolids needed for weeks or months before land
application becomes possible. During this period of storage, biosolids may change some
characteristics such as odors, which can lead to public opposition to land application. Emphasis
has been put in recent years on pre-treatments enhancing anaerobic digestion to increase loading
rates and biogas yields, but few scientific studies have addressed this topic to make any
conclusions related to odor characterization and control strategies. This work aimed to establish
the odor characteristics of THAD biosolids and their changes occurring during storage before
final beneficial reuse, and to compare it with three levels of alkaline stabilized biosolids. Odor
characterization was achieved by using olfactometry measurements and chemical analysis by
GCMS. Target compounds included carbonyl sulfide, methyl mercaptan, ethanethiol, dimethyl
sulfide, carbon disulfide, propanethiol, buthanethiol, dimethyl disulfide and trimethylamine.

Dilution to threshold, recognition threshold, hedonic tone and odor descriptors were reported as
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well. Over 28 days period of storage in air tight containers, THAD biosolids showed an increase
in dilution to threshold but no correlation was found with the target organic reduced sulfur
compounds suggesting that other not-targeted chemicals are being produced while further
stabilization is occurring during storage. Alkaline stabilized biosolids reported similar odor
concentration but without increasing over time. The fishy odor given by TMA emissions resulted
in more offensive and unpleasant odors when compared to THAD. Finally, the presence of furan
and three methylated homologues in THAD biosolids is reported, proposing that these

compounds are produced during thermal hydrolysis process.

4.2 Introduction

Reuse of biosolids has proven to be a sustainable practice where nutrients are safely
recycled into the environment while providing utilities with an economical and socially
responsible way to dispose a wastewater treatment byproduct (Obreza and O’Connor, 2003;
Singh and Agrawal, 2008).

Storage of biosolids in the field, tanks, basins, or lagoons is a common practice until the
time is suitable for final land application (EPA, 2000). Environmental conditions such as, snow,
frozen ground, rain and spring thaw as well as agricultural practices typically make storage of
biosolids needed for weeks or months before land application becomes possible, particularly in
colder climates (Miller et.al. 2014). During this period of storage, biosolids may change some
characteristics such as odors, which can lead to public opposition to land application.

Odor characterization become of particular importance when designing processes and
management strategies for biosolids production and reuse. Sensory measurements employ the

human nose as the odor detector, relating directly to the properties of odors as experienced by
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humans. Dymanic olfactometry is the sensory measurement of choice for odor assessments in
wastewater facilities (Lebrero, 2011). Odor concentrations (dilution to threshold —DT-) are
quantified by determining the amount of dilution needed to bring the odorous air sample to its
threshold. The higher the threshold value, the more dilution is needed to bring the odor to
threshold, thus the stronger the odor. In addition, hedonic tone may be reported as a mean to
measure how pleasant or unpleasant an odor is as well as the level of dilution require to
characterize the type of smell. Olfactometry measurements are performed by sensory panel
members selected according to EN-13725.

Odorous emissions are composed of a complex mixture of hundreds of chemical
compounds at ppb and ppt concentrations, which presents a challenge to the sensitivity and
separation capacity of gas chromatography (GC). These low concentrations present in odors are
very often below the detection limits of most common GC detectors (mass spectrometry and flame
ionization), commonly in the parts per billion range. Studying odor compounds in environmental
applications (agricultural or wastewater/biosolids), this low concentrations have forced the use of
pre-concentration of the odorants either via cryogenic trapping (Trabue, 2008a) or via adsorption
into porous polymers or carbon-based adsorbents (Trabue, et.al. 2008b; Kim, et.al. 2002).

The importance of chemical analysis of odorants reside in the support they provide when
studying specific changes and their sources, and to design strategies to improve odor
characteristics. Therefore, the need of using chemical analysis of odorants is complementary to
olfactometry measurements in order to achieve a complete odor characterization.

Several treatments can be used to produce biosolids. Aerobic digestion, anaerobic digestion
(AD), alkaline stabilization, composting and lagoons are among the main technologies used in the

United States (EPA, 1995). Each technology produces biosolids with different odor characteristics
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and quality. According to an estimate made by Beecher et.al. (2007) approximately 66% of the
biosolids produced in the US is using anaerobic digestion or alkaline stabilization. Dewatering
strategies are commonly used to reduce the amount of material and the cost of hauling. Belt-filters,
drying beds and centrifuges are the main ones described in literature (EPA, 1995). These
dewatering technologies can lead to odor problems due to shear and re-activation of
microorganisms that produce odors.

Novak et al. (2002) and Kim et al. (2003) examined the mechanism of odor generation in
limed biosolids. The main difference between anaerobic digested biosolids and limed biosolids is
the presence of TMA due to an increase in the pH that will lead to TMA emission. Also, the sulfur
compounds profile changed from AD process with a reduction of H»S and an increase in organic
reduced sulfur compounds. Kim (2003) described the effect of upstream processes on the odor
profile of the final material where untreated biosolids storage increased odor problems, and the
addition of cationic polymer was the main source of amine compounds. The breakdown of cationic
polymer to produce amines was further described by Chang et al. (2005).

Emphasis has been put in recent years on pre-treatments enhancing AD to increase loading
rates and biogas yields (Carlsson et.al. 2012). Several methods have been studied with some of
them already operating at full scale. This pretreatment methods can be classified in mechanical,
thermal, chemical and biological (Ariunbaatar et.al. 2014). Thermal hydrolysis (TH) prior
anaerobic digestion to produce high quality biosolids is a promising technology that has recently
been introduced in the United States. In Europe, more than 30 facilities already use this technology
and the impact on the odor reduction seems to be clear. However, few scientific studies have
addressed this topic to make any conclusions related to odor control. In an evaluation of enhance

digestion processes for biosolids treatment, Murthy et al. (2009) concluded that TH may have the
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potential to produce odorous material in addition to the enhanced AD, higher solids loading and
increase in biogas production. The advantage of the thermal hydrolysis pretreatment is that high
solids can be achieved with belt filter press dewatering that are equivalent to centrifuge dewatering.
Belt filter press cakes have generally been shown to have lower odors and less likelihood of
indicator bacteria increases in the cake which further helps the thermal hydrolysis process
minimize risks related to odors and indicators (Higgins et.al. 2007). Electro-Dewatering of
anaerobically digested biosolids showed better odor characteristics under storage conditions when
compare with heat drying (Navab-Daneshmand et.al. 2014). However, literature on the impact of
these pre-treatments on the quality of biosolids from an odor perspective is still limited.

The specific objectives of this research were 1) to examine the behavior of target odorous
compounds and other VOC’s from THAD biosolids and compare it with alkaline stabilize
biosolids, both under storage conditions; 2) to characterize THAD and alkaline stabilized
biosolids by olfactometry measurements; and 3) to determine the feasibility of an odor index
from the target compounds to correlate with olfactometry measurements. This work is expected
to establish the odor characteristics of THAD biosolids and their changes occurring during

storage before final beneficial reuse.

4.3 Experimental methods
4.3.1 Biosolids sampling collection

Sludge samples were collected from Blue Plains Advanced Waste Water Treatment Plant
(Washington, DC, USA). This treatment plant has a capacity of handling 370 MGD (970 L min°
1y of domestic wastewater and produces approximately 600 wet metric tons of alkaline-stabilized

biosolids per day. TH-AD biosolids were collected after final dewatering by belt filter press at
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full scale. For alkaline stabilization, pre-dewatered sludge was collected from full scale before

going to thermal-hydrolysis and consisted of a 1:1 blend of primary solids and secondary solids.
Samples of approximately 30 Kg were collected in 22-L plastic buckets for each treatment using
a mechanical sampling port in the piping system. Untreated samples were immediately alkaline

stabilized as described below.

4.3.2 Alkaline stabilization

28 kg of untreated biosolids were transferred to a 38L stainless steel bowl for mixing
with calcium oxide (dry quick lime) and treated at 5, 15, and 25 % CaO by mass. The quick lime
utilized in this study is the same industrial grade material utilized in the wastewater plant.
Mixing was achieved using an industrial mixer (model Globe SP40) at low speed for 5 min with
an aluminum flat beater. Temperature and pH were measured in duplicate as minimum using
standard methods after mixing was completed. Aliquots (7 kg) of lime stabilized biosolids were

weighted and placed in containers fitted for storage simulation.

4.3.3 Storage Simulation

20 liters HDPE containers with air tight lids were used for storage of biosolids. Two
ports, a Teflon bulkhead and a Silonite Micro-QT valve (Entech Instruments Inc., Simi Valley,
Ca., USA), were adapted for headspace sampling. A schematic of these containers can be seen in
Figure 4.1. Two storage simulation tests were performed. First, comparison between storage of
alkaline stabilized and TH-AD biosolids was evaluated. 7 kg of three alkaline stabilized biosolids
(5, 15 and 25% CaO by mass), a control (untreated material) and TH-AD biosolids were placed

in the containers in four replicates and closed. For each treatment, two containers were used for
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sampling for GC-MS analysis, one for Olfactometry and the fourth one for H2S analysis,
randomly selected. In addition, two empty containers were used as blanks. Headspace sampling
occurred in days 1 through 7, 14, 21 and 28. After the last sampling event (day 28), the
containers were opened and pH, temperature and total and volatile solids were measured.
Containers were stored undisturbed in a room with artificial light, no wind and an average
temperature of 24.1°C (£3.5).

In a second experiment, 7 kg of TH-AD biosolids were placed in 28 storage containers
and closed. After the first set of samples were taken (time = 0 days), 4 containers were left
opened to simulate field storage of biosolids. The rest of containers (24) were kept closed and
used in a semi-sacrifice test with sets of four replicates used for day 0 and 7, day 1 and 14, day 2
and 21, day 3, day 4 and 28, and for day 6. Total solids, volatile solids and pH were determined
at days 0, 3, 7 and 28. Storage conditions were similar to those in the first experiment with

average temperature of 22.1°C (%4.1).
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Figure 4.1. Schematic of storage containers and sampling ports.
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4.3.4 Olfactometry sampling and analysis

Dynamic headspace method was used to sample from the storage containers for
olfactometry analysis. Nitrogen gas was input through the Teflon port at a rate of 2 L/min for 1
minute while the sample was collected from the Micro-QT valve into a 10L Tedlar bag. The
volume collected was used to pre-condition the sampling bag. Using a suction pump (224-
PCXR4, SKC, Eighty Four, Pennsylvania), the bag was emptied and the sampling was resume
for 4 more minutes for a total sample volume of 8 L. Samples in Tedlar bags were shipped
overnight to St. Croix Sensory (Lake EImo, Minnesota) for olfactometric analysis. The detection
and recognition threshold concentrations of each sample were determined by an odor panel using
a dynamic olfactometer (AC’SCENT). The procedures for sensory evaluation complied with
industry standards (ASTM E679, 2004; EN13725, 2003). The odor panel presentation rate was
20 L/min to satisfy both ASTM E679 and the EN13725 standards. Odor descriptors and the

hedonic tone of each sample were reported as well.

4.3.5 Headspace sampling for GCMS analysis. GCMS analysis.

Refer to section 2.2 for detailed explanation of the analytical method.

4.3.6 HS analysis with Teledyne

Hydrogen sulfide emissions were monitored on-site with API-101E analyzer (Teledyne
Instruments, San Diego, CA) equipped with an internal sampling pump a rate of 600 mL/min for
5 minutes. Dynamic headspace was used to monitor H2S using nitrogen as carrier gas. The API-
101E determines the concentration of hydrogen sulfide in a sample gas drawn through the

instrument. In the sample chamber the H2S in the sample gas is converted into SO2 which is
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then exposed to ultraviolet light causing the SO2 molecules to change to an excited state (SO2%*).
As these SO2* molecules decay back into SO2, they fluoresce. The instrument measures the
amount of fluorescence to determine the amount of SO2 is present in the sample chamber and by
inference therefore the amount of H2S present in the sample gas. The calibration range of the

analyzer was set between 0.1 and 15 ppm.

4.4 Results and discussion
4.4.1 Chemical analysis

Alkaline stabilized biosolids.

Analysis by GC-MS and using the API-101E analyzer provided with a profile of target
compounds emitted from each treatment under storage conditions. Figure 4.2 shows the results
obtained from the alkaline stabilized biosolids where MT and H2S were the main compounds in
untreated material (Figure 4.2a) with very high concentrations in the order of 80 ppm and 40
ppm, respectively. Both concentrations are above the linear range reported for their calibration
curves and the accuracy of these concentrations decreases. For untreated material, the
concentration of MT, DMS and DMDS decreased over time presumably due to anaerobic
conditions under storage with conversion to H2S (Du et. al. 2012, Higgins et.al. 2006). However,
increase in H2S concentrations was not observed. Overall erratic concentration readings from the
API-101E throughout the tests and across treatments bring the conclusion of not reliable H2S
results. This lack of consistency and accuracy were believed to be due to the fact that the API-
101E analyzer is designed for ambient air concentrations and the nature of the samples coming
from the storage containers and sampling technique used in this study differ greatly from the

recommended application of the analyzer.
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Methyl mercaptan has a pKa of 10.6 at 25°C (Tsonopolus et. al. 1976) and therefore is
ionized when CaO is added increasing the pH to 12 and above with as much as 5% of CaO
(Figure 4.2b), making MM unavailable to be emitted and was not observed in alkaline stabilized
biosolids. No clear trend was observed in DMS and DMDS concentrations over time from the
storage of alkaline stabilized material but concentrations of DMS decreased from a range of 7
ppm to 14 ppm in 5% CaO to a range of 2 ppm to 6.5 ppm in 15% and 25% CaO (Figures 4.2c

and 2d).
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Figure 4.2. VOSC’s and H>S from alkaline stabilized biosolids treated at different dosages
and under storage conditions. a) Control (0%lime), b) 5% lime, c) 15% lime, and d) 25%

lime.

As previously reported for alkaline stabilized biosolids (Kim et al., 2003; Chang et al.,

2005, Laor et. al 2011) TMA becomes present in emissions when pH of the material is above
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9.81. In this conditions, TMA is present in its molecular form leading to its volatilization
(enhanced by increased temperatures) and a characteristic fishy odor (O’Neil, 2006). Enzymatic
degradation of acrylamide-based polymer and proteins in the wastewater and sludge has been
found to be a significant source of TMA in biosolids (Kim et al., 2003; Chang et al., 2005).
Figure 4.3 confirms this was the case in this study where TMA was not observed in untreated
material nor in TH-AD (pH of 6.55 and 8.6, respectively) but high concentrations were found in

all three treatments with CaO at pH above 12.
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Figure 4.3. TMA concentrations emitted from biosolids under storage conditions. Percentage
of grams of CaO/grams of wet sludge. THAD: Thermal Hydrolysis-Anaerobic Digestion.

Thermal hydrolyzed-anaerobic digested biosolids

Initial concentrations of total VOSC’s from THAD biosolids differ between the two test
performed, as shown in Figure 4.4, with 12,060.5 ppb in test one to 4,135.1 ppb in test two.
VOSC’s levels are consistent between the replicates of closed storage and open field storage in

the second test (Figure 4.4b and 4.4c). Chemical profile and concentrations were similar over
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time in both tests, making the results from of non-sacrificed samples comparable to those from
the sacrificed samples test. DMS is the main compound emitted from THAD biosolids at initial
time with presence of MM and CS2, the later likely formed from the interaction of H2S and CO2
during anaerobic digestion (Heinen and Lawers, 1996). Increase in MM and a decrease in DMS
over the first two days (Figure 4.4a and 4.4b) suggests microbial activity under anaerobic
conditions, given that in such conditions DMS is de-methylated to MM (Kiene et. al. 1986). A
decrease in MM after day 3 with an increase in EM and PM was also observed. The latter
compounds have been included in some studies (WERF 2003) but their presence has not been
reported, this may be to the fact that analytical techniques for mercaptans analysis are complex
and highly specialized. It has been shown that the methylation of mercaptans produce sulfides
(Kienes and Hines, 1995) and the presence of these two mercaptans are presumed to be from the
methylation of hydrogen sulfide rather than methylation of MM and EM to produce EM and PM,
respectively. However, although short chain alkanes were present in the samples which could
have reacted with H2S, their rol as methyl donor group has not been reported. Finster et. al.
(1990) suggested that methoxylated aromatic compounds such as syringic acid could be a source
of methyl groups for the methylation of sulfides in marine and freshwater anoxic sediments.
Further research on the methylation of H2S to produce EM and PM under storage of biosolids is
needed.

DMS is the prevalent VOSC’s from THAD in open field storage with declining
concentrations over time due to volatilization, data shown in Figure 4.4c. No MM is produced in
these samples due to the lack of anaerobic conditions. Moreover, an increase in DMDS in day 3
and 4 confirms that DMS undergoes oxidation unlike the observed de-methylation to MM in the

stored samples.
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Figure 4.4 VOSC’s and H>S from THAD biosolids under storage conditions. a) Replicate 1,
b) Replicate 2, and c) Open field storage.

Other compounds were identified in the samples using National Institute of Standards and
Technology MS library (NIST) and are listed in Table 4.1. One group of compounds of special
interest and found in TH-AD biosolids in this study are furans and its methylated analogues.
Furan is an aromatic hydrocarbon emitted mainly by biomass burning and the combustion of
fossil fuel (Villanueva et.al. 2007; Stockwell et.al., 2014) and as a byproduct of Maillard
reaction, a chemical reaction between an amino acid and a reducing sugar such as glucose and
fructose in the presence of heat, involved in the production of aromas and flavors (Hofmann,
1998; Mottram, 1998) and thus, potentially providing odors to the final biosolids. However,
different pathways for production and degradation of furan and its methylated analogues have

been reported (Kuhn et.al., 1989; Villanueva et.al., 2007; Vranova and Ciesarova, 2009).
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Presence of chlorinated benzofurans and dioxins in biosolids has been described in literature
(Lakhwinder et.al., 2008; Bright and Healey 2003; O’Dette, 2002; Oberg et.al., 1992) with in-
situ formation from pentachlorophenols (Oberg et.al. 1992), incineration and from atmospheric
deposition (Jones and Sewart, 1997) as potential sources.

No analytical method to quantify furans was available at the time of this study. However,
Figure 4.5 shows the average of the response ratio for the peak area of four furans found over the
peak area of the internal standard normalized by the sample volume injected into the GC-MS
system. Both tests were considered. Furan decreased over the duration of the study unlike
methylated furans, which remained stable due to its lower reactivity (relative to furan) under
anaerobic conditions (Kuhn, 1989). No furans were found in the control nor in alkaline stabilized
biosolids suggesting that these compounds were formed during THP from thermal degradation of
organic matter. However, no correlation was found between these compounds and odor

measurements from TH-AD biosolids, as shown in section 4.4.2.
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Figure 4.5 Furans speciation from THAD biosolids under storage conditions. Ratio of peak
area: furans over internal standard.
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Table 4.1 VOC'’s identified in THAD and alkaline stabilized biosolids under storage.

Compound Control 5% 15% 25% THAD1 THAD2 THAD Open
Acetone P P P P P P P
2-Butanone P P P P P P
2-Pentanone No ID No ID No ID No ID P P P
Isobutane No ID No ID NoID NolID P P P
Propane No ID No ID NoID NolID P P P
Butane No ID No ID NoID NolID P P P
Pentane No ID No ID NoID NolID P P P
Hexane No ID No ID No ID No ID P P P
Octane No ID P P P P P
Decane No ID P P P No ID No ID No ID
Isopropyl alcohol P P P P No ID NolID NolD
2-Butanol P P P P No ID No ID No ID
2-Pentanol P No ID NoID NolID NolD No ID No ID
Benzene P P P P P P P
Toluene P P P P P P P
Ethyl Benzene P P P P P P P
p-Xylene P P P P P P P
Limonene P P P P P P P
P Present

No ID No identified

4.4.2 Olfactometry

Dilution to threshold for all treatment are reported in Figure 4.6. All three alkaline
stabilized biosolids reported similar levels of odors measure by the panelist however, an increase
is seen from 5% CaO treatment going from 16,000 D/T to 24,000 D/T over the 28 day storage
period which indicates that full stabilization was not achieved. Volatile solids destruction for 5%
CaO in the storage time was 22.5% and pH decreased from 12.4 (SD .16) to 11.9 (SD 0.035)

consistent with the statement of stabilization. However, this dynamic is not seen in VOSC’s from
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Figure 4.2 nor in TMA emissions and therefore other compounds may have been produced and
are responsible for the increase in odor concentration (Figure 4.3). The odor descriptors
presented in Table 4.2 for 5% CaO suggests similarly, a fishy odor characteristic of the presence
of TMA is consistent with the concentration measured and a medicinal descriptor at the end of
the storage time (day 28) indicates that additional compounds not measured in this study may be
increasing the Dilution to Threshold. This medicinal descriptor is seen at day 28 in all
treatments, including THAD. The blank (empty container) did not presented these characteristics
which eliminates the possibility of background odor from the containers. Some chemicals that

commonly produce this character are phenols (Chen et.al., 2009; Strube et.al., 2009).
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Figure 4.6 Dilution to threshold of air samples from biosolids under storage conditions.
Percentage of grams of CaO/grams of wet sludge. THAD: Thermal Hydrolysis-Anaerobic
Digestion.

Concentrations of TMA for 15% and 25% CaO did not decrease over the storage period
(Figure 4.3) whereas the fishy smell reported in the olfacometry results was not present for these

treatments. A masking effect by the medicinal descriptor may be covering the fishy smell. The
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main descriptor is still offensive and the hedonic tone shown in Figure 4.7 suggest that alkaline
stabilization produces the most unpleasant odor from the treatments tested in this study.

A VSR of 21.8% was observed from THAD biosolids under storage conditions. This
reduction even after an efficient anaerobic process is indicative of further stabilization under
storage and was reflected in the increase in the dilution to threshold reported in Figure 4.6.
VOSC’s did not increase during the time of this study and an unpleasant (HT =-4.6) offensive
and chemical descriptors only do not allow for correlation to specific group of compounds
emitted causing this increase in odor. Field application of stored THAD biosolids could lead to
public complaints due to the evident increase in D/T found in this study and further management
of this stored material would be required. On the other hand, THAD stored in the open field
showed low D/T values in the order of 1,400 to 110 over the 28 day period being earthy
character the second most predominant one. At the end of the storage period, the THAD in the

open field showed similar olfactometry characteristics to that of the blank.
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Figure 4.7 Hedonic tone from biosolids under storage conditions. Percentage of grams of
CaOz/grams of wet sludge. THAD: Thermal Hydrolysis-Anaerobic Digestion.
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Table 4.2 Odor descriptors of biosolids at different treatment under storage conditions

Day 0% CaO2 5% CaO:2 15% Ca0O2 25% CaO2 THAD1 THAD?2 Open Blank
) Offensive,  Offensive, Offensive, Offenguve, Offen:f,lve, Offensive, Chemical,
Offensive, _. : . Chemical, Chemical, . Earthy,
Fishy, Fishy, Fishy, Chemical,
Earthy Earth Earth Earth Vegetable, Vegetable, Vegetable, Earth Floral,
y y y Earthy Earthy g ’ Y Offensive
Offensive, Offensive,
1 Chemical, Chemical, Earthy,
Earthy Vegetable
Offensive, Offensive,
4 Chemical, Fishy, Vegetable,
Vegetable Chemical
Earthy,
Offensive Offensive, Offensive, Offensive, Offensive, Offensive, Offensive,
7 Earth " Fishy, Fishy, Fishy, Chemical, Chemical, Chemical,
y Earthy Earthy Earthy Earthy Earthy Medicinal,
Vegetable
Offensive, g;:f: SIVE,
14 Chemical, Y:
Earth Vegetable,
y Chemical
Offensive, Offe_ns,_lve, Offensive,  Offensive, Chemical, Offengve, Offensive, : Chemlfsal,
.. Medicinal, .. .. . Chemical, Earthy, Chemical, Offensive,
28  Medicinal, _. Medicinal, Medicinal, Offensive, .
Chemical Fishy, Chemical Earth Medicinal Earthy, Medicinal, Earthy,
Earthy y Medicinal Vegetable Vegetable
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4.4.3 Odor index

In order to better visualize the relationship between the concentration of the target
compounds measured in this study with the Olfactometry characteristics reported for the same
samples, an odor index was created by diving the concentration of each compound by the odor
threshold reported in Table 1.1. This ratio (odor index-Ol-) was compared to the recognition to
threshold. Figure 4.8a shows that the reported RT for the untreated control is below the
calculated Ol. The main compound increasing this index in the control is MM. Alkaline
stabilized material at 15% CaO (Figure 4.8b) showed that the index calculated based mainly on
DMS and TMA correlate well with the RT reported for this sample indicating that these two
compounds are the responsible ones for the odor characteristics of alkaline stabilized biosolids.
Odor index for THAD did not account for the levels of RT reported over the duration of the test
(Figure 4.8c and 4.8d) confirming that the main odor causing compounds emitted from this
treatment are not the ones in the target list presented here. This is further represented in Figure
4.9, where the correlation between VOSC’s and DT was made for alkaline stabilized biosolids
(Figure 4.9a) and THAD material (Figure 4.9b). Finally, a decrease in the RT along with the
concentration of target compounds in THAD stored in the open field responds to a volatilization

and further stabilization of this material under aerobic conditions.
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Figure 4.8 Odor index for biosolids under storage conditions. Based on VOSC'’s. a) Control,

b) 15% lime, c) THAD, d) THAD open storage.
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4.5 Conclusions

Odor characterization of two types of biosolids was possible using olfactometry
measurements and chemical analysis by GCMS. The changes in the characteristics of biosolids
under storage conditions was also monitored.

THAD process produced biosolids with similar odor concentrations to alkaline
stabilization when measured by DT but with different characteristics and less offensive measured
by hedonic tone. The fishy odor from alkaline stabilized biosolids given by TMA drove the
unpleasantness whereas MM was reported in high concentrations in THAD before storage. An
increase in DT over the storage time was observed for THAD biosolids. No correlation with
reduced sulfur compounds and the increase in DT was found and there’s still a need to further
examine the chemicals being produced from the degradation of organic matter (VSR), which are
likely to be causing the increase in the odors from THAD biosolids. The use of an odor index
based on VOSC’s and TMA is not recommended for THAD but worked well for alkaline
stabilized biosolids. Finally, the presence of furan and three methylated homologues in THAD

due to the high temperature and high pressure nature of the process was reported.
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Chapter 5. Utilizing GC-MS and an electronic nose for the
characterization of key odorants from TH-AD and alkaline stabilized

biosolids after simulated field application.

This Chapter is in preparation for submission to Atmospheric Environment.

Adrian Romero-Flores?, Laura L. McConnell?, Cathleen Hapeman®, Mark Ramirez®, Alba

Torrents?.

5.1 Abstract

Public complaints due to biosolids field applications are a result of odor causing
compounds being released from biosolids followed by transport to sensitive populations.
Electronic noses are arrays of electronic sensors capable of detecting and differentiating complex
mixtures of volatile compounds. However, no application of the electronic nose to monitor key
odorants from the field application of biosolids has been reported. Objectives of this work were
1) to compare target odorants profiles from THAD and alkaline-stabilized biosolids after field
application to assess the potential for public complaints; and 2) to determine the capabilities of
an electronic at recognizing variations in the time after biosolids application. Results are
expected to provide important information on the use of commercially-available electronic nose
technology to support biosolids management programs. Surface field application was simulated
under controlled conditions for three levels of alkaline stabilized biosolids and THAD biosolids.
In addition, soil incorporation application techniques was tested for THAD biosolids. Under-

dosed of alkaline stabilized biosolids showed a spike in VOSC’s whereas properly dosed
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biosolids did not, with low concentrations by day 1. Comparing THAD with alkaline stabilized
biosolids, the former presented higher VOSC’s at day 0 but the latter presented TMA which has
been seen as a more unpleasant character for biosolids odors. No clear difference in the
application technique of THAD on the behavior of the odorants was found. The electronic nose
was able to distinguish the treatments by applying LDA at the beginning of the test with both
THAD applications overlapping with the blank (soil) suggesting that there was no difference in
odor characteristics. Taking into account the inherent limitation of the electronic nose, further
testing would be needed at laboratory scale as well as under different environmental conditions
in order recommend its use to support an odor monitoring program in the field where biosolids

are land applied.

5.2 Introduction

Biosolids application to agricultural fields represents a source of organic matter and plant
nutrients instead of using fertilizers (Obreza and O’Connor, 2003; Laor et.al., 2011). In the same
way, for municipalities it is an end-of-pipe waste disposal solution as well as a sustainable
practice when compared to other alternatives such as incineration or landfilling (Singh and
Agrawal, 2008; Lu et.al. 2012). Some of the concerns related to the agricultural use of biosolids
are potential contamination by heavy metals and organic pollutants, malodors, and vectors
attraction (EPA, 2000). In this sense, sanitary concern about biosolids field application due to
nuisance odors can lead to public opposition and possible failure of a sustainable biosolids
management program.

Public complaints due to biosolids field applications are a result of odor causing

compounds being released from biosolids followed by transport to sensitive populations.
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Currently, application programs of biosolids to agricultural fields are regulated by state rules on
nutrient management in order to control nutrients loadings, pursue a high crop yield and protect
soils and waterways from contamination (EPA, 2000). However, ignoring the odor
characteristics of the biosolids and of the location of application sites can result in public
opposition (Iranpour et.al. 2004).

Dimethyl disulfide, DMS, CS», NH3, TMA, methyl ethyl ketone, and acetone have been
identified as odorant emissions from biosolids application to forest soil where sorbent tubes
followed by thermal desorption into a gas chromatography-mass spectrometry (GC-MS) system
was used as the analytical technique (Rosenfeld, 1999). Reduced sulfur compounds like
hydrogen sulfide and methyl mercaptan are unstable in oxidized environments and oxidize to
form DMDS in land-applied biosolids (Rosenfeld et al., 2000; Higgins et al., 2006). Banwart and
Bremmer (1975) found that DMDS accounted for 55 to 98% of total S evolved from biosolids
application to soil in aerobic conditions. Ammonia and TMA comprise most of the nitrogen
emissions from land-applied biosolids (Rosenfeld et al., 2000).

In a more recent project, Laor et al. (2011) identified VOC emissions from two types of
biosolids during their production and over time after land application. They detected high
ammonia and amines concentrations in digested sludge followed by alkaline stabilization (higher
biosolids quality) and these concentrations were below the detection threshold after soil
incorporation. Nitrogen containing compounds were not detected in digested biosolids without
alkaline stabilization (lower quality). The VOSC’s profiles for both biosolids behaved similarly
after land application and differed from those chemical patterns at the treatment plant showing

that handling operations, weather conditions and soil characteristics may influence the chemistry
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of the odor causing compounds. Other VOC'’s such as short chain alkanes, BTEX and terpenes
were also identified in this study.

According to an estimate made by Beecher et.al. (2007) approximately 66% of the
biosolids produced in the US is using anaerobic digestion or alkaline stabilization. Emphasis has
been put in recent years on pre-treatments enhancing AD to increase loading rates and biogas
yields (Carlsson et.al. 2012). Thermal hydrolysis (TH) prior anaerobic digestion to produce high
quality biosolids has recently been introduced in the United States and more than 30 facilities
already use this technology. In an evaluation of enhance digestion processes for biosolids
treatment, Murthy et al. (2009) showed that the advantage of the thermal hydrolysis pretreatment
is that high solids can be achieved with belt filter press dewatering that are equivalent to
centrifuge dewatering. Belt filter press cakes have generally been shown to have lower odors and
less likelihood of indicator bacteria regrowth in the cake (Higgins et.al. 2007), which further
helps the thermal hydrolysis process minimize risks related to odors and indicators. However,
literature on the impact of these enhanced treatments on the emission of key odorants from field
application of biosolids from these treatment has not been reported

Electronic noses are arrays of electronic sensors capable of detecting and differentiating
complex mixtures of volatile compounds. Application of these arrays in the environmental
engineering field has been reported for the quantification of odors from composting facilities
(Sironi et.al., 2007a; Sironi et.al., 2007b and; Delgado-Rodriguez et.al.; 2012), within
wastewater treatment plants (Stuetz et.al., 1999; Bourgeois and Stuetz, 2002 and; Sohn et.al.,
2009) and at receptor locations downwind from treatment facilities (Sironi et.al., 2008). To our
knowledge, no application of the electronic nose to monitor key odorants from the field

application of biosolids has been evaluated. The portability of such instruments position them as
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a potential tool for monitoring key odorants where biosolids have been applied with the goal of
supporting communication with nearby populations and evaluate the risk of public complaints.
Objectives of this work were 1) to compare target odorants profiles from THAD and
alkaline-stabilized biosolids after field application to assess the potential for public complaints;
and 2) to determine the capabilities of an electronic at recognizing variations in the time after
biosolids application. Results are expected to provide important information on the use of

commercially-available electronic nose technology to support biosolids management programs.

5.3 Materials and Methods
5.3.1 Biosolids Sample Collection

Sludge samples were collected from Blue Plains Advanced Waste Water Treatment Plant
(Washington, DC, USA). This treatment plant has a capacity of handling 370 MGD (970 L min°
1) of domestic wastewater and produces approximately 600 wet metric tons of alkaline-stabilized
biosolids per day. For alkaline stabilization, pre-dewatered sludge was collected from full scale
before going to thermal-hydrolysis and consisted of a 1:1 blend of primary solids and secondary
solids. Samples of approximately 10 Kg were collected using a metal shovel from a sampling port in the

screw conveyor system and were stored in 22-L plastic buckets. Samples were immediately transported
to the department of Civil and Environmental Engineering of the University of Maryland, College Park

for alkaline stabilization. Approximately 3 Kg TH-AD biosolids were collected after final
dewatering by belt filter press at full scale and stored in 4 1-L Teflon jars and transported with

untreated sludge samples and use for field application simulation.
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5.3.2 Alkaline Stabilization

Aliquots (~500 g) of untreated biosolids were transferred to 4.7 L stainless steel bowls for mixing
with calcium oxide (CaO, dry quick lime) and treated at O (untreated control), 5, 15, and 25% CaO by
mass. The quick lime utilized in this study is the same industrial grade material utilized in the wastewater
plant. Mixing was achieved using a stand mixer (model RKSM500wh, Kitchen Aid, Benton Harbor, Ml,
USA) at low speed for 3 min with an aluminum flat beater. After mixing, temperature and pH (Hach

sensION156) were measured in duplicate as minimum using standard methods after head space

sampling was completed. Samples were then used for field application simulation.

5.3.2 Simulation of field application

Field application was simulated in 1-L glass jars (10 cm diameter) containing 100 grams of
commercially-available garden top soil. A mass of 60 grams of biosolids was surface applied
(SA) to the soil surface (n = 4 per treatment), corresponding to an application rate of 67.2 metric
tons hectar™. A set of four jars containing untreated blank soil was also included as a control. In
addition, a set of four jars was used to test a different type of biosolids application technique for
THAD by manually mixing the biosolids with the soil at the same rate as the rest of the
treatments.

Odorant measurements were carried out on two of the four replicates on day 0, 1, 2, 3, 4, 5, 6,
7, 15 and 22. The third jar of each treatment was used for electronic nose measurements and the
fourth one for pH measurements. Jars were placed open in a fume hood (Appendix D) at a face
velocity of 0.5 m s, corresponding to a wind speed of 1.8 km h. At each sampling point,
sample jars were closed with air-tight lids 30 minutes before sampling. Stainless steel Jar lids
were coated with fused silica and were equipped with a Micro-QT valve (Entech Instruments

Inc., Simi Valley, CA, USA). Headspace samples were analyzed by GC-MS (Section 2.2).
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5.3.3 Analytical Methods

Electronic nose

Refer to section 2.3 for a detailed description of the instrument and methodology used.

Headspace-Gas Chromatography-Mass Spectrometry

Refer to section 2.2 for detailed explanation of the analytical method.

5.3.4 Statistical analysis
For electronic nose results, the WinMuster software was used to conduct linear discriminant analysis
(LDA) and principal component analysis (PCA) for comparison of alkaline stabilization results and time

after field application. Details of the methodology can be found in section 2.3.3.

5.4 Results and Discussion
5.4.1 Odorant profile for field application of alkaline stabilized biosolids

Overall, results support the use of lime stabilization to control odorant release in the field. Results
indicated that 5% lime did not completely stabilize the biosolids producing sulfur compounds at day 2
with concentrations of total VOSCs increasing to 4000 ppb in untreated biosolids (Figure 5.1) and 2800
ppb in the 5% treatment (Figure 5.2). High concentrations of total VOSCs continued to day 8 days in
untreated biosolids and to day 3 in the 5% treatment. In the remaining treatments all VOSC’s and TMA
were close or below odor threshold (Table 1.1) from day 1 indicating reduced odor associated with these

samples. Values for TMA concentrations are shown in Table 5.1.
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Figure 5.1 VOSC’s concentration from a) untreated control and; b) blank (soil)

In other research by Laor et al. (2011) an increase in odorants was observed in the field from alkaline-
stabilized biosolids. However, the biosolids underwent anaerobic digestion prior to stabilization.
Therefore a different microbial community was present due to the optimized anaerobic digestion process.
Temperatures in the treated material did not increase during the treatment and microorganisms
responsible for generating odorant compounds may not have been stabilized. Moreover, the rate and
higher scale of the application may well have played a part when with the potential for anaerobic pockets

within the samples, condition that could have led to odor production.
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Table 5.1 TMA concentrations after field application of biosolids (day 0)
Treatment  TMA (ppm)
Untreated  BDL

5% 3.6

15% 5.09
25% 3.72
THAD BDL
Soil BDL

BDL Below detection limit

5.4.2 Odorant profile for field application of THAD biosolids.

Results from the simulation of field application of THAD biosolids are in agreement with
what it was observed in Chapter 4 for the open field storage of biosolids (Figure 4.4.c) with
DMS being the main VOSC emitted and CS2 found as well (Figure 5.3). A gradual decrease of
sulfur compounds was observed with concentrations falling below odor threshold for individual
compounds by day 5, again, similar to what it was found for the open field storage of biosolids.
A difference of about 100 ppb in DMS between mixed biosolids and surface application was
observed for day 0. This is likely to be due to an increase in the transfer of DMS by the mixing
increasing the initial emission. Concentrations were similar from day 1 and for the rest of the
duration of the test suggesting that soil incorporation of THAD biosolids could lead to slight
higher odor concentrations when they are applied. However, the use of equipment for both types
of application would impact these conditions. Similarly to the THAD biosolids tested in Chapter
4, Furan and the three methylated homologues were observed at day 0 and they were not
identified by day 1.

The blank showed and increased in concentrations of carbon disulfide over time with
concentrations above odor threshold at day 15. It is likely that constant temperature in the fume

hood allow for the development of microbial community capable of degrading sulfur containing
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aminoacids. CS2 emissions from soil have been described previously (Banwart and Bremmer,

1975; Watts, 2000).
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Figure 5.3 VOSC’s concentration from a) soil incorporation and; b) surface application of

THAD biosolids.

5.4.3 Electronic Nose Pattern Recognition

Linear discriminant analysis performed better than principal component analysis when

attempting to create clear classes for the treatments tested, including the untreated samples and
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the soil (blank) accounting for 90 to 98% of the total variance with two components. Figure 5.4
shows the patterns created for days 0, 2, 7 and 22. Four groups can be considered for the purpose
of analysis: control (untreated sample), soil, THAD biosolids (mix and SA) and alkaline
stabilized biosolids (5%, 15% and 25%). At day 0, the four groups can be distinguish with
individual treatments also separated from each other with the exception of 5 and 15%. This is in
agreement with the VOSC’s and TMA concentrations where most of the treatments had different
odorant profiles.

The pattern created by day 2 (Figure 5.4b) shows that 5% CaO approached the group of
THAD. A possible explanation is the increase in DMS rather than MT in the 5% lime (Figure
5.2) to a concentration similar to that of CS2 in the THAD biosolids for the same day. The
response of the sensors in the PEN3 would be having a higher response to the sulfide functional
group instead of the thiol group thus giving similar fingerprint for these classes. The pattern
obtained by day 7 showed that the similarity between 5% CaO and THAD biosolids was no
longer there. In addition, the classes for both application techniques of THAD biosolids
overlapped suggesting that the treatments cannot longer be differentiated, which is confirmed by
the odorant profiles in Figure 5.3.

Finally, THAD biosolids cannot be differentiated from the blank suggesting that the odor
characteristics of these applications is that of the natural soil. This is not the case for the alkaline
stabilized biosolids where the odorant profiles are still distinguishable by the PEN3.

Overall, the two-dimensional plot displaying the classes included in the pattern reduced
its plane over time suggesting that all treatments approached the odorant characteristics of that of
the natural soil. It is important to mention the limitations of the PEN3 observed in Chapter 3.

Including data from additional tests could add variability to the treatments to the point where the
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differences cannot be accounted for. In addition, electronic nose sensors can exhibit drift in response
due to changing environmental conditions and over time (Romain and Nicolas, 2009), making the

application of an electronic nose for field monitoring of odors from biosolids quite challenging.

5.5 Conclusions

Field application of alkaline stabilized and THAD biosolids was simulated to evaluate the
characteristics of key odorants over time. Under-dosed of alkaline stabilized biosolids showed a
spike in VOSC’s whereas properly dosed biosolids did not, with low concentrations by day 1. No
difference in the application technique of THAD on the behavior of the odorants was clear.
Comparing THAD with alkaline stabilized biosolids, the former presented higher VOSC’s at day
0 but the latter presented TMA which has been seen as a more unpleasant character for biosolids
odors.

The electronic nose was able to distinguish treatment conditions after field application
and over time. Extended testing time would ultimately show no difference in classes (treatments)
approaching the characteristics of the soil used as blank. The limitations of the electronic nose
technologies for environmental applications where treatment variability as well as environmental

conditions highly impact the overall performance of this technology.
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Chapter 6. Conclusions and future work

6.1 Conclusions

State-of-the-art technology in combination with the scientific method have been
applied to gain a better understanding on the characteristics of biosolids from an odor
perspective as well as on the novel application of electronic noses for biosolids
production monitoring. Several conclusions have been presented in Chapter 3 through
Chapter 5 and can be summarized as follow:

1. An analytical method was developed in this study for the quantification of
volatile organic sulfur compounds, the main odorants found in water and
resource recovery utilities, with the sensibility below odor threshold. This tool
allowed to evaluate the performance of the electronic nose tested in this study,
the PEN3. In combination with olfactometry measurements, this method
helped to successfully characterize odors from biosolids and to support the
evaluation of odor prevention and control strategies.

2. Despite that by applying Linear Discriminant Analysis to the data collected by
electronic nose, it was possible to discriminate between lime dosages for
alkaline stabilized biosolids when a single sample was tested, limitations in
pattern recognition and unknown samples classification appeared when the
entire larger data set was included. The low specificity of the sensor in the
PENS3 in addition to the intrinsic variability of the biosolids treatment process
didn’t allow for more precise and accurate results. Therefore, transitioning

from laboratory scale testing to full scale training and deployment of an
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electronic nose requires intensive investigation and further work is require to
assure that sensor array technology is suitable for this type of application
where environmental conditions and process variability are important
parameters that may affect overall performance of an electronic nose. This
work exposed the need for a different and more sensitive sensor array for the
monitoring of alkaline stabilized biosolids production process.

. Thermal hydrolysis-anaerobic digested biosolids (THAD) and alkaline
stabilized biosolids reported similar odor concentration measured as dilution to
threshold and recognition threshold. However, the fishy odor given by TMA
emissions due to the increase in pH resulted in more offensive and unpleasant
odors, measured as hedonic tone, when compared to THAD.

. The presence of furan and three methylated homologues in TH-AD biosolids
was reported for the first time proposing that these compounds are produced
during thermal hydrolysis process however, additional research is needed to
fully describe the formation of these compounds and their potential correlation
with odor characteristics in biosolids.

Over a 28 days period of storage in air tight containers, THAD biosolids
showed an increase in dilution to threshold but no correlation was found with
the target organic reduced sulfur compounds suggesting that other not-targeted
chemicals are being produced while further stabilization is occurring during
storage. This increase in odors was not observed in alkaline stabilized

biosolids.
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6. Field application simulations showed the importance of achieving the proper
alkali dose in alkaline stabilized biosolids to control odorant release in the
field. No difference in the application technique of THAD on the behavior of
the odorants was clear. Comparing THAD with alkaline stabilized biosolids,
the former presented higher VOSC'’s at day 0 but the latter presented TMA
which has been seen as a more unpleasant character for biosolids odors.
Gradual decline in measured odorant from THAD was observed falling below
the odor threshold by day 5. The electronic nose was able to distinguish
treatment conditions after field application and over time. Extended testing
time would ultimately show no difference in classes approaching the

characteristics of the soil used as blank.

The results from this work helped to expand the knowledge and deepened the
understanding on the odor characteristics of biosolids produced by a process new to
the United States and that, although this technology has been used in Europe for
several years now, little attention had been paid to the odor profiles from a scientific
perspective. In doing so, it is clear that additional research needs to be developed in
order to address the new questions that arose from these conclusions. In addition, the
methods developed in this work may well be of support in other areas of the water and

resource recovery field. Some of this opportunities are described below.
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6.2 Future work on odor characterization from biosolids
Alkaline stabilized biosolids have been described in literature and their
incorporation in this study has been with the purpose of comparison with THAD
biosolids only. This project was the first attempt of odor characterization of THAD
biosolids utilizing simultaneously sensory measurements and chemical analysis. In
addition, normal handling of biosolids was simulated for storage and field application
with several questions yet to be answered.
1. What are the mechanisms of furan and methylated homologues production in
THAD biosolids?
2. What are the implications of furan and methylated homologues for the odor
characteristics of biosolids?
3. What are the implications of furan and methylated homologues in biosolids for
the human health and the environment?
4. What are the main compounds causing the increase of odors in THAD
biosolids under storage conditions?

5. How can these odor causing compounds be inhibit or controlled?

These research questions need to be answer in order to increase the quality of
THAD biosolids and to avoid any potential environmental risk due to the presence of
furans. For the quantification of furans, the analytical instrumentation employed in this
research can be used since it showed good chromatographic resolution and peak shape
to allow for the development of a calibration curve. The compounds causing the

increase in odor concentrations from THAD biosolids in storage need to be assessed
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with sensory measurement along with chemical analysis. A first approach can be to
evaluate the behavior of hydrogen sulfide with more suitable analytical tools than the
ones used in this study. In addition, ammonia and methane emissions could be

affecting the odor characteristics as well, given the anaerobic conditions.

6.3 Future work on odors in activated sludge

Odor emission from activated sludge (AS) has become an important challenge
for resource recovery facilities due to its large emission surface area, high cost and off-
gas treatment. Despite odor production and emission have been mostly studied for sewer
lines and biosolids management, only little is known about the mechanisms of
production and emission of odorous compounds from secondary reactors.

Volatile organic sulfur compounds (VOSC’s) have been found to be the main
group of chemicals emitted from AS process that relate to odor problems (Kim et.al.
2002). Sekyiamah et.al. (2008) studied the emission profile showing that dimethyl
disulfide (DMDS) and dimethyl sulfide (DMS) were the main compounds being emitted
suggesting that blanket depths in secondary clarifier as the main parameter causing these
emissions. However, they employed an analytical method based on Solid Phase Micro
Extraction (SPME) and GC-MS which converts methyl mercaptan, a key odorant, to
DMDS and thus lacking of the accuracy needed to evaluate strategies for odor
prevention and control. During an odor control master plan for Blue Plains Advanced
Wastewater Treatment Plant (AWTP) (Data not published, 2012), it was found that
methyl mercaptan accounted for up to 96% of total reduced sulfur compounds and

showed a strong correlation with olfactometry measurements.
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There is a need for evaluating the impact of new processes on the emission of
odorous compounds. With the intensification of resource recovery in wastewater
treatment plants, technologies and processes are being developed and implemented to
redirect carbon from secondary treatment to the solids stream to increase energy
production potential. High-rate activated sludge (HRAS), for example, aims for carbon
sorption in the aerobic tanks rather than oxidizing it. This approach, however, may
involve the need for longer retention times in the clarifiers and can thus potentially result
in higher VOSC'’s production.

The method for quantification of VOSC’s developed in this study may be used to
evaluate the impact of activated sludge operation on the emission of odorous
compounds. Research questions are proposed:

1. What are the VOSC’s being produced and emitted from the secondary aeration

process?

2. What are the mechanism by which VOSC’s are produced?

3. What are the conditions that inhibit or reduce their emission rate?

4. How does a high rate process affects the production and emission of VOSC’s?

Some of the work related to this topic has begun in collaboration with the Department

of Research and Development at DC Water with the goal of providing insights on the

operation of activated sludge systems to inhibit the formation of VOSC’s.
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Appendices

Apendix A. Sampling port for untreated sludge

Figure A.1. Untreated sludge ample collected after preliminary dewatering.

Appendix B. Schematic of analytical instrumentation

Sample after
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Figure B.1 Components of the analytical system
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Figure B.2 7200 model preconcentrator. Source: Entech Instruments 2014.

Appendix C. Calibration curve

Table C.1 Volumes and concentration for trimethylamine

Standad Final Final
concentration Volume concentration A concentration B
(ppb) injected (mL) (ppb) (ppb)
5000 10 100 5000
5000 25 250 12500
5000 50 500 25000
5000 75 750 37500
5000 100 1000 50000
5000 200 2000 100000

A Based on a 500 mL sample injection.
B Based on a 10 mL sample injection
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Table C.2 Volumes and concentration for sulfur compounds standard and DMDS

standard
Standard Final Final
concentration Volume concentration A concentration B
(ppb) injected (mL) (Ppb) (Ppb)
5000 35 350 17500
5000 30 300 15000
5000 25 250 12500
5000 20 200 10000
5000 15 150 7500
5000 10 100 5000
250 400 200 10000
250 200 100 5000
250 100 50 2500
250 50 25 1250
250 25 125 625
250 15 7.5 375
250 10 5 250
250 400 200 10000
25 200 10 500
25 100 5 250
25 50 2.5 125
25 25 1.25 62.5
25 15 0.75 375
25 10 0.5 25
25 5 0.25 12.5

A Based on a 500 mL sample injection.
B Based on a 10 mL sample injection
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Appendix D Simulation of field application

Figure D.1 Samples during field application
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