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Abstract

A Systematic Analysis of Foam Drainage and Stabilit
Measurements, Mechanisms, and Implications for Aotae Digester Foaming

by
Chanhyuk Park
Doctor of Philosophy in Engineering — Civil and Eiewmental Engineering
University of California, Berkeley

Professor Slawomir W. Hermanowicz, Chair

The formation of a substantial foam layer has suapacts on the overall digestion
process that is responsible for the major portiowaste stabilization. An understanding
of dynamics of foam produced by three primary causdispersed gas bubbles, surface-
active materials, and hydrophobic compounds — ges/insight into the prevention of
the foam layer and into the control of the foanbsity. To better understand the
mechanisms in three-phase foam dynamics, we des@lagystematic methodology to
characterize foam drainage behavior using eletitmaductance measurements.

With no sludge conditions, all tested sodium dodlsaifate (SDS) foams exhibit a node-
dominated drainage regime with high mobility at blebsurfaces. Drainage regime under
similar foaming conditions was consistent with &rig drainage studies using other
measurement techniques in the literature.

The drainage of sodium dodecylbenzenesulfonate BBrfactant solution, a
commercial form of linear alkylbenzene sulfonatdf) that is most frequently found in
anaerobic sludge, was studied in detail by seamptoaches. Two complementary
methods of macroscopic drainage investigationséidiand free drainage) were
conducted to gain confidence in its validity. Thgerimental data can be fitted using a
power law with an exponent of 1/3 for forced drg@and of 1.0 for free drainage. These
data indicate the following drainage behavior: nebubble surfaces, causing plug-like
flow within Plateau borders, thus dissipation mamtcurs inside the nodes.

With the drainage studies for a variety of aquesurgactant solutions, experimental and
theoretical studies to include wastewater sludgeraportant for understanding the
stability of three-phase foams, and therefore fognm anaerobic digesters. The drainage
behavior of sludge-containing foams was charaadrizy our developed method. The
presence of anaerobic sludge at total solid (T&geotrations of approximately 2.5-2.8%
induced a transition from the node-dominated regore Plateau-border (PB)-dominated



regime. This apparent transition was verified ithbforced and free drainage
experiments. These drainage studies supported @ detailed estimation of foam
stability in relation to its structure.

In summary, our developed method using the eledtcienductance measurements was
applied to understand the key aspects of foamlgyata@quired for prediction and control
of foaming in anaerobic digesters. A systematicho@blogy for assessing foam
dynamics was proposed and discussed in two- ard-fiinase foams.
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1. Introduction

Concerns about climate are driving a search ferméitives to fossil fuels.
Wastewater has drawn considerable attention aseafed source of renewable energy
(Kim et al.2011). Whereas most treatment processes are censoimrenergy, anaerobic
treatment processes produce energy in the fornoghb. Anaerobic treatment processes
are employed at numerous municipal wastewatemteatt plants, and are responsible for
the major portion of waste stabilization (McCar86%, McCarty and Bae 2011). While
complete anaerobic sludge digestion has the patdntproduce biogas as a useful
energy source, many digesters are plagued withif@pproblems associated with gas
production (Murket al. 1980, van Niekerlet al. 1987, Ross and Ellis 1992). Foaming in
wastewater sludge refers to the accumulation aftithgg suspended solids on the surface
of the sludge (Jenkinst al. 1993). The formation of excessive foam layer iretua
decrease in solids content within the active volwiheigesters and decrease biogas
recovery. The first type of foaming is associatethuow levels of active biomass during
start-up and is caused by the presence of partiallyaded organic matter in the mixed
liquor or digesting liquor. Start-up foams are dguansient and unstable, dissipating
within a few weeks of their first appearance (BP288). The second type is the stable
foam that occupies a significant volume of the dige These foams can tip or overflow
floating digester covers, and create visual and adsances causing safety hazards (van
Niekerket al.1987, Pagilleet al. 1997). These detrimental effects ultimately resufin
increase in operation and maintenance costs (Welstiual. 1998, Ganidet al.2009).
Recent surveys reported that 50% to 80% of anaehbesters have experienced
intermittent or continuous foaming problems witke previous ten years (CSWEA
2011, Subramaniaet al.2012).

Considerable effort has been made to understanchtlses and controls of
foaming in aerobic activated sludge, but much iessown about foaming in anaerobic
sludge digesters. In most cases, the appeararioarofin activated sludge was thought
to be associated with the filamentous organismi wighly hydrophobic cell walls,
particularlyGordonia amaradde los Reyest al. 1998, Oertheet al.2001). These are
primarily aerobic microorganisms, but have beenmamly identified in anaerobic
digesters treating waste activated sludge (WAS),leave been implicated as a cause of
foaming because some cells remain viable (Hernaaddzenkins 1994, Pagikd al.
1997, Westlunckt al. 1998). Several solutions have been developedrtorelte foam-
causing filamentous microorganisms in full-scalaeaobic digesters, including thermal
pre-treatment and chlorination (Pagiiaal. 1998, Jolis and Marneri 2006). It is likely
that microbial factors contribute to foam formatibut are not the sole cause because
dissolved gases and surface active agents aresaegdsr foam initiation (Davenport
and Curtis 2002). Thus, fundamental studies of jghgtemical surface properties within
the foam are necessary for a better understandifauming and its stability.

Foams are thermodynamically unstable structuresd@faSukan 1998). One of
the main characteristics of foams is that thewarsibly evolve in time because they are
not in equilibrium under normal gravity conditiofWeaireet al. 1997, Saint-Jalmes and
Langevin 2002). When freshly formed, liquid dramsg of the foam and flows down
from the upper to the lower foam layers due to gaéional and capillary forces. As a
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result, the liquid films become thinner (coarsemj aventually collapse (Kruglyakaat
al. 2008, Bianceet al.2011). Fast drainage rates are expected to irdieas stable
foams, leading to a quick breakdown of foam stmectGuch changes in the liquid
content and the drainage rates are important fipting foam stability, but suitable
methods for measuring the drainage rates and isyatfifoaming wastewater sludge
have not been reported.

There are few techniques available for the studpain drainage (Barigoet al.
2001). Foam optical properties strongly dependheriguid content, and used in the
liquid drainage based on the measurements of @neritted light, recorded by a CCD
digital camera (Saint-Jalmes al.2000, Veraet al.2001, Saint-Jalmes 2006). This light
transmission technique is possible to determingdidraction gradients and front
drainage velocity, but it remains difficult to useegarding the quantitative estimation of
liquid fraction, as the details of light transporfoams are not yet well understood
(Koehleret al. 1999, 2000). Foam electrical properties are atsalio study the drainage
of foams. Early measurements of foam drainage vath segmented capacitance
resistor which requires the foam to be non-condgcdtiHutzleret al. 1995), but the
difficulties associated with calibration and thekaf reproducibility represent
drawbacks for this method (Barigetial.2001). An improved method extensively used
electrodes, which consisted of two parallel plavegwo stripped wires, and measured
the local electrical resistance in electrically doating foams (Chang and Lemlich 1980,
Datye and Lemlich 1983, Weaiet al. 1995, Wilde 1996, Phianmongkhol and Varley
1999). The change in electrical current is impdrtanthe continuous monitoring of the
rate of foam formation and collapse (Lemlich 19 Rcent technique has been
developed and tested for a multi-point foam proetd@ch allows measurement of the
electrical current across a foam phase at mulkjgations (Browret al.2001, Varleyet
al. 2004a, Varleyet al.2004b). Such techniques are particularly valuabjgocesses
where foams cannot easily be visualized, for exanfpam formation in bioreactors
(Phianmongkhol and Varley 1999, Browhal.2001). However, measurement and
analysis of conductivity profiles has not been stigated to determine the appropriate
drainage properties in biological foams.

This study focused on the development of a systemedthodology for the
characterization of foam drainage rate, regimesablility by an electrical resistance
measurement technique. Data were compared withirexidrainage studies using other
measurement techniques and validated by two typésamage experiments based on the
foam drainage model. Application of a new methodettgped using specific multi-point
probes revealed new knowledge about liquid vametiof difficult-to-measure within
biological foams and comprehensive descriptioroahi stability in anaerobic digester
systems.



2. Literature Review

2.1 Biological Foamingin Wastewater Treatment Plants
2.1.1 Overview of Wastewater Treatment Process

Municipal wastewater has four primary componentsnéstic wastewater,
industrial wastewater, infiltration and inflow et sewage system. Standard practice for
municipal wastewater treatment includes primargpadary treatment, and the treatment
of sludge that is generated by wastewater treatfégiire 2-1). The influent wastewater
is fed to a primary sedimentation basin to remateable solids. The primary effluent
runs continuously into the aeration basin togeittidr return activated sludge (RAS) in
order to sustain a certain biomass concentratiothd secondary treatment,
biodegradable organic matter and suspended s@sdre significantly reduced by
aerobic microbial degradation. An activated sluthge contains a variable and mixed
community of aerobic microorganisms in common deeghe treatment of municipal
wastewater. Afterwards, the activated sludge i$ ea secondary sedimentation basin
for solid-liquid separation. The conventional sladgeatment process consists of a
heated digestion tank and an anaerobic consoriitsinput to the anaerobic digester is
typically a mixture of settled materials from primasecondary treatment and surface
scums from sedimentation basiB®metimes the digested sludge passes to the second
reactor where the suspended material is alloweetite and concentrate for more
efficient disposal. The settled sludge is then deveal to reduce the sludge volume.
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2.1.2 Solids Separation Problems

Solid-liquid separation is one of the most importamt operations in wastewater
treatment processes. Most activated sludge sadjplzration problems can be related to
the nature of the sludge floc (Table 2-1). Thedlace usually small, spherical and
compact, but can be sheared in the turbulent emwviemt of an activated sludge aeration
basin. When an activated sludge culture contalasy@ntous microorganisms, large floc
sizes are possible because these organisms foetwark or backbone within the floc.
This backbone provides the floc with enough striemgtt to break up in the turbulent
environment of the reactor. As indicated in Tablk, inpoint floc may be related to
filamentous organism levels, but flamentous bujkamd certain types of foaming are
mainly related to the presence of excessive amairtsmentous organisms.

Table 2-1 A summary of major solids separation problems aatdne of the sludge
floc (modified from Jenkins (1992))

Name of Problem Effect of Problem Nature of Sludge Floc

Dispersed growth| No settling of sludge and higlSmall clumps or single cells in
turbidity effluent. dispersed state.

Pin floc or Weak settling of sludge and a|] Small, compact, weak, roughly
Pinpoint floc cloudy, turbid effluent. spherical microflocs. Weak
structure of macroflocs. Smaller
aggregates settle slowly.

Bulking Weak settling of sludge due to Filamentous organisms extent
large buoyancy. Low RAS and from flocs into the bulk solution
WAS concentration. and interfere with compaction
and settling of activated sludge.

Foaming / Foams with sludge solids on | The presence of hydrophobic
Scum formation | the surface of treatment units| microorganisms and surfactants.
Sometimes foams and solids
overflow tank.




2.1.3 Foaming Caused by Filamentous Microor ganisms

In biological foam, a three-phase system consisgms, liquid and solid in the
form of the certain types of flamentous microongams (Jenkingt al. 1993). Gas
bubbles can attach to the particles and can kftstilids to the surface of the tank. This
reaction is controlled by the hydrodynamics of slgstem and the degree of
hydrophobicity of the particles. Particles thatrax exhibit some hydrophobicity are
reported to be incapable of successful flotatiotegk by chance entrainment in the
sludge layer on the surface (Gochin and Solari 1983s appears to vary with culture
conditions and sludge ages.

The main features of foam-causing filamentous naigganisms are aerobic,
gram-positive filaments and hydrophobic cell suefadue to the presence of long-chain
lipids called mycolic acids (Mot al. 1988, Blackall and Marshall 1989, Strateetral.
1998). The cell wall of all validly classified memems of theCorynebacterineaéa
suborder of the ordekctinomycetalgscontains mycolic acids with long alkyl chains
(Stachet al.2004). Among the subord@orynebacterineadhe first microbial isolates
from scum layers in the activated sludge were fladsasNocardia amaradLecheval
and Lecheval 1974) and was believed to be the oomsmon filaments associated with
activated sludge foaming (Blacka&il al. 1988). LaterNocardia amaraeavas reclassified
asGordonia amaradased on rRNA sequence information (Klatel. 1994, Blackallet
al. 1995). As another member of the classinobacteria Candidatus Microthrix
Parvicellawas identified as a predominant microorganismiaholgical foams worldwide
(Blackbeardet al. 1986, Lemmer 1986, Sevioat al. 1990, Pujoket al. 1991).



2.2 Problems Associated with Foaming in Anaerobic
Digesters

2.2.1 Description and Extent of Anaerobic Digester Foaming

Foaming in anaerobic digesters has been idenfidiedver a decade with severe
impacts on the overall digestion process (Hernaatezlenkins 1994, Barjenbruehal.
2000). Digester foams have been known to overfloating covers on digesters, foul
gas collection systems, and invert total solids) @@®files within digesters (Murkt al.
1980, Tetreault and Diemer 1987, van Nieketrlal. 1987, Ross and Ellis 1992). Some
digester foams can form stable layers that occuggraficant volume of the digester
(Hernandez and Jenkins 1994). In many situatidresptesence of a substantial foam
layer can lead to serious operating problems atheCeease in process efficiency (Ghosh
et al. 1995, Pagilleet al. 1997, Ganidet al.2009). For example, useful biogas production
was reduced to 40% for 10-weeks by digester foanmriige Henriksdal plant
(Stockholm, Sweden) with a total loss in biogadpiation valued at approximately
$150,000 (Westlundt al. 1998).

Surveys have been conducted to define the exteheg@roblem and to correlate
various process parameters with foaming occurrehselrvey by the American Society
of Civil Engineers reported that 11% of plant opers cited foaming as the most
persistent anaerobic digester operating problen, avhalf of all digesters surveyed
having experienced foaming problems at one timanother (Filbert 1985). Similarly,
van Niekerket al.(1987) surveyed 26 wastewater treatment plan®alifornia to
determine the frequency and occurrence of digéssening problems. Of the
respondents, 54% reported intermittent or contisuemaerobic digester foaming. A
nationwide survey of 114 U.S. activated sludge tgl@aonducted by Pitt and Jenkins
(1990) to quantify the extent of foaming found thatplants (36%) experienced foaming
problems. The most recent survey of anaerobic tkgésaming conducted by the
Central States Water Environment Association (CSWieforted that 50% to 80% of
anaerobic digesters have experienced intermittecomtinuous foaming problems within
the previous ten years (CSWEA 2011, Subramaeiat. 2012). These numbers clearly
indicate that digester foaming is a major problewirfg anaerobic sludge treatment
facilities.

Foaming observations of full-scale anaerobic deyssivere firstly reported at the
Encina Water Pollution Control Facility (Carlsb&#) (Murk et al.1980). In the fall of
1985, foaming was observed in the city of Winnigagorth End Water Pollution
Control Centre (NEWPCC, Manitoba, Canada) primageaobic digesters (Ross and
Ellis 1992). They indicated that high organic logglrates, short hydraulic retention
times and high volatile acid concentrations wespoasible for the periodic foaming
events. Meanwhile, when the NEWPCC plant was mediifiom an activated sludge
secondary process to pure oxygen activated sluagegs, anaerobic foaming increased.
In the middle of 1980s, experience at the EastMawicipal Utility District (EBMUD,
Oakland, CA) supported the finding that waste atéd sludge containingordoniais a
key factor related to digester foaming (Tetreaott ®iemer 1987, van Niekest al.
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1987). The presence of excessive levelGoifdoniain the feed sludge increased the
surface depth of the foam layer at the full-scalaegiobic digesters of Sacramento
Regional Wastewater Treatment Plant (SRWTP, Sacrein€A). The Oceanside Water
Pollution Control Plant (OSP, San Francisco, CA)ezienced the accumulation of
Gordoniaspecies in the mixed liquor during the summer@f2 which was associated
with substantial foaming in the egg-shaped digedi#slis and Marneri 2006). Other
recent studies at biogas plants in England (Gaatidl.2009) and Germany (Moellet

al. 2010) also reported that digester foaming sigaifity impacts process efficiency and
operational costs.



2.2.2 Primary Causesand Factors

a. Biogas Bubbles

Foams generated within anaerobic digester sludgeanprised of thousands of
tiny bubbles of methane and carbon dioxide. If ¢hesbbles rise and accumulate at the
sludge surface faster than they decay, foamingredMardar-Sukan 1998). The amount
of methane gas produced under anaerobic condisdh85 L CH/g COD, however, a
variety of factors affects the rate of digestiod &mgas production (Metcalf & Eddy
2003). Higher gas production rates have been adsdowvith increased foam formation
in the reactor (Varlewt al.2004b). The key process conditions for gas bufaslaation
include gas production rate, gas composition, ngixirethod, and speed of agitation. At a
more fundamental level, the number of bubbles hAedtibble size distribution will have
an important effect on foam properties. Mixing iigical to avoid the creation of dead
zones, which reduces the active volume of the tigeand also affects bubble formation
and size.

According to van Niekerkt al.(1987), fine bubble gas mixing of anaerobic
digester contents produced more foams than coafdg@dmixing or mechanical mixing.
Pagillaet al.(1997) also stated that a gas-mixed digester e pmne to foaming than a
mechanically-mixed digester under similar condisiofhis conclusion indicated that a
gas-mixed digester provides greater foaming pakrRiesults from Scardina and
Edwards (2006) showed that excessive mixing inee#se amount of bubbles in the
bulk phase, and thus leads to the foaming poteoitide sludge samples. Decreasing the
amount of bubbles and increasing the bubble sthacexl the ability of the hydrophobic
particles (foam-causing microorganisms) to be émdcat the gas-liquid interface
(Wozniaket al.1976).

b. Surfactants

Surfactants are employed in large quantities iskbold and industrial
applications and as a result end up in domestigrahgstrial wastewater treatment plants.
The average concentration of surfactants in tHaent ranges from 10 to 20 mg/L for
domestic wastewater and can be as high as 300 imgidustrial wastewater
(Shcherbakovat al. 1999, Scott and Jones 2000). Surfactants cant dfleoperation of
activated sludge plants by enhancing foam formatidhe aeration basin and reducing
the settling properties of sludge flocs (Thergtral. 1984). The non-biodegraded or
partially degraded surfactants fed to the anaerdigesters and may enhance the
foaming by stabilizing the liquid films in the foafioam formation is favored when a
surfactant is present because the surface tensitie tiquid is lowered.

Surfactants mainly consist of three classes: anion-ionic, and cationic.
Anionic surfactants represent the major componseatand form about 41% of all
consumed surfactants (Liwarska-Bizukojc and Bizaki)06). Linear alkylbenzene
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sulphonates (LAS), characterized as anionic swafasf are the most frequently used in
both domestic and industrial applications worldwiBeatset al. 1997). Among the non-
ionic surfactants, the most important are the lirsdeohol ethoxylates (AE), and the
alkyl phenol ethoxylates (APE). The quaternary amiwm compound,
ditallowdimethylammonium chloride (DTDMAC), is ateanic surfactant used as a
fabric softening agent and has been measured itrewater influent at average
concentrations of 0.6 mg/L (Sullivan 1983).

Since surfactants are adsorbed onto particle®agahic matter of sludge or
attached to suspended solids (Pedtal. 1997, Jensen 1999), 26% of surfactants are
typically removed in the primary sedimentation bg&ieijtelet al. 1996). Unsettled
common surfactants are easily biodegradable inatetl sludge treatment plants,
however, degradation is not always complete (Tuebat. 1985, McEvoy and Giger
1986, Langforcet al.2005). Due to the high degradability under aerabieditions (> 99%
of the LAS influent load) (Temmink and Klapwijk 200 primary settled sludge will
contain substantial surfactant concentrations addd the anaerobic digesters. The LAS
concentrations in the feed sludge to the anaedipesters can range from 100 mg/kg to
30 g/kg (Petrovic and Barcelo 2004), and the degjrad of anionic surfactants (LAS)
was only 7% and 27% for non-ionic surfactants dyianaerobic digestion. Owing to the
low removal tendency of surfactants and the submsgueatment of primary and
activated sludge in a digester, non- or partialgrédded surfactants can lead to increased
surface activity and contribute to foaming eventamaerobic digesters.

Another type of surfactant affecting foam formatie bio-surfactants, which are
considered to be metabolic intermediates thataataally biodegraded by the
microorganisms. It is widely believed that microamngsms release bio-surfactants when
they use hydrophobic substrates (e.g., hexadeear@gir carbon source (Khan and
Forster 1990, Lemmaat al.2000). The readily biodegradable hydrophobic gabes$
could increase bio-surfactant production, and taring problems in activated sludge
were due to a bio-surfactant produceddmyrdonia amaradgPagillaet al.2002).

Although bio-surfactants are also generally bioddgble in activated sludge, they
contribute to foaming in anaerobic digesters (Gagicl.2009).

c. Hydrophobic particles (microorganisms)

The concentration of foam-causing microorganisinyslifophobic particles) in the
sludge fed to anaerobic digesters is a signifitactor in preventing stable foam
production. It is clearly demonstrated that conditns between 0.05 and 0.1 g
Gordoniaper g TS resulted in severe foaming in anaeroigiestiers (Hernandez and
Jenkins 1994)Gordoniapopulations are associated with various processadactors
such as solid retention time (SRT), temperaturepthdrirstly, the SRT is the average
time the biomass resides in the biological systathdetermines the types of
microorganisms that can grow in the bioreactais ttontrolled by the amount of sludge
wasted intentionally from the reactor. To allevilgaming in activated sludge processes,
it is possible to wasBordoniaout by operating at a sufficiently low SRT (for’Z4at an
SRT of 1.5 d) in the absence of foam trapping &egale. When this was done,
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Gordoniapopulations were much lower (Pitt and Jenkins 1@taet al. 1992). As a
foam control strategy, 44 of 114 activated sludigefs used SRT reduction with 73% of
success rate (Pitt and Jenkins 1990). The SRT tiedumould be the best approach for
reducing activated sludge foaming, but may notpp@ieable to anaerobic digesters
because decreased SRT increases sludge. Sludgeesfere significantly more
hydrophobic at higher SRTs (16 and 20 d) in thaisaqging batch reactors (SBRs) (Liao
et al.2001), which could lead to stable foam formatiomligesters.

The abundance @ordoniadecreases in the winter so that m@stdonia
isolates did not grow below 16 (Pitt and Jenkins 1990, Oertledral. 2001, de los
Reyes and Raskin 2002). On the other hand, thetlgrofvlicrothrix parvicellawas
reported to occur even below°T(Slijkhuis 1983) and the abundancevi€rothrix
parvicellaincreased during the winter (Knoop and Kunst 19B@®wever, during
mesophilic anaerobic digestion (30289, the growth of filamentous bacteria cells was
not influenced by the temperature range (Soddell@&viour 1995). A thermophilic
digestion could be effective in foam minimizatioechuse botiGordonia amaraeand
Microthrix parvicellaisolates were usually not able to grow at highpgerature (45-
122°C) (Marneriet al.2009). The microscopic observation identified there efficient
destruction oMicrothrix parvicellain thermophilic conditions and a reduced
susceptibility to foaming (Dohanyes al.2004).

The control of pH in anaerobic treatment is calticecause methanogens are
extremely pH sensitive. Their activity is seriousifibited outside the pH range of 6.5
and 7.5. Although the results are reported underbée conditions, the level @ordonia
was maximum around pH 6.5 (Chaal.1992). This influence was greater at the 8 d SRT,
but a similar trend was evident in the data at Rt 8f 3 d. They suggest that a change in
pH from about 7.0 to 6.5 would result in an inceeasGordoniacount of about 20%. In
contrast to the active pH &@ordoniaandMicrothrix parvicellarequires a pH value
above 7.1 when grown under conditions belowClL3t is possible that anaerobic digester
foaming caused by filamentous bacteria can be atéayby pH control.
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2.2.3 Plant Operation and Foam Control

Anaerobic digesters experience two types of fogmmoblems (Pitt 1988,
Hernandez 1994). The first type of foaming is agged with low levels of active
biomass during start-up and is caused by the pcesgfpartially degraded organic
matter in the mixed liquor or digesting liquor. Btap foams are usually transient and
unstable, dissipating within a few weeks of thestfappearance. The second type of
foaming occurs in mature digesters. The surfacedammay lower and foams generally
have higher suspended solids levels than the Bouain which they were produced. As
a result, foam generation in anaerobic digestaeraasbe attributed to a single
characteristic. Several approaches have been tala@mtrol biological foaming in
activated sludge process, which can contributenéeeobic digester foaming.

Chlorination of RAS is the most common and effectnethod foiGordonia
control (Blackall 1986, Pitt and Jenkins 1990). Tim&n purpose of chlorination of the
surface foam layer is to kill th@ordoniaand break up the foam. Several researchers
recommended that £€should be applied to the foam layer because gliegto the
mixed liquor, the high Gldoses can reduce activated sludge viability anglimpair
treatment capacity (Neethlireg al. 1987). The use of chlorine sprays on the surféice o
aeration basins has been successfully implementbe 23 Avenue Plant in Phoenix,
AZ (Albertson and Hendricks 1992). In anaerobicedigrs, the chlorination method was
also applied to control the foaming caused by tiesgnce oGordoniain the feed WAS,
but the average WAS foaming potential and foamil#talivas increased by the
chlorination (Pagillaet al. 1998).

A pre-treatment of the feed WAS has the possibititgestroy the foam-forming
microorganisms. A lab test has shown that heati’y &S (70°C, 5 min) reduces the
ability to foam (Westlunekt al. 1998). The surface foam layer is considerably cediby
thermal pre-treatment at 120 for 60 min due to the decrease in the hydroplitybod
sludge (Barjenbruchbt al.2000). Recently, a pilot-scale thermal hydrolyss of
secondary scum was conducted to desBogdoniaand to reduce its foaming potential
(Jolis and Marneri 2006). They indicated that thedrhydrolysis (170C, 30 min) is
capable of more than a seven-log reductio@andoniasp.

Selectors have been most commonly used to cahedilamentous
microorganisms by reducing or selecting out (Chadb®85, Shao and Jenkins 1989).
The purpose of a selector is to enhance the désioapanisms, and to reduce the growth
of undesirable organisms. Anaerobic selectors wppdied at both bench-scale and full-
scale with moderate success (Pitt and Jenkins 189@boratory scale activated sludge
process at different SRT, the control@brdoniawas investigated by an aerobic selector
(Chaet al.1992). At the short SRT, the aerobic selector suasessful in controlling
Gordoniapopulations. A recent study showed that classifgelectors are an effective
approach for foam control at full-scale (Parkerl.2003).

Furthermore, various physical and chemical foantrcb methods have been
developed and applied. A mixing technique had anmeffect on foam formation (van
Niekerket al.1987). Mechanical mixing did not produce foamingnaerobic digesters,
but fine- and coarse-bubble mixing produced a mogl@®unt of stable foam. Other
solutions to control foam include lower digestiemperature, installation of foam
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separators and water spray scrubbers (Ghosh 1891laP1997). Chemical antifoam
agents can be added on demand when the reactargeodigorous foaming. A synthetic
cationic conditioning polymer has been used tostigate the effect of chemical
antifoams on foam formation (van Niekezkal.1987). The chemicals were added to the
WAS before it was fed into the anaerobic digesteus they did not have a significant
effect on digester foaming. However, another sindjcated that defoamant chemicals
in laboratory-scale digesters worked well overaiartoncentrations (Ross and Ellis
1992). Westlunabt al. (1998) reported that polyaluminium salt (PAX-216 § Al/kg

TSSd) could be used as an antifoam agent for the fogualigesters. The foam was
mechanically destroyed with a mixer installed abtheesludge level in the foam phase of
the digester and this work was successful. Unfartielyr, the majority of the published
studies in this area have not attempted to invaithe foam destruction mechanisms in
the anaerobic digesters.
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2.3 Measurementsand Analytical M ethods for Biological
Foams

2.3.1 Overview of Foam Tests

Ideally, foaming tests should describe a parametEpendent of the apparatus
and procedure used, and only reflect the natutkeo$olution tested (Bikerman 1972).
Foam measurement and quantitative characterizateimportant to obtain basic
information about the extent of foaming problemsvé&al methods for quantifying the
degree of foaming have been proposed (Sezigah. 1978, Matsui and Yamamoto 1984,
Pretorius and Laubscher 1987, Ho and Jenkins 188Wever, no such standard method
exists. These methods are probably the most obgesteasure for quantifying the
amount of foam formed in the bioreactor.

Two major parameters are widely used to charaeéhie typical properties of
foams. Foaming potential is a measure of how eadilyuid foams, the foaming ability
of a liquid and the factors that help to attain iediiate foam stabilization. Foam stability
is a measure of the foam persistence and depenf@stons that lead to its breakdown
and collapse.
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2.3.2 Modified Aeration Method

Different types of foam tests based on the aeratiethod have been developed
to measure the foaming potential of a particuladgé sample under reproducible
laboratory conditions. The test procedures diffiethie gas production method and the
measurement scales. For activated sludge, Pretmaisaubscher (1987) suggested the
use of a Scum Index (SI), calculated as follows:

biomass levels in foar)r(m

SI(%) =
(%) total biomass

100

The portion of biomass in foam is determined lagtionary flotation at a
standard aeration rate of 10 L/hr for 15 min dumvigch time a thick stable scum layer
formed. Sl values an the corresponding foamingreggtebserved in practice are shown
in Table 2-2 (Pretorius and Laubscher 1987).

Table2-2 Arbitrary comparison of scum index with the extehtoaming problems

Scum Index (SI) (%) Extent of Foaming Problems
0-05 Insignificant
05-6 Low
6 —10 Moderate
10-15 Serious
> 15 Disastrous

The foaming potential and foam decay in sludge $asnpas examined after
stopping aeration (Goddard and Forster 1987). Aptawf sludge was aerated for 30
min using a fine bubble diffuser at airflow of LBnin. After this, air was turned off and
the foam depth was measured 1 min later. The Fodexlwas quantified from the
calculation of the foam ratio (foam depth / oridihguor depth) at suspended solids
concentration of 3.5 g/L.

Foam ratio at3.5g/L y
35

Foam Index,, = 100
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Similarly, Khan and Forster (1990) measured bo#nf height and stability with
a pneumatic system. The samples were aerated fmir8&nd the foam height measured
one or five minutes after aeration was stoppedy Ei& expressed foam stability using
an index defined by the time it takes for foam atapse to 50% of its initial value £J).
Their system allowed air at a controlled pressuekfiow rate to be dispersed into the
sample at a constant temperature. They concludedhis method would be less time-
consuming than the Scum Index method proposed dtpirs and Laubscher (1987) and
more precise than the Foam Index proposed by Gdddat Forster (1987). The foaming
test method developed by Blackatlal.(1991) used a scale that combined the foaming
potential and the foam stability. A foaming appasatonsisting of a glass cylinder (500
mm high, 40 mm diameter) and a sintered glass(thsx. pore size 40-99m) was used
with compressed air at 200 mL/min. Foam generadiwh stability of sludge samples
were recorded in terms of foam volume, bubble speed of formation and time until
foam collapse. A classification system to assesgaAm was developed as shown in
Table 2-3 (Blackalkt al.1991).

Ho and Jenkins (1991) conducted aeration testsavit L graduated cylinder and
air at a flow rate of 4 thr through a sintered silica sand diffuser. Intaaous foam
heights were measured every 10 sec for 10 minfladverage foam height was
determined at 5 min. For high solids samples sgafigested sludge, the aeration
method was used to determine foaming potentialri{iadedtez 1994). The sludge was
diluted with warmed (37 %) distilled water to a TS concentration of 1.5 Bl a final
volume of 200 mL. The diluted sample was transteteel L graduated cylinder
containing an air stone (ASTM 1745), and sparget Wj gas at a flow rate of 1,600
cm®/min for 90 sec. When the foam layer reached itgsimam height, the volume of
foam layer and foam height was measured.

Results obtained with the aeration test methodallysvarying over a wide range.
It is often unclear whether the variation is caulsgdhe test procedure or by unknown
sludge characteristics. A recent study showedth®évaluation of foaming potential for
activated sludge was affected by aeration testitond (Fryeret al.2011). Based on a
repeatability and coefficient of variation analysisach case, the optimum operating
conditions for the sintered disc method were deiteethto be a porosity of 40 to 1Qén
(i.e., porosity disc size 2), an airflow rate dd @/min and a sludge sample volume of
150 mL.
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Table2-3

Classification of foams generated in the labora{@fgckall et al. 1991)

Foam Rating

Description

0

Reaction to aeration as for pure water. Bubbtealosurface but are
unable to foam or have no stability.

1.0-3.0 cm of foam with fragile, ill-formed bulglsl. Insufficient stability
to form films. Immediate collapse on aeration bdiagied.

Intermittent films sufficiently stable to lastrfs 5-10 seconds. Usually
generated from a fragile foam structure of limikeight. Films unstable
on aeration being halted.

Foam of some substance (i.e., bubbles aboutd diameter) to 3-8 cm
height. Infrequent to regular film formation, wibloth film and foam
semi-stable on aeration being halted. Films hav8@.8econds stability.

Initially 8-15 cm of foam (about 1 cm diametebbies) with stable films
being formed at regular intervals. Body of the foamad films stable for 3-
5 min once aeration ceases.

Condition of stable foam 5-10 cm in height in &pafter which collapse
to 3-5 cm height, which is stable when aeratiomalsed. No films.

Stable foam 15-30 cm in height with no films. Blésize about 0.5 cm
during production and only increases to 2.0-3.0deameter in 3-5 min
from time that aeration is halted.

Dense stable foam > 30 cm over 2 min aeratiobbRusize about 0.3 cm
during production of foam and max. 1.0 cm diamate-5 min after
aeration is halted. Foam is sufficiently stablshow no change in height
in 10-15 min after aeration is halted.
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2.3.3 Alka-Sdtzer ™ Tablet Method

In another foaming potential test method, twoethbf Alka-Seltzel" were
added into a 250 mL aliquot of mixed liquor in @38L graduated cylinder to produce
fine gas bubbles (Ho and Jenkins 1991). Each tablgkins aspirin (324 mg), heat
treated sodium bicarbonate (1,916 mg), and citnd é1,000 mg). The foam potential
was recorded as the maximum volume of the foamrgéeek during the test. Foam
stability could be calculated by noting the foanf-hte. This procedure of foam stability
was later applied to activated sludge samples bth@eet al. (2001). The diluted sludge
samples were placed into 500 mL graduated cylinaedstwo tablets of Alka-SeltZ&t
(sodium acetylsalicylate 650 mg, heat treated sodiicarbonate 3,832 mg, and citric
acid 2,000 mg; Bayer Corp., Elkhart, IN) were adddte volume of foam generated
from the evolution of C@gas was measured as the maximum volume of samhe i
cylinder minus the initial 250 mL. They demonstthteat a Alka-Seltzé based test
successfully quantified filamentous foaming by ragmopic observations. The MLSS
concentrations affected the foaming potential dvedrélationship between the foaming
potential and MLSS could be described by linearizeder functions. However, the
Alka-Seltzef™ method is not suitable for use with sludge samptegaining high MLSS
levels such as digester sludge (Jenkinal.2004). In the Alka-Seltz& tests, two
crucial factors of uncertainty were introduced (FA@§6). First, the gas production rate
increases with increasing high temperature, pdaityudue to higher dissolution rate and
lower solubility of CQ, thus the foaming potential could be measuredffarent
conditions. The other is that tablets can staftol@t during dissolution, resulting in
uncontrollable reduction of the effective gas prichn rate. Fryeet al.(2011) improved
the precision of Alka-Seltz8f method by using a wire cage. A galvanized wireecag
with 10 mm square holes was constructed to comit@nablets and reduce their
movements within the sample.

18



2.3.4 Microscopic Examination

The appearance of foam in activated sludge wagtitdo be correlated to large
numbers of filamentous bacteria and even non-filsmes bacteria as constituting the
predominant microbial populations in some scum dasmfSevioutet al. 1990, Lemmer
et al. 1998). To count nocardioform actinomycetes invatéd sludge, pour-plate
technique with a serial dilution was firstly us&ipes 1978). Later, more simple method
was developed for quantifying nocardioform, knowrfimments counting technique
(Vega-Rodriguez 1983, Pitt and Jenkins 1990). Téuhnique counts all intersections
with Gram-positive filaments of greater thaprh in length across a microscopic slide
with three equally spaced lines (Table 2-4).

The filament counting technique is subjective beeauumber of intersections
may not accurately assess changes in biomass bfaments. Filaments can also lose
their Gram-staining properties when they are suligemore competitive and
environmental stress such as anaerobic selectaaraaetobic digesters, which makes
their identification difficult (Chaet al. 1992, Hernandeet al. 1994). The use of
molecular techniqgues may reflect some of theselpnod An immunofluorescent
method was developed to estimate the quantity afuliy of Gordoniafilaments in
activated sludge and anaerobically digested sloddgaoth a mass and volume basis
(Hernandezt al. 1994). Using this technique, tB®rdoniacontent was found to
average 18% of the VSS in a full-scale activatedg system and for 13% of the VSS
in completely mixed anaerobic digesters.
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Table2-4 Nocardioform filament counting technique of Pittlalenkins (1990)

Step Procedure

1 | Blend 400-mL MLSS or diluted RAS of known congation for 2 to 3 minutes
at low power in a blender

2 | Prepare several (5 to 10) clean frosted micrasstides by marking the edges
with a glass scribe at three equally spaced paiotgg their length

3 | On each slide place 8@- blended MLSS using a micropipette. Spread the
liquid evenly over the entire slide

4 | Air dry the slides

5 | Microscopically examine the slides at a magnifacaof 100, using phase
contrast, to check for even MLSS distribution otrer slide. Discard slides
showing uneven distribution such as clumping, Isas, or accumulation of
solids along the slide edge

6 | If less than five slides remain, repeat Stegwduigh 5 to obtain five satisfactory
slides

7 | Gram stain using the Hicker modification

8 | Count five slides at 1060using oil immersion and normal illumination

9 | Use a microscope eyepiece graticule with a lihedron it

10 | (a)Locate the scribe mark on the slide edge

(b) Line up the eyepiece line with the scribe marklonglide

(c) Count any intersection with the eyepiece line cdi@positive branched
filaments of greater thandm in length

(d) Move across the slide to the opposite edge coualingtersections with the
Gram positive filaments greater thamrh in length

(e) Repeat steps (a) through (f) at the two other samilarks on the slide

(H Average the number obtained for the three courdseapress the results as
“number of intersections/g VSS”

(g) Repeat procedure (a) through (f) for four moreesid

11 | Calculation:
Number of intersections/g VSS
= (Average # of intersections/g@) x (1 uL/L) x (L/MLVSS (g/L))
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2.4 Physical Mechanisms of Foam For mation and Stability
2.4.1 Fundamental Principles of Foam For mation

The foam that may accumulate on the surface aihaerobic digester is a three-
phase system containing gas bubbles (methane,rcdrbxide, and small amounts of
other gases), liquid (water) and solid particlesgended solids or microorganisms). A
three-phase foam can maintain its configuratioty eriien the arrangement leads to the
lowering of the energy contributed by each of tived¢ phases comprising the foam
(Aubertet al.1986). The energy of the foam includes the enefdlge gas, the chemical
energy of the surfactants in the liquid films tfaim the walls of the bubbles, and the
energy of the surfaces of the films. The energylmameasured as internal pressure,
surface tension, film elasticity, and surface vstgo Among the three factors for foam
formation, gas production (gas bubbles) alone doésesult in anaerobic digester
foaming in the absence of surfactants (Vardar-Sule@8, Ganidet al.2011).
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2.4.2 Foam Structure and Related Parameters

Foams have a complex disordered structure, tmeeglts of which are individual
liquid films (bubble faces), meeting in Plateaud®s (bubble edge) (Figure 2-2)
(Weaireet al.1997). The Plateau borders are the regions bettieea touching bubbles.
The nodes are junctions of at least four bordevan-consists of bubbles compressed on
each other and can be characterized by the ligadaién ¢), which equals the volume of
liquid (Viquia) divided by the volume of the foaWigan). The liquid fraction is useful for
distinguishing between dry and wet foams and feessing the degree of packing. The
liquid volume fraction may vary from less than grezcent (dry) to around 35% vol.
(wet). For low liquid volume fraction (dry foamje bubbles are polyhedral, with
slightly curved faces and well-defined edges. lndhy foam, the Plateau borders are
narrow and extremely thin films of liquid separgtthe gas bubbles. Wet foams are
generally characterized by nearly spherical gablashwhich are separated by relatively
large amounts of liquid. These structures are Wiegtlized as consisting of contacting
soft spheres.
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2.4.3 Foam Drainage and Stability

One of the main characteristics of aqueous foartisaisthey irreversibly evolv
in time: foams drain, coarsen, and finally compiet®llapse as the films betwe
bubbles rupture (Weairt al. 1997, Saint-Jalmes and Langevin 2002, Saahines 2006).
When foam is first formed, it is termed wet foantéese the liquid film between tl
dispersed bubbles is relatively thick. As the faaatures, the liquid and gin the foam
tend to separate with time due to gravity and &aty. Such liquid drainage leads
thinning of the films separating gas bubl and to their eventual ruptu¢Eigure z3).

_

(c)

Figure2-3  Two-dimensione disordered foams with different liquid volume friacts
during the foam drainage: (a) wet foam (high liquadume fraction), (b
dry foam (low liquid volume fraction), and (c) foammpture and collaps
(almost zero liquid volume fractic
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For any foam to be reasonably long lasting, theidigphase must contain,
solution one, or more surfactants. The functiothefsurfactant is to stabilize the ligt
films. A thin liquid film is formed around the biag bubbles, preventing them frc
bursting (Figure 2-4(3) Certain solid particles have hydrophobic propsrthat cat
attach to biogas bubbles formed during anaerobatinentThey selectively partitione
into the foam trapping and carrying other solidsem-solid particles with trm (Mori
et al. 1988, Hernandez 19¢. These hydrophobic particles at the Ggsid interface may
create a bridge that impedes liquid drainage, amdmece foam stabili (Figure -4(b)).
Thus, drainage velocity is a mafactor controlling foam stability and is often usssla
diagnostic test.

\guas _ # Q\// ; Vas _} ___ hydrophilic \:Jas .;; was _)
"™ hydrophobic
v 3 \
surfac;ant molecules hydrophobic particles
(a) (b)

Figure2-4  Physical mechanisms of foam formation and stahibpaat the ge-liquid
interface: (a) tw-phase foam in the absencepafticles and (b) thr-
phase foam in the presence of hydrophobic partitlete thai
hydrophobic particles can bridge across the gablbudnd prever
drainage of foam liqu
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Among the different stabilizing effects, the dragaalays a key role in the
lifetime of the foam, as it irreversibly changes tbam’s liquid content (Safouaetal.
2006). Foam drainage theory was pioneered by Leamad Lemlich (1965). This theory
describes the flow of a liquid through the Platbatders, which are connected via nodes
and form a network through which the liquid floisdure 2-5(a)). Macroscopic liquid
drainage rates are inferred from microscopic fl@saiptions at the scale of the
elementary structure (a PB and a node). Draindgeeimces foam stability by thinning
the liquid films between adjacent bubbles. The begban then easily coalesce leading
to foam destruction (Weairt al. 1997, Stonet al. 2003, Neethlinget al. 2005,
Stevenson 2007). The main factors that influenedltdw of foam liquids include mean
bubble size, foam geometry, properties of gas @uid phase, liquid volume fraction,
and the physicochemical nature and concentraticuidéctant and/or hydrophobic solid
particles (Heller and Kuntamukkula 1987, Pagill®19Neethlinget al.2002). A number
of researchers have shown that the rate of draidegends on the viscosity of the
solution under the foam layer (Pugh 1996, Mogewl. 1999). In anaerobic digester
sludge, an increase in the total solids conterstsited in an increase in sludge viscosity.
Increased sludge viscosity can reduce the foanmalgai rate and potentially result in the
creation of stable foams (Gaoetl al.2004).

Despite the complexity of fluid flow and bubble geetry, an overriding structure
to fluid flow has been observed in many experim@itehleret al.2004, Feitosat al.
2005, Saint-Jalmes 2006, Caal.2009). Conceptually, the macroscopic observatfon o
liquid drainage of the standing foam (free drainag¢he most simple. Experimentally,
the volume or height of liquid drained with timendae measured, but this requires a
controlled and reproducible initial state. This me#hat the foam must be uniform with a
constant liquid fraction all along its height. Swgnditions are not easy to produce,
especially for high liquid fractions. Furthermofee drainage also requires long
experimental times to follow the foam drainagehte final equilibrium state.

As opposed to free drainage, a forced drainageaddtirned out to be a simple
and useful technique to study liquid transportaarhs (Weairet al. 1993, Saint-Jalmes
2006, Carret al.2009). The forced drainage experiment allows #te of liquid
drainage and the liquid fraction, which are dingcélated to the foam stability, to be
guantitatively measured. The liquid drainage rég<ould be measured in a wide range
of injected superficial liquid velocity) and a power law relationship with~ vs* was
determined both experimentally and theoreticallgifgJalmest al.2004) (Figure 2-
5(b)). The drainage regime is determined by wheeenain hydrodynamic resistances to
the liquid flow occur either in the PBs or in thedes. The explanation of this behavior is
given in terms of a transition between a node-daeith and a PB-dominated drainage
regime, for which theory predicts respectively 1/3 andx = 1/2 (Durancet al. 1999,
Safouanest al.2001).
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24.4 Drainage Model and Boundary Conditions

A theoretical model of foam drainage focuses @vigy-driven flow through
aqueous foams and describes the time and spaagtienadf the foam liquid fractiorg
(z, t) (Koehleret al.2000, Saint-Jalmes 2006). The drainage equatidarised from
averaging over the whole network of PBs and not@les.foam is considered as a porous
medium, but its permeability is not constant andyisamically coupled to the liquid flow,
unlike conventional porous media. Hence, the Dartaiv that relates the permeabiliy (
and the average front drainage velociy through the foam is shown in following
equation with permeability as an explicit functimine (z, t).

2@,09
U

Vi

whereyu is the bulk viscosity of foaming solutionsjs the liquid density, angis
the gravitational acceleration. The permeabilityhaf porous medium (i.e., foam) to
liquid flow is determined by the physicochemicabperties of foaming solutions. A
detailed derivation of a general expressiorkf{aey is presented in Koehlet al.(2000).

In the first limiting case (Figure 2-6(a)), assamno-slip boundary conditions
(less mobile) at the bubble surface, the liquiavfiag inside the PBs is Poiseuille-like
with high surface viscosity at the bubble surfaaes the permeability is(e) = KcL%e Ke
is the dimensionless permeability number, whichedels only on the PB (channel)
geometry and. is the PB length. The front velocity is given by

Kpgl? (K pgl? (K g2 |
v, K0 g:[ £ j(V_J :{ £ j e
P U 2 P

In the second case (Figure 2-6(b)), assumingbslimdary conditions at the
bubble surfaces, it is proposed that the main hdgramic resistance occurs in the nodes.
The bubble surfaces are mobile, thus the surfaloeiagis non-zero, yielding another
form for k(&) = K,L?£*?, leading to:

2 2 12 2\2/3
y, Kool gz:[Knngj_(gJ :(Knng] O
r AR r

In node-dominated regimK,, is a dimensionless number, describing the node
permeability.
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Figure2-6  Liquid flow through the elementary foam structu@®: PB-dominated
drainage regime (high surface viscosity, zero serfgelocity, and
Poiseuille-like flow) and (b) node-dominated drajeaegime (low surface
viscosity, non-zero surface velocity, and plug-lilav)
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In free drainage, we focused on the time variatibtine liquid fraction within
foams at multiple locations, which follow power lsn#(z) = t*. The exponeng depends
on the parameter = Z/z, (to/t)"? (z = 0 at the foam top) (Koehlet al.2000). Herez,
andtp are the length scales and the typical time defimer} = Cy/2pgL andty =
Cyul2K(pg)®L>. C is the constant;is the surface tensioK, is the dimensionless
parameter depending on the drainage regkgéor rigid surfaces anH, for mobile ones.

e~t#fory<1,e~ttfory>1 (less mobile, PB-dominated)
e~ttfory<1,e~t?fory>1 (mobile, node-dominated)

In the transition range, the flow is in a single Wigh interfaces that are neither
perfectly rigid nor perfectly mobile.
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2.5 Interfacial ForcesInvolved in Foam Drainage and
Stability

Interfacial forces that arise in foam films comfihbetween gas bubbles are
critical to better understand the drainage propeind the stability. Numerous
theoretical and experimental data indicate thatlieemodynamic and kinetic properties
of the liquid in thin films differ significantly sm the properties of the bulk phase of the
same solution (Khristoet al. 1993, Vilkova and Kruglyakov 2005, Kruglyaket al.
2008). The classical Derjaguin-Landau-Verwey-Ovekb@®LVO) theory is commonly
used to explain the stability of foams that relatethe development of the
thermodynamics of thin films (Lyklema and Mysel6%9Exerowaet al. 1987). Later,
Bergeronet al.(1993) identified discrepancy between DLVO theang experiment,
indicating that other forces such as hydrophobicd@re also important in determining
the stability of foam films, recognized as non-DLV@ces (Bergeron 1999, Sedetval.
1999, Angarskat al.2004). It is customary to assume that variousrdmurtions to the
disjoining pressure that can calculated as thevaive of the Gibbs energy of interaction
per unit area (Derjaguin 1936) are additive to egpithe interfacial forces in films
(Bergeron 1999).

IT =TIlg + Iy + Iother

wherellg is electric double layer forcel,,, is van der Waals forces, ahldiheris
other forces such as hydrophobic, hydration anucsigrces.

The charged surface and the neutralizing difflesger of counter-ions form an
electrical double layer. Due to the electrostagjguision, the counter-ions between two
planar charge surfaces built up at each surface cébnter-ion concentration varies with
distance, which can be calculated on the basi®skBn-Boltzmann equation and Gouy-
Chapman theory. An approximation for electrosttiices between two planar surfaces
is given by

I, =64C,RTT; explxH)

r, :tan!{%j
4KT
whereC, is the electrolyte concentratioR,is the gas constarg,s the electric
charge,y is the electrical potentia is the film thickness, the Debye lengi'] is

given by
1/2
o :( &5 KT j
2¢’N,,|
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whereg andg are the permittivity of vacuum and the electriastant of water,
respectively, antlla is Avogadro’s number. The Debye length decreasedeatrolyte
concentration (i.e., ionic strength in wastewaitiecjeases, thus the electrostatic repulsion
force reduces with increasing ionic strength irdgkiliquids.

Van der Waals forces are always present betwderanting planes. In foam
films, they are attractive forces and depend orgdmmetry and nature of the surface
interactions. For two parallel planes, the van\Weals disjoining pressure varies with
the film thickness.

0 A

SRR

whereAy is the Hamaker constant that expresses the nardest van der Waals
interaction free energies based on pairwise add{tiamaker 1937). For the symmetric
case of two air phase (2) interacting across med8)ithe Hamaker constafts; is
within the order of 18° J for foam films.

The role of hydrophobic force in bubble coaleseamwas proposed, recognizing
that gas bubbles are highly hydrophobic in vievhigh interfacial tension of air/water
interface (72 mN/m) (Wang and Yoon 2006). In foamg, hydrophobic force may play
a role, in which case the DLVO theory can be ex¢endr the contributions of
hydrophobic force (Yoon and Aksoy 1999).

=11, +I1,,+II,,

K232
67H?3

th -

whereK3; is the constant that can be directly compared thighHamaker
constant®,3,. Hydrophobic particles present wastewater and #teiaction forces
associated with the surface interactions at the4iguid interfaces. The hydrophobic
force may be two orders of magnitude higher thawtin der Waals and electrostatic
forces at short distances (< 2 nm) (van Oss 1994).
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3. Research Objectives

The research objectives were to understand theafuadtal principles of foam
stability that are necessary to predict and coritraiing in anaerobic digester systems.
Even if the drainage of a variety of aqueous stafatcsolutions has been investigated
with experimental and theoretical studies in prasistudies, extending these studies to
include wastewater sludge is important for undexditag the stability of three-phase
foams, and therefore foaming in anaerobic digesteithis study, the stability was
considered on the basis of macroscopic drainagestigations, with the goal of
developing a new method for determination of thaitl quantity that drains in the
presence of anaerobically digested sludgmulti-point electrical resistance
measurement technique was used as a tool for #Hraatlerization of difficult-to-measure
foam levels and liquid variations in wastewateatngent system®ased on the foam
drainage theory, a systematic methodology wasdotred for the determination of
drainage properties and a more detailed estimafidmam stability in various aqueous
foams.As compared to existing drainage studies by otheasurement techniques, our
developed method was validated in the anionic stafd foam column of large diameter.
Several drainage experiments were conducted fadrdieage properties of aqueous
foams stabilized with sodiumdodecylbenzenesulfo(BRBS), a commercial form of
linear alkylbenzene sulfonate (LAS) that comprigesmajority of anionic surfactants
currently manufactured by the chemical industry esnitie most frequently used in
household detergents. To verify drainage regimth fmoced and free drainage
experiments were performed for SDBS foams, thefiGgin of a real-time electrical
resistance measurement technique was used to tartkfeaming in anaerobic digesters.

The specific objectives of the study were:

o To develop a new method for measuring macroscapioage rates in two-phase
and three-phase foam system

. To examine the macroscopic drainage rates and esgoy our developed method
and to compare the results with previous techniguése literature

. To validate a multi-point electrical resistance sweament technique and a
methodology to characterize drainage behaviors

o To investigate the drainage regime of aqueous fadatslized with SDBS

. To access the drainage regime of foams stabilizddamaerobically digested
sludge and to investigate the properties of draraghavior

. To estimate the surface mobility between bubbledudge-containing foams

. To determine the foam stability in terms of haléliime by a real-time foam
measurement system

. To understand the role of sludge on the drainagestability
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4. Materialsand Methods

4.1 Foaming Solutions
41.1 Anionic Surfactants

Sodium dodecyl sulfate (SDS) of high purity andism
dodecylbenzenesulfonate (SDBS) were purchased $igma-Aldrich (St. Louis, MO)
and were used as a foaming agent to represent coramonic surfactants. Although
surfactants of biological origin are commonly ingalied in anaerobic digester foaming,
anionic solutions were used to provide reliableridarmation, but with a possible loss
of similarity to real world foaming cases. In aitygd preparation, an aqueous solution
was prepared by dissolving powder surfactants ioniged (DI) water, followed by
filtration through a 0.22um filter (Millipore Corp., Molsheim, France). A tiqal
concentration was 1:210° mol/L (1.5 CMC) for SDS aqueous solutions, whish i
slightly above the critical micelle concentrati®@\(C) estimated at 8.2 10° mol/L
(Bergeron and Radke 1992). To compare the existisglts in the literature,
concentrations of SDS were adjusted in the range2of 10° mol/L (1.0 CMC) to 1.6
102 mol/L (2.0 CMC). The CMC of SDBS was equal to £.20° mol/L (Carrier and
Colin 2002), and this surfactant was particulatgbge. SDBS concentration ranged £.8
10° mol/L (1.5 CMC) for forced drainage and %202 mol/L (10 CMC) for free
drainage to reduce coarsening effects.

4.1.2 Anaerobic Digester Sludge

Anaerobic digester sludge was taken from one efuh-scale anaerobic
digesters operated by the Easy Bay Municipal i#giDistrict (EBMUD, Oakland, CA).
In the wastewater treatment facility, WAS from #ezondary clarifiers was pumped to
the gravity belt thickener and then mixed with mmsludge prior to being fed to the
anaerobic digesters. Sludge samples were coll@ttgdstic containers and immediately
transported to UC Berkeley for foaming tests. Guéld digested sludge was mixed with
prepared SDBS aqueous solutions at various coratemts to generate sufficient volume
of foam. These sludge were diluted with warmedC3deionized water to various TS
concentrations ranged from 1.5 to 3.0%, if necgssdnen we conducted both forced
and free drainage experiments. All tests and aisalysre performed within 24 hours of
collection.
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4.2 Batch Foaming Experiments

Prepared surfactant solution or mixture foamingtsan (2 L) was transferred to
an ethanol washed and dried plastic containedfiitgh an air stone centered at the
bottom, and injected with nitrogen or carbon diexghs at a controlled flow rate of 4
ft>/hr. The input of nitrogen or carbon dioxide ga® ithe foaming solution produced
foams along the height of a cylindrical test coluwith a diameter of 15.2 cm (6 in.) and
a height of 1.0 m (3.3 ft.). With the aeration mstantaneous foam heights were
recorded every seven seconds until foam heightsrobhe meter. Foam consists of large
guantities of liquid and gas, making it possibleise changes of electrical resistance to
measure foam behavior.
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4.3 Multi-Point Electrical Resistance M easurement System

All experiments for the foam formation and thedstof drainage were performed
with a multi-point electrical resistance measurensgstem (Figure 4-1). This
measurement apparatus consisted of a stainlesekteteode placed around the inner
edge of the column, a multi-point foam probe plaaethe center of the column, and a
controller connected to the main body of the foaobp.

Foam probe and controller were developed by CHathnology Ltd.
(Maidstone, Kent, UK), and they allowed for contias monitoring and recording of
total foam heights and electrical resistance. Tiob@ consisted of 16 electrodes at
regular intervals (7.5 cm). When a voltage (1.0s8vapplied to the electrodes the
response of electrical currents at each electraeleagged in a PC every seven seconds
by the controller. It provided a conductance regdivat can be converted to a specific
conductivity (@) by means of the following equation (Zahn 1979).

where/ is the conductance (siemeng)s the cell constant which is equal to the
distance between electrodes divided by the crost#esearea of electrodeB,is the
resistance (ohms) R/~ conductance) arfgl a andl are the diameter of column from
probe center to wall (here 15.2 cm), the diameténe probe (here 1.2 cm), and the
length of each electrode (here 7.5 cm), respegtivel

Each electrode is electrically isolated from aHeatelectrodes during
measurement, which effectively ensures that thesliof conductance measured are
perpendicular to the electrode surface. The measneregion of the probe is a circular
slice through the headspace region and the shape oégions is maintained by the
interaction of the electric field from each elediowith that from neighboring electrodes.
This technique measured electrical resistancectrabe converted into the conductivity
at multiple locations along the foam column, allogvchanges in foam composition to be
monitored with time. Foam electrical properties @esed to measure liquid variations in
real-time and are applicable for practical monitgrof anaerobic digesters.
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4.4 Foam Drainage Experiments
4.4.1 Forced Drainage Experiments

Forced drainage experiments were conducted toureasacroscopic drainage
rates and to determine the drainage regimes irstefrthe main hydrodynamic
resistances to the liquid flow occurred eitherthia PBs or in the nodes. A series of forced
drainage experiments were performed for the dramaigperties of foams stabilized with
anionic surfactants or mixtures of surfactants @igésted sludge taken from full-scale
anaerobic digesters. It allows for a more detadisiimation of foam stability in relation
to its structure. The protocol for all forced di@ge experiments comprised the following
steps. First, a foam layer (80 cm) was prepardhdartest column and was allowed to
drain completely under normal gravity condition®tgain a relatively uniform column
of dry foam (typically liquid fractiors < 10%. Once the foam was dry, the same foaming
solution was added to the top of the column atrdarotied flow rates Q). As this
solution migrated downward through the dry foamed front traveled down the foam
column at a steady velocity;. The experiment was terminated when the wet front
reached the bottom of the foam resulting in alnoogfiormly wet foam. Thus, the
drainage front profile consisted of three regidhs:drained region below the traveling
wet front < 10%, the transition region in the vicinity of the wiednt, and the main
body region with uniform liquid fraction. Electriceesistance, measured at multiple
locations along the foam column, was used to folloevadvancing wet front. This front
propagated at a constant velociy that can be estimated as= d/t;, whered is the
known distance between two electrode segmentc(id)&andt; is the average time it
takes the front to migrate from one electrode seqgriteanother.

The front velocity will depend on the injected sdjpal velocity (vs) by mass
conservation. Adding liquid for a timdt at the top produced uniformly wetted foam
behind the front spanning a volumegA-4t) and the liquid fractiond) can be calculated
as:

_ QAt v,

S

E= =
Vi-A-At v,

With the theoretical works for the drainage (Chagtd.4), experimental results
can be also expressedwas Vv¢* or v; ~ ¢°, whereoa andd are fitting parameters. The PB-
dominated regimen(~ 1/2) is characteristic of less mobile and sakeé-surfaces, while
the node-dominated regime { 1/3) is characteristic of mobile and fluid-liker&aces.
The regime type (PB- or node-dominated) is expetiedfluence foam stability.
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4.4.2 FreeDrainage Experiments

A free drainage experiment was conducted to imptbe study of foam stability.
Free drainage is the evolution of the liquid fractof initially uniform foam of finite
height. Foam dries first at the top, and a drytffmopagates down through the foam,
while the liquid emerges and accumulates at theobotThe drainage dynamics were
observed by the electrical resistance measuremgstars which allows to follow the
liquid fraction as a function of time(t), in several points of the foam column. This
provided the drainage curves of the liquid fractiothe foam at any time, which can be
normalized by the initial liquid fractionef) obtained after complete foam formation. We
presented the evolution of the liquid fraction otiere at a fixed position in the foam,
10.0 cm from the top. Experimental results wereressed as/ g = t* (PB-dominated
regime, < 1, and node-dominated regim#> 1).
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45 Foam Stability Deter mination

Together with the drainage curves, we obtainedimoous on-line profiles of
total heights of the foam, then the foam stabdibyld be characterized by its half-life
time, defined as the time required for the foarbéaeduced by half (Iglesias al. 1995).
The initial foam height was continuously decreasét time, thus the foam stability
could be estimated by the time when the foam hewgdathed its half height.

4.6 Relative Hydrophobicity

Relative cell hydrophobicity of anaerobically diged sludge samples was
measured by the microbial adherence to hydrocardA3 H) test using hexadecane.
This method is based on the degree of adherenuactdria cells to various liquid
hydrocarbons following a brief period of mixing (f&mberget al. 1980, Kharet al. 1991,
Chang and Lee 1998). The sludge samples were pia@80 mL centrifuge tube,
centrifuged at 3,000 g for 10 min, and washed WithM phosphate buffered saline (PBS)
buffer (pH = 7.4t 0.1). In a 50 mL separatory funnel, 15 mL of heehe was added to
30 mL of washed sludge, and then agitated for 5 #iter allowing 30 min for the
hydrocarbon phase to rise completely, the aquebasepwas transferred into other
centrifuge tubes and measured suspended solid mimatens. Relative hydrophobicity
could be calculated as a ratio of MLSS concentnatiche aqueous phase after
emulsification (MLS9 to MLSS concentration in the aqueous phase before
emulsification (MLS9.

Relative cell hydrophobicity (%) = (1 — MLEBILSS)) x 100

4.7 Total Solids(TS), Total and Volatile Suspended Solids
(TSSIVSS)

Total solids (TS), total suspended solids (TS$)\arlatile suspended solids
(VSS) of all foaming solutions were measured adogrtb Standard Methods 2540B, D
and E, respectively (APHAt al. 1992). Sample volumes used were 2 mL of the pegpar
foaming solution. Glass filters (47 mm, type A/lasgg fiber filters, P/N 61631, Gelman
Sciences, East Hills, NY) were rinsed with deiodineater, dried at 55C for 1 h in a
muffle furnace, stored in a desiccator until needed weighed immediately before use.
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5. Resaultsand Discussion

5.1 Multi-Point Electrical Resistance M easur ement

Figure 5-1 presents the relationship betweendlative conductivity and the
liquid fraction of anionic surfactant (SDS) foarRelative conductivity values were
computed from electrical resistance measuremeatat#tined at multiple locations in
the foam column. The error bars are the samplelatdrdeviations. The liquid fraction
was calculated according to equation discusse@atich 4.4.1 on page 38. This
calculation was based on average values of theasempic drainage rate during the
drainage through the foam column at individualéigel superficial velocities. The lower
detection limit for relative conductivity is 0.001Gorresponding to the liquid fraction of
0.0046. In a two-phase foam system, a similariozlahip between the relative
conductivity and the liquid fraction has been deped by Lemlich (1978). The
following equation is particularly useful, as igreres only a measure of the relative
conductivity for predicting the liquid fraction.

o
£=3x0, =3x—"
0

whereco; ando; are the specific conductivities in the foam antk tiquid phase,
respectively. For our experimental setup, all pat@ns in equation (Section 4.3 on page
36) exceptl were constant, and the relative conductance vaasftire equal to the
relative conductivity. The dotted line was fittedltemlich’s equation in Figure 5-1 to
demonstrate the capacity of continuous on-line mreasents of the liquid fraction. The
equation is only valid at lower values of liquiddtion ¢ < 0.1) (Varleyet al.2004b) as
the liquid remains largely in the PBs with the dation of this equation (Lemlich 1978,
Phelaret al. 1996). As the liquid fraction increases the relaship becomes sub-linear
due to the increasing importance of nodes (Bréiaal. 2009). For a widerange of liquid
fractions, asimple empirical formula gave an excellent desmnpof collected data
(Feitosaet al.2005), as shown by the nearly identical soliddiimeFigure 5-1.

oo 3.0,-(1+11.0,)
(1+25 0, +10-67)

When considering all the data conducted for S the relative conductivity
tends to be higher for our experimental data tlamther two fitted lines. As the liquid
fraction increases, particularly above approxima®e007, there is closer agreement
between some scatter in the data and the Lemligatex. In free drainage, the variation
of the liquid fraction along the foam column wasnputed from the Feitosa equation
after the measurements of both the conductivithefoam phase and the conductivity in
the bulk liquid phase.
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Figure5-1 Relationship between the relative conductivity gmelliquid fraction for
anionic surfactant (SDS) foams. The liquid hold wasputed from the
macroscopic drainage rate obtained at individyatied superficial
velocities during forced drainage experiments. [Diaeer detection limit
for relative conductivity is 0.0017, correspondinghe liquid fraction of
0.0046. The dotted lines were fitted to the Lembiguation and the solid
lines were fitted to the Feitosa equation
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5.2 Macroscopic Drainage Observation

Electrode pairs located at multiple heights offttean column measured the
relative conductivity profiles with time (FigureZ- Foam was prepared and stabilized
with sodium dodecyl sulfate (SDS) at the conceiumadf 1.2x 10% mol/L (1.5 CMC).
Nitrogen gas was added at a flow rate ofhft As the foam developed, the relative
conductivity increased, reaching a maximum whenigast was terminated and the
foam started draining. As expected, the relativedoativity was higher for electrodes
closer to the bulk liquid surface during the foamiation. It could be visually observed
that the relative conductivity varied with heigtite foam being wettest at the bottom and
driest at the top. The foam was allowed to reabhight of 80 cm before the gas was
stopped, and then drained out until equilibrium wasntually reached between
gravitational and capillary forces. In order togaee the dried foam column, liquid
drainage was continuously allowed until the relatvonductivity had similar values at
different heights along the foam column. The drgeeate’s relationship to vertical
location showed that drainage was fastest at thternaf the foam column and slowest
at the top. This observation can be attributedhéohigher hydrostatic head at the top,
which leads to more resistance to the liquid flovthe foam phase.

The forced drainage method allows an estimaticacotirate liquid fraction of
the foam. The relative conductivity profiles werdagged for the forced drainage time in
Figure 5-2 with the heights of 30.0, 37.5, 45.0 88cb cm of the foam column (Figure 5-
3). Once the added solution (9.820* cm/s) has passed each electrode the relative
conductivity started increasing because the weit firaveled down the foam column, and
in the limit of long times, approached an equililoni state. This liquid fraction
distribution becomes more and more uniform as dgerproceeds. The front moving
down along the foam column did not spread outtdoit the form of a solitary wave.
This velocity is thus the same as the surface-geeriquid velocity behind the wave
and could be estimated &s= I/t;, wheret; is the average time it takes the midpoint of the
wet front to migrate from one electrode to anotfiéis macroscopic front drainage
velocity was measured in a series of experiments avfferent superficial velocities.
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formation and forced drainage experiments
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5.3 Method Validation

The capability of the technique was confirmed by éistimation of macroscopic
drainage rates through a series of forced draieageriments with different superficial
velocities for agueous foam stabilized with SB8nple surfactant foams were first
tested at a range of injected superficial velositiene concentrations of surfactant (SDS)
solutions used in this experiments were>820° mol/L (1.0 CMC), 1.2 10% mol/L
(1.5 CMC) and 1.& 102 mol/L (2.0 CMC), respectivelyThese values were selected to
compare the performance of the drainage regime tivélexisting studies using other
measurement techniques.

It was reported that a power law relationship betwihe front velocity and the
superficial velocity was in a good agreement withexrimental findingsWe found that a
simple power law yielded an exponent 0.35+ 0.04 for 1.0 CMCg = 0.38+ 0.03 for
1.5 CMC andx = 0.30+ 0.04 for 2.0 CMC, respectively (Figure 5-4). Troaver laws
determined in this study were fitted to the foarainlge equatiorRower-law
relationships were analyzed by regression statistith confidence level of 95%. P-
values were less than 0.001 for all relationshije estimated power laws as a fitting
parameter indicated that the bubble surfaces al®lenae. in the node-dominated, since
the power-law exponent was close to its theoretiahle @ = 1/3).

The results obtained by the multiple light scattgriechniques and the segmented
capacitance sensors with two parallel plates wegood agreement with those used
(Koehleret al.2000, Vereet al.2001, Neethlinget al.2005, Carey and Stubenrauch
2013). In two-phase foams, the electrical resistaneasurement method developed in
this work was validated, and thus could be useshtwacterize difficult-to-measure
liquid variations and drainage rates within sluftggms, as the liquid flowing within
brown foam is invisible. This method enables beitime monitoring of and
intervention in foam development.
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5.4 Drainage Behavior of Sodium Dodecylbenzenesulfonate
(SDBS) Foams

Drainage regime of a column of draining aqueousnfgtabilized with sodium
dodecylbenzenesulfonate (SDBS) was characterizdubthyforced and free drainage
experiments in which local drainage rates are nreddoy the electrical resistance
technique. The SDBS is a commercial form of liredylbenzene sulfonate (LAS) that
comprises the majority of anionic surfactants anhost frequently found in anaerobic
sludge. Forced drainage experiments were carrietbothe SDBS foam at the
concentration of 1.8 10° mol/L (1.5 CMC). The variation of the front velogiwith the
superficial velocity of the injected fluid was irstiyated to determine the drainage
regime (Figure 5-5). The data were fitted with poveésvs over a range of almost two
orders of magnitude of flow rates. The power-lawpanenta (= 0.32+ 0.05) was close
to the theoretical value for the node-dominatednnegwhere dissipation mainly
occurred in the nodes with the mobile PB surfaces.
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— a=032+005

o
w
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0.1 — —
10 10° 102
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Figure5-5 Relationship between the front velocity and theesfigial velocity for
agueous foams stabilized with sodium dodecylberadfumate (SDBS)
at the concentration of 1:810° mol/L (1.5 CMC). The line indicated
power-law relations with an exponemt 0.32+ 0.05
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Free drainage experiments were performed to vérdydrainage properties (i.e.
node-dominated regime) obtained from forced draregeriments. At a concentration
of 1.8 mmol/L, the forced drainage experiment pnése a node-dominated drainage
regime for aqueous surfactant foams. To validate¢lsult obtained from forced drainage
experiments, the same foaming solution was usé@endrainage experiments. The
evolution of the liquid fraction over time was fmNed at a fixed position in the foam, 10
cm from the top. The liquid fraction was calculatesin the relative conductivity in
Feitosa’s empirical equation. The drainage curuédcbe normalized by the initial liquid
fraction in foams £ = 0.002) obtained after the foam formation. Fresrihge curves
showed the power-law decay and the time scale achwiower law behavior appears
was of the order of 100 s (Figure 5-6). From theglime scale, the drainage regime can
be determined from the exponent of a power lawt?® discussed in Section 2.4.4 on
page 30. The value of the expongwas predicted to be 1.0 for low concentration of
SDBS, evidencing the mobile surfaces in the PBsswal

High concentrations of SDBS ([SDBS]/CMgss= 10) were used to strongly
minimize the coalescence-induced foam destabitimgiCarnet al.2009). At higher
concentration, the liquid fraction was dramatical@creased after certain drainage times
(Figure 5-6). This suggests that higher surfactantentrations cause more stable foam
for a long time, however the drainage regime wdashanged with similar theoretical
values of the power law exponent. The value ofgihveer law exponent was estimated to
be 1.4 for the SDBS concentration of 10 CMC andsus our expectation of high
surface mobility in the PB walls during drainagée$e results confirmed the previous
experiment’s results, showing that the node-doresha¢gime was found in forced
drainage experiments.
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5.5 Foam Stability Deter mination

In the majority of studies where the drainage regisnpredicted, no attempt was
made to investigate foam stability. The time oftuup of half of the foam columiy,,,
was commonly used to quantify foam stability. Thigally produced foam column
decayed to half of its height. The foam probe usdtis study continuously measured
the variation of total foam heights during the foeoormation and drainage. The foam
heights were plotted versus the corresponding ethpsie for the free drainage of SDBS
foams (Figure 5-7). The concentration of SDBS was<110% mol/L (10 CMC) and the
estimated;, was 33.6 min. The capability of this simple auttedamethod to estimate
the half-life time could be applied for testing gmedicting of foams of extremely
varying stability. The technique is relatively lawst, easy to use, and is therefore useful
for the study of foam drainage for both qualitatarel quantitative description of various
foaming systems, even bioreactors. However, imporssues must be clarified for a
complete understanding of the correlation betwberdtainage regime and foam stability.
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5.6 Drainage Behavior of Digested Sludge-Containing Foams

To ensure ability of the foaming, foaming solusomere prepared with mixtures
of sludge samples and SDBS at different concentratiFoam ability measures the
maximum height of the foam column following a 15nAumie injection of gas. Foam
capacity was calculated from maximum foam heighideid by total volume of gas
injected over 15 min (Figure 5-8). Foam ability araghacity was significantly increased
at the surfactant concentration of 2.9 mmol/L @MC). Half-life time was also
measured to estimate the stability, but foams wetestable when surfactants added up
to the concentration of 1.4 mmol/L (1.2 CMC). Alitd were measured three times and
presented average value of their measured dataagweotal solid concentrations of
digested sludge samples collected from the anaedipester ranged from 2.5 to 2.8%.
Relative hydrophobicity of collected anaerobic gieidvas ranged from 55 to 62%,
indicating that the sludge has not a high foamiotgptial.

In forced drainage experiments, addition of aniauidactants should be over 2.4
CMC to minimize coalescence effects of the drainagfgaviors. Representative plots of
relative conductivity profiles in the presence n&arobically digested sludge are shown
in Figure 5-9. General trends are similar to tHose¢he pure surfactant foams as shown
in Figure 5-3. The relative conductivity became enand more uniform at different
heights as drainage proceeded. However, foam igidblvith anaerobically digested
sludge was not completely uniform due to solidipkas. In contrast to pure surfactant
foams, the drainage rate was virtually constantrancke scatter was observed in the
sludge-containing foams. In the forced drainagesdrments, the relative conductivity
increased sharply when the wet front reached elacktrede, however, the relative
conductivity did not reach equilibrium at the firshge. Nevertheless, the front velocity
can be estimated from midpoints of the conductipityps between the electrodes. These
front velocities were measured in a series of arpants with different superficial
velocities.
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To assess whether surfactant concentrations peeinhinage of the
anaerobically digested sludge foam, experimentg werformed in which different
concentrations of SDBS were mixed with sludge saspkfore the foam was formed.
Power law relationships were similar in three sdtsludge samples with the significant
difference in SDBS concentrations (Figure 5-10)oliced drainage experiments, TS
concentrations for all foaming solutions were atfjddo 2.5% after the mixture with
surfactants. A simple regression at a 95% proliglddvel was applied to determine the
power law exponent of the relationship betweerfiiiet velocity and the superficial
velocity. Power law exponents were different withggSDBS solutions in the wide range
of surfactant concentrations. The drainage regime WM«ely the PB-dominated because
the power law exponent was close to the 1/2 ofrtaxal value in all experiments.
Although power law exponents were not always fitethe theoretical value, addition of
sludge samples resulted in a transition of draimagame from the node-dominated to the
PB-dominated. Sludge solids may make bubble susfiss mobile as surface viscosity
increases.
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To verify the PB-dominated drainage regime inghesence of anaerobically
digested sludge, free drainage experiments weferpezd at different total solid
concentrations of anaerobic sludge samples. Indra@age, total solid concentrations
were adjusted in the range 1.4 to 2.8% by dilutiath distilled water after collecting
sludge samples. The power-law relationship betvieeiquid fraction and drainage
time determines where the liquid mainly flows eithrethe nodes or in the PBs. The
drainage curve corresponds to a fixed height, 1®elow the top of the foam column.
Normalized liquid fraction in lower total solid coentrations of sludge-containing foam
resulted in a more rapid decrease during draingiggie 5-11(a)). When no digested
sludge was diluted, the normalized liquid fractsbitl decreased with time, but much
more slowly (Figure 5-11(b)). At the low total sbltoncentration (14,000 mg/L), they
continued to decease throughout the duration oéxperiment. Initial drainage rates
were similar in both sets of drainage, but the egmbs is significantly different between
the figures (Figure 5-11). Regression results efréiationship between the liquid
fraction and time had an exponent of 1.11 for skudgntaining foams at low total solid
concentration. The drainage regime within the fositikely closely associated with high
surface mobility because the exponent was oveoflifeoretical value (Section 2.4.4 on
page 27). In contrast, a significant amount of geugolids will prevent the drainage of
liquid within the foam (25,000 mg/L), thus liquichttion was more slowly decreased.
The exponent of power law was approximately 0.4&windicates PB-dominated
drainage regime with low surface mobility betweemblies. This value indicated that
sludge-containing foams were likely to behave PBadominated drainage regime since
the power law exponent obtained from both forcedi fage drainage experiments was
close to its theoretical value. It also supporestifipothesis that sludge impedes liquid
drainage and stabilizes foams. Typical total sotidcentration of real anaerobic
digesters is approximately 2.5-3.0%, so bubbleased$ would decrease their mobility
caused by both surface viscosity and bulk viscasityne foaming solution when a
foaming occurs.
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5.7 Foam Stability in Digested Sludge-Containing Foams

The time of rupture of half of the foam columrthe commonly used quantity to
characterize foam stability. This value is assedatith the free-drainage time when the
initially produced foam column has decayed dowhdlh of its original height. The
changes in foam height with time were presenteddoeral solutions at different total
solid concentrations (Figure 5-12 and Figure 5-G#neral features of foam decay tend
to decrease slowly at initial stage, but continlpugcreased the decay rate at final stage.
Half-life time was estimated based on the variabbfoam height, which usually is of
particular interest in application. The half-lifene reached its maximum value at total
solid concentrations of approximately 2.0% (Figbw®4). Since the original height was
essentially the same in all cases, it was seerittadtalf-life time was considerably
changed from 145.1 min for TS of 12,800 mg/L, up&i.1 min when TS of 20,400
mg/L was added, and going down to 229.6 min inpitesence of TS of 28,800 mg/L.
The foam stability was variable with TS concentmasi occurring at anaerobic digesters
and no clear temporal trends. It is interestingdte that the analysis of drainage
behavior allows a better comparison. At the TS eatration of 1.4%, the foam was not
quite stable as bubble surface had high mobilitgrasented in Figure 5-11, while the
foam stability increased due to low surface mogikithich is associated with viscous
drag forces at the high TS concentration of 2.58e fresent results confirmed an earlier
opinion that less mobile surfaces cause more stahta. Further research is needed to
determine the possible cause for the decreasaim ttecay at much higher TS
concentrations and their potential importance fairchge rate.
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5.8 Discussion

The presence of wastewater sludge can affecdliquainage rates in foam with
both external and interfacial forces. First, wastw sludge contains solid particles
capable of foam drainagéherefore, addition of wastewater sludge couldease
gravitational and hydrodynamic forces, and intra@salid particles (microorganisms)
capable of foam drainag8imilar effect has been proposed for activatedggudhen
microbial flocs are formed in biological wastewatt@atment (Jenkinst al. 1993, Liao
et al.2001).Second, solid particles can affect bubble surfataractions in biological
foams where they can influence on drainage behaVler decrease in rates of liquid
drainage when activated sludge presents in foarsgvaposed by the stabilizing effect
of hydrophobic particles, particularly foam-causmgroorganisms (Pitt and Jenkins
1990, Ho and Jenkins 1991, Pagélaal. 1997).

In anaerobic systems, all of the liquids withinffawere drained more rapidly at
lower solid concentrations during the free drainpgeods. This effect was presumably
due to the reduced hydrodynamic force caused byiflteus effectDensity has
apparently been largely neglected because it has desumed that it is relatively
constant which varied from 1.02 to 1.04 g/mL indgla samples (Dammel and Schroeder
1991, Schuleet al.2001).Both forced and free drainage experiments evidetiwdhe
foam surfaces in the presence of digested sludge hicely to be mobile, resulting in
low surface viscosity and an increase in drainagesat low TS concentrations. The rate
of foam decay decreased up to approximately TSQ862but they increased at much
higher TS concentrations due to probably the ttemsof surface mobility.

While our drainage and stability experiment sugegshe occurrence of this
phenomenon for pure surfactant foams, this isitBetfme this finding has been
documented under conditions relevant to anaerdbidajested sludgeCarnet al. (2009)
reported a decrease in drainage rates when tha s#inoparticle concentration increased.
Our studies with real digested sludge, which comtdiabout similar TS concentration
studied by Carrt al.(2009), also exhibited a transition of drainaggime in the
presence of anaerobic sludge where TS concentsdbietwveen 2.5 to 3.0% are common.

Under the relatively immobile conditions in the ggace of digested sludge, the
foams were generally stable. While there was a &Bidated drainage regime
accompanied by the exponent of 1/3 when the slwdge present, an node-dominated
drainage regime was observed in the absence ddtddysludge (Figure 5-15). The
parametey obtained in the free drainage experiments esdigntlaanged (Figure 5-16).
Other researchers have reported regime transiti@nwolid particles contain surfactant
foams (Carret al.2009). Hydrophilic suspended particles smallentham shorten the
lifetime of films in foams (Hudales and Stein 198&nzenbaclet al.2006, Horozov
2008). The properties of cell surface hydrophobiapipear to play a role in the rate of
drainage and stability. However, they were unablieléntify the conditions responsible
for the stability of the foams. Further researchasded to determine if other operating
parameters such as solid retention time affectéiiesurface hydrophobicity.
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Figure5-15 Relationship between the front velocity and theesfigial velocity for

agueous foams stabilized with sodium dodecylberadfumate (SDBS)

at the concentration of 1:410° mol/L (1.2 CMC). Opened symbols
present foams stabilized in the absence of anamibpdigested sludge
and full symbols present foams stabilized in thespnce of anaerobically
digested sludge. Dotted line indicates power laati@s with an
exponentx = 0.31+ 0.02 (node-dominated) and solid line indicated @ow
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Figure 5-16
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x 102 mol/L (10 CMC). Dotted line presents the foam #izaéd in the
absence of anaerobically digested sludge and kodigpresents the foam
stabilized in the presence of anaerobically digestedge. Blue line
indicates power law relations with an expongnt 0.95 (mobile, node-
dominated) and red line indicates power law retetiovith an exponenft
= 0.44 (immobile, PB-dominated), respectively.
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6. Conclusions

The research described in this dissertation exaanine measurements,
mechanisms, and implications for anaerobic digdetening. The capacity of a multi-
point electrical resistance measurement techniguadsessing drainage behaviors and
guantifying foam stability was also examined. Aduiglly, as a fundamental
understanding of foam stability is necessary tadioteand control foaming in wastewater
treatment plants, the principles of foam dynanicsvo-phase and three-phase foam
systems were analyzed.

Previous research had described that the noderddedi drainage regime for a
variety of anionic surfactant solutions, which et@mined by visual observations or
light transmission techniques. However, these tieglas are not suitable for sludge-
containing foams, as the liquid flowing within brovioam is invisible and the
mechanism of foam stability was not understoodeBeination of drainage regime for
sodium dodecyl sulfate (SDS) foams was first attieehjpy a multi-point electrical
resistance measurement technique, which enablbgdalttime monitoring and
intervention in foam development. This researchettgped the protocol for measuring
macroscopic drainage rates during forced drainagerements, and analyzed the
drainage regime for SDS foams at various conceotrstIn our experiments, all tested
SDS foams were likely to exhibit the node-dominatesinage regime. This result was in
a good agreement with the findings of existing mige studies using other measurement
techniques in the literature. Our developed methexigned to characterize drainage
regime was validated for SDS foams. This suggésiisthe drainage regime for other
foams can be determined by our developed method.

The research further explored this result usirdjuiso dodecylbenzenesulfonate
(SDBS), a commercial form of linear alkylbenzenanate (LAS) that is most
frequently found in anaerobic sludge. Results shibtlat all tested SDBS foams were
also likely to exhibit the node-dominated drainaggime based on forced drainage
studies. The drainage regime of this anionic stafstchas not been measured.
Experiments suggest that our developed techniqseapplicable for any other foams
stabilized with surfactants to determine drainaggme. In addition, free drainage
experiments were performed to verify the resultsioled from forced drainage
experiments. Based on foam drainage theory, theeplaw relationship between
normalized liquid fraction and drainage time detews where liquid flows either in the
nodes or in the Plateau borders. Since the poweeXponent was close to its theoretical
value of 1/2 in free drainage, liquid drainagevioiphase foams mainly occurs in the
node with mobile surfaces, a finding that confiriasa from forced drainage studies. In
the majority of studies where the drainage regisnarédicted, no attempt is made to
investigate foam stability, and it is not possitdestimate stability based on the
published data. This research introduced an acecuanathod for quantifying foam
stability that can simultaneously measure variatiofifoam height with electrical
resistance at multiple locations.

Many anaerobic digester operators have experiefoeeding, but the causes and
controls are not still understood. Almost all wastter treatment plants employ
anaerobic digesters to stabilize waste sludgepanth of this sludge exhibits significant
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foaming potential. Our experimental approachesuthelestimations of macroscopic
drainage rates and analysis of drainage regimestdoding foams by our well-verified
technique. Measuring macroscopic drainage ratesrenegime can be applied to
predict foam stability in anaerobic digester syseirhis research examined the relative
contribution of sludge to drainage regimes andistyabf the foam. The reported results
have been compared and discussed in the frame dfi¢loretical knowledge mainly
developed for agueous surfactant foams. Our resulisate that drainage is likely to
observe a Plateau-border (PB) dominated regimédyjhieoretical meaning of the power
law exponents obtained from both forced and fregndige experiments.

In forced drainage, the power law exponents sugfasthe presence of digested
sludge at TS concentrations of approximately 2.8%induce a transition from a
drainage regime, where dissipation mainly occutthénodes, to a PB-dominated regime.
It is worth noticing that for several sludge-contag foams« is greater than 0.5 in
forced drainage, which is not physically comprelt@agn the frame of existing theories,
but the drainage regime is clearly changed in tkeegnce of digested sludge.

At this point, it is important to note that thishasior is also observed in free
drainage experiments, as checked via liquid fracthi@asurements in the top of the foam
column. This qualitative observation suggests dnainage kinetics are drastically
slowed down in the presence of sludge, as sludgéndace a transition from mobile to
immobile surfaces. In the frame of these theorkintarpretations, it seems that the
sludge solids induce an increase in the surfaa®si. However, it is difficult to claim
this before surface tension measurements. Botledoaad free drainage experiments
suggested that drainage regime dependent on tfeesumobility was responsible for the
observed change in stability in the presence céstep sludge. This analysis could
explain why wastewater sludge foams, especiallgstef sludge, are much more stable
in bioreactors than surfactant-induced foams thatvsthe node-dominated drainage
regime

Interestingly, we have shown that a significaabgizing effect arises when
digested sludge present in the foam system forof8eantrations of approximately 2.0%.
This stabilizing effect has been related to dragnkigetic slow-down strongly dependent
on the TS concentration. Foams containing high dri&entrations (TS > 2.0%) were less
stable than expected, together with lower halftifiee. This suggests that sludge
properties, such as cell surface hydrophobicityg, lm&ainfluenced by internal forces
within foams. From a practical perspective, thiglgtsuggests that the presence of stable
foam, associated with lower drainage rates, coalddntrolled by the understanding of
surface properties between bubbles, and may bemptey in anaerobic digester systems.

The question of how biological foams measure @&t weastewater treatment plants
and why wastewater sludge from anaerobic digestiakes stable foam layers has been
unclear for the last decade. This research madmdisant contribution towards
understanding how three-phase foams cause stabtesfand the factors controlling their
stability. We determined that bubble surfaces viese mobile in the presence of digested
sludge, and foam drainage regimes fit the genedlizeory by using two
complementary methods. This decreased surface ityabilikely what enables them to
maintain stable foams. The results of this reseaittbe useful to operators interested in
minimizing the amount of stable foam layers. Owaleped method used in this research
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may be particularly relevant to monitoring prograimsunidentified foams in many
industries.
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7. Recommendationsfor Future Research

In this research, the foaming solutions were pegpavith the mixture of
surfactants in order to produce sufficient volurhéam for conducting both forced and
free drainage experiments. Prior to practical agpion of various drainage studies,
further research has to be conducted using digstudde alone that has high foaming
potential in order to obtain realistic drainage debrs.

While this research showed that a relationshigvbéenh foam stability and TS
concentrations of digested sludge was not a clelardur attempts to determine the
cause of the observed stability were inconcludfugther research is needed to determine
the reasons for the observed stability at diffeflé®tconcentrations. A better
understanding of the microbial community in anaeraligesters, and the sludge
properties, such as cell hydrophobicity, respoedibt internal forces within foams may
be helpful in gaining insight into this phenomenAnalyzing surface properties of
sludge caused by foam-causing microorganisms kriovee present in wastewater
sludge could help determine why foam stability ces These sludge properties at
various operating conditions such as solid retaniimes (SRTs) could help determine
the factors that control the drainage rates anohfsi@bility.

Additional research is needed to understand theracontrolling drainage rates
and regimes associated with the bubble surfacelityoBinaerobically digested sludge is
a complex mixture of different kinds of organic meathat has varying drainage kinetics
of foam and consists of particles of various siZebetter understanding of how physical
parameters, such as bubble size, particle sizéalkd/iscosity, affect drainage rates
could help to better predict their foam stabilBgudies to determine these parameters are
needed to predict how drainage rates will intevéth sludge and to modify drainage
models for three-phase foams. This could be dorgebgrmining the individual
parameters affecting the existing drainage moahel,cnducting drainage experiments
looking at bubble surface interactions with indivadl parameters.

This research conducted for sludge samples cotidoten non-foaming
anaerobic digesters. Digested sludge alone didimag,the mechanisms of drainage and
the factors controlling it are still not well ungewod. While it is known that different
types of surfactants exist in digested sludge,thatisome microorganisms capable of
producing bio-surfactants exist, further reseascheeded to determine how much
surfactants contain in anaerobic digesters to ifyemtore accurate causes of foaming.
This information could be useful in investigatingface interactions with digested
sludge operated at various conditions.
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