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ABSTRACT:

Oxygen transfer is a key process determining the enexgy a biologicalwastewater treatment

processin this research, we investigated #féect of sludge morphologyespecially the role of
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filamentous microorganismsyn oxygen transfer usingenchscale completemix activated
sludgereactors with solids retention times (SR©§ 10, 20, and 406days, respectivelyResults
indicated5 - 10% reducederation neeth the 40day SRT reactoigompared td.0-and 20day
SRT reactorgo maintain the same dissolved oxygen ledele to the improvement isiudge
settleability.andoxygen transferefficiency (OTE) Hlamentous microorganismadversely
impactedOTE via anincreae inapparentviscosity of the mixed liquor, whichresultedin an
increase in‘thair bubble size anliquid film thickness angthereforg limited oxygen transfeat
the airliquid“boundary A statistical analysiglso confirmedhatthe mixed liquor viscositys a

statistically significanparametelinks toOTE.

KEYWORDS: activated sludge; filamentoumicroorganisms; viscosity oxygen transfer

efficiency.

INTRODUCTION:

In our previous research, we reported tloatyterm low DO inhibited the decay dfoth
ammonja_oxidation bacteria (AOB) and nitrite oxidation bacteria (N@&ulting in greater
nitrification capacity(Liu and Wang 2013, 2015hongterm low DO aeration also stefl the
NOB communityto species that have a greater oxygen affiflity and Wang 2013As a result,
low DO dd not significantly impact overall nitrificatioperformance, provided the microbial
community“hadadequate time to adapi the selective environmental pressurBstough the
implementation of the low DO aeration strategy, D& deficit between the gas and liquid phase
is increased, enhancing the mass transfer of oxygen intoniked liquor Theoretically,
improvementsn oxygen transfer efficiency (OTE) should be proportional to the increase of the
DO defigit-However, our experimental observations revealed an increase in OTE less than
anticipatedLiu et al. 2018)Careful review of low DO aeration results suggestedtti@agrowth
of filamentousmicroorganismsnegatively impactedxygen transfer performandgiu et al.
2018).ltawasinitially anticipated that filamentousicroorganisms would improve tHeTE due
to their greatesurface are#o-volume ratig which might reducexygendiffusional resistances
(Martins et al. 2004)However, our observations suggesthe oppositairection Clearly, these
results suggested thaticrobial morphology plagd an important role in oxygen mass transfer
the activated sludge process
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Several hypotheses arose from our previous findings. First, it was anticipatdatietha
settledsludge volumefraction after 30 minutes of settling time, Q) and by extension the
sludge volume index, SVI, would be related to the OTE, with increasing values of these
parameters resulting in reductions in the OTE. The link between thg S¥ and filamentous
organism densities has been clearly establigfadin et al. 1980, Sezgin 1982, Sezgin et al.
1978) However, associations between thez$\SVI, and OTE have not been elucidated.
Similarly, based on anecdotal evidence frouam initial study, it was anticipated that the mixed
liquor viscositymight be related to differences in OTE observed. Activated sludge mixed liquor
is inherently a’ suspension. It has been shown that as the volume fraction of particles i
suspension inerease, the viscosity incregbésmenz and Rajagopalan 1997, Macosko 1994)
This increase in viscosity has been demonstrated to reduce volumetric mass transterdeeffi
in conventionaliactivated sludge and membrane bioreactor pro¢ksaagpe and Krauth 2003,
Wagner et _al. 2002) While we speculat¢hat filamentous organisms might have a deleterious
impact on'the viscosity and subsequently the OTE, the detailed link between them has not bee
investicated

The OTEuis vitally important because it dictagggergy use and cost theactivated sludge
process.In2011, 30.2TW-h of electricity was consumed to treahunicipal wastewaterby
centralizedireatmentplantsin the Unites StatefEnergy 2014)For a conventional secondary
activated sludgereatment proess,aerationcontributesapproximately 5% of the total plant
energyconsumptiofWEF and ASCE 2010Bubstantiaknergy savingan be realized if the air
delivery requirements can be reduceditgreasingOTE. In an age whenheissue of climate
change is insthe forefront, the reduction in greenhouse gas emissions afforded lsgmicréhe
OTE can be significant

The primary goal of this studyas to track the morphological differences between
completemix.activated sludge reactors operatgdlifferent SRTs to ascertainethimpacts on
OTE, with_specificattention given to sludgsettleabilityexpressed as fludge volume fraction
from a 30min“settling tes{SV3p, %) and the mixed liquor apparent viscosithis work fills an
important gap,because the body of work relating the settleability to OTE is sdams.
anticipated that the SY is a reasonable corollary to the hydrodynamic radius of the suspended
microbial aggregate, directly influencing the OTEhis study is intended to improve

understanding of the role of sludge morpholagythe mass transfer of oxygen from the-gas
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phase to the microbial flod secondgoalis to provide practical tools which can be used by

process operators #ssesshe energy use fdheir process.

MATERIALSAND METHODS:

2.1. Reactor'Set Up

Three 31.5 L completmix, baffled reactos with individual solids retention times (SRTS)
of 10, 20 and 4@ays were used for this researchhe specific SRT of each reactor was
maintained by wasting &ixed volume of the mixed liquor froneachreactor daily These
reactors were“seeded with activated sludge from the Southeast Wastewater Trelment P
located in Rella, Missouri, USA, which receives predominantly domestic wastewhlxing
within each reactor waserformedwith a sixbladedRushton turbine driven by variable speed,

1/25Hp permanent magnet 99DC gear motors (Baldor GP232001). The mixer rotational
speed wagdjustedo achieveatarget Root Mean Square (RMS) velocity gradie@,, of 150

st in tap water This mixing intensity was chosen as it was found to be reflective ofalypic
mixing intensities of fullscale treatment facilitie€rady et al. 1999)Actual mixing intensities
likely varied 'with fluctuations in mied liquor apparent viscositjeasurement of the mixer
rotationalwspeed @s performed periodically with a haneheld digital photo tachometer
(DT2234C)«"Air was introduced into each reactor &¥.61m (2-ft) long Pentair Aquatic
EcosywtemsBio-Weave diffuser hosenstalled directly below themixer. Air flow into each
reactor was measuresith a 5.0 SCFH variable area rotameter (Cole Parnar)l adjusted
multiple times=daily, to maintain a dissolved oxygen (D®ncentratiorof 2 mgL™. Routine
reactor maintenance was performed, which included daily brushing of reactacesudnd
weekly cléaning of chemical feeapparatusas detailed by Gab et. ato limit the formation of
biofilms which might adversely impact the microbial kineti€she system (Gabb et al. 1989).
A 378 liter 100 gallon HDPE tank was used to prepare a comsythetic wastewatdor

all reactors, and a 75 W, submersible, thermostatically controlled heating element waktatilize
maintain thesbulk liquid temperature at 20°C + 17@e synthetic wastewatevas continuously
fed into each,reactor at a flow rate of B3I via avarable speed peristaltic pump having a
common pump head (Cole Parmer Masterflex Model 78b%ith 16mm Masterflex Norprene
tubing element}o achieve a hydraulic retention time (HRT) of 12 h for each rea@tacose

(organic carbon source) and ammoniutmicarbonate r{itrogen source) wereapplied at
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concentratios of 180.4+ 92 mg COD L* and 42.4+ 1.72 mgN L™, respectivelyTrace metals

and buffers were added as follows;RQ,, 40 mg PQ> L™ MnCly*4H,0, 0.2mg Mn L™
MoCls, 0.04mgMo L™; CoChb, 0.001mg Co L*; ZnCl,, 0.05mg Zn L™; FeSQe7H,0, 0.005

mg Fe L', Calcium and magnesium were present in sufficient quantities within the tap water
utilized for_preduction of the synthetic wastewater. Sodium carbonate wasdutibzeecessary

to supplenent the buffer capacity of tHeedsolutionand maintain optimum nitrification rates.
The pHofthereactor mixed liquor was maintaiapgroximately7.0.

Influent;“effluent and mixed liquor testing was performed throughout the duration of the
experiment Effluent testing was performed routinely utilizintgach TNT Plusvial testing
systemwithsasHach DR 2800 spectrophotometer: Hach TNT 822 for COD; Hach TNT 830 for
ammonianitrogen concentrations; Hach TNT 835 for nitratgrogen; and Hach TNT 839 for
nitrite-nitrogen., Reactor temperature and operational DO concentrations were nabnitore
numerous_timegslaily utilizing a polarographid®O probe (YSI model 58 with model 5239
probe). The_rotameter and DO probe response time were periodically evaluated to assure
conformanee~to the ASCE/EWRI standarillixed liquor and effluent suspended solids testing
was performed’in conformance with SM 2540 D (APHA et al. 200}ed liquor settleability
and sludge,volume index (SVI) were determined in accordance with SM 2710 B and C,
respectively(APHA et al. 2000).

2.2. Oxygen Demand and Transfer Efficiency Deter mination

Process wygen demand andOTE were determined as previously descriligéd: et al.
2018).In briefioxygen consumption within the reactor was related tdelyeadatiorof organic
carbon (glueese) nitrification (ammonium bicarbonate)and biomass productionOxygen
demand for glucose degradatiwascalculated bsed in Equation 1:

Reop = Q(S¢op — Scon) (Equation 1)
where Rop.s.the oxygen demand associated with carbon substrate oxidation*{n@ is the
volumetric_flow rate (LPD):S’cop is the influent COD concentration (mg); Scop is the
effluent COBD"€oncentration (mg.

The oxygen demand associated with nitrification was determined using&ugRati

Ry = 4.57QSy03- + 3.430QS5N02- (Equation 2)
where R, is the oxygen demand associated with nitrogen oxidatiges & the effluent nitrate

concentration (mg NOL™); and Sioz. is the effluent nitrite concentration (mg NQ.™).
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The oxygen demand will be reduced as a consequence of biomass proBygtiovithin
the reactor. The R, was calculated based aMservedbiomass yieldoy measurementThe
theoretical oxygen demand of the biomass was taken to be 1.48 bb@bmass.
Rpio = —1.42P; pio (Equation 3)
where Ry, isstheoxygen credit associated with the net biomass production g d
The overall,oxygen demanaas calculated using Equation 4
Ro; = Rcop + Ry + Rpio (Equation 4)
The OTE was determined as the ratio of oxygen sinks to the mass flow of oxygeedsuppli

to the reactousing Equation 5.

OTE & L) tRoz (Equation 5)

02

whereC isthesdissolved oxygen in the effluent (mg)dC® is the dissolved oxygen in the feed
(mg d'); and-Ms; is the oxygen mass flow delivered to the system via aeration {ing d
The aforementioned protocol for thaetermination of OTE was utilized in lieu of

guidelines presented in the ASCE/EWRI-9®B document{ASCE 1997) The ASCE/EWRI
document provides some guidance regarding OTE determination, but it is recognizeduthst
from thewstesting protocols can be variable based on process conditions. The methodology
presated hereinhas the benefit of allowing the assessment of the OTE based on long term
process performance, whereas the ASCE/EWRI methods only gives snapahtiiermorethe
presented. methodology was found to be more easily adaptable to small gecaetioysr
utilized within the scope of this work.
2.3. Volumetric Mass Transfer Coefficient Deter mination

Testing-was performed to assess the oxygen transfer characteristics of the reactors under
different.operating conditions. The ASCE/EWRI methodology for the deterionnat oxygen
transfer “in“clean water was utilized for this assessri®8CE 2007) All three operational
reactors were testedth tap waterprior to the commencement of operatidreactor having the
same geometry, diffuser configuration, mixer, etc., as the three operatiaotors was utilized

for testing theeffluent from the threeoperational reactsr Each reactor was filled with the
working fluid (tap water or reactor effluentand mixed at an intensity 06 = 150s™. The

airflow rate was maintained at a constant, preselected rate for the dwhfibe test. The
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dissolved oxygen concentration was monitored as a function of feplicate tests were
performedfor all experiments

2.4. Viscosity Measurement

The apparentviscosity of the mixed liguowas determined utilizing an Anton &#aVICR
302, configured for use with parallel plates. Each daasted plate was circular, having a
diameter o#49:987mm. The bottom plate was fixed and the top plate was allowed to rotate. The
gap between the upper and lower plates setsto 1.5 timeghe maximum particlesize to
provide repeatable results and limit the formation of secondary .floles maximum particle
size was determined via brightfield microscopy and image analysis of a statisticaifiang
sample of'floc images. The temperataféhe plates and sample was maintained at 20.0°C by a
thermostatically controlled circulating water bath. The rotation of the upper plate was cdntrolle
based on the applied shear ratgtidlly, a shear rate of 156" was applied to the sample for a
duration ofd5seconds. The shear rate was then linearly decreased frost 16@.0 & The
resulting torguer wagecorded Based on plate geometry, applied shear rate and measured torque,
the shear/stresgd apparent viscosityere calculatedApparentviscosity data was reported at a
shear rate of 156", which is reflective of the target mixing intensity utilized in the reactors.

RESULETS & DISCUSSION:

3.1. Reactor Operations

The startingmixed liquor suspended soli@@ILSS) concentration for each reactoashigh
(> 4,000mg L") andwasallowed to reach equilibrium with routine wasting. Fig. 1 shows that
for the 16d_and 20 é€SRT reactors, the MLSS concentrations stabilized between Day 100 and
150 at 741 .+ B mg L' and 1,387 + 12ing L*, respectively The 40d SRT reactor MLSS
stabilized! after’approximately Day 300 2678 + 15 mg L. SVIs for the 10d and 26d
reactors generally increased from Day 0 to 300, stabilaiig343+ 1278 L g and 67 + 123
L g}, respectivelyThe 40d reactor saw a general increase in SVI to approximately. 355at
Day 300 The observed airflow rates generally followed the patterns seen with the MLSS
concentrations, decreasing {dCGand 26d SRT) or remaining relatively constant (SRT =d)0
until Day 300.

Figurel
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At Day 300,statistically significant reductianin airflow ratesfor the 20-d and 4@ reactors
were observedPrior to ths, the 20d and 40d reactors had airflow rates of45.+ 0.16 Lpm
(liter per minute)and 182 + 0.25 Lpm, respectively After Day 300 these reactors exhibited
airflows rates of 3 £ 0.10 Lpm and 106 + 0.11 Lpm, respectively These reductions
corresponded,to 84% reduction in the 2@ SRT reactor and 36% reduction in the 4@ SRT
reactor During and after this period, the -lOSRT reactoexhibitedno significant change in
airflow 'rate;"averaging 1.15 + 0.10om. A t-test with significance levela = 0.05, was
conducted 'to compare airflow rates pre and post adjustment demonstrating no sigrtifcgyet
for the 10d reactor {(423)= 1.81, p =0.07, but significant changes for the-2t(423)= 18.47
, p =2.81x 10°% and 40d [t(139) = 64.54 p = 1.6 x 10" reactors The changes in the
airflow rate"were accompanied by increased variability in the SVIs, especiathefdBd SRT
reactor.

These _decreases were significant, resulting in an airflo20id SRT reactothat was
only 8% higher thanl0-d SRT reactarFurthermorethe airflow rate for40-d SRT reactowas
7% less thanrthe airflow fat0-d SRT reactarThis is significant because the oxygen demand for
each reactorsshould increase with the inarep$SRT. A theoreticalassessment abxygen
demandeveals hat a 26day and 46day SRT shouldequire9% and16% more oxygerthanfor
the 10_day SRT.This theoretical difference is driven by the more predominant role of
endogenous respiration at long SRWMhile the relative air supply rate for t2@-d SRT reactor
matched the_theoretical calculations, the actual air supply rate for itiayd@actor was®6
less thangwhat was anticipated based on theoretical calculadoosuntingfor substrate
utilization, biemass production, endogenous respiration, etc.

The reactor geometries were identical and did not change for the duratluntesting.
To rule out diffuser fouling or variation as a potential cause for the observed differarite
air delivery.rate, the diffusers fdi0-day and40-day reactorsvere swapped on Day 37The
diffusers forlO-day and 40-day reactorsvere then switched badk their original positions at
Day 630. Norsignificant deviations &ir supply ratesvere observed with the subsequent swap of
diffusers, ruling outliffuserfouling or variationas the cause for the observed system response.

The operational parametels/M, SRT, HRT, temperaturetc) for all reactors were held
constant for the duration of testing. The obsem@jdstnents are therefore not directly related
to these parameters arepresent a deviation from expected theoretical behaMiasther things
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being equal, it is apparent that differences in fundamental characteristics associated with the
mixed liquor were responsible for observed system response. Seasonal and tempbaaisvar
in the microbial community makep have been observed irrda scale wastewater treatment
facilities, characterized bghifts in operational taxonomic groups as a result of competition,
ecologicalnichegroup interactionsgtc. (Ju and Zhang 2014, Valentifargas et al. 2012}t is
hypothesized that the observed adjustments and the subsequent cyclic variaticaxstoin re
airflow,'SVI"ete. are directly related to microbial culture dynamics.

At Day 690; chloringlas NaOQ) was added to the 20 d SR8actor Between Day 697 and
699, chloringlas NaOC) wasalsoadded tdlO d SRT reactofThis wasdone tovalidate the role
of filamenteus=microorganisna oxygen transfer performancg€hlorine was dosed at a rate of
0.006g Cly*g™ MLSS in both reactorsesulting in a subsequent decrease in théairate and
the SVI (see Figl). During and immediately after the chlorine dose, the performance of the
reactor including the nitrification capacity of the sludgemained unimpacted. The observed
system response to chlorine addition clearly demonstratessigmficant impact of the
filamentoussmicrorganisms on th©TE. Marginal changes in the MLSS concentrations were
observed.Thesimmediate reduction in the SWMas a direct result of the reduction in filament
density. The 27% and 24% reduction in the airflow deliverysritethe 10d and 26d SRT
reactors,.respectivelyyas associated with an increase in the mixed ligd®E, which was

associated witlthe redution in filament densiés

3.2. Sludge Settleability and the OTE

Thevolume of sludge after 30 minutes settling time 3&%0), wascompared with various
operationalparameterslost significantly, the S, was linearly related to the OTEs detailed
in Fig. 2swhenSVs increased from 20 to 100, the O@Ecreasedfom 5.04% to 3.65%, kich
is a 28%reduction.Looking closely at the figurdhe SV3, generally increased wittlecreasing
SRT.The 10d and D-d reactorggenerally had a high Sy and low OTE while the40-d reactor
had a lower average Q¥ but higher OTE These parameters were prone fliactuations
howeverwhich werea direct result of cyclical blooms of filamentous manganisms.
Figure 2

The S\ is a good indicator of the abundance of pog#eitlingmicroorganisms within

the sludgeFilamentous microrganisms, which have a high surface area to volume ratio, are

notorious for impedingludgesettling Any turbulent motion of the bulk liquid will resuspend
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filamentous organisms, especially at higher filament densifiberefore, a high S) is a
reasonable indication of the flamentous organism density, provided that viscous bulkihg is no
present This observation is significant becaug® presence and concentration of filaments
within the sudge alsdirectly correlatesvith poor OTE in the reactors.

The trelationship between filamentomscroorganisms and OTE can be further supported
by a qualitative evaluation of activated sludge morphol&ggmiring Fig. 3, it can be observed
that low® OTE"and highSVI coincidel with high filamentous microrganism densities-or
example, '‘@y525 imagery reveals that no filamentous organismese present, corresponding
with a high OTE and low SVIAt Day 563 the filament densitywashigh, resultingn low OTE
and high SVIFhis same trend continued as thedd8RT reactor cycled through periods of high
filament density and the disappearance of the filaméntsust be noted thator other reactors,
filament density, ebbed and floweldpwever, they ever fully disappeared as was observed for
40d SRT reactorAs a consequencéie 40d SRT reactodata spans the full range of possible
values, wherea$30-d and 26d SRT react@ haddata confined to a narrow range afserved
values
Figure 3

Filamentousmicroorganisms have begroven probleratic for operations because of
poor settling (Palm et al. 1980, Sezgin et al. 19Fdamentous microrganisms have been
shown to have increased EPS productiwhich negatively impacts submerged membrane
performancgMeng et al. 2006)It has been suggested that filamestaucroorganisms may
play a role™in, the transfer of oxygen in MBRs; however, this assertion has never been
experimentally”verifiedat that time(Sarioglu et al. 2009)We previously observedhat the
filamentous microorganisms induced from low DO aeration reduced(QOiiEet al. 2018. SV3q
measuremest coupled with the qualitative observation of filament density microscopic
analysis for the reactor operated under a regular DO level of 2, mgpfirmed filamentous

microorganisms as the cause of impeded OTE for both low and high DO operations.

3.3. Apparent Viscosity
SV3p was also found to loosely correlate to the mixed liquor apparent visqogityAs
seen in Fig4a, papp of the mixed liquor generally increased with increasing,SWata forthe
40d SRTreactorspans the entire domain of possible settleability. This is primarily due to the

cycling of filament densities throughout the duration of the experimentl0=9rSRT and 2@
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SRT reactas, the cyclingwere nat as pronounced and filamedénsities were generally high,
resulting in the grouping of data near the extrema of the plot.
Figure 4

The question that subsequentlarises is what specific quality of filamentous
microorganisms results in decreased OTBoking further at the S) results in comparison
with apparentviscosity datain Fig. 4a it is evidentthat asthe S\4y increasesthe apparent
viscosity increased The observed system resporgenerally follows an Einstein’s Equation
(Equation"6)for-the viscosity of dispersionsvith the S\4, measurement as a corollary to the
volume fraction of the dispersion. For mixed liquor, the fitmment aggregates are significantly
larger tha thessolute molecule®asedon the observed experimental results, the solute viscosity,

Lo, Was0.00102 Pa s, yielding a least squares regression fit for k(R2:20.20).
”Zﬂ =14 k¢ (Equation 6)

where¢ is/the volume concentration of the particles.

Thereis dispersion in the S} data as it relates to the apparent viscoSigueral factors
likely play a role in causing this dispersidrrst, the floefilament aggregates are not rigid
spheresas.initially proposed by EinsteiltVhen the floefilament aggregates are acted upon by
hydrodynamic:forces or particte-particle int@actions occur, the aggregates can deform or
disperse,“resulting in a dissipation of energy (Hiemenz and Rajagopalan 1997kdvVikeé984)
Furthermore, filamentousicroorganisms are inherently n@pherical with large aspect ratios,
influencing the apparent viscosity based on particle orientatitive flow field(Macosko 1994)
Finally, the S\4p was measuredftar 30 minutes of settlingand does not represent thactical
particle volume, fractionMany of the data points fdtO-d and 26d reactorsare located at the
threshold. S¥e.0f 100, indicating no settling of the samplkhe use of loger settling times
becomes® problematic due to the risk denitrification which hinders settling and adversely
impacts the outcome of the teShe use of a diluted settleability test ntigitovide a better
correlation to the hydrodynamic radius; however, this testiag not truly reflect the insitu
conditionin the realistic bioreactor

The apparent viscosityapp, playeda significant role in deteriming the OTE of the system
asillustrated inFig. 4b. An exponential decay function was foundrtdlect the trend of the
system response tR0.48), with a practical limit in the system OTE of 6.1% atag,= 0.00102

Pa s(water solution without any particled)ith the increase inpparent viscosity from 0.00136
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to 0.00393 Pa )TE decrease by 30%.As discussed above, this increase in apparent viscosity
is related to the density of filamentowmsicroorganisms in the mixed liquor. This finding is
significant because deleterious impacts to the OTE as a result of increased appareryt aiscosit
typically not considered to be significaat MLSS concentrations utilized within the scope of
this study(Krampe and Krauth 2003).

The.apparentiscosity can affect the mass transfer of oxygen within the mixed liqueor
number-of'waysFirst, it can impact bubble formation in Newtonian and-Nemwtonian fluids,
resulting in“larger diameter bubbleéSenerally, the bubble diameter is directly proportional to

the viscosity of the dispersion (Bhavaraju and Russel 1978).

0.1
g%° Happ
db & 0.4
P 0.2 Uy
VR PL

where g issthesbubble diametém); o is the liquid surface tension (N m); P is the energy input

(Equation 7)

into the systenfW); Vg is the reactor volumém®); pL is the liquiddensity(kg m>); Wapp IS the
apparenwiscosity of the liquid phase and/or disperdiBa s) 14 is the gas viscosit{Pa s)

Anlincrease in the apparent viscosity, fapp from 0.00B6 Pa s to 0.0083 Pa s results in
an increasesinsbubble diametsr 10% provided no other parameter changgthin the system.
This increase.in gas bubble diameter results in a subsequent decrease in specific surface area
over which*mass transfer can occur within the bioreagtbich can be expressed in Equatén
(Paul et al. 2004)Therefore, any change in the bubble diameter will result in a corresponding

change in the specific surface area.

a =% (Equation 8)
dp

where a is the specific surface arealx;ﬂd)g is the gas holdyp fraction.

Equation, 8also shows thahe specific surface area is related to the gas-plitaction,
¢g. The gasgholdup fraction tends to be invariant with respect to the viscosity, being
predominantly-@ function of the mixingtensity and the superficial gas veloc{tyawase and
Moo-Young@~1990) Therefore,the observed increase in viscosity resulted in a decrease i
specific surface area @%.

The viscosity of a liquid also impacts the mixing witlthe process, resulting in an

increasein the viscous dissipation of mixing energhyhe mixing intensity within a reactor is

generally assessed utilizing the CaBtein root meansquare velocity gradient,G (s
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(Crittenden et al. 2012)'his measure of the velocity gradient is inversely proportional to the
square root of the liquid dynamic viscosity, as detailed in Equ&ioAs a consequence
increases irapparentiscosity result idecreases in the mixing energy within the sysifetine
mixing power is the sameéNhen looking at observed reactor performance, the change in

apparent yiseosity from 0.086 Pa s to 0.0083 Pa s results in a decrease 6 of

approximatelyt1%.

_ p 1/2
G = ( ) (Equation 9)

HappVR

As'the mixing intensity is decreasethe scale of mixing increases, resulting in a
reduction in the liquieside mass transfer coefficiemterpreting penetration theory through the
lens of the theory akotropic turbulence, it can be observed that the mass transfer coefficient is
directly proportional to the mixing intengjtas indicated in Equatiob0 (Kawase and Moo
Young 1990).Larger terminal eddies result in a thicker stagnant liquid film thickaetse air
liquid boundary; impeding mass transf&n increase in the apparent viscosity from 03®Ra
s to 0.0083 Pa s results in 21% decrease in the liquid film mass transfer coefficient, k

assumingll other factors remaining equal.

w2y o172 (\YE 2 17271 -1/4 -
k, = \/_;Deff (;) = \/_ﬁDeffG X fgp (Equation 10)

whereDg; is the diffusivity of solute in a solvent (8'); € is the average energy dissipation per
unit massy(J Kgs?); and v is the kinematic viscosity (m? s?).

Viscosity may also affect the diffusivity of oxygen in watetooking at established
relationships for diffusivity of oxygen gas in water, they typically takefthen indicated by
Equation ¥17(Blanch and Clark 1997) that was developed from the Stokes-Einstein equation.

Doz,H20 & Cﬂl (Equation 11)

whereD ooperistthe diffusivity of oxygen in water (ns?); C is aproportionality coefficient that
is a functiensoef'solute spherical radius, molecular weight, gfds the solvent viscosity, and T
is the liquid'temperature (K).

When“eonsidering the effects of the apparent viscosity of the mixed liquor samples
utilized within the scope of this study, it is necessary to consider the fundamental mechanisms
that drive variations in viscosity and their effects on the OAE.was established when

considering the S¥-Viscosity relationship, the mixed liqua fundamentally a dispersiomhe
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apparentiscosity is a result of the particles in suspensé&nm not an inherent property of the

bulk solution.Even though the diffusivity can be impacted by the viscosity of the liquid, it is
anticipated that for dispersions, the diffusivity will not change because the bulkosolut
viscosity does not changA@s a consequence, oxygen will diffuse from the gas phase into the
bulk liquid_phase and into the interstitial water present within the hydrodynantiies of the

floc at the 'same rate as if the particles were not present, assuming that the particles do not block
the gas‘liquidiinterface or shuttle oxygen from the interface into the bulk solution.

Torconfirm that the changes impparentviscosity were a property imposed by the
particles and nat an inherent property of the bulk solution, oxygen transfer testipgncamed
using clean water and effluents from all reactofs demonstrated in Fig5, there was no
difference between the measured volumetric mass transfer rates obtaiaéddsesTherefore,
the change In apparentscosity was induced by thesludgeparticles in suspensiomnd that
diffusivity of oxygen within the bulk solution was unchangé&tiis testing also supporthe
assertion that no surface active agents were present which might affecti@Ffé&ore, changes
in the OTEforydifferent reactorsaare a direct result of viscous dissipation of mixing energy
expansion-othe liquid film thicknessand a reduction in thepecific surface area over which
mass transfer can occuinterestingly,when the impacts of the apparent viscosity on the specific
surface_area of bubbles and the mass transfer coefficient are accounted for, iheamebieally
estimated that 83% decrease in the OTE would be observed when the apparent viscosity is
increased from 0.0@b6 Pa s to 0.0083 Pa s, which is in reasonable agreement with the results
observed in'this study.

Figure 5

The (implications of this finding are significarfthe relationship between thgigh MLSS
concentrationselevatedapparent viscosityand OTE havepreviouslybeen investigatedOne
common gbservation has bettrat a significanvariability exists in the experimentally derived
relationships._betweelLSS, appaent viscosity (< 20 mPa sind OTE(Hu 2006, Krampe and
Krauth 2003)1t is possible that these studies did not incorporate the impacts of flamentous
microorganisms on the viscosity ardTE measurementor example Gil et al. observed a
generally linear rel@nship (R = 0.65) between MLSS and the apparent viscosity of mixed
liquor culture in an MBR(GiIl et al. 2011) Subsequentesting performed for bulking sludge
demonstrated a very strong linddiLSS-apparent viscosityesponse (R= 0.96) (Gil et al.
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2011). The presence of filamentous organisms tends to be a continuum, ranging from no
filaments to an excessive abundance of flamérgakins et al. 1986 minimal concentration

of filaments is necessary to form the strong backbone amtbebialfloc. It is likely that the
results reportedby Gil et al for the normal mixediduor had varying concentrations of
filamentous.erganismswhich influenced viscosityand subsequently the OTHhe bulking
sludge had. a high density of flamentous organisms, significantly reducing the variabihty
recorded 'dataAs we demonstratedthe apparent viscosity and OTE are strongly related,
meaning anyvariance in the MLS&cosity data will also result in variance in the OFdture
reports of OTE in the activated sludge process must account for microbial mogpholog
provide ascompleteassessment of actual system performance and to allow for direct and

meaningful*comparisons between reports.

34. SolidsRetention Time

Fig. 6 demonstrates that there is an increasing trend in the OTE with increasinge&8&T
the MLSS is a_ corollary for theeactor SRT, which was controlled via the wasting rate
linear trend \was confirmethrough regression analysis {R= 062). The OTEincreased by
approximately26%as the MLSS wamcreasedrom 740mg L™ to 2,580mg L. This observed
increase in OTBwvas significant, resultingn a reduction in theair delivery rate to the 40ay
SRT reactor, compardd the 10day reactor.
Figure 6

It must be stressed that influent wastewater composition was strictly controlled, minimizing
the potential for theresence of surface active agents within the rea€tothermore, oxygen
transfer testingsrevealed that the volumetric mass transfer coefficients for all refflciemts
were similartesthose obsad for clean water (see Fif). These observations demstrate that
the property™of the bulk solution was not responsilite reactor performancesludge
morphological parameters were

The finding, that a higher SRdctivated sludg@rocess promotesxygen transfesupports
the earlier observamns (Leu et al. 2012, Rosso et al. 2005, Rosso et al. 260&hermore, this
finding highlights one of the many performance related benefits reapemdpSRT processes.
Increased oxygen demand has long been a concern for long@Rationdue to the enhanced
role of endogenous respiratioret the aforementiorteresults demonstrate tHahg SRTshould

not be a concermAs was demonstrated with this study, better QGifEhe 40-d SRT reactor
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resuled in 7% less air delivery than for thE0O-day SRT reactorLess air delivery equates to a
reduction in energy consumption associated with the procesg.SRT reactors are also known
to have improved process stability as a result of increase active biomass etiocentr
providing capacity to handle shock loads was demonstrated in this study, the long SRT
reactorhad.improved settleability as compared to its shorter SRT counterpaeismproved
settleability, promotes an enhanced solids flux, allowing the process to beedpatrat higher
solids concentration without detriment to the solids separation pracess SRT operatioalso
significantly“reduces biomass production, allowing a reduction in sludge pumpirgninig,
stabilization and dewater process sizes, saving energy, site space andTdapiadste sludge
that is produced tends to have betterrdt®slity, stabilization and dewatering characteristics than
observed for short SRT processes, reducing the effort necessary to prepladgenéos its final
disposition. Finally, théong SRT activated sludge process provides the capability fdretiber
degradation of recalcitrant waste compounds such as pharmaceuticals and pemsqnatioats
(Leu et al.'2012).

3.5. Statistical Analysis

A Best:Subset Regression Analysis was performed for all measured datartoine linear
combinations_offactors having the most significant impact on the OTRe analysis was
performed utilizing the coefficient of determinati@s means of identifying parameters of
importance Based on the analysigiscositywasa statistically significan{p<0.05 descriptor of
the OTE havinga low variance inflation factajVIF<5) anda high coefficient of determination
(R*> = 0.720) The oefficient forviscosity wasnegative, indicatinga reduction in OTE witlan

increasean yiscosity.

CONCLUSIONS
Oxygenstransfer performance of three comptate activated sludge bioreactors operated
under SRTs=0f10, 20, and 40 days were investig&esults indicated that the filament density
in the activated sludgaffectsnot only thesludge settleability, but also thexygen transfer
performance at,the aliquid boundaryIncreasing SY, from 20 to 100 decreases OTE by 28%.
This is because a greatfilament density results in a greater sludge volume concentration in the
mixing liquor therefore a great@apparentviscosity. A greater viscosity results in a greater air

bubble size and thicker liquid film thickness at theliguid boundary, both ofvhich reduce
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oxygen transfer performance. Resultsoindicated that the 48ay SRT reactohas the lowest
filament density therefore the highest OTE compared to thead@ 20day SRT reactors.
Increasing SRT from 10 day to 40 day increases the OTE by 26%hiar@TE increase results
in a net reduction in air supply rate by 7%. Operating an activated sludge proaessyatong
SRT may reduce aeration energy use, in addition to other benefits such agl relddge

production,and‘improved removal of recalcitrant contaminants.
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List of Figure Captions

Fig. 1. a)"Mixed Liguor Suspended Solids (MLSS), b) Sludge Volume Index (SVI) and c)
Airflow ‘Rate (AFR), with respect to time for: Reactor 1, SRT = 10 days;tBed¢c SRT = 20
days; and_Reactor 3, SRT = 40 days.

Fig. 2. Sludge volume after 30 minutes settliexpressed as a percentage {§%) versus the
OTE, withi linear regression analysis?(R 0.74). Data reported since the commencement of

viscosity testing (Day 400).

Fig. 3. Microscopic investigation of floc morphology at different times during reactoatpe

for the 40day reactor: a) Day 525; b) Day 563. Fluctuations in both the OTE and SVI correlate
well with presence or absence of filamentous organisms.

Fig. 4. (a)"Sludge volume after 30 minutes settling expressed as a percentage (SV3&u%) ver
viscosity, with"line described by the Einstein Equation for Viscosity of Dilute Suspension (o =
0.001002Pa’s, k = 2.2; ¢ = SV3¢/100) with R = 0.20; (b) Apparent Viscosity (Mapp) Versus the

OTE. An exponential decay in the OTE was observed with increasing viscositye Astosity
increased from 0.00136 Pa s to 0.00393 Pa s, a 30% decrease in the OTE was observed. The
relationship between the apparent viscosity and the OTE is linear in nafureO(R8). Data

reported since the commencement of viscosity testing (Day 400).
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Fig. 5. Volumetric mass transfer coefficient (KLa) versus the reactor airflow rate. The mixing
intensity for all tests was maintained constantGat = 150 s1. The airflow was varied from

0.472 LPM to 7.5 LPM for tap watéclosed circles) and reactor effluent (open circles). A least
squares.regression analysis was performed, illustrating that no signifitarénce between the
tap water and the reactor effluent exists.

Fig. 6. OTE"versus MLSS concentration. A linear relationship appears to exist beteen t
MLSS and the OTE (R= 0.62), demonstrating an increase in the OTE with increasing MLSS. It
must be neted, that here the MLSS concentrations reported are a corollarydactioe SRT,
with the 40day SRT reactor exhibiting significantly improved OTE as compared to taay0
SRT reactor/ Data reported since the commencement of viscosity testing (Day 400).
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