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Alta carga orgénica eariabilidade sazonal s@xemplosde desafios inerentes
aguas residuarias industriaisqusitandotecnologiagobusasdetratamento. Paraltao
reator de leito moével com biofilme (MBBRg¢m abrangente aplicacdopmtencial de
forma queavancos ensuaopergdotem grandeelevanciaNesse sentido, dois estudos
laboratoriaisndependentes foram conduzidos com MBBRs alimentadosefioentes
reaisdeindustrias deesticida alecelulosee papel Parametroschavecomo o tempo de
retencao hidraulicéTRH), fracdo de enchiment® disponibilidade de nutrientésram
analisadodrente aremocéo de matéria organieade nitrogénio amonial, a utilizacao
de nutrienteg a dindmica da biomassa aderida e suspeéddeatamento de efluente de
pesticidas cono MBBR mostrouse viavelcom TRH de th e fracdo de enchimento de
50% (a 250 m2/m3) enquadrado os parametrogie descart@os limites legais.Com o
efluenteda indastria de celulose, a utilizacdo de uma area espefidzade biofilme
3 vezes maigpermitiuum volunme 33% menosem alteracao desempenhd dosagem
de nutrientes(necessaria para este tipo de eflugmténima foi de 100:070:014
(DQO:N:P), obtidaquandose limitoua disponibilidade de nitrogénio com o maior TRH
aplicado(4,9 h). O sequenciamento de DN&velouque a escassez de nutrierf@so

fator dominante para@mposi¢do da comunidade microbiaseguida pelo TRH.
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High organic load and seasonal quality variation are exampfechallenges
inherent to industrial wastewaters, requiring robust technologies for its treatment. For
such, the moving bed biofilm reactor (MBBR) has wide applicability and patest
that operational optimizations might have extensive relevanc¢higncontext, two
independent laiscale studies were conducted with the MBB&dD with pesticide and
pulp and paper (P&Rhdustrialwastewatersey parameters as the hydraulic rention
time (HRT), carrier filling degree, and nutrients availabilityere assessed in relation to
the removal of organic matter and ammoniacal nitrogen, the nutrients utilization, and the
dynamics of attached and suspended biomass. The treatmenpesticele wastewater
by the MBBRwas shown to be feasible with@HRT am 50% filling ratio (250 m2/m3),
placing the discharge parameters below the legal limits. With thew&Rwaterusing
threefold higher effective specific surface area adldvo preservethe performancean
33% smaller reactor. The minimal nutrients dpessaeeded for this sort of wastewater was
100:0.70:0.14 (COD:N:P), achieved when nitrogen availability was limited at the higher
tested HRT (4.8). DNA sequencingevealedhatnutrients scarcity was the major factor

shaping the microbial profile, follovdeby HRT.
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CHAPTERL: INTRODUCTION AND OBJECTIVES

1. INTRODUCTION AND OBJECTIVES

In 2007, more than 11,300eaders of théBritish Medical Journal electethe
development and expansion lodisic snitation as the greatest medical advance since
184Q ahead of antibiotics, anesthesia, vaccines and the discovery of the DNA structure
(FERRIMAN, 2007) The seousness of water pollution is exemplified bgtimations
from the World Health Organizationaround 842,000 deathser year happendue to
unsafe water supplie@VORLD HEALTH ORGANIZATION, 2014) In Brazil, it is
estimated that for 1 BRL invested in sanitation, 4 BRL are saved in public health
(FUNASA, 2004) Those are poterdemonstrabns of the hugeimportance ofwater
pollution contro] amongst othdrasic sanitatioactions, for preserving public heatihd
the environmentfor the present and future generatioNs wonder the 6" item of the
United NationsSustainabl®evelopment Goalsrges for universal access to clean water

and sanitatioty 203Q with its target 6.3 aimingp

improve water quality by reducing pollution, eliminating dumping and
minimizing release of hazardous chemicals and materidisnyahe
proportion of untreatedwastewagér and substantially increasing

recycling and safe reuse globa(lyN, 2016)

Pollutant streams whether industrialagricultural,or domestic- are diverse in
flow rateandcomposiion, depending intrinsically on their sourc&everafactors impy
in this variablity, such as life habits, level of regional development, strictness of regional
norms regulating wastewater disposal, type and seasonality of industrial oitagicu
production, etc(HENZE, VAN LOOSDRECHTegt al, 2008, VON SPERING, 2007a).
Severalparameters may translate the pollution in measurable terms, beingoftimee
most important: organic matter content, nitrogen in its various forms, phosphorous,
suspended solids, turbidity, colaril and greaseacidity/alkalinity, temperatire, and
toxicity. Minimizing the environmentampactby properly treaing thewastewaters is an
ethical and legal responsibility of public Power and commercial organizatibesnajor

challenge consists of allying soesmvironmental and econoosustanability.



CHAPTERL: INTRODUCTION AND OBJECTIVES

Biological technologies often appear as one of the mostetiesitiveoptions for
the treatment of wastewatersgardles®f the kind of sourcel hesetreatment processes
rely on suspended and/or attached growth of microbial biomagsninof biofilms in
the latter caseThe microbiatommunitystablished in the bioreamtisable to reduce the
polluting load of a certairwastewaterby metabolizingpollutant compounds to less
harmful forms.Despite requiring more intensive aeratiore thofilm growth format
makes the biomass more resistant to load shocks, and the alyelgedependent from
hydraulic retention timegftendismissingthe need o&sludge recycle line. Ultimately,
superior sludge agean be implementedcausing greateoverall performance and
specialization othebiomass to degrade otherwise persistent substaBioddm reactors
tend to be more resistant to fluctuations in organic load, toxicitypnN@®@DEGAARD,
2006, VAN HAANDEL, VAN DER LUBBE, 2012, VON SPERLING, 2007c)

One particular biofilm technology in evidence is the moving bed biofilm reactor
(MBBR), which is intended to combine the best features of suspended and attached
growthproceses, proiding a robust, compacatasyto-operateand efficient wastewater
treatment solution. In this kind of reactthe biofilm growson the protected surfacd
plastic carrierghatfreely move throughout eeactorcompletely mixed by aeration (for
aerobicreactors) or mechanical riang (for anoxic/anaerobic reactorsfhe MBBR
carriers have specific surface area usually ranging from 200 to 1200 m?/m3 of dry bed,
and generally have density close to thahefwater. In addition to the attributes canon
to any biofilm reactor, the MBR excelsfor providing very low head loss, great use of
the entire reactional volume, minimizationabdggingissuesand capacity to stand as an
easyupgrade optiorirom existingactivated sludgeAS) systemgBASSIN, DEZOTTI,
2018, GDEGAARD, 2019)

Thecompactnesspbustness and biomass specializateaturedurnthe MBBR
into an especiallyattractive option fothe treatment oindustrialwastewates, as these
arepatrticularlyliable to seasonal oscillations in quality andantitythat comealongside
the production changeddigh flow rates, as in the pulp and pap (P&P) industy, are
comma, as well asvastconcentration®f chemical residues that gpetentially toxic,
recalcitrant and bioaccumulativ&his is the case of thendustrial segment producing
pesticide, substancethatareused ashemain measureot crop protection frorharnful
living organisms. They aré&nown to bedamagingto the human healthand the

environment, posing a risk even at concentrations as low /Asqighg/L (AFFAM,
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CHAUDHURYI, et al, 2016, FIROUZSALARI, SHAKRKHATIBI, et al, 2019, LIU,
ZHAO, et al, 2010, LUO, GUOet al, 2014)

Pesticide production and application stands as one of the main industrial activities
to the present day, producing appgmately 150 million tons bwastewater every year
(XIONG, CHENG, et al, 2011) Nonethelessthe use of thosesubstancess made
necessaryso that agricultural productivity may follow the growing food consumption
consequerio theincreasing world population and changes in eating h@A3 1IONAL
RESEARCH COUNCIL, 2000, OERKE, DEHNE, 2004)ntensive agriculture
techniques also employed for raising productivitgre commonly used instead of
traditional cultivation, which may nicrease the pesticides usage up to 200 times
(MALATO, BLANCO, et al, 2000).

Pesticide industriesan be classified as manufactun@here the technical grade
active ingredients are synthesizanr formulation- where the technical grade pesticides
are mixed with other ingredients to make the final commercial pesticideg(§dANG,
YUNG-TSE, et al, 2004) The formulation industryhas the washing olines and
equipment as the am source of wastewatefAs the formulated pesticide frequently
changes, the residual water has great variability regarding compoSiéinausorganic
groups areormally found in this kind of wastewatas well asconventionalpollutants
suchas easilydegradable organic matter, oil, ammonia and inorganic SAMNG,
YUNG-TSE, et al, 2004)

The toxicity and high persistenrganic load of this kind ofvaste streams are
challenges for the application of biologidedatmem technologies. Consequently, their
association with physicochemical pretraant steps and/or the mix of the pestieide
containing wastewater with saniyasewage(which additionally provides nutrientsare
common approaches used to improve the indusirédtewater biodegradability and
lower its toxicity (WANG, YUNG-TSE, et al, 2004)

Few studies asse=msthe performance adhe MBBR asabiologica treatment for
pesticide watewates (BACHMANN PINTO, MIGUEL DE SOUZA et al, 2018,CAO,
FONTOURA, et al, 2016, CHEN, SUNet al, 2007. As this kind ofwastewatemay
present great quality variations, it is important to build up a more solid base of knowledge
regarding the treatment of this complex matikis implies the need for a greater
number of apled researcheson this topic. Although the toxicity and low
biodegradability of pesticide wastewates have been highlighted in previous

investigations, so far none investigated the exposure of a biolpgicass tancreasing
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loads of real raw pesticidermulation wastewater.

Anothe industrial segmentconsisting ofone of the mospolluting and water
intensiveis the P&P sector(CABRERA, 2017, THOMPSON, SWAINet al, 2001,
VIRKUTYTE, 2017). Taking into account only the Eysean and U.S. markets, the P&P
segment generated approximately 2.5 billion m3 of wagenira2015, which represented
around 42% of the total dudrial wastewater production thoseregionsURIOC, 2015)
Numbers ike those stress how impactful to the environment the P&P industry can be and
the imporance of correct and efficient wastewater managementreaichént to reduce
the impact of the final effluénn receiving water bodie)(ARRASCH, PARRA et al,
2006)

P&P mills turn the raw material mostly wood- into different types of paper
products by he following general steps: wood debarking andppimg; pulping;
bleaching; and paper making. Each step cosepra series of operations and may differ
noticeablyfrom one industry to anothewjth the pulping and bleaching stages genegat
the majority of the liquid wastes. Pulping consists of mechahiand/or chemical
breakdown of the wood chips to facilitatellulose and hemicellulose fiber separation,
while bleaching involves the whitening of thellulosicpulp by removing residual lignin
by meansof chemical agents such as chlorine, chlorine idexhydrogen peroxide
sodium peroxideoxygen, ozone, et¢(DOBLE, KUMAR, 2005, WANG, YUNGTSE,
et al, 2006)

The quality of the wastewater from P&P inthysdepends on the type of raw
material processean the chosen pulping and bleaching technologies, and also on the
amount of water used and effluent recirculated ire throcess (POKHREL,
VIRARAGHAVAN, 2004) Overall, the liquid waste strearag primarily composed of
degradation products afarbohydrates, lignin and wood extractives, containing high
chemical oxygen demand (COD), biological oxygen demand>(B&hd concentration
of chlorinated chemida (in case of nowrhlorinefree bleachingZODI, LOUVET, et
al., 2011) The BOD to COD ratio, often used to express the biodegradability of aqueous
matrices, is usually within the range 0.@5Q.5, reflecting thesignificant presence fo
recalcitrant compounds. High total suspendedisdITSS) content is also common as a
result of the wood preparation and pulp screening stages. Dark brown coloresidioel
water is attributed to lignin anits degradation produc(®vVANG, YUNG-TSE, et al,
2006) The lack of ntrients (nitrogen (N) ah phosptorous (P)) is another point of
concern regarduop this type of wastewatdSLADE, ELLIS, 2004) For implementing
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biological treatment, this limitation should be co@me without over supplementation of
N and R which could raise their effluent concentrations dasingcosts.

The main challenges faced the treatmenbf P&P wastewatersre not only
reducing organienater and suspended solidentens, but also calr and chlorinated
organics, especially whethe bleaching technology is not chlorifree. Primary
treatment is commonly done by mechanical processes such as sedimentsditon,flar
filtration, providng an effluent lower in solids content for theceadary treatment.
Although the characteriss of the P&P wastewater may hinder the application of
biological treatment, this condition can be attenuated with the use of ddaiptebial
cultures. Previosi dudies showed that the usemicroorganismgre-acclimated to P&P
wastewater may render lgOD reduction as compared to those achieved with non
adapted biomag®RDAZ-DIAZ, ROJASCONTRERASgt al, 2014, ZODI, LOUVET,
et al, 2011) Biological processe$ace the additional challenge of abating the high
organic loads, typicallydund in P&P wastewaters, waifroducing biosolids with good
separability.To arcumvent the operating obstaclése Biofilm-Activated Sludge (BAS)
process, consisting of a high loaded MBBR astmratment of a conventional activated
sludge reactor, isaenmonly appliedor the treamnert of P&P wastewaterindeed, the
BAS technologyhas been effectively applied to treatiswvaste strean(i® ALENTOFT,
THULIN, 1997), with multiple reports of pilotred full-scale plants aroundhé world
(MALMQVIST, WELANDER, et al, 2007, REVILLA, GALAN, et al, 2018a,
VILLAMAR, JARPA, et al, 2009)

In a BAS system, the upfront MBBR step is intendedeimove 360 % of the
incoming soluble COD (sCOD), protecting the AS stemrfload variations. This strategy
helpsto prevenissues associated with filamentous bacterial growth in the ASviuit)
could result in poor settling sludge and deterioratibeffluent quality. Haterto degrade
COD fractionsand suspended biomassteg the MBBR are then degraded in the lower
loaded AS, reducing the sludge production in comparison with a standalonestas sy
By lacking readily degradable COD, the efflueaf the MBBR stimulates he
development of slovgrowing organisms in the ASaetor that can consume the difficult
to-degrade organics, thereby constituting a significant fraction of the biomass. Such
process configuration yields better compactness an® @noval efficiency thara
single AS reactor at similar sludge a@d@ALMQVIST, BERGGREN,et al, 2004, \AN
HAANDEL, VAN DER LUBBE, 2012)
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In addition to the abovementioned possibilities with BAS, it has also been shown
that the BAS configuration can improve the efficiency ofieat usage. First repted in
aresearch work from 2002, BAS operation underient restriction was found togrent
excessive amounts of N and P in the outlet stream, while further lowering the sludge
production and improving its separabil@¢0/ELANDER, OLSSON, et al, 2002) The
limitation of nutrients stimulates microorganisms to produce more extracellular
polymeric substances (EPS) in the MBBR, especially when P is limitedmaans of
consuminghe organic carbon withoytroduction of new cells. HiggPS production is
generally relatedo slimy biomass formatio@QJENKINS, RICHARD, et al, 2004), but
this EPSrich biomass is readily degraded in the following AS stepycling nutrients to
the processand lessening the sliminess of the final effluent slu(®eADE, ELLIS,
2004)

Several studies have been conducted with the BAS system for treating P&P
wastewater, at varyingoperating conditions (DALENTOFT, THULIN, 1997,
MALMQVIST, BERGGREN,et al, 2004, MALMQVIST, WELANDER,et al, 2007,
RANKIN, AERT, et al, 2007, REVILLA, GALAN, et al, 2018a, WELANIER,
OLSSONé,et al, 2002) However, all of these stugl were onducted at a relativelpw
effective specific surface area in the reactor (i.e. carrier area by carrier fill), ranging
between 60(MALMQVIST, BERGGREN, et al.,, 2004) and 223 m?/reactor m3
(DALENTOFT, THULIN, 1997). With the evolvement of new MBBR carriers with
higher protected area, the MBBR stage of the BAS process could easily be designed wit
up to at least 600n%m? using carrierswith high surface area at higtarrier fill ing
fraction, substantiy improving the compactness of the BAS process.

The carrier filling ratio alone was shown to be a major factor influencing the
structure of the microbial community and thefpemance & MBBRs (CALDERON,
MARTIN-PASCUAL, et d., 2012) Also, dthough the MBBR is a biofilabased process,
it has been demonstrated that the suspended biomass within these systems phay also
a relevant role in the overall treatment performghti&lA, DEZOTTI, et al, 2016) and
that this contribution relies on the operating HEPICULELL, WELANDER, et al,
2014) The characteristics of the effluent biomass of the MBBR may becylarly
relevant in a BASsystem since the hydrolysis and degradation oktkelds are crucial
steps in the downstream AS stagéus, for the BAS application in P&P wastewater

treatment, e selection between a small MBBR with high specific surfaea €as to
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favor biofilm growth) or a larger one (higher HRT) with lower specgurface area (as
to favor suspended biomas®eds further evaluation

These subjecthavenot been addressed in earlier literature assessa@®AS
application(DALENTOFT, THULIN, 1997, MALMQVIST, BERGGRENget al, 2004,
MALMQVIST, WELANDER, et al, 2007,RANKIN, AERT, et al, 2007, REVILLA,
GALAN, et al, 2018a, WELANDER, OLSSONet al., 2002) Also, no in-depth
discussion was given about how nutrients availability affects the efficiency of nutrients
utilization for substrate removal, esseniabwledgefor optimizing consumption and

minimizing thedischarge of N and P.

1.1. Objectivesand Strategies

Despite being a welleveloped technology vastly applied to industrial
wastewatersit is noticed that there is still great room for expanding the knowledge
the MBBR. This is especially true considering therty industrial wastewaterhas
particularities that result in distinct challenges, pasviously mentionedA deeper
understandig on how operational parameters relate to overall performance, biosolids
dynamics, andmicrobial community activity and diversity could bring advantageh bo
to the industry that might be able to design and operate MBBRs more optimally, saving
footprint, energy and resourcésand to the environmeiitas the effluent quality wadi
potentially improve.

Therefore, his doctorate thesis aimed at gainingHiertinsights on theffects of
operational parameten the performance ofhe MBBR technology appéd for the
treatment of complex industrial matricedndependent experimenth lab-scale
investigatiols wereset up with MBBRs treating real wastewaters froa Brazilian
pesticide formulatiomndustryanda SwedistP&P mill.

For the pesticidevastewaterthe bioreactor was evaluated in terms of organic
matter removal and nitrificetn. The robustness of the processs evaluated under
different HRTS, and diverse qualities and proportions of the industrpsticide
wastewater eitherpretreatd or raw - mixed with sanitary sewagé&€he exposure of the
bioreactor to increasing progimms d the raw pesticide wastewater is a unique feature
of this study, partiglarly considering that nitrification is seldom evaluated for pesticide
wastewaters anaitrifying bacteria are inherently more sensitiveéhetoxicity posed by

a wide range fochemical compoundsAdditionally, the benckscaleexperimentserved
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to evalate if the MBBR constitutes an efficient treatment alternatiwel,asa design
basisfor a full-scale MBBR tosubstitué the full-scaleAS plant in the industrial site that
provided the wastewateiThe strategy involved th&tudy of the system

1 With refeence to local dischardegalrestrictions

1 Under siperior organic matter and nitrogen loads than the normally observed in the
existing treatment plant, evaluating the robussngthe assessetteatmertt

1 For distincthydraulic residence tinsg

1 When fedwith different lots of pretreated pesticide wastewatgth special attention
to the accumulation of persistent organics in the effluent and/or in the hiofilm

1 For various proprtionsof raw pesticide wastewater instkaf the pretreated one.

The studywith the P&P wastewatesimed to address how high loaded MBBRS,
with distinct effective specific surface areas and HRTS, responded to nutrient limitation
during the treatment &#&P wagewater. Organic matter removalfiefency of nutrients
utilization, ard biosolids dynamics were monitored over time. Batch tests with isolated
suspended biomass and biofilm were performed to sepaeatdlyatahe activity of each
biomass fractin, while data from reactor continuous operation was fitted to the
KincannonStover kinetic model for assessing both the maximum substrate utilization
rate and the wastewater biodegradabildNA sequencing of biofilm samples was also
performed to track @nge in microbial commuries resulting from the shifts in

operational conditins.Thefollowing topics were addressed in this study

1 The effect odifferentcarriers filling rati;

1 The importance of different hydraulic retention times and organicrigasies;

1 How limitation of nitrogen and phosphorous impact the biologicaltrineat in
comparison with excess of nutrients

1 The possible influence of the temporal variation ofvtlastewatequality.

The content of this work is presented asdf as posible, trying to minimize
divisions between the topics related to the pestameP&P studies, and makitige two
independenexperimental investigations part of the same umbrella. However, content

separation was unavoidable as the beswdie experimentaere independnt and had
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remarkable differences from each other. Thereby, MB&BR operation with the
wastewater from pesticide formulation indus
whereas the operation with pulp and paper wastewsilebe desgnaeda s B P &

researcho.



CHAPTER2: LITERATURE REVIEW

2. LITERATURE REVIEW

For the contextualizationof this work, this chapter presents a brief literature
review on the fundamental topics and concepts linked to the research projects executed
during this doctoral thesis, emphasizitige biological wastewater treatment and the
moving bed biofilm reactorAn overview is also taken of specific notions about the
pesticide and pulp and paper industries and of the literature regarding the treatment of

their wastewaters.

2.1. WastewaterCharacterization and Treatment

An immense variety ofcharacteristics andndividud compoundscould be
evaluatedor a certain wastewatéxut would notnecessariljpe meaningfulfor another
wastewatesource In this sensef is common to characterize the pdihg potential of
wastewaters by groups of physicethemical,and biologichparameters, as well as key
individual constituentghat possesslear significance Someof suchparameters and
constituentghatwereexplored inthe experimental progress this work are defined in
Table 2.1. A few other worth-mentioning characteristicsnclude oils and grease,
conductivity, metals, chloride,ofor, odor, flavor, radioactivity particular organic
substances,etc. These are bettedescrbed elsewhere (METCALF & EDDY,
TCHOBANOGLOUS et al, 2014)
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Table2.17 Some of the most important parameters and constituentbdoaterizaion
of wastewaters. Source: adapted frof®N SPERLING, 2007a)

Parametersor constituents

Comment

Total solids (TS)

Dissolved solids

Total suspended solids (TS
Volatile suspended solids (VS
Fixedsuspended solids (FS:
Turbidity
Carbonaceousmanic matter

Biological oxygen demand (BOL

Chemical oxygen demand (COI

Total organic carbon (TOC
Total nitrogen (TN)

Total ammoniacal nitrogen (TAN

Nitrite (NOy)

Nitrate (NGs)
Organic nitrogen
Total phosphorous (TP
Inorganic phosphorouPO,*)
Organicphosphorous
Dissolved oxygen (DO
Temperature

pH

Toxicity
Microorganisms

Sum of total suspended and dissolved solids.
Residual solids left after evaporation.

Solids reainable by filtration.

Organic fraction of the TSS.

Mineral residue of the TSS.

Measure of light scattimg caused by TSS.
Liable or not to biological adation.

Oxygen demanded for biologicstiabilization of organic
matter (usually 5 days, 20°C).

Equivalent oxygen@maredfor chemical stabilization
of organic matte(+ oxidizable inorganics)

Direct measure of thearbonaceous organic matter.
Sum of all nitrogen forms.

Sum of ammonia ahammonium, product of
decomposition of organic nitrogen.

Intermmediary product of ammonia oxidation.

Final product of ammonia oxidation.

Nitrogen contained in organic compounds.

Sumof phogphorous forms.

Orthophosphates and polygphates.

Phosphorous contained in organic compounds.
Relates to microbial profile and metabolism.
Relates to microbigbrofile and reactions/transfer rates
Relates to microbial profile and agty in bioreactors.
Chronic or acute toxic effectm living organisms.
Relatable to pathogenicity and béactorconditions.

Many parameters may lokvided into solublg(s, prefix)and particulatép, prefix)

fractions, as ishe case for BOD,

COD, TOC, TN, TP, etc. For those, particulate refers to

their portion within the suspended solids. The counterpart is usually designated as soluble

or dissolvel, bkeing part of the dissolved solids. Thus, the tdtalprefix) of a certain

constituent is the sum of the

particulate and dissolved por{dd@N SPERLING,

2007a) In addition, each ofhes fractions may be characterized as biodegradable or

inert, with the biodegadability being easy/rapid or slow/hard, depending on the chemical

11
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nature of the substance and organisms acting on its metabolipa@dh SPERLING,
2007b)

Instances ofdverse effects to water bodiesceiving polluted streams include
(but are not limited to) oxygen depletion, eutrophication, toxicity, bioaccumulation,
aesthetic worsening, risk for recreation, and lossotdilgi ty/usability (HENZE, VAN
LOOSDRECHT, et al, 2008, VON SPERLING2007a) In order to prevent these
damages to ater bodies and respect legalesholds defined by environmental organs,
wastewater treatment plants employ one or more physical, chemical, and biological
processe minimize the polluting load. Such treantfacilities are generally designed
to treatmunicipal sewage or locally teindustrial wastewater$he stages withirthe
treatment plant can beategorized with respect to the level of treatment achieved:
preliminary, primary, secondary or tertiary(METCALF & EDDY,
TCHOBANOGLOUS,et al, 2003, VON SPERLING, 2007a)able2.2 briefly explains

each class of treatment

Table2.21 Classes oWvastewater treatmebly level. Sourceadapted from
(METCALF & EDDY, TCHOBANOGLOUS, et al, 2014, VON SPERLING, 2007a)

Level Removal of

Coarsesolids and grease that may cause maintenance or opera

Preliminar : . .
y problemsin the treatment opetians, processesandauxiliary systems

Primary  Settleablesuspended solidsd associate@drganic matter

Biodegradable organic matter (in solution or suspensad)nutrients
(nitrogen and/or phosphorous) by biological mechaniandsuspaded
sdids. Disinfection is sometimesincluded in the definition o
conventioral secondaryreatment

Secondary

Nutrients, pathogens(disinfection) nonbiodegradable substance

Tertiar . o . : .
y metals, inorganic dissolvemblids,andresidual suspended solids.

As thisdodoral work focuse®n aparticular biological treatment technologlge
MBBR, only the secondary treatmeetel is further detailed. The reader is advised to
search in the available literature for studying other treatment |[€DE&IZOTTI, 2008,
HENZE, VAN LOOSDRECHT, et al, 2008, METCALF & EDDY,
TCHOBANOGLOUS,et al, 2014, VAN HAANDEL, VAN DER LUBBE, 2012, VON
SPERLING, 2007a)
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2.2. Secondary Wastewater Treatment

Comprisedof biological processeshé secondary treatment acts by removing
biodegradale organic and inorganic substrates via metabolization performed by
microorgansms, mostly bacteriainside a controlled reactional volume. This biological
stabilization of pollutant substances generally transforms themmiore stable products
with lowerpolluting potentialin this process, organic mattenisneralized or conveted
to inert substance®ON SPERLING, 2007a)At some level, the iblogical processes
mimic the natural depation of biodegradable compounds that happens in water bodies
(BASSIN, DEZOTTI, 2008) By controlling ambient conditionssuch as temperature,
pH, hydraulics, DO, ete.to boost microbial activity, its possible to obtain much higher
biological degradation rates théroseoccurring naturally in the environmenitherefore,
secondary treatment takes advantage of this feature. In this context, it is essential to
understand the basic aspects of microbiateolism when discussing secarg

treatment technologies.

2.2.1. Microbial Metabolism

Metabolismrefers to the enety of the chemical reactions taking place in a living
cell or organism.Catabolic reactiongdissimilation) transform energy sources into
utilizable energy for cell functions as locomotion and transportor for anabolic
reactiongassimilation) thatuses energy to convert simpler molecules into complex ones
for cell growth and maintenan¢elENZE, VAN LOOSDRECHT et al, 2008, VON
SPERLING, 2007b)Figure2.1 summarizethe catabolism and anabolisithe catabolic
processes includibe transport of electrons from a donor substance to an acceptor one as

a driving force for the transformation of adenosinphdsphate (ADP) into adenosine

! Mineralization of organic compounds refers to their conversion to inorganic substanady,CO, ard
H-0.
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triphosphate (ATP), the most important enetigansfer compound icdls (GRAY, 2004,
MARA, HORAN, 2003)

CATABOLISM ANABOLISM
Energy-yielding metabolism Biosynthetic metabolism
[ Energy sources ] Cellular material

3

= ole)ple)f — > : ACCEPLON

Heat /

Biosynthetic intermediates

A

Utilizable energy ”
Intracellular precursor pool

3

A\ 4

Vietabolic products [ Externalinutrients ]

Figure2.11 Representationf the metabolism of living organisms, composéd
catabolic and anabolic processgsurce adapted fronfHENZE, VAN
LOOSDRECHT etal., 2008)

As highlighted in red frames iRigure 2.1, there are two major inputs from the
environment necessary ftie organisms to perform their etabolic functions: energy
sources and external nutrierigith regards to th&atter,in secondey treatment reactors,
it is important to considehe chemical composition of the bacterial cells, suggested by
some authors sad 000 , or 6 O 0 0 0, in dry basis (HENZE, VAN
LOOSDRECHT et d., 2008, METCALF & EDDY, TCHOBANOGLOUSgt al, 2014)

That represents arouri8% of carbon, the major nutritional requirement for anabolism.
From the cell composition, the average nutritional needs to convert subsitateslli
material, in terms of BD:N:P proportion, is approximately 100:5:10ther
macroelenents used by microeganisms are O, H, N, P and S. In contrast, some elements
are needed in smaller quantities (K, Ca, Mg, Na, Cl and Fe), or even trace amounts (Mn,
Zn, Co, Mo, Ni, Cu, etc.]MARA, HORAN, 2003)

Given the considerations above, organismegrouped accordintp their cabon
source, energy sourcad electron donofMETCALF & EDDY, TCHOBANOGLOUS,
et al, 2014) In this context, four trophic types of organisms may be described, as
represented ikigure2.2 (MARA, HORAN, 2003)
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ENERGY ELECTRON CARBON
SOURCE T DONOR T SOURCE
Photo : lithotrophic I autotrophc
light | | inorganic
Photo | organotrophicI heterotrophc
Chemo : lithotrophic I autotrophc
chemicals i organic
Chemo: organotmophic I heterotrophc
o ¢

Figure2.21 Four rophic types of organisms accangd to metabolic characteristics.

Additionally, organisms may also be classifiwith regards to the origin and
quality of the electron acceptorhose who utilize external electron acceptors are said to
have a respiratorgnetabolism, whereas fermentatimeetabolism is the term employed

when internal electron acceptors are used. rEspiration may be aerobic, anoxic or

anaerobic. That means tlilaé electron acceptor is, respectively, oxygen, nitrate,

oxidized conpowunds. Some organisms are fdative and can use more than one type of

electron acceptor, depending on thaikability (VON SPERLING, 2007hb)Denitrifyi

or other

ng

microorganisms fall within this category, d@isey may perform aerobic or axio

heterotrophic metabolism. Several microbial groups are showiabie 2.3, where

components of their metabolism are detailed.

the
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Table2.31 Trophc classification of various miobial groups organisms. Source:
(HENZE, VAN LOOSDRECHT gt al, 2008)

Energy source

Electron donor . Carbon
- Electron Typical
Trophic . . Type of € source
Microbial group accepta products
group donor

Chemo -

organotroph Aerobic heterotrophs Organic 07) CO, H0 Organic
Denitrifiers Organic  NO3,NO;  N;CO,H,O0 Organic §
Fermening organisms Organic Organic VFA Organic £
Iron reducers Organic Fe (1IN Fe (II) Organic %
Sulphate reducer Acetate SO H.S Acetate %
Methanoggns Acetate Acetate CH, Acetate
(acetoclastic)

lithotroph Nitrifiers: AOB NH,* O, NOx CO
Nitrifiers: NOB NOx O, NOz CO,
Anammox bacteria NH4* NOy N2 CO
Denitrifiers H> NOz,NOy N2,H20 CO,
Denitrifiers S NOs,NO;  N2,SQ?,H.0 CO,
Iron oxidizers Fe (1) Oz Fe (1) CO; o
Sulphate reducers H> SO2 H2S, HO CO; £
Sulphateoxidizers H,S,S,S0: o} so? CO» g
Aerobic H, 0, H,0 COp 3
hydrogentrophs
Methanogens
(hydrogenotrophic) H. CO: CH CO.

Phote -

lithotroph Algae, plants H-0 CO 02 CO
Photosynthetic bacteri: H.S CO, S CO

AOB, ammoniaoxidizing bacteria;Anammox, anaerobic ammonium oxitian; NOB, nitrite-

oxidizing bacteria; VFA volatile fatty acids

Given that tle objective of the biological treatment processes is reducing pollutant
loads through metabolic action of microorganisms, some of the growasitiStable2.3
are of particular relevancd-or biological organic ntger removal, aerobic, anoxic
(denitrifiers) and anaerobic (fermenting) heterotrophic microorganisms are highlighted.
In turn, biological nitrgen emoval is performed mostlyylthe sequential actions of
aerobic autotrophic nitrifiers and the anoxic hetexphic denitrifiers, or by the
autotrophic an@mmox process. The sequence of transformations that will take place in a
bioreactor depends onetbxidation state of the electracceptors and the redox potential
of the electron transfereaction,oncethe correct substrates and operating conditions

(temperature, pH, dissolved oxygen, etrg ensuredas shown irFigure 2.3. Greater
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redox potential formsmore ATP, providing more favorable energetic metabolism

(GRAY, 2004)

CONDITIONS
(e acceptor)

PRQCESS

+500

1250 | AEROBIC

organic C njtrification
oxidation

I I denitrification

REDOX (mV)
o

ANOXIC
I I methano-
-2 enesis
%0 | ANAEROBIC sulphate acido and
reducton aceto- I
genesis
+500

Figure2.31 Tramsformations taking place in biological treatment, as a function of

electron aceptor and redox potentigource adapted fronfVON SPERLING, 2007b)

Biological processe mg be classified regamg the metabolic requirements of
the microorganisms but also according to other @spasthe type of biomass growth

and hydraulic conditions in the reactor. All of those are presented in the following

subsection.

2.2.2. Classification of Biological Processes

Themainclassification of biological processes is regarding the electron acceptor

in the metabolic route of the microorganisras presenteth section2.2.1 As seen in

Table2.4, the proceses may be aerobig)aic, anaerobic, facultative or a combination.
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Table2.47 Classification of biological processes with respect to the electron acceptor
used in the mebmlism of the micromanisms. Sarce:adapted frorfMETCALF &
EDDY, TCHOBANOGLOUS et al, 2003)

Class Description

Aerobic Biological processes that happenhe fresence of oxygen.
Anaerobt Biological processes that happen in the absence of oxygen.

Process inwhich thenitrogen contained in nitrate is biologically
converted to nitrogen gas in the absence of oxygen.

Biological processes which microorganisms might aict the presence
or absence of oxygen.

Anoxic

Facultative

Combined Combinations baerobic,anoxicor anaerobigprocesses.

Following, Figure 2.4 illustrates the categorizationof biological treatment
processesegardng the type of biomass growthe. in suspension (whether dispersed or
flocculated), adhered to surfaces (ios), ora combinationThe examples of processes
listed within Figure 2.4 are given based on thgpe of biomass grath on whichthe
treatment is bsed. Nevertheless, thereaynalways be suspended growth in biofilm
reactors andhe other way arounBASSIN, DEZOTTI, 2008) The bulk of flocculated
biomass is usuallgeroted as biological sludge, or simply sludgetivated sludge ithe
designation of the most common configuration of suspended growth reabtog the
biomass is kept in suspension in an aeration basin followed by a secondary decanter that
concentrags ad recirculates part of the sludge to achiahe desired biomas

concentration in the bioreactor.
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Figure2.41 Classfication of secondary wastewater treatment procesgbsespect to
the type of bbmas growthand examples of technologi€ource adapted from
(MARA, HORAN, 2003)

Hydraulic conditions also serve ascakgorization parameter for biological
processes: intermittent (focld or semibatch) or continuous flow; completely mixed or
plug flow. This kindof classification is tightly related to the availability of substrates t
the biomass in different times ammbstions in the reactor, therefore posing direct
influence on thedevelopment of the microbial community and modelling of mass
balances and reashs ratefVON SPERLNG, 2007h)

Another way of clas§ying the secondary treatment processes is related to its
function, that is theremoval of carbonaceous organic matter and/or nutrients, which is
closely associatedwith the microbial groups that will be favored in tleentrolled
reactional environment.hisclassification is detailed ihable2.5 (METCALF & EDDY,
TCHOBANOGLOUS et al, 2003)
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Table2.571 Classification of biological processes in relatiortiteir functiorality.
Source: adapted frogMETCALF & EDDY, TCHOBANOGLOUS et al, 2003)

Classfication Description

Carbonaceous Biological conversia of organic matter to cethaterialand
BOD removal various gases and products.

Nutrientremoval Simultaneous removal of nitrogen and phosphorous.
Nitrification Sequentiatonversion of ammonia tatrite and then nitrate
Denitrification Reduction of nitratéitrite to dinitrogen and other gases.

Phosphorous Removal of phosphorousy its accumulation in biomass and
removal subsequent solids separation.
Sludge tbilization Aerobic oranarobicstabilization ofthe organt matter in
(digestion) primary and secoradty sludges.

Vast differences exist betwedhe biological wastewatertreatmet processes
based oreach of the aforementioned categariése distinctions may range from cost,
operation§ maintenance and performanagributes Thus, the remaining tocfrom
section2.2focus on brieflyapproaching fudamental points of bioreactors.

As the benctscale experiments presented in this doctoral thesis focusdwon t
aerobic removal of carbonaceous organic matter and nitrificatesge are discussed in
detail in the followingsections 2.2.3and2.2.4).

2.2.3. Aerobic Biological Organic Matter Removal

In the aerolr oxidation of organic matter, the biodegradable organic substances
present in the wastewater serves as electron donor and carbon source, oXygerass
the electron acceptor. Cherooganotrophic heterotrophic bacteria are responsible for the
majority of the organic substrates metabolization, requiring sufficient cbtitae with
the organic compounds, oxygen and nutrienfMETCALF & EDDY,
TCHOBANOGLOUS et al, 2014) Consideing the canplete metabolization of organic
matter by aerobicmicroorganisns, a simplified global reaction can be expressed as
Equation(2.1) (VON SPERLING, 2007b)

600 TET(b O oAb ad 00 2.1)

Nle
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The given equatioallows the calculation of the demand of oxygen for complete
oxidation of a generic substrate. Neverthelesdpes not include the assimilation of
carbon and nutrients fahe production of new cells. A more general, yet unbalanced
reaction, is given ifcquation(2.2), where COHNS denotes napecific organic matter
as cabon source/electron dondMETCALF & EDDY, TCHOBANOGLOUS, et al,
2014)

5000 . i85

O000™ €001 QQBWIi 0O e Fom s s OU v s F
e QwQaal nt € Qo w:

(2.2
Balanced reactions witlepend heavily on the composition of the carbon source,
the nature of the nutrients sources and the chosen cell average formula. In the example
abowe, phosphorous is not included in the cell composition, therefooerplete reaction
could be written withot a P source. Then, a stoichiometrically balanced equation for a
certain substrate may be derived from the sum of specifiadmitions, considarg the
percentage othe substrate that is converted to energ® and directed to cellular
synthesis"Q. Various halfreactions and the full explanation of the calculation procedure
are found throughout textbooK&SRADY, DAIGGER, et d., 2011, HENZE, VAN
LOOSDRECHT et al, 2008, METCALF & EDDY, TCHOBANOGLOUSet al, 2014,
RITTMANN, MCCARTY, 2001, WIESMANN, CHOl,et al, 2007) Equation (2.3)
shows one example of a carbohydrates oxidatiortioawith "Qequal to 0.71 mg of
formed biomass COD per mg of carbohydrate COD oxidized, and ammoniacal nitrogen
as N source (which most heterotrophic bacteria may use as sole N supphpbieaiee
other inorganic forms)lGRADY, DAIGGER,et al, 2011, GRAY, 2004)

600 Mo ™WIEQ W 1Y (23)
™ 1000 M8 o&d T LQO

In this case, the fraction of the substrate conversion to biomass is equivalent to th
cell yield. Typically for heterotrophic bacteria, the yield is around 0.7 mg COD
biomass/mg COD removed, which may also be represented as mgVSS biomass/mg COD
removed bymultiplying bythe adequate conversion according to the average cell formula
(1.42 o 1.67 mg COD biomass/mg VSS bioma@$}ENZE, VAN LOOSDRECHT et
al., 2008)
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Decaying cellular material resultant from cell deatl &sis is also @ommon
substrate for aerobic heterotrophic metabolism. This is known as endogenous respiration,
as opposed to exogenous respiration, which uses external substrates coming in the
wastewater. A simplified representation of the endogenosgiration is shown in
Equation (2.4). Endogenousnetabolism is a greater part of the overall metabolism at
longer sludge ages and lower availabilities of external subs{MEECALF & EDDY,
TCHOBANOGLOUS et al, 2014)

5000 0 ud0 COG 00 Q& Qi QO (2.4)

The pH span considereodl¢rable for the aerobiemoval of organic matter is 6.0
to 9.0, buthebest performance occurs nearer neutrality, between 6.5 and 8.5. Regarding
dissolved oxygen, above 0.5 mg/L there is little influence on the biodegradation rate.
Nevertheless, 2.0 migis usual for aerobic retors aimingatorganic matter removal, as
this concentration allows for maximum oxygen uptake for nosizad biomass flocs. In
terms of temperature, higher valugs to 3540°C increase the removal ra(GRAY,

2004, METCALF & EDDY, TCHOBANOGLOUSet al, 2014)

Sufficient concentration ofutrients (N and P) should also be mardeed,
particularly for industrial wastewater sources that lack it. When compared to other
microbial groups, the aerobic heterotrophic bacteria ldvgher resistance to toxicity
(METCALF & EDDY, TCHOBANOGLOUS et al, 2014) However, various substances
I as heavy metals; phenol, detergents, and other organics; high salt concentrations; high
ammonia; etc.i may inhibit the activity of these micraganisms. Heterotrophic
microorganismsre not affected by light, being able to grow whether in its presence or in
the dark(GRAY, 2004)

2.2.4. Biological Nitrogen Removal

Despite tlis nutrient beingnainly found as enmoniacal and organic nitrogén
soluble or particulate, other forms of nitrogen are also obseruedvaste streamsas
nitrite and nitrateMostly, the ammoniacal nitrogenpsesented as ammonium whée t
pH is closeto 7 and the temperature between 25 and 35°C. The percentage of free
ammonia aafunction of pH and temperature may be calculated, as described in appendix

B, sectionB.6. Amongst other factors, the relevanoé the ammoniacahitrogen
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distribution is due to the free ammonia volatility and its toxicity to fish and other aquatic
organisms even at low concentrations.

Regardingnitrogen removal, therere physicochemicatechnologiesoptions,
however biological removal is usuallyome feasible and achievbetter performances
(AHN, 2006, ZHU, PENGet al, 2007) The biological nitrogen removal takes place in
acontrolled environment that favenatural steps of thigiological nitrogen cycle, shown
In summary irFigure2.5.

Oxidation
state Ammonification
3 ON *=———— NH; ¢
T ASSImd&%”"I
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< =
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Figure2.51 Reactions within the biological nitrogen cyc@N states for organic
nitrogen.Source(GRADY, DAIGGER, et al, 2011)

Particulate organic nitrogen may be hydrolyzed to soluble organic nitrogen. Then
the latter goes through the transfation known as ammonification, being converted to
ammoniacal nitrogen by heterotrophic bacteria. Equad) exemplifes this by the

hydrolysis of urea.

0060 ® ™0OU xXO ol 0 00 (2.5)
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The mostconsolidated strategyoff biological nitrogen removal includes the
combination of nitrification and denitrificatiofSUN, NACHER, et al, 2010)
Nitrification is the limiting stage and alsbhe most studied on@ASSIN, DEZOTTI,
2008)

Another relevant biological routeorf nitrogen removal is the anaerobic
ammonium oxidation ghammox), which may result in more cosffective nitrogen
removal technologie6€SUN, NACHER et al, 2010). As only nitrification was addressed
during the experimental evaluations of this doctoral work, it is further explained below,
whereas other processes from the nitrogeteanay be better understood in the literatu
(BOTHE, FERGJSON, et al, 2007)

2.2.4.1. Nitrification

Nitrification is the energeticallyaf’orale biological stepwise conversion of
ammoniacal nitrogen to nitrite and then to nitrate. Respectively, the steps are known as
nitritation and nitratatioil both exergonié and are shown simplified in EquatiofZs6)
and (2.7). The global reaction is represented Equation (2.8), not considering e

assimilaton of nitrogen in celinaterial

b0 o ¢l  TO OO . EOOEOAOET T (2.6)
cO0 0 ¢l . EOOAOAOQET I (2.7)
50 ¢b 06  ¢O O0 "Ei 1Mi THi CHHTi T (2.8)

Based onEquation (2.8), complete itrification requires4.57 gO/gNH4*-N,
where3.43 gQ/gNH."-N is for oxidizing ammonium to nitrite antl14 gQ/gNO,-N is
for oxidizing nitrite to nitratelt is also possible to estimate the consumption of alkalinity
by adding 2 mol of bicarbonate in Equatiof2.8), resulting in euivalent
7.14gCaCQ/gNH4*-N. The alkalinity and oxygeare slightly lower when anabolism is
considered, as will be seen ahédMETCALF & EDDY, TCHOBANOGLOUS, et al.,
2003)

The reactions are promoted kaerobic chemdithoautotrophic- or simply

autotrophic- bacteria, using inorganic compounds (ammoniund aitrite) as source of
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energy; inorganic carbon source (§@or synthaizing cells; and oxygen as electron
acceptoi(GRAY, 2004)

Ammoniaoxidizing bacteria (AOB) igshe group of bacteria responsible for the
nitritation stage, it is constitutedaimly by theNitrosomonagyenus, in addition to the
generaNitrosococcusNitrosospirg Nitrosolobus Nitrosovibrio, etc.Nitritation also las
an intermediary step where ammonia is trarmmekdinto hydroxylamine (NHOH) that is
then converted to nitriteAHN, 2006, COLLIVER, STEPHENSON, 2000, METCAL
& EDDY, TCHOBANOGLOUS, et al, 2003)

Nitratation is performedby the group of bacteria known as nadxidizing
bacteria (NOB), composed mairdythe genudNitrospiraandNitrobacter, in addition to
others such adNitrococcus Nitrosping etc. (AHN, 2006, METCALF & EDDY,
TCHOBANOGLOUS, et al, 2014) Recently, it was found that members of the
Nitrospira genus are capable of performing complete nitrification, theafied
comammoxNitrospira (DAIMS, LEBEDEVA, et al, 2015)

Ammoniacal nitrogen and niteé are ged primarily in the catabolism of
autotrophicnitrifying microorganisms as source of energy, being negligible the fraction
of nitrogen assimilated as cellular material (anabolism), only around 1% of the ammonia
converted (HENZE, VAN LOOSDRECHT,et al, 2008) The balanced equations
representinghte nitrification while consideng the anabolism depend on the percentage
of nitrogen inthe substrate that is converted to enerf® and the remainder that is
directed to cellular synthesi¥2 . Therefore, it is common to find distinct stoichiometry
in different referencesSome demonstrate how to get to the balanced equations
(METCALF & EDDY, TCHOBANOGLOUS, et al, 2003, RITTMANN, MCCARTY,
2001, WIESMANN, CHOl,et al, 2007) One exampleis given in Equation (2.9),
consdering 'Q 18t vand the simpliigd cell compositiord 000 (METCALF &
EDDY, TCHOBANOGLOUS et al, 2003)

00 P& elo  TBT WA -
™Wip OO0 TP pB D T8I W T @9)
From Equation (2.9), it is implied that the autaiphic cell vyield is
0.16gVSS/gNH*-N. Most of it isrelated to the growth of AOB (0.1g¥SS/gNH"-N),
and the remaining is due to NOB (0.2SS/gNQ™-N) (GRADY, DAIGGER, et al,

2011) When compared to heterotrophic organisthsyield values areconsidereddw,

25



CHAPTER2: LITERATURE REVIEW

and so are the growth rates, sthat nitrifiers areregarded asslowgrowing
microorganismgWIESMANN, CHOI, et al, 2007). The specificgrowth rate ofAOB is
higherthan NOB, with this relation shifting at lower temperat{@BRADY, DAIGGER,

et al, 2011, MULDER, 2014)Furthermore, the consumed oxygen per mass unit of
substrateoxidized is 4.25g0,/gNH4™-N, a bit inferior to the value previously shown
without ponderingnitrogen assimilation to cellular material. The alkalinity consumption
in terms of calcium carbonate, calculated from Equat{@m®), is also lower,
correspondingo 7.07 gCaCQ/gNHs*-N (METCALF & EDDY, TCHOBANOGLOUS,

et al, 2003)

Given the slow growtland cell yieldof nitrifiers, keeping sufficient sludge age
and favorable conditions is critical to assuitefication in the systemSome parameters
especially important to tracthat relate tote nitrifying performancanclude the organic
carbon to nitrogen ratio (C/N); alkalinity; temperature; and the presence of toxic or
inhibiting compoundsAs thecel yield is low, carbon dioxide present imetair suffices
as carbon sourceThe carbon dioxide produced by heteoptiic microorganisms
inhabiting the same environment may also serweaganiccarbon sourcd?hosphorous
is seldomthe limiting nutrientin nitrification. Some micronutrients stimulate the spread
of nitrifying bacteria in the following concentratio(is mg/L): Ca = 0.50; Cu = 0.01,
Mg= 0.03; Mo = 0.001; Ni = 0.10; and Zn = 1METCALF & EDDY,
TCHOBANOGLOUS et al, 2014)

Different authors agree that optinmafrification takes place in the pH range from
7.0 to 8.5.0ut of this span, the nitrifiers growth rate drops rapidiyth complete
inhibition when pH is lower tha5. Many wastewaters have pH between 7 and 8, but the
nitrification and the CQ productionby heterotrophic microorganisms make the pH in the
bioreactor lower compared to the raw wastewdtkeus, unless the wastewater alkalinity
is high enough, thehpin the reactor will most likely be below 8. The main concern is to
keep the pH higher than A/h for Il nstance, keeping the
35mgCaCQ/L (GRAY, 2004, VAN HAANDEL, VAN DER LUBBE, 2012)This may
be donethe through addition of @dium bicarbonate, sodium hydroxide, magnesium
hydroxide, calcium oxide, etfMETCALF & EDDY, TCHOBANOGLOUS, et al,
2003)

Dissolved oxygen antent up to 3 or 4 mg/L contributes positively to the
nitrification rate, being values abo&0 mg/L highly recommendedConcentrations

below 0.5 mg/L strongly inhibit the nitrifit®n ard may lead to partial nitritation,
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resulting in high effluent nitte concentratiofGRAY, 2004, METCALF & EDDY,
TCHOBANOGLOUS, et al, 2003)

The optimum émperature for nitrification is between 30 to 3%G&RAY, 2004,
METCALF & EDDY, TCHOBANOGLOUS, et al, 2003) but it may occur in lower
temperatures. It is emphasized that high temperatures,e ah6%, disfavor the
nitrification rate by lowering the microbial activifMAYER, SMEETS, et al, 2009,
SHORE, MbalQ012)

Biodegradable organic atter may kavily and rapidly inhibit nitrification due to
favoring the activity of heterotrophs. Their much faster growth rate makes them
outcompete the nitrifiers forigssolved oxygen and nutrients. Thus, nitrification is
associateavith low organic loathg conditions. Similarly, light can be a driving force for
competition with photoautotrophs, resulting in a decrease in nitrification GRRY,
2004)

2.2.5. Forms of Microbial Growth in Biological Treatment

As shown before irrigure 2.4, most of the bioreactor technologies rely on the
development of the microbial community whether in suspended agglomerates (flocs) or
attached to support surfaces (biofilms). Suspendedobid agglomeratespresent
density slightly higher than that of the water ane predominantlgomposeaf bacteria
surrounded by an organic matrix of ERRcreted by them, mostly proteins and
polysacharidesBesides functioning like a glu®lding microorganisms androviding
adhesion to surfaces, the EPS also confer mechanical protection to the microbes.
Agglomeration facilitated by the EPS fasane increase oht floc to its full size (50 to
500 um on average,(VON SPERLING, 2007H) contributing to sedimentation
downstream of the bioreactddevertheless, thmicrobial structure of the biomass may
bring dfficulties to the settling, for instece when there is substantial prgence of
filamentous bacteriarigure 2.6 depicts the structure of a microbial floc and its main
component$BASSIN, DEZOTTI, 2008)
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Figure 2.6 1 Basic structure of a microbial floBource:adapted fronfHORAN, 1990
apud VON SPERLING, 2007b)

The bulk of microbial flocs formed in the bioreacterthe sludge- has its
characteristics given by the amount of filamentous microbes and by the average size of
the flocs.When filaments aréo scarce, the flocs have &structural resiance and are
smaller, compromising the settleability of the sludge. On the other hand, excess of
filaments may cause sludge bulking, leading to the formation of aggregates of flocs with
the tendency to float instead of settli{BASSIN, DEZOTTI, 2008) Both scenarios

regarding the presence of filaments are showfignre2.7.

Figure2.7 1 Microbial flocs with scarcity (a) andbundancéb) of flaments Source:
(BASSIN, DEZOTTI, 2008)

Biofilmsé formation mechani smolesutegar t s wi
onto the support surface, followed by théaebhment of dispersed bacteria. Despite
existing little evidence that EPS is responsible for the initiaksidim of microbes, once

bacteria start colonizing the surface, they produce these exopolymersetve as the
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matrix for the biofilm growth. Thetages of biofilm formation are displayedrigure2.8
(LEWANDOWSKI, BOLTZ, 2011)

o i

Figure2.81 Stages of biofilm formation. SourcdEWANDOWSKI, BOLTZ, 2011)

Whenthe EPS and microorganismmatiix is formed, it can propagate over the
support surface and tine suspended phase via several mechanismdjustrated in
Figure2.9 (LEWANDOWSKI, BOLTZ, 2011)

Streaming _ &

Detaching

Seeding
dispersal

Rolling

Figure2.91 Propagatiorof biofilm and its mechanisms. Sour¢eEWANDOWSKI,
BOLTZ, 2011)
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Systems with attached biomagsth offer advatages in relation to suspended
growth.As the biomass isnmobilizedinside the reactional volumbiofilms dissociate
the sludge age (or sludgeestion time, SRT) from the hydraulic retention timeking
the performance of the system less dependemsiumige settleabilityThis dissociation
allows SRTto beequivalent or higher thatihat ofan activated sludge at lower HRT
resulting in more congrt bioreactors.Thus, he SRT is the main parameter
differentiating the suspended and fixed gro@tfARA, HORAN, 2003)

Also, by trapping the biomass in the reactor, the total biomass concentration inside
biofilm processes may beomparable or higher than in activated sludge reactors with
considerably lower volume (and, thus, HRT). Nevertheless, the effluent sofitentis
potertially lesser as the biomass is retained inside the reactor angdadsblyhigher
sludge ageresuts in lower biomass yield§due to endogenous activityJhereby
secondary solids separation units may be downsized or dismissed, also outcoming in
smalle footprints(VAN HAANDEL, VAN DER LUBBE, 2012)

Additionally, the highSRT allows the development ofosv-growing organisms
that makes the treatment more efficieas they may be able to oxidize otherwise
persistent substancé@DEGAARD, 2006) This specialization of the biomasad the
protection conferred by the biofilnmakes the immobilized biomass reactors more
resistant to load, pH, flomate toxicity and temperature shocks than suspended growth
bioreactor{VAN HAANDEL, VAN DER LUBBE, 2012)

The biomass specialization and biodiversity can be higher in biofilms not only
because of the patgal greater SRT, but because of the biofilm structure i(8&4RA,
HORAN, 2003, VON SPERLING, 2007bpue to the diffusionatontrol of the mass
transferof substancefom the bulk into the biofilm, metabolic substratand products
(more on that in sectiof.2.1 above form concentration gradis providing various
subsistenceconditions in distinct depths of the biofilm. For instance, as the oxygen
concentration decayshile it diffuses aeper into the biofilm, the environment fades from
aerobic to anoxidif nitrate is present)and then anaeroic (METCALF & EDDY,
TCHOBANOGLOUS et al, 2014) A typical representation e biofilm structure and

diffusion of substrates and products in and out isf shown inFigure2.10.
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Figure2.107 Schematic view of biofilm structure and diffusion of sulissaand
products in and ouwf the microbialfilm. Source(MARA, HORAN, 2003)

Depending on the hydraulic conditions, pport type and substrates
concentrations, the biofilm may be as thin as 100 um and as thick as 10 mmakag m
diffusion limitation a particularly important facttm be considereth attached biomass
reactors. Also, the decreasing gradients of substtlateugh the biofilm depth makes the
substrate utilization rate a function of the perpendicular distanttee teupport surface
(MARA, HORAN, 2003, METCALF & EDDY, TTHOBANOGLOUS, et al, 2014)

This characteristienay leadto the existene ofinactive layersin relation toexogenous
substratesin the biofilm. The effect of the biofilm thickness orthe substrates
concentratiorgradient is portrayed iRigure2.11. Something to notice is that diffusion

may be a significant component of mass transfer towards the center of biomass flocs as
well, with the formation of anoxic/anaerobic zones. However, to regular sized flocs (50
to 500 um (VON SPERLING, 2007h) diffusion seldom represents a restrictive

component to removal rates.
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supportbiofilm wastewater

SN

inactive active
layer layer

Figure2.117 Representation of the effect of the biofilm thiels on the substrate
concentration (Syradienttowards the support medium. Source: adapted {MON
SPERLING, 2007h)

2.2.6. Microorganisms and Ecologyin Biological Wastewater Treatment

Unlike pure bacteriaculture in labs, in natural environments andiotogical
treatment systems the competition for surviveween various species is interBeth
attached and suspended biomassstens have the microbial communitydynamics
dependenbn the environmetal andnutritional conditions of the matrix where the flocs
or biofilm are found(BASSIN, DEZOTTI, 2008) Many microorganisms other than
bacteria compose the microbiotenerally, bacteria and protozoa are the main groups
of microorganisms dund in the biomass, whereas fungi and micrometazoa (micro
animals) may appear with less, yet considerableifsignce(VON SPERLING, 2007b)

Two great groups mayebaddressed when classifying miagenisms present in
aerobic reactors. The decomposers group comprises approximately 95% of the microbial
communty and contains mainly heterotrophic bacteria, fungi and osmotrgpbinzoa.
They are responsible for metabolizing the substrates contairtbé wastewaterThe

consumers group feed on bacteria and protozoa, pos#ag igportance in keeping the

2 The uptake of dissolved nutrients occhysosmosis through the cell membrane.
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ecobgical balance in the system. The microorganisms included in this gaoip
phagotrophig protozoa and micrometaz¢@ASSIN, DEZOTTI, 2008)

Once an aerated activated sludge reactor is staneeddtiral development ohe
microbial community that composthe biomass is shown Figure2.12. It starts with
the emergence of protozoa amoebae and bacteitially, the food availability is high
(high load), and after thieacerial population is well established, flagellated protozoa
start t akdplag. Irmansboe bpareod time, bacteria diversity and abundance
increase, then the organic loddrss to fall. Freeswimming ciliates arise as they acquire
food fasterthan amoebae and flagellates, making the number of ciliates increase
proportionally to the rise in the number of bacteria. The mucoproteins and
polysaccharides secreted by the fremtls contribute to floc formatioAfter the flocs
are s$abilized,the organic matter further decreases and the oxygeses, floepredators
ciliates emerge and predominate the protozoa group. As the sludge matures,
micrometazoa and stalked ciliates lveigi appear and multiply, feeding on the particulate
material, includingdiverse bacteria and protozdBASSIN, DEZOTTI, 2008, VON
SPERLING, 2007hb)

3 Nutrition by theengulfmentof largerfood particles byinto thecell membrane.
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Figure2.127 Relativeabundance over timef microbial groups in aerobic sewage
treatmentSource(BASSIN, DEZOTTI, 2008, CANLER, PERRE€t al, 2011)

In a biofilmbased process, the succession of predominant groups of

microorganisms over time is more likely to follow the bebashownn in Figure2.13.

.
—~.

Relative abundance

Figure2.137 Successiomver time ofrelativeabundancef microbialgroupsin a
biofilm. Source adapted fron{IWAI & KITAO, 1994 apud MARA, HORAN, 2003)

Bacteriaare prokaryotic and uicellular beings measuring around 1 tpr@, with
rapid movement and high capacity to adapt in diverse pH, temperature, salinity and
pressure conditiong.heytakethe major relevance in the degradation @famic matter
and nutrientgMARA, HORAN, 2003, p. 57)Amidst other roles performed by bacteria
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theyare responsie for the idation of carbonaceous organic matter; nitrifica; floc
formation, closely related to the settleability of the sludge and effluent clarification; and,
in some cases, enhanced removal (accumulation) of phosph@&@ouasidering the
metabolc characteristics, bateria can be classifiedtmgroups relad to their action in
wastewater treatment systems, as desfore inTable2.3. Some example genera are
introduced in Table 2.6, along with their momphological growth type(BASSIN,
DEZOTTI, 2008)
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Table2.6 7 Exampleof bacteridgeneraound in biological reactors with respect to
their metabolidunction and their morphologicrgwth type Source: adapted from
(BENTO, HOFFMANN, 2007)

- Carbon source

Genera
Class - Energy source Grow as
examples
- Electron acceptor
- Bacillus
, - Pseudbmonas
.- Organic . .
Aerobic : I Floc-forming, - Micrococais
.- Aerobic oxidation . .
heterdrophic filamentous - Alcaligenes
- Oxygen .
- Flavobacterium
- Zooglea ramigera
- Organic - Aeromonas
Fermentative - Fermentation Floc-forming - Pasteurella
- Organic carbon - Alcaligenes
- Achromobacter
- Alcaligenes
Denitrifiers - Orgaric , - Arthrobacter
. : Floc-forming, :
(anoxic - Reduction filamentous Bacillus
heterdrophic) - Nitrate - Flavobacterium
- Pseudomonas
- Moraxella
- Inorganic
I - Ammonium aerobic Aggregate - Nitrosomonas
Nitrifiers - . .
oxidation (colonies) - Nitrobacter
- Oxygen
- Organic
Phosphate - Poliphosphates and ~ Aggregate - Acinetobacter
accumulating organic stored (colonies), - Pseudomonas
organisms (PAQO; products filamentous - Moraxella
- Oxygen or nitrate
- Inorganic . - Beggatoa
Sulfur oxidizers - Aerobic oxidation FI.OC forming, - _ Thiothrix
filamentous : .
- Oxygen - Thiobacillus
- Organi .
© ganlc? . - Desulfovibrio
Sulphate reducer: - Reduction Floc-forming
- Desulfobacter
- Sulphate

In the microbial community, prozoa and micrometazeaboth composing the
microfauna- are frequently found.High bacteral growth, oxygen and organic matter

concentrations providdeé ideal habitat for many protozoa specieshle2.7 shows the
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main classification ofhe groups of organismsommonlyfound in the miciofauna in

activated sludge sysns.

Table2.71 Groups of organisms composing the microfauna in activated sludges
systemsSourceadapted from(BASSIN, DEZOTTI, 2008)

Group Classification Description

Possesglorsoventrally flattened cell anshodifiedcilia
Floc predators grouped in the part that is in contact with the substri
Theyare voracious bacteria predators.

Passess cilia regularly distributedver the whole cel
and swim feely between the flocs. They are carnivo
and predators.

Ciliates Free
(protoza) swimming

Fixed to the polymeric matrix with a peduncle. Sc
Fixed species fan colonies. Thecilia are located in the
anterior region d@the cell, next to the oral cavity.

Amoebae Tedate Possess external shell madeooteins, silica, limestone
(protozoa and iron, amongst others.
others) Naked Soft body and undefinesthape
Flagellates Non-pigmented flagellates presenting one or mo

Zooflagelates

(protozoa and flagella. Feed onsdid matter or dissolved organic an
(protozoa . .
others) inorganic substances.
- Rotifer . . .
NZ:n:ltzdes Pluricellular organisms from various pltey Have low
Micrometazoa Annelids growth velogdy and most argredators ofbacteria and

. rotozoa.
- Tardigrades P

Table2.8 shows some of the most frequent genera observed in the microfauna of

bioreactors.
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Table2.81 Most frequent genera fad in activated sludges fovarious organisms
groupsof the microfama Source:adapted fron{fBASSIN,DEZOTT]I, 2008)

Phylum Group Common genera
ParameciumColpidium, Litonotus
Ciliophora Freeswimming ciliates TrachelophyllumAmphileptus
Chilodonella
Vorticella, Opercuaria, Epistylig
Ciliophora Stalkedciliates Carchesiumand the suctoridcineta,
Podophrya
Ciliophora Freeswimmingciliates Aspiqlisca Euplotes Stylonychia
floc predators Oxytricha
Euglenozoa, Cercozo: Flagellates Bodq CercomonasMonas Oikomonas
Heterokontophyta Euglena Peranema
AmoebaArcella, Actinophrys
(various) Amoebae Vahlkampfia AstramoebaDifflugia,
Cochliopodium
Rotifera Rotifers Philodina Rotaria Epiphanes
Nematoda Nematodes Rhabditis
Annelida Annelids Aeolosoma

Eukaryotic microorganismissuchasfungi, protozoa and micrometazdahavea
relevant role in the organic matter oxidation and sludge floc formation, also contributing
tothe maintenancef a wellbalanced bacterial communitihe presence and distribution
of the eukaryote community intéoreactor give hints about the quality dietwastewater
and the process performans@ce these microorganisms may be sensitive to changes in
the operting conditions. Some factors related to the presence of the eukaryotes are the
efficiency of BODand suspended solids removal; the sludge setiéty; the aeration
conditions; thepresence of toxic compoundse@dvy metals, ammonia, recalcitrant
organics €c.); the occurence of organic overload; and the incidence of nitrification
(BASSIN, DEZOTTI, 2008)

Identifying certain groups of microorganisms presentha biomassand their
relative abundaremay supply valuable indicats with regards to the effluerdnd

treatmenguality. Some possible correlations astedin Table2.9.

38



CHAPTER2: LITERATURE REVIEW

Table2.91 Treatment conditions related teetjresence opredominance of certain
groups of organisms in the biomaS®urceadapted from{(BASSIN, DEZOTTI, 2008)

Attribute of the microbial community Expectedcharacteristics

Predominance dlagellates and amoeba¢ Start of operation or low sludge age.

Poor aerationanddepuration, and
organic overload.

Predominance of pedunculated anee ciliates Good depuration.
Presence ofrcella (rhizopodwith shell) Good dpuation.

Predominance of flagellase

Presence ofspidisca costatéfree ciliate) Nitrification.
Presence ofrachelophyllum(free ciliate) High sludge age.

Presence oY/orticellamicrostomapedunciated

. . .. . Bad quality effluent.
ciliate) and low concentration of free ciliate quality

Predominance ofAeolosoma (annelids Excess of dissolved oxygen.
Predominance of filaments (bacteria or fun: Sludge bulking.

Some relevant functionsxercised bythe protozoain secondarywastewater
treatment include: predation ofatteria, contributon for the effluent clarification;
degradation of organic substances, reidmc of effluent BOD; production of
polysaccharides anmiucoproteins that assist the floc biofilm formaion; interspecies
interactions, helping to keep the ecological balance o$ystem;and eduction of the
sludge production by the ingestion of flocculated bacteria.

In sludges fronsewage treatment, ti|gedominating micrometazoa are rotifers,
being andids, nematodes and tardigrades also found. Rotifers &aéme growth rate
andare more prone to appear in systems with high sludge age, as biofilm refactonsg}
the functions performed by miclanimalsin activated sludge rpcesses, some are
mentiored: assistto keep a healthy and active bacteria commuhityugh predationact
in the recirculation of minerglgonsume frediving bacteria,redue the effluent BOD
and turbidity andcontributeto the ecological balance of the syst&famatodes maylso
assist in the creation of microchannels in Hiemass agglomeratdsecauseof their
bodi esd6 shape and |l ocomotion, improving the
They feed on bacti, protozoa, rotifers,atdigrades and otherematodegdBASSIN,
DEZOTTI, 2008)

The balance between freavimming ciliates, floc predator ciliates and rotifers
expressesa good indicadr of the systen performanceFlagellates, amoebaand free

swimming ciliates predominate at high  food/micporganism atios
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(>0.2gBOD/(gvSSd)), geneally associatewvith dissolved oxygen concentration below
0.5mg/L in the aeration tank. For low food/microorganism ratios (<0.1 g
BOD/(gVSSd)), there is little presence of free ciliatedthough witha high diersity of
speciesFinally, for medium foodmicroorganisnratics, it is expected high density of
microorganism¢BASSIN, DEZOTTI, 2008)

Despite beingarelyfound in @nventional treatment systems, fungi may also be
part of the microlota, paticularly in favordle conditions: pH close to 5, high
concentration of carbohydrates and nutrients deficielitye most common species
include Geotrichum sp.Cephalosporium sp.Cladosporium sp Penicillium sp and
Fusariumsp (BASSIN, DEZOTTI, 2008)

2.3. Moving Bed Biofilm Reactor (MBBR)

The moving bed biofilm reactor is one kindamintinuous flow, perfectly mixed,
biological reactor with attached biomass growth. It was developed in Nobe&yeen
the late1980s and the begning of thel990s by professoiHallvard @degaardfrom the
Norwegian University of Science and Technology (NTNW)is technologyathes the
features from the conventional activated sludge process with the on#seobiofilm
processes, leaving apdie downside@DEGAARD, 2006, IDEGAARD, RUSTEN,
et al, 1994, VAN HAANDEL, VAN DER LUBBE, 2012)

In the MBBR the biomass grows dsiofilm attaded to carriers that freely
circulate within the reactional volume. Aar oxygenis injectedatthe base of the reactor
assuringthe movement of the carriers (thus improving mass transgepplying the
oxygen necessary for the metabolisfnmicroorgamsms, and controlling the loifilm
thickness by increasing turbulence. For anoxic or anaerobic MBBRs, agitation is kept by

mechanical stirrers. Sieves are equippet he r eact or 6s outl et to 1
supports inside the reactém illustrationof the process is given figure2.14.
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@) sieve (b) sieve

Figure2.147 Typical moving bed biofilm reactor setup, with the biofilm carrlezpt
in suspension whether Ifg) aeration (aerobic MBBR%)r (b) mechanical stirring
(aroxic or anaerobic MBBRsBourceaadapted fror{BASSIN, DEZOTTI, 2018,

RUSTEN, EIKEBROKK et al, 2006)

Initially, this kind of ®tu was commercialized by the compataldnes
Miljoteknologi and, later, by AnoxKaldnes, nowadays a business unit from Veolia Water
Technologies. The MBBR is a wadktablifiedtechnology, with more tharOOoperating
AnoxKaldne§ MBBR units in the world, aing industrial or municipal wastewaters
(ANOXKALDNES, 2014) Other MBBR supplies momplement the market dominated
by AnoxKaldnes, sch as Aqwise, Eimco, Brightwater, Siemens, Headworks and
Degrémon{VAN HAANDEL, VAN DER LUBBE, 2012)

The MBBR was developedd paenied without biomass recirculation, differing
from activated sludge systenihat sad, it is important to differentiati from its deriate
system known as Integrated Fixed Film Activated Sludge (IFA8)ch incorporates
biomass recyclebeinga hybrid reactor regarding biomass gromti’{AN HAANDEL,

VAN DER LUBBE, 2012)

Relatively short hydraulic sgdence ime (15 to 90 minutes) is ually enough for
carbonaceous organic matter removal, being the MBBR a compact system with high
volumetric removal capacityVhen subgnces with low biodegradability are present, it
is desirable to apply longer reteotitimes, favoring the assimilation of such compounds
by the microbiot{ REVILLA, GALAN, et al, 2016) It should be noticed that the HRT
of MBBRs isconventionallythe empty bed HRT, disragding the volume occupied by
the dastic body of the biofilm carrier®espite the reduced HRTpart of the particulate
organic matter @y get attached to the carriers and stay longer in the reaavidipg
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enough time for hydrolysis and action of tiné&croorganismgVAN HAANDEL, VAN

DER LUBBE, 2A2). In fact, the extent of hydrolysis is smaller at elevated soluble
biodegradable organic load, which is consequent of low HRTs and/or high soluble BOD
as seen ifrigure2.15 (GDEGAARD, 2019)

100
70 - s n
50 -
40 -
30
10
0 T Y . .
0.00 5.00 10.00 15.00 20.00 25.00

Soluble biodegradable organic surface load (gBOD/m2-d)

Extent of hydrolysis (%)

Figure2.157 Extent of hydrolysis of particulate organic COD to soluble COD as a
function of the soluble biodegradable organic surface load. Source: adapted from
(HELNESS AND SJ@VOLD, 2001 apud GDEGAARD, 2019)

Nitrification may be reached with the MBBR, being superior HRT possibly
necessarnyfor lowering an organic loadthat could disfavor the autotrophic nitrifying
microorganisms in compieion with the heterotrophs for oxygen and nutrieAisother
way to achievehe desred nitrification extent is by positionind or moreMBBRs in
series, as the first MBBR would deal with the high organic laad the second would
offer a more favorablenvronment for the aerobic autotrophic nitrifiers

Comparatively, the nitrificédn peformance m one MBBR is higher than in a
comparable activated sludge reactor. The same is not true for denitrification. One of the
reasons is the fact that the nitréton in MBBRs is performed with DO between 3 to
7 mg/L, quite higher than in mifi caion zones in activated sludge reactdtrsnakesthe
organic matter to be used faerobiccell respiration instead of denitrificatiofthat
requires ananoxic environmanf), reducing theextentof the latter.As the oxygen level
needs to be reduced,is common that a deoxygenation system is installed before
denitrification MBBR(VAN HAANDEL, VAN DER LUBBE, 2012)
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Eventually, systems with movingel biofilm reactors are also demanddo
remove phosphorousHowever, plants equipped with MBBRs usually have the
phosplorous removed Y chemical precipitation/flocculation downstreafithe MBBR
and upstream the solids separation rot.removing the psphorous biologically, IFAS
reactas can be ged, where the suspended biomassspaynajor role in this process
(VAN HAANDEL, VAN DER LUBBE, 2012)

2.3.1. MBBR Features

One of the principal d&vantages of the MBBR, differently from other biofilm
reactors, is the utilizatioof the whole reactional volume fdriomass growth, as in
conventional activated sludge systems, meaning great volenuapacity. It is also
highlighted that the lack of sludgeaycle, as other pure attached growth reactors, makes
the effluent much lowein suspended solids concentratiobwnsizing the subsequent
solids separation systewhen comparing the MBBR ithh the adivated sludge reactor.
The effluent solids come from biofilm sloughing or are already present in the influent
wastewater. The advantages of the MBBR are overviewdalie 2.10 (DEZOTTI,

2008, DEGAARD, 2006, VAN HAANDEL, VAN DER LUBBE2012) The reasoning
supporting some of the stated features is found in se2tlbf as they are common

benefits of biofilm systems against suspended growthk.one
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Table2.107 MBBR overall featureand benefitsn comparison to activated sludge and

other biofilm reactors.

MBBR features

Overal features

- Ease of operation and low need for maintenance

- Liable to installatbn by small upgrades and adaptations of existing tanks or reactors

- Applicableas anaerobic, anoxicor anaerobic system

- Various carrier modslexist, offering umjuefeatures.

- Carriers filling ratio is easy timcrease, allowing adaptation waldraises

Compared to other biofilm processes

- Entirereactional volumeisedfor biomasgrowth: high volumetric treatment capacity

- Head loss much lower thanfixed bed biofilm reactors

- Absence ofssues with bed clogging in comparison witked bed processes

Compared to activated sludge reactors

- SRT is not limited by HRT, possibly reaching higkkrdgeages and specialization

- Higher specializatin confers greater resistance to load, pH, temperatameoxic shocks

- The spemlized biomass hasbetter capacity to degrade otherwise recalcitrant compoul
- Dampening oWariations in nitrification performance, even at lower temperatures

- Events ofpeak flow canotwashout the biomass

- Concentration of biomass does defend on the sludge settleabilitgr HRT.

- No needor sludgerecycle since the biomass grows in supports kept within the reactor
- The suspended solids contentoiwer, downsizingthe effluent solids separatiomit.

- Much smaller footprint reqred than AS with similar capacity

- The MBBR may be used when substalrganic loadvariations are expected, as the dee

zones of the biofilm may constitute a neg®r of biomass that may increase its contribut
when the external zones are oveadked

1 Given similar capadis

As any other processonfiguration the MBBR also present flaws. Some of its
disadvantagesnd attention pointare presented ahed8ASSIN, DEZOI'TI, 2018,
BASSIN, DEZOTTl,et al, 2011, VAN HAANDEL, VAN DER LUBBE, 2012)

A Considerale acquisition cost ofhe carriers, that may surpass the economy
provided by the smaller footpticompared tAAS systems of same capacity.

A High energy consumption fadequateeration.

A Incorrect design or operation of the MBBR magtir hydrodynanu problems,

as the formation of stagnant regions near the sieves.
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A Removing the carriers foeacbr maintenance may be logistically tough.

A The supportsnay besubject ¢ inorganic scaling (commonly calcium carbonate,
CaCQ), reducing the available ardar biomass formation and increasing the
apparent density of the carriers, making it difficulkézp them in suspension. It is
not advised to feed streams with calcium concentration over 200 mg/L.

A Foaming may trap carrier mainly at the beginning othe reactor operation
when carriers are emptgiecreasing the treatment capacity.

The designof MBBRs depends majorly on the total area available for biofilm
development, as this parameter defines the reactor capacityharefpte, the surface
organicload (gCOD/(mz2d)) that may be applie@@DEGAARD, 2019) Just like other
biofilm-based processes, the diffusion of components into the biofilqugerelevant
aspect. Theeffective bioflm thickness representbd deepness that the substrates can
actually reachNormally, the substtascannot effectively diffuse deeper than 100 pm
towards the interior of the biofiltRUSTEN, EIKEBROKK, et al, 2006) Ideally, the
biofilm should havea low thickness and bequally distributed through the protected
surface of the carriefn this sense, it is important to provide turbulercéhe medium
which helps maintaining low biofilm thicknesnd improving the mass transfer from the
bulk to the biofilm surfac VAN HAANDEL, VAN DER LUBBE, 2012) When
compared to thin biofilmghick onesgeometricallyreduce the contact area between the
biofilm surface and the bulkas illustrated inFigure 2.16 (WEF, 2010) potentially
hinderirg the transfer of substrate and nutrients into the filinthe biofilm grows
unoontrolled and eventually clogs tharder, its surface exposed to the liquid may reduce
significantly and diffusional problesnare much more likely to affect the reactor

performance, especially for carrier designs wathigh height/diameter ratio.
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thick
biofilm

thin
biofilm reduced contact area

Figure2.167 Representation of the reduction of biofilm contact perimeter, therefore of
the area, when the biofilm thicker&ouice: adapted frorfWEF, 2010)

The oncentratios of substrates and oxygeme expectedo graduallydecrease
across the bidin thickness, given that the diffusional transport of solutes to the
microorganisms may be slower than the degradation kinet&€¥IER, PICIOREANU,
et al, 2003) Such gradients plagdirectpartin the distribution of lmmass irthe biofilm.

The groups of mi@organisms distributepatially in function othesubstrate and oxygen
availability, as detailed before in secti®i2.5(REVILLA, GALAN, et al, 2016)

It has ben shownthat the suspended Ibnass withinthe MBBR may have a
importantrolein the treatmenas well(LIMA, DEZOTTI, et al,, 2016) This contribution
tends to be greatat higherHRTs (PICULELL, WELANDER, et al, 2014) If the HRT
of the MBBR is shorter than the critical SRdr freegrowing microorganismsthe
planktonic solids will come from the constant bioféimearing and sloughin@nce thee
solids get to the bulkegeneration and growth in suspension take plaoafributing to
the total activity in the reactqr MAGI| L, E B EMlthe sugpentletl oiomass is
much less dependent on mass transfer by diffusibias moe immediate access to
substrats, especially if it detaches as smaller portiofiserefore, the activity of the
suspended microbial community will be linked to the biofilm activity but will also be a
function of the HRT and substrates concentrefiICULELL, 2016)

2.3.2. Biofilm Carriers
Regarding the carriers for biofilm growtralso known as supports, biomedia or

media-, they should provide high protected surface area perfoninaximizingthe
reactor capacityoffering smaller footprintsinternal voids in the carriemrepresent the
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actual sirface where the biofilm grows, whilst the external surface is liable to constant
collisions with other carriergarryinganegligible anount of attakhed biomass.

Carriers with vaous szes and shapes werdistorically developed dér distinct
applicatiors. Some of the most popular models presented by AnoxKaldnes are detailed

in Table2.11, alongwith their maincharacteristics.

Table2.117 Several examples abmmercial MBBR carriers from AnoxKaldnes and
their main characterigts. Source adapted fron{BASSIN, DEZOTTI, 2018,
MORGAN-SAGASTUME, 2018)

Carrier Commercial Name

Characteristics Natrix Biofilm Biofilm
K1 K3 KS F3 Chip M ChipP

C2
220 200

Proteded area (m3/§) 500 500 800 1200 900
Diameter(mm) 9.1 25 25 36 46 48 45
Height(mm) 7.2 10 3.5 30 37 2.2 3.0

Release (year) 1989 2001 2010 2001 2007 2003 2005

Athorough description otéry iAgvenxdisanheten e s 6
(MORGAN-SAGASTUME, 2018) including the most recent and innovatisaddle
shapedA n 0 x K E Z, in 20¥4 eral designed to autontrol the lofilm thickness
through the constant scraping resultant from the shocks between carriers. The biofilm
thickness will be equal tie height of the grid over the surface of the carrier, that can be

seen inFigure2.17
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Figure2.177 The Z carrier Z400, in reference to the 400um height of the §adrce:
photo by Alan Werke(PICULELL, 2016)

Knowing thatt h e w @risity s approxamately 1.0 g/cmér a little less when
aerated, t he choice of a c aradanstysbgbtly loveenttiae ct i on
that of the watemakes it easier to keep the carriers inpsasion. This way, they will
not have a great tendency neither to floahor settle. Usually, polyethylene or
polypropylene are employed.hese materials alsdeliver durability, an important
attributefor the carrersto resist the constant collisionsamgont hem and t he r e
wall. The pioneercommercial carrier (K1) was made of higlkensity polyethylene
(HDPE, 0.95t 0.02 g/cm}, amaterial that is still regularly usedtime production ofmore
modern carriedesigns.

The quantityof carriers inside th reactor is commonly specifidy thecarrigs
filling ratio, or filling degree. ltis defined as the volume of the carriers dry bed
considering empty space®ver the reactional volume. So, for a fatlale reactor with
3000 m3, the 50% filling ratics given by a dry carriers bed 1500 m3Filling ratios up
to 70% may be used in MBBR#iowever values are usually lower than that fo
maintaining good hydrodynamics but enough for providing sufficient area for biofilm
developmen{RUSTEN EIKEBROKK, et al, 2006) It might as well be convenient to
work with lower filling degrees if increased pollutant loads are to be expected anywhere
in the future, so that the reactor capacity may be expandibe Isymple addition of ore
cariers. The maximum feasible filling ratio is usually within65%, depending on ¢h
carrier shap€VAN HAANDEL, VAN DER LUBBE, 2012) The product of the filling
rati o and the carrierés speci €gurfacesaneaof ace ar
the MBBR.
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It should bepointed outthat the plastic material may occupy a considerable
fraction of the reactional volumeCarriers K1, K3 and K5 take around 11 to 14%hef t
reactional volume, whereas 23% is occupied by the BioChipnddld, also from
AnoxKaldnes (VAN HAANDEL, VAN DER LUBBE, 2012) This volume is
conventionally not taken into consideration when calculating the HRT. Therefore, it
shows how much thempty bed HRT{commonlyused is an overestimation of the actual
value of theHRT.

As discissed beforeniorder tokeep god mass transfethe internal sections of
the carriers should have@ugh space for the liquid to flow through it and for clogging
prevention, which could substantially reduce mass transfer ¢ HAANDEL,
VAN DER LUBBE, 2012) Figure 2.18 exhibits carrier mediawith clogged internal

sections.

Figure2.187 Biofilm carriers (Kaldnes K1) with clogged voids due to poor mixing

within thereactor Source: lakscak MBBR from pesticide search.

2.3.3. Aeration System

Usually, he aeration system is responsible for keepingéngers in suspension
with good hydrodynamics, for controlling the biofilm thickness, and for favoring mass
transfer.Therefore, the aeratiamug bewell distributed dl over the base of the reactor
by arobust aeration system. To guarantee adequate turbulence, redagubbles (4
mm holes) may be preferred over fine bubbles. Large bubbles, on the other hand, could
hamper the transfer of oxygéo theliquid bulk dueto deceased aiiquid contact ara
(BASSIN, DEZOTTI, 2018)In addition to the bubble size, the oxygen transfer efficiency
from the bubbles to the liglidepends o the type of installederation system; the height
of the liquid column; the shape of the biofilm carrier; the chdsemediafilling ratio;
and the temperaturdhus, the design of the aeration system should also consider the

possibility offuture increses of the carrier filg degee, consequent from raises in the
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influent load to be treateth an MBBR, mediumsized bubbles doat compromise the
oxygen transfer to the liquid medium because adherence of the bubbles to carriers
increase thieresidencdime inside the reactan conmparison to activated sludge reactors.
Furthermore the shock of the bubbles with the carriers might breatn ihéo smaller
bubbles, increasing the contact surface between gas and liquid @haseddAANDEL,

VAN DER LUBBE, 2012)

For cartobnaceou®rganicmatter removal2 mg/L is referredo as the minimum
dissolved oxygen concentratiom aerobic bioreactors METCALF & EDDY,
TCHOBANOGLOUS, et al, 2014) Yet, due to difusion limitatiors into the bidilm,
required bulk DO concentrations may be higheeefing theDO at 23 mg/L in the
MBBR, depending on the operational temperature, is usually sufficient for maintaining
both microbial activity and a thin biddn (BASSIN, DEZOTTI, 2018, RUSTEN,
EIKEBROKK, et al, 2006, VAN HAANDEL, VAN DER LUBBE, 2012)

Regading nitrification, DO not rarely is the limiting substrate becaobés
concentration drop from the outer biofilm layer containing heterotrophic
microorganisms to the inner portion where the autotrophic nitrifiers &weated
(HARREMOES, 1982)This DO limitation to the nitrification rate is mopeornounced
at higher TAN concentratian as Figure 2.19 illustrates.Consequety, a higher DO
concentration isisuallyrequired, from 3 to 7 giL, depending on the tgrarature.
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Figure2.197 Dependence of the nitrificatiaatewith the ammonium concénation for
some DO levels inraMBBR. Source(RUSTEN, EIKEBROKK et al, 2006,
RUSTEN, HEM,et al, 1995, VAN HAANDEL, VAN DER LUBBE, 2012)

If the TAN concentrabn in the reactor is gficiently above a critical minimum
value, then the dissolved oxygen content starts limiting the nitrification ratehiginer
the concentration of dissolved oxygen, the higher the nitrification rate willlhe.
relation betweerhie nitrification rate ath the dssolved aygen content is approximately
linear up to 10 mgell (HEM, RUSTEN,et al, 1994, VAN HAANDEL, VAN DER
LUBBE, 2012)

2.3.4. BAS Configuration
One typicalplant configuration employinghe MBBR is the saalled Biofilm-
Activated Sludge, the BAS process from AnoxKaldnes. As suggested by the name, it

consists of aMBBR as a prareatment step followed by a conventional activated sludge

reactor, as depicted Figure2.20.

51



CHAPTER2: LITERATURE REVIEW

High loaded Low loaded Secondary
MBBR Activated Sldge Settler

Figure2.2071 Biofilm-Activated Sludge (BAS) configutian: a high loaded MBBR
followed by a low loaded activated sludge reactor. Soadt@pted fronfVAN
HAANDEL, VAN DER LUBBE, 2012)

Many times, his setupis resultant from the upgrade of an existing AS plant,
cutting down the carriers acquisition cost when compaoetthé conversion to a full
MBBR system. The MBBR step is designed to remove the readily available organic
matte at a high rate, endig up asa very compact and high loaded bioreaddAN
HAANDEL, VAN DER LUBBE, 2012) In a highrate MBBR the load should be not so
high thatthe removal of the soluble and easily degradable COD wouldobstrained
but also high enough to minize hydrolysis of incoming pariculate organic mattels
seen previously ifrigure2.15 (GDEGAARD, 2019)

Soluble COD removals ranging from 50 to 70% are usualtie MBBR,
considerably reducinghe organic load reaching the AS reacteNOXKALDNES,
2019, VAN HAANDEL, VAN DER LUBBE, 2012) This might beadvantageous for
protecting the more sensitive AS when the wastewater presents frequent oscillations in
quality. Also, the lower load contributes to a higher sludge age in thee8lting in
greater specialization of thedmnass to remove the remainiriguely biodegradable COD.

If nitrification is desired in the AS, it also is benefited by the load lowefingN
HAANDEL, VAN DER LUBBE, 2012)

The fastgrowing bacteria generated in the MBBR aot adapted to thrive in the
environment oftie downstream AS, low loadedtivharder to degrade COD. Thus, those
bacteria decay and have their decaying products consumed by thgreleingbacteria.

As a consequence of this predation relation, when cedpa a similar lowoadedpure
AS with simiar capacityin a BAS systena larger fraction of the microbial community
of the AS will be comprised of slegrowing bacteria; the excess slaedgroduction is 30
to 50% lower; problems with bulking sludge dodilamentous bacteria are minimized;
and tke demand for nutrient falls. ‘€hotal HRT of a BAS system is only 30 to 50% than
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that required for a similar COD removal by a pure AS systeniewhoviding greater
stability and resistance to disturban@aLMQVIST, BERGGREN,et al, 2004, VAN
HAANDEL, VAN DER LUBBE, 2012)

One particular instance of the BBAprocesgmergedn 2002, the nutriertimited
BAS (WELANDER, OLSSON et al, 2002) Once N or Ravailabilitiesare limited, the
microbial communityis stimulated to produce morePE through the consumption of
organic substratesather than new cells. Despite that the EieB biomass islimier
(JENKINS, RICHARD etal., 2004) the easy biodegdation of the MBBR excess sludge
in the AS lesges the sliminess and recycles nutrients into the prd&ssDE, ELLIS,
2004) In comparison with the nutrients essescenario, operating the BAS under limited
nutrients availaltity further lowers the sludge productipmproves its separability, and
prevents excessive effluent N and P @arications.

The BAS process lsabeen broadly applied to wastewaters from e Pdustry
(DALENTOFT, THULIN, 1997, MALMQVIST, WELANDER, et al, 2007, REVILLA,
GALAN, et al, 2018a, VILLAMAR, JARPA et al, 2009) but isalso commercially
offered by AnoxKaldnes for othersectors as municipalities, food, chemical,
pharmaceuticals, and & gas(ANOXKALDNES, 2019.

2.4.Brazilian Legislation on the Disposal of Industrial Wastewaters

There exist many normad laws that must be obwed by industries and by
public power to grant the right for disposal of industrial wastes in water bodies, and how
industries should dat to diminish or extinguish their polluting potential. These
regulations araresult of thedevelopment through tienof policies on the environmen
and water resources. Systems composEdiumerous organs, agencies, institutes,
secretaries, counsels,momittees, etc., are responsible for assuring the application of the
policies. Summary of howhe policies led to thereation of specific normsin Brazil and
the state of Rio de Janeik@n the disposal of liquid industrial wastes in water bodies is
given inFigure2.21. The diagram is not extensive on systems that apply the policies, and
neither on the organs that compobe systems. Instead, focus is given to those organs
that provided resolutions applicable to the treatmemd discharge of industrial
wasewaters in water bodies, and the organs that concede the grants for disposal.
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Figure2.217 Main Brazilianpolicies, associated systems amgansoriginating norms

and usage@rants related to the disposal of industrial wastewaters.

The description and practical implications of the federsblutions and directives
preented inFigure 2.21 are summarized below, focusing on those applicable to the

treatment of the pesticide wastewater studied in part of this doctoral work.

A Resolution CONAMA n° 357/2006 Disposesabout the classification of wet
bodies and enronmental directives for .itAlso establishes conditions and
standards for the dischargeéwastewater§CONAMA, 2005)
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A Resdution CONAMA n° 430/2011i Disposesabout theconditions and
standards for the dischargevedisewaters, complementirand altering Resolution
CONAMA n° 357, from March 17, 200cONAMA, 2011)

Within therr texts, the resolutns classify water bodies to fae specific
directives for discharge in each class of water body. Some general conditions set by
CONAMA for releasing wastewaters in water bodies include: pH between 5 and 9; total
ammoniacal nitrogenoncentration below 20 mgN/L; and limits for the tac effects to
the aquatic organisms present in the receiving body, with toxicity assessed for at least two
trophic levels.The 3rd article of @solution 430/2011 grants autonomy to municipal or
state enronmental organs testablish other conditions asthndard$ or further restrict
the existing onek, considering the quality of the receiving bd@ONAMA, 2011). That

said, the state norms and directives showrigire2.21 are describetielow.

A NT-202R-10 i CRITERIA AND STANDARDS TO THE DISPOSAL OF
WASTEWATERS; December 04, 1986 (revision). This ta@chl norm applies to

the diret or indirect discharge of wastewaters in inland or coastglerficial,or
subterranean water bodigsthe sate of Rio de Janeiro, via any discharge means,
including public sewage systems. It states as standadisfposl, amongst other
criteria, tha the pH range must be between 5.0 and 9.0 and that the concentration

of total ammoniacal nitrogen miuselowerthan 5.0 mg/L.

A Dz-205R-6 i DIRECTIVE OF ORGANIC LOA CONTROL FOR
INDUSTRIAL WASTEWATERS; September 25, 200f&éyision). This directive
coves industrial wastewaters as well as sanitargsoriginated in indistries when
treated together witthe ndustial streams. Applied to this research with pesticide
wastewater, the norm limits the effluent COD from chemiudistries at 250 mg/L
or 5.0 lg/d.

A NOP.INEA-008 i CRITERIA AND STANDARDS TO CONTROL
ECOTOXICITY OF INDUSTRIAL WASTEWATERS; Decembet, 2018. This
technical norm defines the critexaer ecotoxicity of the industrial wastewater to
be disposedaf. It staes that it is not allowed tastharge liquid industrial waste
in any water body when toxicity tests over 8 toxicity units. It dischresthatafter

the second yeasf the norm publication, tests shoulesult inless than 8 toxicity
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units for organiss of, at least, two trophicvels; and starting at the fourth year

after the norm publication, the reference value becomes 4adhst8.

A DzZ-942.R7i DIRECTIVE OVER THE SELF CONTROL PROGRAMS OF
WASTEWATERS; January 14, 1991. Defines which paramestsuld be
monitored by the rgmnsible for a polluting activity, and what frequency of
monitoring should be respected for each patamValues thresholds are given by
the other I NEA or CONAMAOGS nor ms.

A NOI-INEA-14 i METHODOLOGY TO CALCULATE THE OPERATON
QUALITY INDEX OF INDUSTRIAL WASTEWATER TREATMENT
FACILITIES; May 6, 2015. Stablishes the methodology for calculating the quality
index of operation of industrial wastewaters treatment facilities, aiming at
periodical evaluation of treatment plants andtdbution to quality improveents

of receiving water bodies.

2.5. Pesticides Industry, Wastewater, and its Treatment

Chemicalformulaionsdenominated pesticideseadesigned tprevent or remedy
the action of detrimental living organisms to agriculturalpsby repelling, killing, or
inhibiting the activity of such organismis Brazil, the federal law n° 7802/89, regulated
by the federaldecree n® 4074/02, defines pesticides as

products and agents of physical, chemical or biological processes meant
to be used in the production, sage and processing sectors of
agricultural products, pastures, protection of forests, whettareny
planted, and other ecosystems and urban environments, hydric or
industrial, with the objective to alter fauna ftora camposition to
protect them fronthe harmful action of living organisms considered
noxious, as well as substances and produtisiayed as defoliants,
desiccants, stimulators and growth inhibit¢BRASIL, 1989, 2002,
2017)

Protection to agriculturatultivationsis necessaryor the productivity to follow
the rise in food consumption occasioned by the demographic growth and change in eating
habis (NATIONAL RESEARCH COUNCIL, 2000, OERKE, DEHNE, 2008esides
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substantial lossaa productivity, the action of plaguesay deeriorate the final quality
of agricultural goods spoiling the financial perfarance ofthe activity (CERDA,
AVELINO, et al, 2017)

Naturally, the production losextentdepends on the type atfiltivated product and
climatic, ecological,and socioeconomiconditions.For instance, for biéey crops the
productionloss potential isnferior to 50% falling to anestimated 27% when practge
for plague control are associattdERKE, DEHNE, 2004)Pestiecdes consttute one
major altenative for controlling plagues and bmsing agricultural productivity
(TAKACS-GYORGY, TAKACS, 2011)

One ofthe waysof categorizing pesticides is accorditigthe kind of plague it
fights and the mechanismaétion Table2.12shows tle main classes of pesticid&ore
specificclassesan be found irthe literature, including acterigde, avicides, algicides,
amongst other@VANG, YUNG-TSE, et al., 2004, WOOD, 2017, WORLD H&E.TH
ORGANIZATION, 2010)

Table2.1271 Classification 6 pesticides according thekind of plague andhction.
Souce:adapted fron(SILVA, COSTA, 2012)

Class Action

Herbicide Products desited to eliminate or impedhe growth of veed.
Insecticide Chemicals or biological agentseant to eliminate insects.
Fungicice Physical, chemicabr biological agets designed to fight fungi.
Acaricide Chemicasintended to control or eradicate mites
Biological agents Organisms that acnthe pgagueby parasitism or competition.
Semiochemical: Traps that emanate small doses of gases similattwat
based pesticide pheromones capabté# attracting and capturing insects.

Household Prodicts destinated to urban regions, maikymesic
products insecticidesmolluscicidesrodenticices; and insect repellents

The chemical nature ohé active ingredients gdesticide products can also be
utilized ascategorizationcriteria. Five chemical groupsclude most of the existing
pesticide cmpourds: halogenated organicsorganophosphorys organonitrogen;
metallcorganic; and botanical and microbiologi€VANG, YUNG-TSE, et al, 2006)
Further specification with regards the chemical structure for each class of pesticide
may be found elsewhe(&/OOD, 2017, WORLD HEALTH ORGANIZATION, 2010)
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There is also algde presented by the World Health Organization (WHO) to

categorize pesticides with respect ® dianger to health. It is based acue oral and

dermal toxicity to rats, as measured by the median lethal dosg) (& indicated in
Table2.13 (WORLD HEALTH ORGANIZATION, 2010)

Table2.1371 Pesticids classification with respetd thedanger to health as defined by
the WHO.Source: adapted fro(WORLD HEALTH ORGANIZATION, 2010)

LDsoin rats
WHO Toxicological Classification ~ (Mg/kg body mass
Oral Dermal
la Extremelyhazardous <5 <50
Ib  Highly hazardous 5t0 50 50to 200
I Moderaely hazardous 50to0 2000 200to 2000
[l Slightly hazardous > 2000 < 2000

U Unlikely to present acute haza > 5000 > 5000

Similarly, the ordinance n° 03dm theBrazilian National Secretary of Sanitary

Suweillance (SNVSMinistry of Health), dated from September 16, 1991, also presents

criteria on media lethal dose on rats falassifying the toxicological risk of pesticides

differing liquid and solidformulations Table 2.14). More gecific crieria for each

toxicological class are found in the ordinance original (BRASIL, 1992)

Table2.1471 Toxicological classification of pesticéd according tthe Brazilian

ordinance n° 03 (SNVS, Ministry of Healtlgource(BRASIL, 1992)

LDsoin rats
(S’\_'VS/ MS) (mg/kg body mas$
Toxicological
Classification Solid Formulation Liquid Formulation
Ord Demal Oral Dermal

|  Extremely toxic <5 <10 <20 <40
Il Highly toxic 5t050 10to100 20to200 40to 400
[l Moderatly toxic 50to500 100to 1000 200to 2000 400to 4000
IV Little toxic > 500 > 1000 > 2000 > 4000

Rigorous legislatioaarecontrolling the ug of pesticides because of its dantger

health and environment. Contamination of saitd surface and undeoynd waters
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constitute some of the polluting capacity of those products. Another matter of intense
debate is the consumption ofbid @ntaminatedvith pesticide compoundwith possible
carcinogenic effest

2.5.1. Pesticide Industry

Manufacturing and formulatg/packing @& the main segments tfe pesticide
industry. The manufacture corresponds to the production of the activediegi® in
technical grade purity, defined asechnical products by Brazilian Federal Decree
n°4074/02.Industrial plants resporide for formulation perform the miure of active
ingredients with chemical additives and proceed with the conditioning and g&okin
the commeaerialization of pesticidgroducts, referretb as formulated products by the
mentioned decre@RASIL, 2002, WANG, YUNGTSE, et al, 2004)

A series of stepss part of the manufacturing industries: chemical synthesis of
active ingredients; separation; ugerdion and purification; and produghfshing. Many
substitution rea@dns might be used for the synthesis stage, suctcldsrination;
alkylation; and nitration. The separation steps are unit operations like filtration,
decantationgxtraction and @ntrifugation. Recuperation and purificat are employed
altogether to reover solvents or reagents in excess, and typicabgees are evaporation
and distillation. At last, product finishing includes steps like drying, blending, pelletizing,
packing ad caming (WANG, YUNG-TSE, et al, 2006)

Pesticide formlation industrial units blenthe technical grade active ingredient
with other substances that heip optimize a number of chacteistics asstorage,
handling, application, effectiveness, or saféihe formulated product is then packed
being commercidy presented in liquid form, or asolid grains or powder. The
formulation can be done by the active ingredient manufactueerséles or by selling
the technical product to industries that vadlely formulate the commerciglesticide
Operations relat to formulationincludedry mixing and grinding o$olids, dissolving
solids, and blendindg-ormulation of liquid products ually consiss of batches in mixing
tanks equipped with mechanical stirrers ,grabsibly cooling/heating systenf8VANG,
YUNG-TSE, et al, 2006)
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2.5.2. Pesticide Industries Wasewater

The wastewder used for his research was obtainedom local pesticide
formulation facilities in Rio de JaneiroSo, detding over pesticide wastewaters from
manufacturingndustries(i.e. thatsyntheizes the active ingredients) not addressed in
this wok.

Pedicide formulation units have as major soel of wastewatethe washing and
rinsing of lines and equipment between didtinatches for the formulation of different
pesticide products.This periodic cleaning operation is needed to avoid eross
contamiration Sometimes the solvent used for the pesticide formulasie@mployed
instead of water for theleanup operation, then vea is used for rinsing.

Other sources of liquid aste streamgesponsible for minor contributions
compriseair pollution controldevices (as watescrubbing devicesfrains from quality
contol labs leakages/spillages/area runagkternal washing of egpment washing of
storage drumsetc. The amount avastewate produced is usually not higbn average
between 0.2 and 3.8 d¥WANG, YUNG-TSE, et al, 2006)

The wastewatercontainsthe active ingredients of the formulated product and
other chemical additives diluted in water, and, potentially, other dsluilized for
washing.Some pollutant groups frequently found in pesticide waste stre@mhgle
volatile aromatics, Hamethars, yanides, haloethers, phenols, polynuclear aromatics,
heavy metals, chlorinated ethanes and ethylenes, nitrosaminesalafEs,
dichloropropane and dichloropropene, pesticidagdienes Additionally, conventional
pollutants groups may be sérved suchas ammoniacalittogen, biodegradable organic
matter, suspended solids, chloride, 8/ ¢ANG, YUNG-TSE, et al, 2004)

Industrial pesticide wastewaters, generated by the manufacture of the active
ingredients or formulation of the womercialproducts, havea high polluting impact due
to usually having elevated toxicity, high concentratioh organic matter with low
biodegradability and high pH The presence of persistent and potentially carcinogenic
pollutants makes this sort of waste paéaely harmful to the environment and human
health
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2.5.3. Treatment of Industrial Pesticide Wastewates

Pesticide formulation plantsave simpleroperations forthe management and
treatment of wastewater than manufactpients sincehe former produce muchwer
wastewatervolume. Treatmem or reuse shouldebthe destination given to formulation
plants residusstreams. The same praeses applied to treataste reamsfrom pesticide
manufactuing industries may be used for pesticide formulation pldhk&sbeenshown
that the recyahg of the treted wateis possible if respected the quality required for each
objective.

One of themost effective ways odlealing with waste streamsbg diminishing
and controlling theirgeneration Some techniquesas washng eaquipmentwith high-
pressure spraysan reducehe generated volunigy more than 50%Another applicable
procedure is utilimg the residue fronthe previous teanup to wash the systewr as
makeup waterwhen the same pesticide contained in the nesig produced again
Beyond the reduction itheamount ofwastewaterlosses of active ingredieswire also
avoided (WANG, YUNG-TSE, et al, 2006) A non-extensivelist of processesor
categories ofprocessesthat can be employed fopollution control of pesticide

formulation plants is given ifiable2.15.
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Table2.157 Main techniques applieieh the managemennd treatment olvastewaters
in pesticide manufacture and formulation industr&surce: adapted frof\TKINS,
1972, WANG, YUNGTSE, et al, 2006)

Technique Comment

Source Control Solutions that restrict theastewategeneration may be quit
effective, downsizinghetreatment operatian

Steam oVacuun Use of steam or vacuum to remove volatile organ
Stripping compounds. May be effective removing priority pollutant
groups avolatile aromatics, halomethanes e chloroetha

The condensate may return to the pisc

Activated Carbon Adsarption onto granular or powdered activated carbon i
Adsorption well-established process for pe&de removal. The saturate
carbon is another residue to be managed.

Resin Adsorptior Adsorption onto synthetic polymeric resinfias a similar
principle than the actated carbo and is usefuior removing
and recovering specific compoun&egeneratiomf resns is
more viable than the activated carbon.

Advanced Oxidatior Many AOP can be applied with high efficieg to transform
Processes (AOP complex organic loadsSome plarg use AOP to reduce tt
toxicity of the wastewater upstreamh biological treament.

AOPs may be too expensive fugh loadedstreams

Hydrolysis Acid or alkaline agents promote the hglyisis of complex
(acid oralkaline) organics, leading tsimpler substances. It may lessen toxic
yet generating undesired substances.

Heavy Mé¢als Soluble metals may be precipitated and separatec
Precipitation operations such as coagulation/flocculatifiltration.

Equalization Consists of a greatapacity tank, stirred or aerated, tt
retains the wastewater for enough time for reducin
variability in outlet flow and quality. Very adequate upstre
sensitive processes, as biological ones.

Neutralizaion pH adjusting for discharge or downstream peeses, a
bioreactorsadsorptioronactivated carbon or resins, or AO

Biological Treament Widely employed forthe reduction of BOD.,is usually the
most feasible option. Pretreatment steps are common.

Filtration May be used as pretreatment for remgvsuspended solid
previous to adsorption carbon or resin; or as tertia
treatment. Sad filter, microandultrafiltration are examples
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Biological processes areroadly used in the pesticide industries for renhgc
parameters as BOD and COLhe e&onomic feasibility of bioreactors commonly stands
out in comparisoratother optiondNevetheless, pesticidevastewatermay contain toxic
components that killnie microorganisi or inhibit their activity.Hence, preatment
steps usually are placed beaforbiological stages.Some factorsaffecting the
biodegradability of pesticidesre listedoelow (ATKINS, 1972, WANG, YUNGTSE, et
al., 2006)

A Solubility and availability. Emul§ied or chelated compounds are not rigad
availablefor metabolization by the microorganisms and are slowly degraded or
inert to the treatment. DD{ldichlorodiphenyltrichloroethag) and its isomers, for
instancearehighly insoluble in water.

A Molecular sie. It may dfficult the action of enzymes anddece the degradation
rate by the microorganisms.

A Molecular structure. Aliphatic organicsitiv linear or closed chain, are neor
biodegradable than aromatic substances. Hence, some pesticides, or evén part o
their molecules, cannot be easily degradedidaegradation may occur.

A Substitutions. Substitution elements usuallgken the chain moreesistant to
degradation, as iathes and epoxides.

A Functional groups. Halogenic substitution aromatic sustances reduse
biodegradability with the numbe and place of theubstituentgplaying a role in

this. Substituentsamine and hydroxyl normallynprove biodegradability.

The remowl mechanism may bea combination of metabolization by
microorganisms, adsorption of pollutamts the sludge and volatiliation to the airln
appropriate conditions, the biological treatment may remove priorrconventional
and conventional (menally present in domeist sewage) pollutanttVANG, YUNG-
TSE, et al, 2006) A report from 1985 of the U.S. Environmental Protection Agency
showed that, by the time, from 31 pesticfants using biological treatment, 14 used
aerated lagoons with retention time between 2 and 95 days, 13 had activated sludge
reactos with HRT from 7.20 79 h, and 4 industries used trickling filter systéoiSEPA,
1985 apud WANG, YUNGTSE,etal., 2006)

Studies with various standalone or combinations of physicochemical and

biological processes, from thesta2 decades, areummarized inTable 2.16, where
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performaresand conditions of the treatment of pestie wastewaters are providdde

fact that the majority of the studies are from the past 14 years indicates how the concern
in acheving better treatment approaches to pesticide wastewaters increased
concomitatly to the raising acknowledgement of peltec substances as persistent

organic pollutants, posing as micropollutants with various potential chronic toxic effects.
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Table2.167 Literature review of@searchs assessing the treatment of pesticideemasers.

Waste Initial
Ref.2 Concentration Treatment Results Conditions
type
(mg/L)
. 100 (L of 3 (Os0r O4/UV) + AOP: 210 min
> 0,
[1 Synthetic  sicides) Batch AS 90% Batch AS: up to64 h HRT, 16 to 37°C
[2]  Synthetic 200 POO) Photo-Fenton 15t050%DOC pH 28|20 mg Fé&*/L | 400 mg HO:/L | sunlight
. - Photo-Fenton: 30°C, pH 2.820 mg/LFe?*, 100 mgH02/L, 2h
0
[3] Synthetic 200 (pesticides) PhotaFenton + batch AS 100% Batch AS: 26.7°C.5 h HRT
—— Nanofiltration : NFOO|qpP = 1120 kPa
[4  Synthetic 10 (malahion) Nanofiltration 006 Mg/l by io-Fenton: pH 3| Hx0» FE&* = 40:1| malation:HO, = 1:100| 135 min|
PhoteFenton 0.08 mg/L
UV-C (254nm)
500 (TOC) -
. I fil .
[5] Synthetic 1000 ntegrated bl(.) liter and 85.4 % (TOC) 7 h HRT, 25°C, 2@nA/cm? current density
. electrolysis cell
(acetamiprid)
. : Anaerobicaerobic Anaerobic: 30°C, PET beads filling, 8 to 24 h HRT
> 0,
(6]~ Synthetic  3to 35 (Vydine) (fixedbeds) 96 % Aerobic: 22°C, PET beads filling, HR¥ 2 times anaerobic reactblRT
[71  Synthetic 10(35;2‘:5';“& TiO/UV 054mg/lL 0.5 g/L TiO; P-25| 180 min| pH 3| UV-A lamp
10700 (COD) . 77.6 1096.9 %
[8] Real 3480 (TOC) Aerobicbatch (COD) 7 to 30 d HRT
[9] Real 9650 (COD) Anaerobichatch 87t091.5%  15to 30 d HRT, diluted raw pesticide wastewatsyr(f~250to 9.65 g/L)
Photo-Fenton: pH 3] 0.02 mmol F&*/L | 45 min| 0.4 mmol HO2/L
+ .29 . ) :
[10] Real 3617 COD) PhoteFenton+ AS 99.2% AS: 6hHRT | (industrial-saniary) = (4:1)
Fenton: 97 mmol HO,/L | 40 mmol Fé*/L | pH 3
[11 Real 33700 COD) Fenton + MBBR < 500 mg/L (precipitationw/ Ca(OH} until pH 7.5)

MBBR: 3 kg COD/m3-d;HRT = 24h
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Waste Initial
Ref?2 Concentration Treatment Results Conditions
type
(mg/L)
[12] Real 25005000 (COD) Pressurized AS 8510 92.5%  Aerobic, 0.1 to 0.4 MPa, 25°Qp to 10 h HRT
Photo-Fenton: pH 28| 20 mg Fé*/L | sunlight

[13] Real 200500 OC) PhoteFenton+ IBR 60 mg/L IBR: two in series w/ recycl¢20h HRT | carrier. Pall Ring| pH 7

IBR +: -41-56%DOC ) .

or UV - 17%DOC ISS\I/? .SZ?“ZEJ.S | carrier. polypropylene

. om0 :
16621960 COD) or Toz/UV 23%D0C 110, 200 mgiL TiQ P-25
[14] Real or HO./UV -50%DOC
513696 OOC) ; H202: 500 mg/L

or TiO2/H0./UV - 50% DOC i . .

or Fenton _56%DOC Fenton: pH 28| 140 mg Fé&'/L | 500 mg HOZ/L | 475 min ' .

or PhotoFenton - 569 DOC Photo-Fenton: pH 28 | 140 mg F&Y/L | 500 mg HO,/L | 120min | sunlight

3350 COD) - 99.3% COD Photo-Fentgn: pH 3| (H202:Fe?*) = (50:1) | (H20.:COD) = (2:1) | UV-A |
[15] Real 2960 FOC) PhoteFenton+ SBR £ 99.4% TOC 120 min
e SBR: DO >3 mg/L| 12 hHRT | (industrial:saniéry) = (3:1)
0, .
" 100 g’OF::i:]ova" UV: UV-C lamp (254 nm)
H.Oo/UV 45 min H202/UV: 50 mg HO./L

[16] Real 0.1 (acetamiprid) e . Photo-Fenton: 1 mg Fé*/L | 50 mg HO/L | UV-C lamp (254 nm)

PhoteFenton 20 min

PS/UV 30 min PS/UV: 100 mg P&

PS/EETUV 30 min PS/Feé*/UV: 50 mg PS/L| 1 mg Fé*/L

[17] Real 30100 COD) Coagflocc+ Fenton 919%COD Coagulation-flocculation: polyferric chloride
° Fenton: H.O, stochoimetric
rin  asmacop  EeTen A~ 8108 Tl FeL oo zomn
[18] Real 183 (COD) PhoteFenton - 64.0% COD o _ L .
MWEUV/Eenton - 779% COD MWEUV/Fenton: pH = 5| 0.8 mmol Fe#*/L | 100mmol HO,/L | 120 min|

lamp w/ microwave geerator
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Waste Initial
Ref.2 Concentration Treatment Results Conditions
type
(mg/L)
3350 COD) - 99.6% COD FeCAG/H202: 15 g FeCAG/l 300mgH20,/L | 120 min
+
(19 Real 2960 FOC) FeCAG/HO, + SBR -996%TOC  SBR DO>3 mg/L|12 hHRT | pH = 7.0 | (industrial:saniry) = (3:1)
Total: 99.2% MBBR: Predenitrificationlayout 0.72kg COD/m3| 12 + 24 hHRT;
357 COD) COD influent diluted with sewagand othecchemicalindustries
+ +
(20 Real 207 DOC) MBBR + MF +RO (MBBR: 82t0  MF: 0.45 um| 2 bar
91%COD) RO: polyamide membrze| 1.5, 2 e 25 MPa
23390 (tCOD) EGSB: anaerobic at 35 or 55°C, 1 d HRT
21 Real EGSB + A 2% D . .
(24 ea 8160 (TOC) GS batcihS 5910 62 % CO Batch CSTR: aerobic respirometry, 30°C, 24 h
. . . : o . . 0 70
[22] Real 230 to 721 (COD MBBR + Physicochemical 6410 89 % COD MBBR: 6 .h HRT,26°C,wastewater mixed with195% sewage and 4.7%
Posttreatment landfill leachate

CSTR, completely stirred tank react@®OC, dissolved organic carboEGSB, expanded granular sludge b&AC, granlar activated carbontBR,
immobilized biomass reactoMF, microfiltration; MWEUV, microwave electideless ultravioletSBR, sequening batch reactor; RO, reverse osmo$ts,
persulfate; UV, ultraviolet.

2[1] (LAFI, AL-QODAH, 2006) [2] (ZAPATA, VELEGRAKI, et al., 2009)[3] (BALLESTEROS MARTIN, SANCHEZ PERZ, et al, 2009) [4] (ZHANG,
PAGILLA, 2010, [5] (LIU, ZHAO, et al, 2010) [6] (SHAWAQFEH, 2010)[7] (STAN, CRETESCU, et al., 20128] (LIN, 1990a) [9] (LIN, 1990b) [10]
(BADAWY, GAD-ALLAH, et al., 2006) [1]] (CHEN, SUN,et al, 2007) [12] (JIN, PAN, etal., 2010) [13] (ZAPATA, OLLER, et al., 201Q)[14]
(MOREIRA, VILAR, et al., 2012)[15] (AFFAM, CHAUDHURI, et al., 2014)[16] (CARRA, SANCHEZ PEREZ, et al., 201617 (PLIEGO, ZAZO, et al.,
2014) [18] (CHENG, LIN, et al., 2015)[19] (AFFAM, CHAUDHURI, et al., 2016)[20] (CAO, DEZOTTI, et al, 2016) [21] (GARCIA-MANCHA,
MONSALVO, et al., 2017)[22] (BACHMANN PINTO, MIGUEL DE SOUZA et al, 2018)
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Advanced aidation processes, that might act with low selectivity and mineralize
or turn into less harmful spboducts even the hardegb-biodegrade substances, were
thoroughly studied. They have been applied and investigated with different putposes:
mineraliz already very low concentrations (down to ng/L) of specific substances, with a
micropollutant pointof view; to increase biodegradability upstream bioreactors,
enhancing the secondary treatment performaacet to polish already biotreated
effluents, actng as tertiary treatmenfThe same strategies are observed, but less
frequently, with other physicoelmical pocesses such as membrane separation or
electrochemicatechnologies

Biological configurations, alone aombired with physicochemidasteps were
usually investigated fgperformanceptimization over organic matter removdh some
cases, removaf paricular pesticide substancesaasimonitored in addition to general
pollution parameterdNot rarely, dilution upstream the biologicalopess with anitary
wastewater was used asieans to reduce tloeganicload, toxicity, andsupplynutrients.
Anaerobic,aerobic, and combed configurationsvere successfully investigated.he
assessetypesof bioreactorsncluded:batchAS, AS, pressuized AS,seqiercing batch
reactor (SBR), expanded granular sludge bed (EGSB)nobilized biomass reactor
(IBR), biofilter integrated with electrolysis cetindthe MBBR. From operational and
performance points of view, the MBBR presesgserabdvantags over othesuspended
or attached biomass processes, as seen in sécdidn

Few were theapplied studie®f the MBBR as biological treatment for pesticide
containingwastewates (CAO, FONTOURA, et al, 2016, CHEN, SUNet al, 2007)

The most recemwas performeduring master studieonductedased on thpreliminary
results @ this doctorate workit combired theMBBR with aposttreatment train aiming
industrial reus¢BACHMANN PINTO, MIGUEL DE SOUZA et al, 2018) Therefore,
this studyfindsits niche in bettestudying he MBBR technology over a large numioér
operational conditionsexpandingthe knowledge base andpplicationrange of the

MBBR for treating industrial pesticideastewates.

2.5.4. Local Pesticide Formulation Industry

According to information obtaineditli the pesticide formulation industry, the
industrial raw (IR) wastewater has high COD, usually between 10000 and h@@ai00

being potentially even higheFhewastewaters generated with flow rate of7 m3/d and
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its composition varies considerably, incluglifungicides, herbicides, pesticides,
stabilizers, emulsifiers, thickeners, dyes, &esides, there is seasowalriation ofthe
produced pesticide produasad,therefore, of the wastewater compositioas eypected
for the residuary stream of a pedlieiformulation industry.

Pretreatment of the IR is performed with adsorption onto powdered activated
carbon (PAC)aiming to reduce both COD and toxicity of the IR. H#C adsorptiorns
done to batches of 40 rof liquid waste blended from diverse cleprperations of the
formulation plant.To this volume 300 kg of PAC is added, correspondingatd®AC
dosage o7 .5 g/L. The mixture is keph agitation for at least 122 at ambient temperature;
then it is preséltered for retention of the suspendedbzam. At the end of the process it
is expected to reduce COD below 4000 mg/L (based on the INEA directh2Z0DR6
(INEA, 2007) and toxicity (ERo, median effective do¥ebove 25% v/v withVibrio
fischeri Toxicity is only analyzed once the COD criterismeachedIn the case that the
specifications are nonhet, the effluent is again processed with PAC.

Subsequently the industrial pretreated(IPT) wastewateris mixed with the
sanitary (S) sewage fromehndustrial site inan equalization tank. The latter has
nominal flow rateof around 168 m3/d and COD ranging from 100 to 150 mg/L, on
average. From the nominal flow ratésis known that the mixture proportion of IPT:S
corresponds to 4:96 % v/v. Thehe mixture is fed to the activated sludge system with
inlet COD ranging between 300 and 600 mg/L, and outlet COD ranging from 90 to 100
mg/L. In turn, the mean TAN concentin influent to the biological treatment is 13
mg/L, and lower than 5 mg/L irhé treated wastewaterypical characteristics of the
differert industrial streams asaimmarizedn Table2.17.
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Table2.177 Nominal values foflow rate,COD and TAN concentrations for the

differentwastestreams of the pesticide formulatioustry.

Stream To(trilgi())D (:T;';‘I/\II_) Flow rate (m3/d)
Industrial Raw (IR) 10000to 16000 NA 7
IndustrialPretreated (IPT) O 4000 NA 7
Sanitary (S) 100to 150 NA 168
ASinlet 300to 600 ~ 13 175
AS outlet 90to 100 <5 175

NA, not available.

By the time of execution of the experimental activities of the pesticide research,
the biotreated effluent was completely dischargetb a local river. Therefore, the
effluent conditions ofheindustrial treatment plant must meet the criteria establibjied
applicable laws and normas overviewed above gection2.4.. In the meantime, before
its concluson, this doctoral work branched into other research projeetsaged by
colleaguesssessing the feasibility of directing M&BR effluent to the \ater treatment
plant of the industry, that takes water from the safoeementioned riverinstead of
dischaging the wastewater in the environméBACHMANN PINTO, MIGUEL DE
SOUZA et al, 2018, GAIOTO, 2019)

2.6. Pulp and Paper Industry, Wastewater,and its Treatment

The seqential production of pulp and paper starts with the processing of raw
cellulosic materials, from which a cellulosic/hemicellulosic fiber pulp isaekd and
processed into paper productseTaw material is primarily classified as wood, nonwood
(rice staw, wheat straw, sugarcane bagasse, coétan), or recycled fibers (wastepaper),
which is increasingly becoming a major source for papermakirmgpdis the preferred
raw material most of the time for their combined characteristics such as abundgimce, hi
cellulose content, high pulp yield, easiness of transporting and processin¢iletc.
GELLERSTEDT, et al, 2009, GOYAL, 2020b)A typical elematal cmmposition of

wood is given inTable2.18.
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Table2.187 Approximateelementakcomposition dwood materials. Source: gutad
from (BAJPAI, 2018, GOYAL, 2020b)

Element % of dry weight

Carbon 49.01 50.5
Hydrogen 5.871 6.1
Oxygen 43.51 44.5
Nitrogen 0.27 0.5
Sulphur Max 0.05

Further classification of wood as soft or hard is usual. Softwood is acquired from
evergreen coniferous trees as spréice,hemlockspinesandcedar Deciduous trees like
oaks, eucalyptus, maples and birches are the common sourbardivood(WANG,
YUNG-TSE, et al, 2006) Generic form ofsdt and hardwoodrees appears ahead in
Figure2.22.

(A) (B)
Figure2.227 Shape of a generic (a) softwood tree and a (b) hardtveedSource:
(BAJPAI, 2018)

Consicering classes of compounds, both hard and softwood ané/roanstituted
by cellulose, hemicelluloses (a clagscompounds), lignin and wood extractives.
Table2.19, theaverage percentages of dry weifgrtthe main classes of substanoesy
be observedBAJPAI, 2018).
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Table2.197 Typical composition of &rd and softwood, bad on North American

speciesby classes of compound3urce: adapted frofBAJPAI, 2018)

% of dry weight

Class Description
Hardwood Softwood

Cellulose 40- 50 4571 50 White fibrous stucture of wood
Hemicelluloses _ _ S

glucomannans ~ 2-5 207 25 White solid n}ggerlal filling out the

xylans 15-30 57 10 Pers
Lignin 18- 25 2517 35  Adhesiwe polymer that holdghefibers
Extractives 1-5 31 8 Confer color, odor, anthste
Ash 0.47 0.8 0.21 0.5 Residue of complete combustion

Analyzing the descriptions given irable2.19, it is apparent that, in order to turn
wood into fibrous paper products, pulp and paper inmsstlesire to maximize the
reclamation 6 cellulose- and hemicelluloses depending on the typdiradl product-
while getting rid of lignin, extractives and ash. For so, these industries countevalse

processing strategies, addressed ahead.

2.6.1. Pulp and PaperIndustry

P&P mills turn the rawmaterial- mostly wood- into various types of paper
products by the stepsummarizedin Figure 2.23. Each step comprises a series of
operations and may differ from one industry to anotRetp manufacture consists of
mechanical ad/or chemical breakdown of the wood chipspiovide celluloee and
hemicellulose fiber separation, while bleachisthe whitening of the pulp by means of

chemical agentshatattackresidual lignin

Wood Handling

Pulping Bleaching

Paper Making

ADebarking ADigestion AWashing APulp Drying
Achipping AScreening AScreening APressing
AWashing Awashing

AScreening

Figure2.2371 Main processingtepsemployed by the pulp and papwaking industries.
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Wood handling is the first stage for pulp manufacturing, aiming at optimally
preparing the raw wood for further processing. It uguadgins at the forest by cutting
treesinto logs and debarking them, which could also sometimes be done in the industrial
site. Those debarked logs are cut into chips abotB026hm long and screediefor
removing oversized pieces or fine particles. Wiaghmight take place in between
debarkingand chipping and/or after screening, prior to the pulping $E&4&PAl, 2018)

Once the chip are prepared, they are mechanically and/or chemically broken
down to separate treellulosic fibers used for paper making. Many pulping technologies
have been developed through the history of pulp and paper industry, each presenting
particular applicabity according to factorsuchas raw material and desired final product.
Some of thenost applied pulping processes are summarizdalie2.20.
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Table2.207 Summary of the st comnonly applied pulping pcesses. Source:

adapted fronfBAJPAI, 2018, WANG, YUNGTSE, et al, 2006)

Pulping process

Features
Mechanical CTMP NSSC Kraft Sulfite
Grinding stone Chemical Continuous Cooking at 175  Sulfonation at
doublegdisc ' treatment using  digestion in °C, 100135 psi 125175°C, 90
refiners NaOH or NaSGOs + for 2-5 hoursin 110 psi for 6
. o NaHSQ + NaCOz liquor NaOH, NaS 12 hours in
Mechanism  steaming, ) .
followed b steaming using steam and NaxCOs; (H2SGs +
L y followed by followed by efficient HSGsY) with
refiningin . .
TMP brocess mechanical mechanical recovery of Cca&*, Na,
P refining refining chemicals NH4* or Mg?*
Hardwood Hardwood
(poplar) (aspen, oak, Any type of Any hardwood
Raw popiar, Hardwood and alder, bird), yp and non
. softwood wood and .
Material ) softwood softwood resinous
(balsam, fir, nonwood
sawdust and softwood
hemlock) .
chips
Dull white-light
Low strength, . High strength broyvn pulp,
Pulp softpulp. low Moderate Good stiffness brown pulp, easily
charac. TEPUp, strength and moldability  difficult to bleached,
brightness
bleach lower strength
than Kraft pulp
437 70%,
Pulpyield 927 96% 881 95% 701 80% dependingon 467 51%
pulp finality
Newspaper, Newspaper, Bags, wrappings,
magazines, magazines . .
. . . . . white papes, Fine paper,
Paper inexpensive inexpensive Corrugating . .
o . ] cartons, sanitary tissue,
products writing papers,  writing papers, medium
corrugated wraps
molded molded
board
products products

TMP, thermomechanical pulp; GIP, chemithermomechanical pulp; NSSC, neutral sulemi
chemical

About 5 to 10% of the lignin content cannot be removed during the pulping
process withousignificantly damaging the cellulosic content. This residual lignin imparts
dark color to the pulp and needs sequential treatments with bleaching chemicals in orde
to produce white pulpVANG, YUNG-TSE, et al,, 2006) Pulps are chemically bleached
by one of two approaches where the chemicals attack the lignin, or specifically its
chromophoric group. The former prov&lgreater brightness whereas the latter has better
pulp yield. Usually a combination of chemical stagesemployed for the bleaching
process, witha wash of the pulp in between for removing the bleaching agent of the
precedingstep A list of some of thenost usuableachingchemicas is given in Table
2.21, with amore extensive $it found elsewher@GOYAL, 2020a)
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Table2.2171 Description of some of the most comnuauip bleabing stagesSource:
adapted fronfGOYAL, 2020a)

Symbol Stage description

A Acid wash- To removemetal elemerstfrom the pulp.

Chlorination- Elemental chlorine (G) is an effective déignifying agent.However,
C as it breaks lignin bonds, idds chlorine atoms to the lignidegradation products
producing significant amounts of chlorinated origanaterial.

Chlorine dioxide- A highly selective chemical that can bothldmify and brighten
pulp. It oxidizes lignin but does not add chloriams onto lignin fragment:
However, small amounts of elemental chlorine and other chlorine compaurmnoesf
during the process react with degraded lignin to form chlorinated osganic

CD Chlorine and chlorine dioxidareadded together

Alkaline extaction- Used b removecolored components from partially bleach
pulps that have been rendered solubldilute warm alkali solution.

Sodium hypochlorite- An inexpensive dégnifying agent formed by mixing
elemental chlorine with alkali at the il

N  Nitrogen dioxide

Oxygen- Oxygen removes lignin and modify other coloring componértts. pulp
reactswith oxygen in a pressurized vessehigh temperatur@andalkalinity.

Hydrogen peroxide Often used at the end of a conventional bleackemuence tc
prevent the pulp from losing brightness.

W Wash- Pulp is washedtalmost every stage temove reactants tiieprecedingstep

Xylanase Enzymatic pretreatment, in a TCF sequence, resuktasier bleaching ar
delignification of thepulp, causing a bleadboosting effect.

Y  Sodium hydrosulfite Reductive bleaching. Good for recycli#oers.

Ozone- An effective ddignifying agent. It also brightens the pulp. Ozone attacks

Z . .
cellulose fiber as well as the lignin.

ZD Ozone anahlorinedioxide areadded sequentially ithe same stage
TCF, total chlorine free.

Increased efficiecy is usually achieved by using three to seven sequential stages,
which decreases the total amount of chemicals needed as the complex structane of lig
interacts uniquely with each bleaching agent. Examples of conventional gaseauas-chlor
based sequers are CEH, CEHD, CEHHD, CEHDED. However, there has been an
increasing use over the last decades of bleaching sequences that reduce the production of
chlorinated organics (AOX)substanceassociateavith toxic effects in residual waters.

More than 80% radction of AOX emissions was attained since 1@80DI, LOUVET,
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et al, 2011) Such sequeares are whether elemental chlorine free (ECF), excluding the
use of molecular chlorin@r even total cldrine free (TCF), excluding chlorine dioxide

or any other chlorineontaining chemical. For ECF, a few common bleaching sequences
are DED, (ZD)(EOP)DDOD(EOP)D, whereas TCF sample trains are OAPP, OZEPY,
OXZEPY, etc(BAJPAI, 2018, GOYAL, 2020a ECF bleaching dominates the market,
while TCF production did not increase signifidgnsince 1995.1 North America, for
instance, ECF responds for 96% of the bleached chemical pulp prod(BASRAI,
2018, CABRERA, 2017)

2.6.2. Pulp and Paper Industries Wastewater

A number of factors influence the final quality of the wastewater from P&P
industries. The most important @ are the type of raw material, the chosen pulping
technology and bleaching sequence, and the amount of water usedasteivater
recirculated in he process(POKHREL, VIRARAGHAVAN, 2004, VIRKUTYTE,
2017). For instance, nonwood raw materials generatstewatersvith a high amount of
silica, and softwood presents greater polluting potential theswvbod. The pulping and
bleaching stages generate the majority of the liquid wastes, with up to 85%torggina
the bleaching stagfCABRERA, 2017, WANG, YUNGTSE, et al, 2006) Depending
on the same factors as the quality of Wesstewater, the volume discharged may vary
from close to zarto 400 m3 per ton of produced p@WANG, YUNG-TSE, et al, 2006)

Overall, the liquid waste streams are primyacibmposed of degradation products
of carbohydratesnd lignin, andwood extractivesgcontaining high COD, BOPand
concentration oAOX (in case of northlorinefree bleachingjZODI, LOUVET, etal.,
2011) High total suspended solids content is also common as a result of the wood
preparation and pulp screeg stages. Dark broweolor of the residual water is attributed
to lignin and its degradation produ¢i&¥ ANG, YUNG-TSE, et al, 2006) The BOD to
COD ratio, often used to express the biodegradability of agueous matrices, is usually
within the rangeof 0.05 to 0.5, reflectinghe great presence of recalcitrant compounds
(ZODI, LOUVET, et al, 2011) Even if the biodegradability is high enough to make the
use of secondary treatment technologesssible, limitingthe concentratios of N and P
is a concern point. These keytriants needed for cell growtre usually deficientin

wastewatesfrom the P&P industry, as could be expected by the average wood elemental

76



CHAPTER 2: LITERATURE REVIEW

composition, previously shown ifable2.18 (SLADE, ELLIS, 2004, WANG, YUNG
TSE, et al, 2006)

The spent liquor from Kraft pulping is denominated black liquor, a8 of
the lignin solubilize to a mixture of lignin oligometfsat impartsa dark brown color to
the wastewater. Further cleavage of the oligomers results in phenylpropanoic acids,
hydroxylated and/or methoxylated aromatic acids. The pulping process also nesults
dissolution of cellulose and hemicelluloses that are sensitivekati. bome inorgaic
constituents are found due to the chemical nature of the Kraft pulping, namelynsod
hydroxide, sodium sulfate, sodium thiosulfate, sodium sulfide, sodium carbonate, and
sodium chloridd WANG, YUNG-TSE, et al, 2006) Nevertheless, this Kraft spent liquor
goes through a recovery process that sequentiallgecaates the black liquor by
evaporatio and burns the remaining organics, aiming for recovery of the inorganic
chemicals through further stepBAJPAI, 2018) Therefore, the condensate from the
evaporator is the stream that actually follows to the tragtplant, containing toxicity,
odor and 100484000 mg COD/L witha high contribution of methanol (680%)
(WANG, YUNG-TSE, et al, 2006, ZODI, LOUVET gt al, 2011)

One of the major sources color in the wastewater is the alkali extraction
bleaching stags, due to ligninolytic substanc@gIRKUTYTE, 2017) However, the
characteristics of the bleaching effluent are higigpendent on the delidmiation
degree of the unbleached pulp, the bleaching sequesct,pid of raw material and the
final desired brightness. Over 500 organic substances have been attributed to bleaching
wastewaters mostly derived from lignin, woodextractives and carbohyates
(CABRERA, 2017)Bleaching of kraft pulp may produce some pollutants that are among
the hardest to remove from wastewd#®DDI, LOUVET, et al, 2011)

A relevant control pgrameter that relates to teffluent COD is the kappa number,
which quantifies the remaining lignin in the unbleached pulp by oxidative reactions.
Higher lignin content is represented &higher kappa number. If kappa number is low,
then the amount ofdnin toberemoved by the blching sequence is smaller and so it is
the use of bleaching chemicals, reducing the pollutant load. It should be noticed, however,
that the kappa number is napposed to decrease too much during the pulping process
becausetiwould negatively impact thpulp yield and physical properti¢€ABRERA,

2017)
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2.6.3. Treatment of Industrial Pulp and Paper Wastewaters

Pollution prevention may take placgtmany actions that reduce the pollutant load
from P&P industriesBest availabléechnologies and practices, as followd able2.22
for Kraft mills, are advisablein this senseOverall, the measures include thecess
modificaions aimingat cleaner operational practices and technologaNG, YUNG-
TSE, et al, 2006)

Table2.227 Main best availableeschnologies guidelines, from the European Integrated
Pollution and Prevention Control and the International Finance Corporfation,
minimizing wastewater load in bleaching kraft pulp mills. Souadapted from

(CABRERA, 2017, WANG, YUNGTSE, et al, 2006)

Best Available Technologies and Practiceer P&P Industry

Dry debarking of wood.

Extended pulmlelignificationto a low kappa number

Systems for colletion and recycling ofemporary and aidental discharges
Closed screening stages

Efficient washing of the pulp ahead of the bleaching

Oxygen delignification ahead of the bleach plant

ECF or TCF bleachim

Improved process control of bleaching operadio

Removal of hexenuronic acidsy hydrolysis at thetartof the bleachfor hardwood
Partial closure of the bleach plant combined with increased evaporation
Recycling of wastewater with or withosimultaneous recovery of fibers
Separation ofontaminated and necontaminatedglean) wastewaters

Biological secondary wastewater treatment
1 Other colofgiving substances, relevant in hardwood pulping and bleaching.

Otherworth-mentioningcleanertechnologies are organic solvgmilping, acid
pulping, biopulping and biobleachyn (enzymebased), that are further addressed
elsewherédBAJPAI, 2018, WANG, YUNGTSE, et al, 2006)

Despit being able to reduce the potential of pollutiprocess modificationg&
not able to completely cease wastewater generation. Thusofmoke treatment
technologies are necessary, from preliminary to tertiary sohkitiSmce the P&P
wastewater qualtand quantity may vary considerably from oneppumiill to another, it
is important that the sector rely on varied technological options that may be applied in
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diverse scenarios with few adaptatiqdANG, YUNG-TSE, et al, 2006) As for any
industrial wastewater, there is agarnumber oflternativedor adequately treating the
wastewater from P&P plants, dampening environmental impact and respecting
regulations(KAMALI, ALAVI -BORAZJANI, et al, 2019, ZODI, LOUVET,et al,
2011)

Surveying the existing literatureendsin a huge number ofpublished studies
assessing manglifferent types of treatment for P&P waste strea@ser ninety
references were datred startingin 1994 while searching the literatur®ne particular
review artcle from 2016 provideaneven more comprehensive Jigtith an overview of
206 investigaions about the treatment of P&RastewaterZODI, LOUVET, et al,
2011) Figure2.24 shows the percentage distribution of types of treatment employed in
those 206 studg amongst biological (B), chemical (C), mechanical (M), or

combinations of those.

MB 1%
M 10%

MC 2%

CM 2%

CB 6% B 35%

BC 3%
BM 2%

C 39%

mB mBC sBM mC eCB "CM oM msMB = MC

Figure2.247 Percentage distsution of206 published studiedisted in a literature
review(ZODI, LOUVET, et al, 2011) by type of treatmet investigatesver P&P

wastewatersbiological (B), chemical (C), mechanical (My a combination of those.

Investigations containing a biological stage, combined witherotypes of
treatment or not, sums up to 47 % of the total, as sdagune2.24. Secondary treatment
is provided in existing industrieby diverse aerobic and/or anaerobic biological
technologiesWANG, YUNG-TSE, et al, 2006) Acclimated microbial cmmuniiescan
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reduce BOD to levs below those that would be achievable with 4aolapted biomass
(ORDAZ-DIAZ, ROJASCONTRERAS et al, 2014, DI, LOUVET, et al, 2011)

The scarcity of nutrients (N and P) for microbial gribwin the P&P wastewater,
mentioned in sectiof.6.2 is often overcome with the supplement of external nutrients
sourcesOne drawback when dog) nutrients is the need for continuous monitoring of
the biotreated stream to adoexcessive N anB effluent concentrations, theduld be
harmful to receiving water bodie$he addition of nutrients is dongstreamof the
bioreactorin soluble formsHowever, alternative approaches have been investigated, as
adding solid N and P dalwith low soluhlity, or incorporating bacteria capable of fixing
atmospheric nitrogen to the proc€8¢ANG, YUNG-TSE, et al, 2006)

From the data summarized Hgure 2.24, numerouswere the nvestigatd
biological treatmenttechnologies including: activated sludge, aeration pondgflow
anaerobic sludge blankdt ASB), constructed wetland, upflow anaerobic filter, various
mono or mixed cultures @pecific bacteria strains, various specific yeastirsér(mono
or mixed cultue), tertiary algal treatment, anaerobic and aerobic limigkfilters,
anaerobic granular activet carborbiofilm reactor, anaerobic bioelectrochemical, SBR,
anaerobic/aerobimembrane bioreactMBR), etc.Particularly the Bidilm-Activated
Sludge conifjuration has been effectively appli@ALENTOFT, THULIN, 1997) with
multiple reports of pilot and fukcale plantMALMQVIST, WELANDER, et al, 2007,
VILLAMAR, JARPA, et al., 2009) and over 90 operating plants around the world
(REVILLA, GALAN, et al, 2018b)

Sumnmarizedoperational conditions of the MBBR stage of various studies with
the BAS process treating&P industrial wastewater are listé Table 2.23. Some
research has also been conducted ompatational modelling, simulation and
optimization of the BAS configuratiofREVILLA, GALAN, et al, 2016, 2018b,
REVILLA, VIGURI, et al, 2014)
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Table2.237 Summary of the MBBR stage operational characteristics of studies

evaluating the BAS pross over the treatment of P&astewater

Refa  TRT [ | + | & VLR SLR P/ICOD  N/COD
(h) (%) (mm3)  (me)  (kgl(m*d))  (g/(m>d)) (%) (%)
[1] 524 30 NA NA 4.59.0 NA NA NA
[2] NA 10 900 90 NA NA 0203 1.121
[3] 545 30 340 102 2-6 20-59 NA NA
[4 338 163 850 139 0.27.5 1.454 0.31 1-5
(5] 3.3 10 900 90 5.7-13 63144 dosed  dosed
[6] 1224 50 NA NA 0.81.6 NA 041 2.1
[77 348 163 850 139 0.207.67 1455 0.120.74 0.437
[8] 485 2143 305 65132 0.242.65 3.7220.1 >0.32 0.351.8
[9] 37 3050 220300 66150 8.7-30.8 58467 limit. limit.
[10] 8.6 33 220 73 19.4 266 0.17 0.77
[1] 1215 20 300 60 10-30 167-500 limit. limit.
[12] 243 50 300 150 13.416.7 89111 0.060.15 0.915
[13 1322 58 350 203 2535 12-17 0.52 2.2
[14 NA 5067 333 167223 1525 67-150 excess  excess
[15] 0.625 4770 350 175235  17-55 72-314 excess  excess
4.9 15 800 120 9-16 77-133
[16] 0.080.62 0.42.6
1.64.9 45 800 360 11-48 31-133

"Q carrier filling ratio; &y carrier specific surface are "C3x , reactoreffective specific surface area;

VLR, volumetricloadingrate; SLR surfaceloadingrate; NA not available.
2 [1] (BRINK, SHERIDAN, et al, 2018) [2] (REVILLA, GALAN, et al, 2018a) [3J]

(BRINK, SHERIDAN, et al, 2017) [4] (BAEZA, JARPA, et al, 2016) [5] (OLIVEIRA,
2014) [6] (REZENDE, MOUNTEERGgt al, 2012) [7] (JARPA, POZOegt al, 2012) [8]
(VILLAMAR, JARPA, et al, 2009) [9] (MALMQVIST, WELANDER, et al, 2007) [10]
(RANKIN, AERT, et al, 2007) [11] (MALMQVIST, BERGGREN, et al., 2004) [12]
(WELANDER, OLSSON,et al, 2002) [13] (JAHREN, RINTALA, et al, 2002) [14]
(DALENTOFT, THULIN, 1997) [15 (RUSTEN, MATTSSO\, et d., 1994) [16] This
study.

Examination ofTable 2.23 shows thatreactors with lowto mediumeffective
specific surface are "CJx were studiedTheyemployed whethellow filling degrees
with greatcarrier specific surface, origh filling degrees with lowercarrier specific
surface.Regarding the carrier filling ratiot has been shown thdtis a major effect
influencing tke microbial community in biofilms and,ias wel| linked totheperformance
of organic matter and nitrogeremoval (CALDERON, MARTIN-PASCUAL, et al,
2012)
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Publications listed imMable2.23 lack discussion with regards to the distribution
androle of the suspended drattached biomass fractiorisis knownthatthe planktonic
biomass might hava significative part in the MBBR performance, and that the HRT is
directly linked to the extent of that pdttIMA, DEZOTTI, et al, 2016, PICULELL,
WELANDER, et al, 2014) For a similar capacity, a smaller reactor wiijh effective
specific surface arewould rely more on the biofilm, whila larger one with lower
effective specific surface aremouldtake more advantage of the activity of thianktonic
biomassAs in the BAS systernonsumption ofhe suspended biomassstingthe biofilm
stageis an inmportantcomponenin the AS stepmore challengingnay bethe designof
the MBBR. Finally, studies inTable 2.23 do not discussn depthhow the nutrients
availability affectgperformance, neithehe solids leaving the MBBR, nor thedfficiency
of nutrients utilizatiorfor organic matter removaesential knowledge for minimizing

consumption and discharge of N and P.

2.6.4. Sodra Cell Varo Rulp and Paper Industry

The experimental labcale work developed during the study with P&P
wastewater was conducted with real residuary water from the pulp prodtedingaro
mill, from the Swedish compar§tdra Softwood- pine or spruce treess the main raw
material used Y the industry for manufacturing up to 700,000 t/yr of paper and textile
pulp by means of the Kraft proce@ODRA, 2020) The Kraft lp is then bleached by
ECF bleaching sequence, which was not specified by the industry. Then, the wastewater
comprises the bleach and debarking waste streams, leachate from the waste pile, and
filtrate from the final pulp screening.

A full-scale nutrientimited BAS system is in operation treating the industrial
wastewater since July 2002IALMQVIST, BERGGREN, et al, 2004), with the MBBR
stage currently designed to abate 30 to 50% of the soluble COD. Previous published study
performed at the same industsée informed that the treatment plant consists of cooling
towers followed by dosing of nutrients, pH adjustinerth NaOH, and the BAS. The
industry informed that the BAS is composgfch 4000 m3 MBBR followed by a 20000
m3 activated sludge, with desigmdcurrent nominaflows of 3400637000 and 18000
m3/d, respectivelyConsequently, the correlated design aochimal HRTs are 2:2.8 h

and 5.3 hlt should be noticed that, when the BAS was implemented, the bleaching
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technology was TCF, which certainlyakes the wastewater distinct from the one
produced nowaday$MALMQVIST, WELANDER, et al, 2007)

When started, the MBBR stage was first filled with 20% of the N&trix O
(300m2/m3) carrier. In 2004, due to increased load, additional NatE  (RPD m2/m3)
were added, raising the carrier filling ratio up to 5MALMQVIST, WELANDER, et
al., 2007) Currently, the Natrix carriers were switched by the enorodernAnox
KEChip P car r,i90rnm8/mp(whichca lcarris spgecidy designed for
optimal organics removal from P&P industrial wastewé@®RGAN-SAGASTUME,
2018) As told bySoda, the curent carrier filling ratio is 19%for an MBBR effective
specific surface area of 171 m2/ror comparison, only 14% fill of BioChip P would
provide as much total area & tprevious fill with Natrix carriers

In terms of performancén the @st the BAS was reported to remove 60 to 75%
of the total incoming COD, with 380% abated in the biofilm step. Sludge production
was quite low, with solids yield averaging 0.07 kgST& COD removed. Finally,
effluent N and P were -8 mg/L and 0.8.7 mdL, respetively, with unknown
supplementation dose in the inlet stredaALMQVIST, WELANDER, et al, 2007)
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3. METHODS AND EXPERIMENTAL SETUPS

This section describethe materials and methsdpplied throughout the stigs
with the peficide formuktion and the P&Pwastewates; including thereceiptof the
industrial wastewaters, the operation of thenchscale reactors and associated
procedures, description of the operational phasasch assays and others The

operational strategies employed for each independent study are summarized in Figure3.1.

Pesticide Formulation 7 OPERATIONAL PHASES (@)
AQP Industry

BO®

@@ ———@ PART 2: Raw (P4 to P7)

———=e@ PART 1: Pretreated (P1 to P3)

Pesticide WW
Wastewaters
Sanitary WW
Pulp & Paper Industr b
~ap Pulp&Pap y (b)

15% carrier filling ratio

S .

1 1
1 1
1 1
| |
1 1
1 1
1 1
| |
: 6 OPERATIONAL :
1 1
| | |
1 1
1 1
1 1
| |
1 1
1 1

R ":N;' PHASES (P1 to P6)

excess or limit. 1:1:1:4:3
(051L)

N and P solution

w @ 45% carrier filling ratio
3 /
____________________________________ ]

Figure3.11 Operational strategy summary of the pesticide (a) and P& P (b) researches.
Analytical methods and baulation procedures are considereoackground

knowledgethat may spoil the natural reading flowhis is trueparticularly for readers
already familiar with theisualmeasurement techniquies the monitored pameters and
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calculations of the derived oné$ence anaytical methods are describedAppendixA

and calculabn procedures ik\ppendixB.

3.1. Pesticide Wastewater Research

3.1.1. Receiptand Storageof Wastewaters

Theindustrialwagewaterwas provided by alocal pesticide formulation industry,
described in section 2.5.4 Altogether,3 qualities ofwastewatersvere part of the study:
the industrial rawthe industrialpretreatedvith adsorption on PAC (sectidh5.4; and
the sanitary from the industl site They were better described in sectthf.4 above.
As a reference for the understanding of this work and for simplifying the notation utilized,

acronyms for th waste seams collected at the industrii@cility aredefined inTable3.1.

Table3.17 Definition of the acronyms used for the identification of eaelstestream

and differentiion from onecollectedlot to another.

Wastewater Acronym Lots distinction
Industrial Raw IR -
Industrial Pretreatet  IPT IPTO, IPT1, IPT2
Sanitary S S$1,S2,..., 0

The mixture of thelPT (or IR) with S will be simply referred to as feed or
upstrean/inlet/influentstreamo the MBBR. As for the exitinddw of the MBBR, it will
be called thelownstrean#ffluent/outlet stream.

The first and only collection of IR took place on May 25, 2016. Nine containers
of IR were received, of which three had aurok of 20L and six had5 L, as seen in
Figure3.2. The containers were stored & refrigerator in the temperature range from 4
to @C. As the nine containers represented three distinctVatsyere taken and blended,
resultingin 20 L d IR that were pretreated in the l&ection3.1.2 below). The other

70L were stored for later diredatilization inthe continuous operation of the MBBR.
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Figure3.21 Industial raw pesticidewastewatecontainergeceivel on May 25 2016.

Unlike the samplesfdR, delivered in great quantity at once, the receipt of IPT
and S wastewaters occurred multiple times in 10 or 20 L containers, limited to the
available spaein therefrigerator(4 to 6°C), where the samples westored to minimize
biodegradation priato their use in the experiments.

Figure 3.3 contains thdimeline andreceived volumes of each lot of S and IPT.
The frstlot of IPT (IPTO) correpondsto the treatmentfdahe received IR ithe lab with

adsorptioron powdered activated carbon.
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Figure3.31 Timeline of the receipdf IPT and Sots, with received volume in

parentheseand respetive dayof MBBR operatiortimeline next to theverticaldashed
line. Day 0 is highlighted in llack textballoon

Table3.2 andTable 3.3 list the characteristics of each lot of pesticide (IPT and

IR) andsantary wastewatersespectively.

Table3.271 Characteristics of each IR@t and the IR lot in terms of physicochemical

parametersaveragevalues are shown).

Lot tCOD sCOD DOC TN TAN
(mg/L) (mg/L) (mg/L) (mglL) (mg/L)
IPT (mean) 6100 6000 1613.8 226.3 42
IPT 0 6000° 6000 1264 346.5 82
IPT 1 970" 9400 2891 294.0 28.2
IPT 2 2600 2600 686.5 38.3 17.1
IR 16900 12300 NA NA 150

NA, not available.
aDiluted COD down to 3500 mg/L, as describedsgction3.1.2
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Table3.31 Characteristics of eachlot and the related averagéphysicochemical

parameters
ot® N i P mall)
S1 4 76 NA NA
S2 6 1732 48.6 715
S3 9 441.7 27 60.4
S4 6 108 13.6 254
S5 2 0 0 3.4
S6 4 471.5 81.3 37.7
S7 5 258.5 73.9 30.1
S8 6 313 134.4 56.0
S9 9 173.2 67 34.6
S10 2 203 159.5 28.9
S11 5 204.7 146.4 28.5
S12 4 215.7 139.1 29.0
S20 18 321.3 174.7 55.9
Average - 227.7 88.8 38.4

NA: Not Available.
@ ots that were notised (13, 14, 15 and 19) or used during themonitored period (16, 17, 18) are
not included.

® Numberof monitored days during which the reactor was fed with the corresponding lot.

3.1.2. Pretreatment with Powdered Activated Carbon (PAC) Adsorption

The fird lot of industrial pretreated wastewater (IPTO) was produced in the lab by
treating the IR with reproduction of the PAC adsorption as performed at the industrial
site. As stated in secti@5.4, the eal scale PAC adsorptiases a dosage of 7.5 g PAC/L
and 12 h contact time at room temperature. If necessary, the adsorption is repeated until
COD below 4000 mg/L and toxicity (EB) above 25%/v with Vibrio fischeri(basel on
the INEA directive DZ205.R6 (INEA, 2007) areobtained

In the kb, 20 L of IR were treateat room temperature, around®22 For this
purpose, 12 L buckets were used with a mechanical sffreatom 711Sup to 2000

rpm) providing the needed agitation, asrs@eFigure3.4.
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Figure3.41 Lab-scale system for reproducing the real scale adsorptitoypowdered

activated carbon.

Due to the 12 L capacity of the experimental setup|Rheas procssel in two
consecutive batches containing 10The 7.5 g PAC/L dosage wasgtially respected,
and the contact time was 18 h. After the consecutive batch adsorptions, the final content
of both were mixed and homogenized to compensate eventigakbdcesbeween the
consecutive batche3he whole corgnt was, then, filtered throughglass fiberfilter
(< 2 um pore sizefor PAC exclusion an@OD wasquantified b decide on thaecessity,
or not, for more adsorption batch@s caseof COD > 40@ mg/L). At the end, four PAC
adsorption steps were rurg ksted inTable3.4.

When proceedingwith more batch adsorptions, the total volume was always
divided by two, but adjustments were done to the RidSage and the contaanne,
aiming to reach more rapidly the desired COD. A sime$timation was used tjust
the PAC @sagebasedon the remaining COD to beemoved and the ratio between the
previous dosage and COD removal.
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Table3.47 CODresults and treatment conditefor each bech adsorptioron PAC.

Treated Final Initial Final PAC Contact

Stage Batch volume volume sCOD sCOD dosage time
(L) (L) (mg/L)  (mg/L)  (g/L) (h)
1 7.5 18
PAC 1 5 205 19 24000 19000 75 18
1 6 18
PAC 2 5 19 17 19000 17800 75 29
1 7.5 22
PAC 3 5 17 155 17800 13000 20 29
1 30 22
PAC 4 5 155 12 13000 6000 50 29

Even after the four RC adsorption stageswith increasing PAC dosage the
sCOD was still above the criterion of 4000 mg/L. Decisiomswnade tostop the
adsorption treatment and, insteaddtlute the final effluent taeach a COD 08500
mg/L. This was advantageous for saving resources and &nd forincreasing he
produced IPT volumeAlso, the focus of the study was the MBBR, amd the FAC
adsorption.

The proportion IPT:watewascalailated for final CODof 3500 mg/L, resulting
in 55:45ratio. A COD of 3500 mg/L was chosen instead 0D080mg/L because the latter
is a threshold conditigmarely observed in practicafter dilution, a samie was sent for
microtoxicity analysis witlVibrio fischeriwithin the pesticide formulation industrial site.
The resuliof EDso (t = 15 min) was 3484 % v/v, leing adequate to the toxicity criterion
(> 25% v/v). Therefore, both COD and toxicityere withn the criteria after PAC

adsorption and dilution.
3.1.3. MBBR SystemSetup
For studying the efficiencyfdhe moving bedbiofilm reactor on the removal of

organic matter and ammoniacal nitrogen from pesticide formulation plant wastewater, the

experimetal setupdrawn in Figure3.5 was ugd.
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Pesticide
Formulation Plant ..
P1to P3 l! AV
‘ PT Dmmmmmm . | e
1 v
>
4 PERISALTIC

1
;Zt--P-;' FEED PUMP EFFLUENT
0
AR ROTAMETER

Figure3.51 Experimental setup schematiagram P1 to P7 denote the operational
phases 1 to 7, described in sectgoh.5

The benckscale MBBR was saising a cylindrical glss eactor with 300 mL
working volume and 5.5 cm internal diameter. For working with around 50% filling
degree(as defined in sectio.3.9, the reactor waslfed with 149 K1 carriers. This
carrier is made diDPEand as detaileth Table2.11, it has 500 m2/ms3 protected specific
surface area, 9.1 mm diameter, and 7.2 mm height

Throughout the research, theBER feed was stored in 16 20 L coriainers and
under refrigeration (4 to 6°C) for preventing gdmiodegradation. The content of tleet
container was replaced once a waskaverage

During the first three phases, the feed was produced by mixing the IPT with S,
and, eventuallywith water. The latterwas for diluting the COD of the IPTodvn to
3500 mg/L (see sectio.1.2, whenever an IPT lot with COD over that was received.
Once diluted, the IPT was blended with S, wht@proportionof each (oravolume bais)
defined by theorresponding phase, to produce the ddsiraount of feedVieasurement
of the involved volumewasconducted in graduated cylinders or containers.

Mixing and aeration wererpvided by compressed air bubbled through the base
of the reator. The air wasnitially supplied by a porous stone withe flow regulated by
a rotameterSubsequentlyto improve the turbulence, the air was injectebugh a
silicon hose witha 3 mm internal diameter, fed bycampressor Jeneca AP2000ihw
flow rateof around 1.6./min.

Flexible silicore hoses were connectdo a peristaltic pumgWatson Marlow

3239, that transferred the feed from thefrigeratorto the reactor. A picture of the
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operating system is shownhkigure3.6. During theentireoperation, the reactavas kept

under room teperature, controlled between 21 to 25°C by air conditioning.

Figure3.61 The operatindab-scaleMBBR system.
3.1.4. MBBR Startup and Inoculum

During the startup, theslactor was inoculated fdéine developmenhof the biofilm
in the carriers. The inoculuoonsisted of around 20 mL of concentrated activated sludge
and 12 carriers colonized with biofilm replacing 12 empty carriers. Both dtieated
sludge and the carriers were taken from operating baceke eactors in the lab fed with
synthetic wastewat simulating domestic sewagehe MBBR in operation during the

startup may be seen kigure3.7

Figure3.77 MBBR in operation durig the startup phase.
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While the real wastewater was natvailable the MBBR was fed for
approximately 5 months with synthetic wastewater compade@.29 g glucose/L,
0.35gNaHCQJ/L, 0.105gNH«Cl/L, 0.01 gMgS@L, 0.0281 gkHPQIL,
0.0219gKH-PQy/L, and 05 mL of trace metal solution/L. The latter is described
elsewherg VISHNIAC, SANTER, B57). The theoretical COD was around 310 mg/L
(calculated as shown in sectiBd, and in accordance to the nominal range informed by
the industrysection2.5.4, which may be consided 100% biodegdable for glucose as
carbonaceous substrate. As the corresponding TAN and P concentrations were 27 and
10 mgl/L, respectively, the COD:N:P ratio was 100:9:3, more than enoughsice
adequatgrowth conditions to the bacterial communigs(explained isection2.2.7).

3.1.5. MBBR Operational Phases

For assessing the MBBR performanttes operational phases described @ble
3.5 were eecuted, ach one complementing different information regarding the
robustness of the process and its response to the variations in the influent iaimcent
and compositionln phase 4, the reactor started to be fed with the industrial raw
wastewater (istead of he pretreated one) mixed with the sanitary wastewdtee time
gaps observed between phases 3 and 4, and 5 and 6, correspond to periodsmah
monitoring of the reactor, not representativeny of thephases. This was due to issues

unrehted to tfs doctoral work.
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Table3.57 MBBR operational phases atldeir characteristics throughout tpesticide

wastewatestudy.

Phase Y Pl P2 P3 P4 P2 P& PR
beHRT (h) 3.3 3.3 6.6 6.7 6.1 6.6 6.7
bVLR (kgCOD/(m=d)) 2.9 6.2 1.7 1.6 1.4 1.8 2.5
bSLR (CODI(m2d)) 114 245 6.7 6.1 5.2 7.1 9.7

Sanitary 96 92 92 98 98 97 96

% v/v Industrial 4 8 8 2 2 3 4
(quality)  (IPT) (IPT) (IPT) (IR) (IR) (IR) (IR)
ooH In 8.0 8.3 7.6 6.9 7.9 8.2 7.7
Out 7.4 8.2 7.3 6.0 8.5 7.9 7.1
Duration Start 0 88 155 390 418 653 704
(d) End 87 154 234 417 458 703 742

apH adjustment was conducted.

b Average values for the entire experimentaagd

¢ Small ceviations from the nominal values of HRT (namely 3 and 6 h) are duadtical limitations
in the system operatiofRT was controlled by changing the rotationtleé peristaltic pump, which

corresponded to 1.67 and 0.83 mL/min for the HRB and 6 h, respectively.

Duringphase 1, theperational conditions of threovingbedbiofilm reactor were
similar tothoseof the industrial treatment plant in termsloé influent composition. The
following variables were addressedthe 3 initialphasestwo distinct hydraulic etention
times (3 and 6 h); various qualities of ihdustrial wastewater; artevo proportions of
the pretreated industrial pesticide wastmwvawithin the mixture with sanitary
wastewater.

Then, phases 4 to 7 wargendedo investigate the response of the system when
subjected to nopretreated pesticideastewaterfForthis purposeHRT was maintained
invariant até h andthe effect ofgradual increases in the proportion of IR to S on the

system performance was evaluated
3.1.6. MBBR Monitored Parameters
Assessment of the MBBR performandor treating the ticide wastewater

depends on the choice of monitored parametedsthe frequency of measuremértie

main indicators monitored were: chemical oxygen demand (tCOD, pG@B3@0OD);
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DOC; TN; TAN; pH; and suspended solids (TSS, VSS and F&$kxtensive lis and
approximateanalysisfrequencies are detailed Trable3.6.

Table3.6 17 Monitored parameter@nd theirapproximateanalysis frequencies.

Frequency 2-3times 1time 2-3times 1ltime

Y per week per week per phase per phase
1COD

& 1 TAN . 1 TAS, VAS
3] a . 1 Nitrite _
2 TN { Turbidity { Nitrate  Microscopy
S 1DOC 1TSS, VSS DO T FISH
- TpH 1 N2O ga$

1 Temperature

FISH, fluorescencin situ hybridization; TAS, total attachexblids; VAS, volatile attached solids.
a0nly until phase 3 (included).

b Exceptphase 1

¢ Phases 4 and bnly.

3.1.7. Biofilm Batch Trials for Nitrification a nd Organic Matter Removal

Batch trials were performed by operating the MBBRbatch mode during a
certain span of time after draining its content and filiingith fresh feedSamples were
taken in various predetermined instants and immediattdyed through cellulose nitrate
membranes with nominal 0.45um pore size- to interrupt microbial actity on the
substrates. sCOD and TAN analysis were doneonstruct concentrations versus time
curves and determine maximum removal rates, as detailed in sBclibnTable 3.7
summarizeshe conditionsunder which the tests wereoaducted. Temperature was
maintained similar to that of reactor continuous operatiahaihe maximum removal

rates derived from the batch trials could be compared to the apparent removal rates.
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Table3.71 Experimentatonditionsduring the tch triak.

Condition Description

Wastewatecomposition Same ashe end of each phase of continuous operz
Total duration 5hP1or7hP2to Py

Wastewater volume 0.25L (P1to P3or0.3 L (P4toPY

Sampling instants (min) 15, 30, 45, 60, 90, 120, 150, 180, 240, 300, 360, 4.
Attached solids analysis 6 carriers takemtend of the tried

Temperature Same asontinuousoperation(21+1°Q

Aeration Same agontinuous operation

At the end of ach trial, 6 carriers were taken for analyzing attached swiitis
the procedure explained in section A.10. Hence, it was possible to calculate the maximum
specific remwal rate of TAN and COD, according to tteculation procedure explained

in sectionB.11

3.2. Pulp and Paper Wastewater Research

3.2.1. Receipt and Storage of Wastewater

The industrial pulpand paper wastewater was provided by a local Swedish
industry (Sodra CeNaro, descrbed in sectior?.6.4 in periodical collectias of about
1 m3. Every wastewater sgmting was done at the entrance of the industrial BAS
treatment facility, designed to abate 30 to 50% of the sCOD. To assure consistency, each
bath was sequentially numbered and used, not being mixedtimethemaindes of
previous lots. A Wedholms Milk Gding Tank DF 183AD, with 1.25 m?3 capacity, was
used to store and refrigerate the wastewater (at 6.2 £ 2.4°C) to minimize biodegradation
upstreanthe reactional systems.

The raw material used by the industry is maisijtwood (pine or spruce trees)
for pgper and textile pulp production by means of the Kraft process, followed by ECF
bleaching with chlorine dioxide. Data regarding the individualattarization of each
wastewater lot collected at the industrial sitengl with the period that each lot wiasl
to the reactors, are shownTiable 3.8. Lots 5 and 6, in particular, had lower COD as a

result of dlution of the wastewatdn the industry.
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Table 3.8 - Average characteristics of the different wastewater lots, at the time of

collection at the industry. @nAStaeofth® and
MBBRs.
Lot tCOD sCOD TAN  PO&-P  TSS  VSS/TSS oH Start End
(mg/L)  (mg/L) (mg/L) (mg/L) (mg/L) (%) d  (d)
L1 3000 2900 0.0 1.7 82 66 68 0 57
L2 3000 2900 0.0 1.1 16 92 76 58 116
L3 3700 3600 0.0 1.4 30 87 7.2 117 168
L4 3050 3000 0.0 0.9 22 20 7.2 169 215
L5 2400 2350 0.0 5.6 18 89 7.0 216 248
L6 2100 2000 0.0 1.2 18 80 7.4 249 302
L7 3300 3250 0.0 1.6 31 90 7.4 303 337
Average 2935 2860 0.0 1.6 29 86 7.3

As seen inTable 3.8, ammoniacal nitrgen was always absent in all wastewater
lots and the P/COD was only ara@l®.06%, with exception of lot 5, for which it
amounted to 0.23%. Suspended solids content was alqates low and pH was
adequate for biological treatment. Nitrate and nitrite wabsent or negligible

(<0.1mg/L) whenever tested.

3.2.2. MBBRs Experimental Setp

Glass cylinders were utilized for setting up two beachle MBBRs, designated

as A and B, with rgpective working volumes of 0.52 and 1.58 L. Both reactors were
filled with 77 pieces of AnoxKM5 carriers (protected specific surface area of 800 m2/m3
and 25 x 3.5 mm (diameter x heightBASSIN, DEZOTTI, 2018) providing carrier
filling ratios of 45 and 15%, respeatly. Thus, reactor A had an effe@ispecific
surface area of 360 m2/m3, while for reactor B it was 120 m2/m3. The reactors had glass
jackets forthecirculation of heating water that maintainée reactional temperaie at

35.0 + 0.3C during their ente operation. Peristaltic pumps wesmployed to
continuously feed reactors A and B from a common source of wastewater, whilst an
overflow pipe kept the volume constant, as depictdtignre3.8. During the firstc days

of operation, both reactors veeinoculated twice with 60 mL of activated sludge that had

been recently collecteat theindustryand kept refrigerated (4°C) until use.
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FEED TANK PERISALTIC
EFFLUENT
AIR ROTAMETER

Figure3.8 - Experimental sefp schematidiagram (identical for ith MBBRS, out of

scale).

A picture of the operating bioreactors is showirigure 3.9, where the reactors
A and B are highlighted.

Figure3.91 Thelab-scale MBBR system experental setup, with reactors A and B
highlighted.

The bottom part of the reactors was conical with connection for compressed air
injection as mediursized bubles, providing mixingand dissolved oxygen for the
microomganisms. Mean DO concentrationghin reactors A and Bor the entire study
were 3.7 £+ 0.7 mg/L and 3.6 = 0.7 mg/L, respectively. The pH, not controlled, averaged
8.3 £ 0.1 and 8.2 + 0.2 for react0A and B, respectiye Sampling of treated effluent
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for periodical analysis was made usingyainge and silicomhose from atop the reactors,

thrice or twice a week.

3.2.3. Operational Phases

The performance of the MBBRs was assessed during 6 operational phases under
a variety @ conditions, includinghevariation of nutrients availability, for botteactors,
and HRT, for reactor B, as disposed able3.9. Also shown inTable3.9 are the average
solublevolumetric loading rate (sVLR) analsible surface loading rate (sSLRhat
were dependent on the organic matter content of the wastewater lots. The duration of
each phasera the number of monitored datesare also listed ifiable3.9. Please note
thatnis not exactly reflected in thgraphs and averages presented in the results section,
as outliers and nerepresentative spans of tnfdue to identified experimental issues)
have been excluded. The Roniformity in phases duration, particularly fohases 4 to

6, wasa consequence opecific practical and personal time issues.

Table3.91 P&P researcloperational phases and its characteristics, duration, and

numbert of analysis dates.

Phase Y P1 P2 P3 P4 P5 P6

A 4.9 4.9 4.9 4.9 4.9 4.9

HRT (h) B 1.6 1.6 1.6 3.2 4.9 4.9

(A/B) 3.07 3.05 3.07 1.53 0.99 0.98

SVLR A 14 16 10 9 11 15

(kg/(m3d)) B 43 48 32 13.8 11 15

SSLR A 116 133 88 77 95 125

(9/(m>d)) B 121 133 89 39 31 41
Nutrients Excess Plimit N limit N limit N limit Excess

P/CODn (%) 056  0.08 0.44 0.62 0.39 0.55

N/COD (%) 2.6 1.3 0.7 0.7 0.4 25
StartEnd (d) 6-90 91-222 223265 266286 287-325 326337

3 29 43 16 7 12 4

Concentrated nutriesit solutions- prepared with tap water, reagent grade
dihydrogen potassium phosphate @) and ammonium chloride (Nigl) - were
supplied by peristaltic pumps atflaw rate that provided the intended nitrogen and
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phosphorous availability for each expeemtal phase. For excess of nutrients, N/COD
and P/COD ratios in the feed were primarily planed for nominal valueS%fand 0.5%,
respectively. These are common reference values to eassuéficient amount of
nutrients for cell growth in biological peoesses, considering a wastewater
biodegradability level of 50%NVEF, 2010) When P was restrainetthe nominal ratio of
P/COD was set to approximately 0.1%, alike the nominal value used in teedidl
industrial treatment plant. For N limitation, its proportito COD was set empirically to
allow atheoreticasCOD removal between 30 and 50% in both teeacbased onthe N
utilization per unit of COD removetiom the previousphase Once set, it was kept
constant within 0.4).7% N/COD and as similar as pogdsifor both reactors.

The nutrients solubns concentrations were chosen to provideflow rates and
dilution factors to the wastewater streams, less than 0.8% for most phases. Exceptions
were phases 4 to 6 for reactordBiring whichthe dilution factoreactkeda maximum of
2.2%.

3.2.4. Monitored Parameters

The MBBR performane when treating the P&Rastewater was evaluated by
monitoring a numbeof parameters in the influent and effluent streams, and within the
reactor.Table3.10 lists all the monitored parametergth thar respectiveapproximate

frequencie®f analysis

Table3.107 Monitored parameters and thejpproximateanalysis frequencies.

2-3 times per

Frequency (Y ) 2-3times perphase  1time per phase

week
1 COD
T TSSVSS 1 TAS, VAS
% 1 TAN 1 Nitrate q Micr(’)scopy
% i -Fr,’: hat T g“mte ) (suspended and
;“_‘ T Phosphate terepm:roscopy attached biomajs
T pH (carriers) 1 DNA sequencing
9 Temperature
1 DO
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3.2.5. Kincannon-Stover Kinetic Model

Continuous operation datar@actor B was fitted to theikcannonStover kinetic
model for obtaining the maximum substrate utilization rate and the biodegradability of
the wastewatefThis modelhas beerprimarily developedor describingthe substrae
removal inrotating biological contactorander steadytate coditions based on total
biofilm surface aredKINCANNON, STOVER, 1982 apud HOSSEINY, BORGHEI,
2002) As the suspended solids might rim negligible inconcentration and activity
inside the MBBR(LIMA, DEZOTTI, et al, 2016, PICULELL, WELANDER et al,

2014) the model has been sucdelly adapted tdoe wsed in relation to the total reactor
volume insteadf area (HOSSEINY, BORGHEI, 20B). The kinetic model can be seen
in combination with the substrate steady-state mass balance in Equation(3.1).
i 22 "Y'YO) OWYS WO YEY6 § 6 G 6 O
oYY
! s 0 00 OYOAO0D
Y oYY
5 5 Y oy
oY’y ., 0
oYY

(3.1)
0]

Wherei isthevolumetric rate of substrate removal; "O'Y 'i¥ the hydraulic retentio
time; 0 is the influent substrate concentration;is the effluent substrate concentration;
O is the saturatiorconstant; and’Y is the maximum substrate removal rate.

Linearization of the modeesults inEquation (3.2).

OYY 70 OY v 7 P (3.2
O O Y o] Y
Basically, if plottingp] w 'Y "{the inverg of the volumetric removal raté¢ RR)
againstpj w 0 "tthe inverse of the volumetric loadingtea results in good linear
regression, then thé and’Y  parameters can be calculated with the slope and
interception of the obtained lineThis plot was possible for reactor &ince it was
operated at three distinct HRT, generating suffitjescattered VLR and VRR data.
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Only data from lot 6, over the cme of phases 3, 4 and 5, was used for the linear
regres®n, after outliers removal by @k 6 s Di st anc eB.l®)nasthgssi s ( s e
phases had similar N resttion.
Additionally, it can be demonstrated that the biodegradédaletion of the
wastewater feedingnaViBBR that fits tothe KincannonStover model is estiated by
the ratio™ j U , Equation(3.3), by assuming that maximum possible removal is
attaired in the limit when HRT tends to infiniBRINK, SHERIDAN, et d., 2017)

P gid . (33)

3.2.6. Batch Trials with Biomass Fractionsfor COD Removal

To examine individual maximum organic matter oxidation rate, batch trials were
perfomed with both attached and suspended biomass fractions. A batch activity test was
also performed with BioChip P carriers sampletha fullscale BAS systenmstalled at
the P&Pindustry, at theend ofoperational phase 2.

For the attached biomass fractibatch trials, a known number of carriers was
taken from the reactor, gently rinsed with tap water for removing suspendeadiared
to the carriers and placed back in a clean closed reactor. It was filled with excess nutrients
and a measured volumé foesh P&P wastewater previously subjected to filtration in a
glass fiber filter (< 2um pore size), to avoid interference frosaspendedsolids
eventually present in the feed. As for the suspended fraction batch assay, concentrated
sludge from each MBBRvas mixed with fresh filtered raw P&P wastewater, in a fixed
proportion of 1 part of concentrated sludge to 4 parts of wastewdierconcentrated
sludge was obtained by allowing the effluent that had recently been collected from the
reactors to settle fal0 min, and then removing most of the supernatant.

The reactional medium, containing whether attached or suspératadss, was
kept at about the same temperature and DO as in continuous MBBRs operation. Samples
of 6 mL were taken every 20 minutes for @assay duration of 4 7 hours, and then
analyzed for tCOD and sCOD. For the batch assays conducted with the lrigfiiaseb,
the duration was extended for more than one day until the COD stabilized, so that
comparison of the final and initial COD cent could indicate how much of the organic
matter was biodegradable by the established microbial community.
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Whilst sulstrates and oxygen are in excess, the removal rate equals the maximum
removal rate and remains constdHENZE, VAN LOOSDRECHT gt al, 2008) When
plotting concentrations against time, the slope of linear regression of initial data
represents the maximum volumetric ang matter removal rajeas detailed in section
B.11 For calculating the maximum surface and specific removal rates, corrections
regarding the sampled volume were done for every data point. For calculating the specific
maximum substrate removal rate from the suspended biomasls tvaals, the pCOD at
the start of the trial was defined as the content of suspended solids througlassaghe
Whenever necessary, the theoretical value of 1.42 g pCOD/g VSS was used to convert
pCOD to VSS(HENZE, VAN LOOSDRECHT et al, 2008)

For afair comparisorbetween apparemindmaximum removal rateshe former
were céculated with average data frooontinuous reactors operation with the same
wastewater lot and phase of the respective batch Aialemoval rates are expressed in
terms of sCOD.

When comparing maximum removal rates and apparerg farephases with
nutrient limitation, it should be considered that the batch trials were not executed with
such constraints. However, as the data from batch trials fitted properly -@rdero
reaction model, the activity is independent of the conceotrati substrates. Thefore,
the maximum activity should be the same #ogiven microbial community whether

exposed to excess or limitationradtrients
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4. PESTICIDE RESEARCHRESULTSAND DISCUSSION

This chapter presents andcusgsthe results obtained throughout the MBB
operation with the pesticide formulation wastewalaturally, for being a project that
assessd the technical viabity of substituting the secondary treatment existing in the
treatment plant at an indust site, details about the operation of thdustrial treatment
plant are frequently regarded (sectihb.4).

4.1. MBBR General Aspects

Over the course ohe MBBR @eration, several events htwk potential to alter
the tendency and interpretation of the resutgerall, the events included: changes in
sanitary wastewater lothanges in industrial pesticide wastewater lot; and operational
phaseshifts. The imeline of theMBBR operation with the events that may influence the
observed MBBR results is given Figure 4.1. In graphs presented in the upcoming
subsections of this chaptegbkelsare used to identifyphase transitions and pesticide

wastewater lot changeassisting the interpretation of the results.
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Operational Phases

P5

(418-458)

L]
P1 P4
(0-87) P2 (88-154) P3(155-234) NO DATA (235-389) (390-417) NO DATA (459-652) P6(653-703) P7(-742)
D S S S I S A

\Ur\’\ul\/:ua\lz_p_\loc(\,rc\’dE\/ar\’Te:a\/mar\,aprxlr"a,\,\Ur‘_\’\ul\/:uo\lz_pwloc(\,rc\IdE\/ar\’Te:n\/rnar\,apr_\lr“a,\,\Ur\’\ul
2017 2018

IPT2 (214-234) R (291-742)

[ I
MIX' (235-)
Pesticide Wastewater Lot
51 s3 “s5 S8 510 MIX? 516 518 synthetic 520 (653-742)
(0-24)  (40-71)  (82-94)  (122-141) (176-184) (235-290) (291-319) (355-381) (459-652) ~ dilut. 50% viv
52 54 56 59 (142-175) 517 520 (382-458)
(2543) (6385 (95-109) (320-354) ~dilut. 50% viv
— S11
57 (185-213)
(110-128)
512
(214-234)
Sanitary Wastewater Lot L MIX refers to IPT and S blend collected at the industry, instead of mixbd lab

Figure4.11 Timeline of MBBR @eration, with time range (in days) for eaqgerationaphase and wastewater lots given ingo@heses as
(startend).Dilution of pesticide or sanitary wastewater with water is also specigepercentagef IPT or S whenever applicablé. N O
DATAO c or mpaeriedpmtinmdnimial ononitorng, as explained in sectidhl.5
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The average values for theaim monitorecparametersupstream and downstream
the MBBR are given inTable4.1, for each operational phase.

Table4.17 Summary of MBBRaverage inlet and outlet monitored parameete each

operational phase

TSS VSS/TSS Turbidity

(mg/L) (%) (NTU)

in out % in out % in out % in out in out in out
P1 458 58 84 160 34 80 60 288 57 373 84 72 86 8.9 1.6
P2 838 207 74 458 122 74 39 261 36 291 100 67 93 278 130
P3 467 133 71 281 103 63 27 13 95 164 48 63 56 221 88
P4 442 160 64 309 136 55 30 148 50 82 49 72 71 57.0 19.1
P5 348 123 65 266 118 58 28 27 90 101 53 60 40 439 7.7
P6 530 223 55 388 148 66 31 7.2 77 49 39 38 590 28.2 18.1
P7 687 283 58 524 176 66 37 117 69 41 58 40 59 481 335

tCOD (mg/L) sCOD (mg/L) TAN (mg/L)

When assessingable4.1 with respect tonfluenttCOD and TAN it can be seen
that the reactor robustness has been tested throughonpelegion since the influent
condtions surpass the averagaet characterists of the industrial treatmenplant
(described in sectiol.5.4 Table2.17). For some dateshé inlet tCOD exceeded more
than twotimesthe nominal maximon (600 mg/L), whereas theverageinfluent TAN
was always more than two tinsehe nominalaverage entering th@dustrial activated
sludge plant (13 mg/L)

It is understood that the excess in comparison to the nominal operation of the
industrial treatmerfecility is due to the sampling location foiginesearch project. While
the nominal values informed by the iaskry refer to concentrations past the equalization
tank, the samples delivered to the laboratory were taken upsiféaerequalization tank.
As the tank is aerateat ambient temperatur@nd hasa long residence timéaround

10 days), biodegradatiomost likelyoccurs prior to the treatment plant.

4.1.1. Visual Observations

Before the results obtainetegresented and discussed specifically, s@ategant
visual inferences may be done when looking naked eye to the MBBRs affiuent.The
reactor for instance, had intense scum formatidhg(re 4.2) while the IPT had

inadequate dilutioridays100to 115 Figure4.1), in phase 2, due to wrongly measured
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IPT COD. During ths span of time, the industrial portion of theganicload was twice

the planned for phase

Figure4.2i7 MBBR system showing sen formation during the inadequate IPT dilution
(days100to 115 Figure4.1).

The visual inspection ofhe inlet and outlet streams help evidencing the
improvanentof theaspecprovidedby the MBBR treatmenthis is translated reduced
effluent parametersas COD, turbidity and suspended solids condestion, as seenn
Table4.1 and will befurther addressedhead. Examples of the appearance before and
after the bioreactaasre shown irFigure4.3 for some dateslhe least limpid appearance

is for thedate 27/1016 (day 115), compreheied in the inadequate IPT dilution period.
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P2, IPT1, S7, day 115

sl
? .,“ - AT

Eran/

P2, IPT1, S9, day 151

P6,IR, S20, day 681

Figure4.31 Appearance of inlet (left) and outletght) streamof theMBBR. Phase,
pesticide wastewater lot, sanitary wasaw lot, and day of operation are given in the

upper left corner of each image.

Overall, observation of the carriers showed a uniform biofilm with normal
thickness and densityyith no apparent excessiwiminess. Starting at phase 4, the
biofilm accunulated some purple colowhich was the color of the IR wastewater.
Example pictursof biofilm carrier taken via stereomicroscofsectionA.16) is shavn
in Figure4.4.

Figure4.4i1 Stereomicroscopy micrographs of the biofilm carriarghase 7.
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4.1.2. pH

Effluent pH is one Bthe parameters specified by legislation, in the techniman
INEA NT-202.R10, for the disposal of liquid effluen{dNEA, 1986) as preseted in
section2.4. The graph inFigure 4.5 evidences thafior every phasehe effluent pHis
within the upgr and lowetimits established by the norm, 9.0 and 5.0, respectively.

As introduced in sectio2.2.4.1 the gotimal pH for nitrification lies betweer?
and 85, even though it is possible with lower removal rates for lower pH values. Hence,
in phases 1, 2 and 3, the average outletyald not a hindrance tohe occurrence of
nitrification and no adjustment to alkaity was neded. Nevertheless, for some dates

during phasel and 3, the pH was between 6 and 7.
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(b)
Figure4.57 MBBR inlet andoutlet pH during phases 1 and 2 (a) and phases 3 to 7 (b).

Text balloons idetify changesn pesticide wastewater |dtlpper and lowedischarge

limits aregivenby dottedhorizontallines. Time, x-axis, is out of scale
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4.2. Organic Matter Removal

Time seris of theinlet and outletotal CODT and the respective pentage
removal- throughoutall phasess given inFigure4.6. Columns are divided to sCOD
and pCOD fractiongzven if the INEA directive states limit in terms otal COD, it is
relevant to evaluate the soluble and particulate fractionslan twr understand what kinds
of phenomena may be inducing the tCOD variance. For instance, excessive biofilm
detachment or resuspension of decanted solids would bring up the p@@8,the
soluble portion would remain stable. the graphs,ext balloonsgndicae the change of
the industrial wastewater lot used to prepare the reactor feed. Transitions from one phase
to the following are depicted as black vertical lines and idedtiith P1, P2, P3, P4, P5,
P6 and P7Average tCOD values and their starttdevigions for each phaseere

providedabove in Table4.1.
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Figure4.6 7 MBBR inlet and outlet CORnd removal percentage during phases 1 and 2
(a) and phases 3 to 7 (b). Té&alloons identify changes pesticide wastewater lofhe
dischargdimit is givenby thedottedhorizontalline. Time,x-axis, is out of scale

Throudhout phase 1, the totalGD average removal was 83.5%, with mean
effluent tCOD of 58ng/L, presentingreat variation, though always below the discharge
limit of 250 mg/L imposed by local regulatigiNEA, 2007) Meanwhile, the mewoutlet
sCOD was 34ng/L. Nevertheless, assessment of sSCOBse realistic singeat real
scale any variations in outlepCOD could prbably be managed by a solldjuid
separation unit, usually the secondary clarifier. As the purpose of tsedédexperiment
was just the evaluation of the role of the bioreartahe overall treatment, sueldevice
was not installed in the bench getlt should also be considered that the influent pCOD
proceeded almost in its totality from the sanitary wastewatsually of easy
biodegradability.

At the beginning of phase, after doubling the proportion of the pretreated
industrial wastewater (IPTrom 4% to 8% (v/v), the reactor performance remained quite

stable, although for this period the COD of the saniteastewater was particularly low.
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Along the change of the laff IPT (IPT 0 to IPT 1) there was a period that the dilution
described in sdgion 3.1.3was inadequateparticularly from days I®to 115, raising
considerably the inlet SCOD. Therefore, during this span of time, the averbgesG@D
increased significantly from 43 mg/L (IPT O, phase 2) to 201 migfL {, days 10to
115).In terms of total COD, the ¢ml limit was exceeded within this peridde to the
particulate fractionAfter correcting the dilutionthe averageutlet SCOD remained
106mg/L to the end of phase(8ays 120 to 152), while tCOD waelow the 250 mg/L
legal thresholdThe exceptionwasthe day 135, at which abnormally high pCOD is
observed as seen ifrigure4.67 likely due to accidental manual agitation of the MBBR
conent during the samiplg process, resuspending solids decanted in the corner bottom
of the reactor.

As phase started, the HRT was adjusted from 3 to Bléverthelessthe outlet
sCOD with IPT 1 didnot change (110 mg/Ldays 155 to 203 suggesting thathe
remaining COD wa not biodegraded by the existing microbial community for that
HRT/contact time with the waste stream. This means that the HRT of 3 h was enough to
achieve maximum organic matte@moval for that wastewater qualiys is confirmed by
comparing the maximurand apparent removahtes(section4.4). Theoretically, there
may be a critical HRT that would lead to a wastewhiemass contactrie high enough
for the growth and thrive of more specialized microorganiiscould further degrade
the industrial compounds. In this scenario, the easilydgatable matter could be
degraded mainly by the suspended biomass andifieg bacteria, hat are present in
higher quantity for superior HRT, if the organic loadisngs(PICULELL, WELANDER,
et al, 2014)

Finally, the averageffluent sCOD when changing industrial wastewater lot to
IPT 2 was lower, close to 74 mgfdays 218 to 233), until the end of phaseTBese
observations about the remimg sCOD show how the simple seasonal variation of the
industrial wastewater can sifjcantly change the performance of the reactor due to the
existence of different fractiong persistent organic matter.

Starting in phase 4, the industrial lot was rudjead to raw pesticide wastewater
(IR) which was fed to the reactor at growing projoors from 2 to 4% v/v. lifrigure4.7,
it can be observed that the sage outlet SCOD increases somewhat linearly for growing
fractions of influemsCOD coming from the IR. This points out to a crescent amount of

persistent sCOD in the reactor effluent concurrent to the raise in IR propaten if
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the reactor was opemaf) only at low to moderate organic loading rates (i.e., 5 to
15gCOD/(mzd)) (VAN HAANDEL, VAN DER LUBBE, 2012)

When relating the average sCOD removal with the incoming IR sCOD portion
(Figure4.7), both expressed in concentration units (mgé.lnear tendency shows that
0.65 mg/L of sCOD is depleted for each unitreament of influent IR sCOD to the
MBBR. In other words, 65% of the industrial CO® degradable by the MBBR, and
removals higher than that are only possible since the IR is mikadS, that is, most
likely, more biodegradable. One should notice thatdheferences from the series
presented irFigure4.7 are only possible because the sanitary part of the feed remained
sufficiently stable, so that changén sCOD removal and outlet SCOD can be attributed

solely to increments irR content.
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Figure4.7i Mean value of outlet sSCOD and removal of sSCOD in relation to influent IR
sCOD (phases 4 to 7).

In phags 6 and 7, the sCOD of the sanitary wastewater was particularly low due
to its degradatiorduring storage, responding for only 8% and 4%, respectively, of the
sCOD fed to the MBBR. Consequentlywasexpected that the reactor performanees
governed bythe IR biodegradability level. Indeed, the inferred 65% sCOD degradability
of the IR is vey close to the average sCOD percentage removal for phases 6Taie’ (

4.1), both 66%. Therefore, the reactwasworking at its full poéntial for that biomass
wastewater contact time and biofilm maturity. Theefaimight be a crucial factor for
determining the biodegradability of certain wastewater as the biomass might continuously

specialize in biofilms for longirmmes, especially for favily polluted industrial waste
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streams. Undefull-scale (industrial) scenar and long operation times, it may be
possible that once recalcitrant compounds could be made susceptible to biodegradation
by immobilized biomass harbor@uthe plastic media.

Phases 2 and 3 have shown that the IPT proportion can be pushed up from 4% to
8% v/v while still respecting thenorm discharge threshold of COD of 250 mgl/L,
considering efficient solids removal. Still, environmental responsibiliégda¢o be taken
into cansideration as higher proportions of industrial wastewater will mean greater
fractions of norbiodegradable pesticide compounds reaching water bodies. The same can
be said for when changing feed to raw pesticide wastewater mixturstilbuetting
effluert within the COD limit, as seen for the effluent sCOD from phases 4 tshbuld
be highlighted that pesticide substances may be harmful even in very low concentrations,
standing as micropollutants, and their further removal bgnseof tertiary treatnms
options should be strongly considefeddO, GUO, et al, 2014)

Dissolved organic carbon analysis were performed only during the initial 3 phases
of theMBBR operation. Therefre, the discussion of organic matter removal performance
is completely donén terms of COD. However, it is valuable to registee dbtained
averageratios LODMDOC, as listed inrable 4.2. SolubleCOD is used ingad of the
tCOD to eliminate the influence of the great variandpCOD inthe feed, thank® the
sanitary portion.

Table4.27 MBBR influent and effluent sCOD/DOC ratio for operational phases 1 to 3.

Phase Inlet sCOD/DOC Outlet sCOD/DOC

P1 3.8+£0.9 4+2.1

P2 3.1+£04 3.3+£26

P3 3.4+£04 29+1.2
Mean 3.4+0.7 342

Quite variable with the nature of theastewateis the CODIOC ratia The higher
the value, thgreatemight be the amourtf inorganic compounds liable to oxidation, in
the COD analysis, that is pess in the sample. Domestic sewage presents COD/TOC
rao close to 2.3, while industrial wastewaters may have values higher than 20
(DEZOTTI, 2008) As seen inTable4.2, the valuesare closer to what is expected for
wadewatersof sanitary nature, which is in accordance with the fact that the feed mixture

was92-96% v/v sewagdor the assessed phases
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4.3. Nitrogen Removal

As may be seemn section3.1.], there vas almost always considerable TAN
content in the feed of the MBBR. The mechanisms of nitrogen removal and nitrification
performance were monitored during thpecation and the resulare presented and
discussed below.

4.3.1. Removal Mechanisn and Nitrogen Species Distribution

In the feed, nitrogenvas present majorly as ammoniacal nitrogen, average
96+4%, whilst nitrate and nitritewere practically absent whenewvenalyzed The
industrid wastewater may constitute a relevant source odrecgritrogen, howeveiits
dilution with the sanitary sewage diminishes the importance of TN coming from the
industrial portionAlso accounting that the TN was not monitoreetiafinase 3 (due to
techncal issues) and that there weetevantinconsisteniesrelated to the TN results,
then the nitrogememoval will be quantitatively described in terms of total ammoniacal
nitrogen.Finally, itis possibleghatanimportant part othe organic nitrogen in the IR is
not liable to ammonification, passing ib#rrough the reactional volume.

In the MBBReffluent nitrite was present in concentrations lower than 1 mgN/L
most of the timgewhereas nitrate was measuredavelsthat indiate TAN removal by
nitrification, regardlessof quantification issueshat made it difficult to state accurate
values.The gpproximate distribution of the inorganic nitrogen species in the MBBR is
shown inFigure 4.8. Nitrate respadedon averagdor 92% of the sum of oxidized
nitrogen forms (e., nitrateand nitrite). It is qualitatively safe tassumehat the main
mechanism of ammonia removal was nitrificatibhe pesence and relative abundances
of AOB and NOB (sectiod.3.3 reinforces this statement.
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Figure4.81 Relativedistributionof inorganic fitrogen species the MBBR effluent
for various operating days. Vertical dashed lines depict phi@sestions. Time is out

of scale

Nitrogen species distribution itme liquid phase was assessed as described in
section B.5. Some of the quantitative issues observed with the nitrogen species
distribution include: i) negativerganic nitrogen when subtracting the sum of inorganic
speciesrom TN; ii) outlet TN much higher olower than the incoming TN, which could
only be justified for small or medium differences; iii) generated nitrate and nitrite
substantially greater thanghhemoved TAN, which is even more inconsistent when not
ignoring that some trogen is anabolized. Ehnefore, it was decided to only discuss the
species distribution qualitatively.

Considering 121% of the biomassas nitrogen assuming that the incoming
swspended solids were completely degraded in the MBBid that the outlet voléle
suspended solidsre the produced biomasshenassimilation of nitrogety anabolism
was calculated (as explained in sectidi). It correspondé on averageo 12% of the
removed TAN, for phases 5, 6 and 7, where themagsons could be taken more safely
as inlet suspended solids were much lower.

Free ammonia concentration the liquid phase was estimated based on the
ammonia/ammonium equiliarm (METCALF & EDDY, TCHOBANOGLOUS, et al,
2003) and it represented less than 4% of TAN most of the time for the prevailing
operational temperature and p&$ catulated byEquation(B.7), sectionB.6. Thus even

if the medium chemical composition, ionic strength and the airflow could shift the
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equilibrium towards free ammonia, it is plausiblettaenmonia volatilization had little
significance in TAN removal.

Under certar conditions, intermediate stepstbg nitrification process may lead
to N2O productionlt may be stripped off by the air stream going through the reamtor
even oxidized by éterotrophic denitrifying bacteria present in deeper zones of the
biofilm, where oxygen availability is ratherwo (BOTHE, FERGUSONEgt al., 2007)
Despite being ofittl e relevance quantitatively for the overall nitrogen balance, nitrous
oxide is a potent greenhouse gas, 300 times stronger than carbon.dtoxieleen low
amounts emitted are important to account((AMPSCHREUR, TEMMINK, et al,
2009) Therefore, by the end phases 4 and 5, the afjas was sapled and analyzed for
N20O content, resultin@, respectively423 ppb and 180 ppmitted that is, discounting

the NoO content in the atmobpric air.

4.3.2. Nitrification Performance

Thetime serie®f inlet and outlet TAl concentratiorior all experimental phases
accompanied btheir respective percentage remoak presented iRigure4.9. Black
vertical lines depict théransitions from one phase to the following and are itiedtas
P1, P2, P3, P4, P5, P6 and Pile change of the industrial wastewater lot used to prepare
the reactad feedis indicated inext balloons.Table4.1 shows theaverages of the data

presented in the graphs.
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Figure4.917 MBBR inlet and outlet TAN concentrations and removal percentage during
phases 1 and 2 (a) and phases 3 to 7T}t balloons identify changés pesticide
wastewater lot. Times- axis, sout of scale.

The timeperiod from days 25 to 60, within phasesthighlighted witranaverage
inlet TAN of approximately 80 mg/L. During that time span, the effluent wasmssiow
30 mg/L on TAN, considerably above the maximum of 5 nmigimandedy the local
technical norm INB NT-202.R10 (INEA, 1986) Neverthelessthis feeding ondition
is unlikely to happeron real scale, whre the typical TAN concentration is 13 mg/L
(section2.5.4). Right after the shift of the S lot ressilole for the high TAN content,
immediate raise imTAN removalefficiencywasnoticed.

Although the HRT increase was not relevant for the COD removal, the same
cannot be said about the TAN removal, tlegeconcurrently to the HRT raise in pha&&e
as carbe seen irrigure4.9 (b).

During phases 1 and hdeffluent TAN was most of the time higher than the
regional discharge limit of 5 mgNAINEA, 1986) TAN removal varied substantially but

had low averages of 57% and 36% in phases 1 and 2, respectively. It was particularly low
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when the sCOD was higher, from d&@to 137, averaging only 19%was in this time
span thatthe expressiveaise of the organic load fed to the MBBR, consequent to the
beginning of phase 2 anbdeincorrect dilution of IPT1 (days 16015, Figure4.1). The
reason for the low TAN removal is possibly related to the connpetitf nitrifiers with
heterotrophic organisms in the biofilm for oxygen, nutrients and space due to high
availability of organic matter and faster growth of heterotropimicrooganisms
compared to autotrophic nitrifiers. There can also be some inhibtoised by
substances present in the industrial wastewl®€L. Inhibition by ammonia may be
discarded becausa similar TAN concentratiori around 40 mg/Li was registeed
betwesn days 64 and 81 with good associated TAN rem®walblingthe HRT in phase

3 attenuated these factors and TAN removal reached almost completioon3bérage
with mean effluent TAN of 1.4ng/L. Changing the IPT1 for IPT2 during phadea8 no
impacton nitrification performance.

The feed TAN concentration was almost alwags2ore times the nominal value
informed by the industry (13 mg/lsection2.5.4. The reason for such difference is,
probably, becausi the industral treatment planthere is araerated equalization tank
with HRT in the ordeof 10 days. That is a longsidencdime and, with aeration and
environment temperature above®@0there is probabl®éiodegradatiorof pollutants in
the aeration tank itselEqualization was not necessary or replicated in thesd¢ake
system.All along phases 4 to,7the average inlet TAN concentration of 32 mg/L is
representative regardless of thegwrtion of raw industrial wastewater in the influent, as
the TAN was comingnainly from the sewage portion and it was stable through the
period.

Once tlefeed started being prepared with the IR, the average inlet pH significantly
decreased to 6.9 when cpared to the average 7.9 for phases 1 to 3 @&msequence,
the pH in thereactor went down to a mean value of 6.0 in phase 4. This is far from the
optmal range of 7 to 8.5 for nitrificatiofV AN HAANDEL, VAN DER LUBBE, 2012)
and couldexplainthe limited TAN removal over the course of phase 4, aitaverage
14.8mg/L outlet TAN. Hence, mise 5 presented the saamproximate2% proportion
of industrial raw wastewat but with adjustment of alkalinity by the addition of sodi
bicarbonate in the proportion to guarantee the equivalent ofglCRCQ/g removed
TAN (VAN HAANDEL, VAN DER LUBBE, 2012) The rase in nitrification

performance reflects the importance of that adjustnasfor phase 5 the mean removal

119



CHAPTER 4: PESTICIDE RESEARCH: RESULTS AND DISCUSSION

was 91% compared to 50% ihagse 4The average effluent TAN was 2mg/L, always
below the discharge limit.

As the IR proportion was increasedfr@ to 3% v/v in phase 6, the TAN removal
immediately dropped to 52%lowever it was consistently recovered through the days
reaching araverage of 95% in the last two operational days of phase 6, with 1.3 mg/L of
effluent TAN. Increasing the negoretrea¢d industrial load in phase 7 had again a
negative impact on nitrification,sghe average removal went down to 69% and the
effluent TAN concentration increased up to 11.7 mg/L, not showing early signs of
recovery.Because the only changed parameter frdvasp 5 to 7 is thER proportion,
possiblyit led somesubstance® inhibitory concentrations. Thisay be betteevaluated
by assessinthe relative abundance of AOB and NO®er the course of the study

4.3.3. Assessment oNitrifying Community (AOB and NOB) by FISH

Samples of biofilm taken from the reactor at the end of phaseg @¢oe fixed
for subsequent fluorescence in sitybridization (FISH), as detailed in sectidnl?.
Relative abundance percentages ddB\ and NOB in relation to the total bacterial
population were diained The average results are graphically summarizeBigure4.10.
Examples of images taken are shownhigureA.3, sectionA.17.

mAOB = NOB
35

30
25

20
1
0 I T I ] {
P2 P3 P4 P5 P6 P7

(148) (204) (408) (451) (702) (737)
Operational Phase (Day)

o O

Relative Abundance (%)

ol

Figure4.107 Relative abundance of AOB and NQGBrelation tothetotal bacterial

communityatthe end of phases 2 to &determined by FISH analysis
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In all operational phases, AOB&NOB were detected withgreater abundance
of the former in relation to tHatter, by a factor of 2.6 to 18 times. As discussed in section
2.2.4.1 NOB are slowegrowing organisms in comparison to AO&speciallyat higher
temperatures, besides having much lower cell (€BADY, DAIGGER, et al, 2011,
MULDER, 2014). Therefore, it is plausible that AOB were always more abantian
NOB. Also, it helps clarifying the fact that no statistically significant difference is
observed for NOB abundance from phase to phase.

By comparing phase 2 with phase 0B relative abundance increased from
around 8% to 26%. This result is castsnt with the previously discussed results that
showed the enhance of nitrification performance concurrently to the HRT raise.
Nevertheless, when moving to phase 4, the AOB conityndiminished significantly to
11.4%. Two distinct effects are likely respble for that: (i) the change to the raw
industrial wastewater whose components could exert some inhibitory effect on
ammonium oxidizers, (ii) and the insufficient alkalingt This las effect (ii) is reinforced
with the transition to phase 5, as tpportion of AOB increased to 21.2% when
alkalinity in the feed started to be adjusted. Then, the abundance of AOB decreased
stepwise to 16.4 and 13.5% in phases 6 and 7, risggcSince for phases 5 to 7 the
only change was the proportion of IR, wtonstant incoming TAN concentration, the
possibility of inhibitory effect over AOB is supportefihe comparisons made in this
paragraph are supported by ANOVA statistics wit§o98onfidene, and 90% when
comparing phases 5 and 7.

Meanwhile, despite theatk of statistical significance of the difference in the
relative abundance of NOB from phases 5 to Se@mgslear that the inhibitory effect on
AOB was not observed on NOB. #ome remdmable inhibition affected the NOB
population, nitrite accumulatiorould be an outcome, but it was not observed duhieg
reactor operationHgure 4.8). A study with DO substances of industrial relevance
revealed thathe AOB are more prone to inhibition by organics than NGRADY,
DAIGGER, et al, 2011, HOCKENBURY, GRADY, 1977)

It is remarkablethat even in th@resenceof a complex industrial matrixhe
nitrifiers always represented more than 10% of the microbial community.true,
however, that organic load did not pose as an impediment for most of the MBBR
operation, astiwas, most of the time, low to moderate (5 to 10 gifin3(VAN
HAANDEL, VAN DER LUBBE, 2012), or even low (< 5 g/(md)), if considering the
limited biodegradabitly.
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The maximum nitrifying activity obtained in the batch trials, presented below,
may give support tdie statements made regarding the inhibitory effect on AOB resulting

from the increment of IR concentration.

4.4. Biofilm Batch Trials

The arves of sSCOD ancentration over time for the batch trials perforna¢the
end of each operational phasee contained irFigure 4.11, as well as the TAN
concentratiorcurves.Data points that were used for linear regression and calculation of
themaximum removal rates hared outlinesBatch trialsvereperformed under pseudo
stationary conditions at the end of each operational phaspecified in sectidhl.7.
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Figure4.11- sCOD (black circles) and TAN (white triangles) over time for batch trials,
from phases 1 to 7 (P1 to P7). The data points with red outline were used taealcula

the maximum removal rates.
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For phases 1, 2, 3 and the maximum sCOD reoval seemed tde attained
within the duration of the batch trial, reachisgmewhatstable final sCOD that were
comparablewith averageeffluent sCOD from continuous operatiahthe end of each
respective phee.Despite not reaching a final stable leeélsCOD, the removal during
batch trial for phase 5 was also close the continuous operation refFamvahase 1, when
the industrial load was lower, tmeaximumremoval was achied between 1 and 1.5 h
duratian; on phase 2, it took between 45 min to 2mphase 3, between 3 and Aamd
on phase 6, somewhere between 4 anisfibeded to get to sCOD final level. As in the
4 phases the time required for maximum removal was b#ewcontinuous operation
HRT, it is expected thataisesn HRT would not etend the removal of organic matter.

Final sCOD values were around 10 mg/L in the batch trial of phase 1, and close
to 100 mg/L for batch trials of phase 2 and 3. Vst difference demonstrates the
increase of the nehiodegradable organic matter fracti@omparing the IPT lot
(collected in the industrial sit¢o the IPD lot (produced in the 13b If the recalcitrant
fraction was of equal magnitude, then 20 mg/L sCQibdld be &pected after maximum
removal in batch trials of phases 2 andt Belpsto show how seasonal variations of the
pesticides formulation may significantly change the-hmuegradable fraction.

In thefirst 5 batch trials, maximum TAN removal wa$tained vithin the test
duration, reaching a considerably stable level. In phasedgktbetween 1.5 t@ h to
achieve final TAN concentration; in phase 2, necessary time was between 4 &b h;
3 to 4 hin phase 3from 4 to 5 h in phase 4nd fran 3 to 4h in phase 5As in phasel,

3, 4 and 3he required time to get to the nimim TAN content was lower than the HRT,

it may be inferred that increases in HRT would not provide wider TAN removal.
However, for phase 2 time for maximum nitrificatiovas highe than the HRT.
Therefore, it was expected that bringing up the HRT, whettlswg to phase 3, would
improve the nitrification efficiengywhich was confirmed as discussed in secid?2

Final concentrations re&ed in the trials for phases 3, 4 and 5are compatible
with the effluent AN quantified for dates next to realization of the batch trials. With
regards to phase 2, the TAN concentration at 3 h of the batch reouwsval that was
theHRT for that phaseis consistent with the outlet TAN registered for the last dates of
phase 2

The linear regressions done for the -pedlined data points of eadthataset

confirm thezeroorder kinetics regardintpe removal o§COD and TANwith correation
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(R?) over 095 in all casesTable4.3 presentghe calculatedmaximum specific removal
rates as detailed in sectioB.11, andthebiofilm quantificatiors that followed thdatch
trials atthe end of each operatial phase. The TAS was expressed in’dut also in g/L

for bettercomparisa with the TSS resultd-or each phasd&,able 4.3 also shows the
average apparent specific removal (gectionB.11) from operational days during which
the reactor feed had the same composition asigiea for each respective batch trial. The
restraint to those days allowadmore accurate comparison with the maximum specific
removal rates results. Total suspended solidsesdrations from those dates were also
used for calculating the fraction of spended solids within the total (suspended and
attached) biomasssdiry.

Table4.3 - Biofilm quantification, fraction of suspendeolids in the MBBRQy ),

apparent specific removal rates and maximum specific removal rates for each phase.

hase TAS  TAS %r TSS l i Specific Removal Rate
QL) (g/m?) r(]%)r (mg/l) WA (mgsCOD/gvsh) (mg TAN/gVSh)

Max® App.t Max®  Appd

P1 4.5 178 85 50 1.1% 20.3 8.9 2.2 1.9
P2 14 5.6 96 80 5.3%  188.3 46.4 3.7 4.1
P3 2.3 9.2 86 54 2.3% ?;2 16.3 4.9 2.0
P4 2.6 9.9 96 49 1.9% 17.0 10.5 15 0.9
PS5 4.3 16.3 77 53 1.2% 8.0 6.1 2.1 13
P6 6.9 271 88 39 0.6% 10.1 5.6 0.6 0.7
P7 5.3 20.8 89 58 1.1% 38.1 10.9 15 1.0

a Average for the days with the same feed as that used for the respective batch trial.

b Calculated by the ratio of TSS to the sum of TAS and TSS.

¢VS equals VAS, as in the batch trialslpattached solids werpresent (sectioB.1.7).

4VS equals VAS plus VSS, as this rate is related to continuous operation (presence of both biomass
fractions).

The volatile attached solids concentration falls in betweenh@reathe typical
rangeof a conventional activated sludge system, 1.5 to 5.0 g V&N SPERLING,
2007c) offering equal or higher capacity in much lower volume with higher sludge age
due tosolids immobilizationn the plastic media. Also, the TAS values are compatible
with the typical range reported for MBBRs, i.ei, & g/L (VAN HAANDEL, VAN DER
LUBBE, 2012)
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On the other hand, the suspended solids in the reactor accaumsacgragefor
only 1.9% ofthe total biomass, wita maximum of 5.3% in phase 3. These results are
similar to those found in other studies where MBBR systems were used as biological
treatment stage for industrial wastewdB@ACHMANN PINTO, MIGUEL DE SOUZA,
et al, 2018, BASSIN, RACHIDet al, 2017, CAO, FONTOURAet al, 2016) The low
contribution of the suspended sludge to the total solids in the reagibes that the
appaent specific removal rate is mainly attributénl the attached solids activity.
Therefore, the comparison between the apparent specific removal rate and the maximum
specific removal rate is fair. It should be noticed that this da¢snmean that the
suspeded biomass had a low specific removal ratdatt, it could be even higher than
the biofilm specific removal rate because the planktonic solids are not exposed to oxygen
and substrates diffusion limitations.

Neither the change fro IPT to IR, from phas8 to 4, nor the increase in the IR
proportionfrom phases 4 to 7, showed to cause biofilm detachment, &s/tlaeemained
low and quite stable. Thus, it is possible to infer that the reduction in nitrification
performance was notlue to biofilm loss, bt likely attributed to some industrial
wastevater components, which were present in higher concentrations when the
proportion of either IPT or IR was increased. In fact, VAS reached levels much higher
than in phase 3, where the bgstformance in nitritation was achieved, reaffirming that
reductians in nitrification performance were not due to biofilm losses.

When assessing the amount of volatile attached solids within the total attached
solids, it is noticeable that, except fdrgse 5, it was characigtic of sludges wittalow
accumulation ofnorganic material, exhibiting VAS/TAS ratio within 85% to 9Q0¥AN
HAANDEL, VAN DER LUBBE, 2012) This does not mean that the influent stream is
free or low in inorganic solids but implies that thigtalate inert materiawas not
accumulating in the biofilm. Such sérvation is relevant as it shows the biofilm does not
tend to lose its capacitf metabolizing pollutants due to inert material accumulation.

Regarding the sCOD, for all experimentabpls, the maximum spéciremoval
rate exceeded 1.8 to 12.5 times tlte observed during normal operational conditions.
This is expected as the otar is designed to provide nitrificatiorequiring higher HRT
andresultingin lower organic loading rasthan if only COD abment was desire@he
HRT is, thus, designetb guarantee the ammoniacal nitrogen removal, significantly

overcoming the needecontact time for biodegradable organic matter metabolization.
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In the batch trial of phase 3, two cong@ailinear trends werebserved, allowing
two different sCODmaximumremoval rates to be calculated, as seé¢fgnre4.11. This
is probably due to the depletion of the most easily biodegradable subsicateatthe
beginnirg of the batch test, &ling to a shift in the removal rate to a lowalue as the
experiment progressed. However, it is unclear why the same trend was not observed for
other batch trials.

Maximum TAN specific removal rates were much closg¢ht appardrones than
what is obsrved for the COD removal rates, with a maximdifference of 2.2 times in
phase 3. It makes sense that the highest ratio betlveemaximum and apparent rates
was found in those particular experimental conditionst &ad the gratest nitrifying
perfomance, as displayed irable4.1 andFigure4.9b. In the other phases, thpparent
rate was nearer to the maximum removal rate, meaning that the reactor was operating
closer to the @ge of its nitrificatian capacity.

It is important to consider thaturing the batch trials, the biofilm wagposed to
higher industrial load in comparison to regular operation. Therefore, substances that can
possibly inhibit the metabolism of some miorganisms were preserih greater
concentrations. In factvhen obsering Figure4.11, it is seen thahe batchassaysarried
out in phases 6 andhaddelayed start of AN removaland reached final concentrations
(24.5 and 34..:g/L) much higher thathe effluent averages dog continuous operain
for such phases (7.2 and 11.7 mg/kupposition is made that the nitrification began only
after the heterotrophic community depleted some inhibiting compoundswter
concentrations

Both sCOD and TAN mamum removal rates werbwer for batch trials
performed with IR (P4 to P7) than those obtained with IPT (P1 to P3). This suggests that
the pretreatment of the pesticide wastewater, and the consequent decrease of the industrial
organc load, isindeedbenédicial for the biologic activity in pesticig-containing
wastewater scenario. Nevertheless, the absence of pretreatment did not lead to substantial
changes in the biofilm qualityr terms of eukaryotic communitas seen isection4.6,
further below

The information abduthe maximum removal radés useful to design the reactor
HRT, so it is high enough to allow complete nitrification extent. lgietle real apparent
rate is lower than the maximumpee the operation mayebsubject to evesathat will
need nitrificaton to be pushed further will reduce the nitrification rate of the nitrifying

community. Such events may include variations of temperature, pH, dissolved oxygen,
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carbonaceous or nitrogated loads, etc. Althugh, an excessively higher real apparent

rateindicates underutilizatioof the system capacity.

4.5. Suspended Solids Assessment

In Figure4.12, the trends in influent and effluent totablatile and fixed solids
may be evalated for each operational pha3ée percentage of TSS removal and the
ratio VSS/TSS in the outcoming stream of the MBBR also shownSummary of
average influent and effluent TSS and VSS/TSS for epehationalphase $ given in
Table4.1.
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As previously evidenced by the pCOD serieg(re4.6), the high variability in
influent total suspendesblids in the feed, mialy during phases 1 and 2, reinforce the
assumption that the solids were accumulating in the feed container due tacthef
agitationand constant changes of sanitary wastewatetatting at phase 4, lower and
more stablénlet TSSconcentrationsvere due to constant utilization of the samstsay
wastewater lot (S20yvhichwas low in solidsRegarding the efflent TSS concentration,
rare events may havaused higheralues These events may beonsequencef organic
shack loads,or samplingmistakesthat could for instance, resuspéfiomasssettledin
the bottom corners of the reactor or eadstachment obiofilm.

The hghest inlet solids concentrations were observedphases 1 and, 2n
average73 and 291 mg/L, spectivelyIn those caes, when effluent TSS concentration
is analyed with respect to the incoming solids, it is seen that the microbiabdam
was able to hydrolyze most of the particulate matter so that a low effluent TSS was
noticed, averaging 8¢phase 1) and 100 mg{lphase 2). If the COD is assessed for these
phases Figure4.6 (@), days 120 to 148), it is seen that the outlet sSCOD was mostly not
varying withinlet pCOD fluctuations, indicating that the solids that ezdethe system
were notonly converted to solublforms but also degilad. The HRT hasan essential
role inthis, since the particles need to have enooghtacttime in the reactor for them
to be converted o soluble matteandthen metabolied.

From phae 3 onwards, efflueriiSSneversurpased 90 ng/L, and the average
was only between 39 and 58 mgAs a referencethe mean TSS content was 68 mg/L
during the wholeperation whilst pure MBBR systems treating municipal sewage tend
to have effluent TSSni the range 150 to 25&g/L (VAN HAAND EL, VAN DER
LUBBE, 2012) Thus the MBBR wascapable of resisting and dealing well with the
oscillating incoming solids load, always producamgeffluent withquite low suspended
solids content.

One important parametergsented irFigure 4.12 is the percenge of volatile
suspended solids, in relation to the total suspended sdlidis. ratio helpsin
understanding the nature dfet solids ¢aving the MBBR. Volatile solids are generally
asseiated with organic maer, whether as biomass or organic solids thant inert
through the retention time in the reactor. On the other hand, the fixed suspended solids
indicate an inorganic &ction, mostly inert to the action of the microorganisms.

In the feed thergvasagreat variation of the VSS/TSS ratio, with vasues low as

20% and as high as 100%, averaging around 70%. Despite this instability, it is clear that
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a substantial part ohie incoming solids is organic, most likely liable to biodegtiah,

as the solids eae majorly from the sanitary wastewater. Ugyalvhen the influent
volatile fraction was low, so it was the concentration of total suspended Jdielgreat
variation d the VSS/TSS ratio isertainly related to the constant chasgn S lot, as
those pesented great inconstantyeven tothe nakedeyei regardingthe particulate
matter, both in quality and in quantity.

During the entire study, the average VSS propoiritiorelation to the incoming
and effluent total suspended sislicorresponded to 62&nd 70%, respectively. As the
fixed solids fration remaired high in the MBBR effluent, it suggests that the inorganic
portion ofthe solids,incapable of producingPS was not attaching to the biofilm but
stayingin the suspendecdpseln fact, the biolm persisted witragreat percentage ratio
of VAS/TAS, as sen in sectiod.4.

The lowest proportions obutcoming VSS were registered during phase 3
(average 56%), when the bioreactor was well adaptéldet@perational caitions. In
that case, there is less biomass datgent and,hen, reduction of the effluent TSS
concentration, that gets richer in fixed solids remainders from the feed. Moreover, the
greater HRT compared to the previous phases fabardiodegradationfdooth the
incoming VSS and the sloughed off biof. So, the higher HRT justifies the lower
VSS/TSS in phase 3. It is highlighted that the higher HRT could lead to superior TSS
content if the load was higher, which would fatloe activity of planktonic slids.

Even though the TSS leaving the reactoisviaw, even for the most severe
operational conditions, it is advisable that the MBBR installation by the industry is
followed by solids separation stage, such as a secondary sEtileris because the
industrial operation is carried for longémes andnore extraordinary events that involve
biofilm excess detachment may happEnerefore, a step for solids retention is essential

in order to preventhedisposal of excessive TSS and AT the receiving \ate body.
4.6. Biofilm Microscopy
At the end ofeat phase,except phase Inicroscopy was used to observe the
microfaunaestablished in the biofilm and tlggualitativeabundances of some groups of

microorganismsMicrographs of the endf @achphase are contaed inFigure4.13, with

indications of the identified organism§he selected pairs of micrographs, for each

130



CHAPTER 4: PESTICIDE RESEARCH: RESULTS AND DISCUSSION

experimental phase, cam lsonsidered as good representatives of the overallvaokser
biofilm quality.

By the end of each phase, protozoa and micraroatawere spotted in
considerable quantitiethrough microscopical observationsSidure 4.13). The images
attestto good stratification of the miofauna, with observatis of nematodes, rotifers,
fixed and freeswimming ciliates and amoebaeThe slow-growing oganismsare
characteristic of mature, lowaded, biofilms [Figure2.13)

Abundance of rotifersrasnoticed, which elates to high sludgeya and low load.
This kind of microorganisms common in biofilm reactors. Rotifers, as well and
nematodes and ciliates, are bacteria predators, contributing to the clarification of the
wastewateras confirmed by previously presediteesults for pCOD, TS&nd turbidity.

Even at the higheshdustrialwastewater concentration, in phase 7, rotifers and
ciliates were still present. As the eukaryotic community is susceptible to toxic effects, the
relative steadiness of the microfaunaitades stable and tokdsle toxicity of the
wastewater(PAPADIMITRIOU, PALASKA, et al, 2007) This might suggest that
higher trophic levels found in receiving water bodies might be unaffected as well by the
persistent substances. This is important and is a requirement of the local environmental
legislation (NOP-INEA-008, see section 2.4).

Eventual observations of the suspendedgérevealed similar characteristics to
the biofim andalow amount of frediving bacteria, which is consistent with the high
presence of micranimalsand protozoaand overall low turbidity of the MBBR effluent.
Additionally, there was no relevantdiherious bacteria development, which, along the
good biomas density and size, is an indication of good sludge settleal@BWR$SIN,
DEZOTTI, 2008, MARA, HORN, 2003) As the reactor was exposed to the raw
pesticideproducing industry wastewater, the biofilm accumulated the purple color

characteristic of the IR lot.
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-

Figure4.131 Micrographs takeatthe end of phases 2 towith magnificatiors of 100
or 400x Letters indicateidentified organisms(a) Rotifera; (b) Nematoda; (c)
Ciliophora Epistylissp); (d) shelled anoebae (e) flagellate (f) Ciliophora {orticella
sp); (g) Ciliophora Yellow color refesto uncertain identification
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5. P&P RESEARCH RESULTS AND DISCUSSION

The content of this chapter is dedicated to present and discuss the results from the
opemtion of theparallel MBBRs employed to evaluate the treatment of P&P wastewater.
Considering thateal wastewaterwas fed to the systems, information regarding its
characteristics and the industrial treatment process currently employed at the P&P
industry werefirstly presented in sectier8.2.1and2.6.4 respectively

5.1. General Aspects

The timeline of the MBBRs operation can be seehigure5.1, where he ime
span of each operational phase and the utilization of each wastewater ie¢ns g
Remarkable periods of time with potential effect on the results are also shown, being
descrbed inTable5.1.

Operational Phases

P1(6-31) P4 (266-286) P& (-337)
| | -
Startup (0-5) P2 (91-222) P3 (223-265) P5 (287-325)
8 . [
oct nov dec jan feb mar apr may jun jul ZUE sep ot

2019

Y N | Y N | G Y D | AN T 7
L1 (0-57) L2 (58-116) L3(117-168) L4 (169-215) L6 (249-302) L7 (-337)
|
L5 (216-248)
P&P Wastewater Lot
151 3 2 2 5 4 5.2
L2 1.4 2.2 2.4 5.1

Remarks

Figure5.11 Timeline of the MBBRs operation, with duratiatme of each phase and

wastewater lot sgxified, indays, as (starend). Remarks are describedliable5.1.
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Table5.17 Remarkable time spansroughout MBBRs operation with potentiadpact

on results interpretation.

Label® Lot (Start-End) Description

(07 25) Before dosing nutrients directly to the reactors (dosage was dor

1.1 L1 . . :
feed containerkeptinside fridges.
(07 40)Before the feed was transferred to a 1 m3 abtdek, instead of

1.2 L1 being kept in individual loveapacity containers. Reactors were fed direct
from the tank using peristaltic pumps.

13 L1 (487 57)Feed ank contenshaved signs of degradation.

14 L2 (6371 75) Mechanical mixing of thieedtank waskept on as a strategy to

' obtain homogenous temperature and prevent degradation.

(1067 112) Intermediary tank was placed betweerf¢leeltank and

21 L2 reactors, wittoverflow back to thefeedtank. Feed showed signs of
degradation.

59 L2 (1137 116)Flow reduction (and nutrients) by half to make remaining L2

' until L3 was available. Feed has further degraded.

23 L4 (19671 201) Nutrients solution wasismade

24 L4 (2037 208)Feed ank content froze, concentrating COD.

25 L4 (2117 215) Altered wastewater after thawing (much lower COD).

3.1 L5 (24071 248)Feed ank content froze, concentrating COD.

4.1 L6 (2811 286)Feed ank content showed signs of dadaton.

51 L6 (28771 295)Feed ank content showed signsaégradation.

5.2 L6 (29871 302)Feed ank content showed further signs of degradation.

4phase.remarknumber

Overall, tie biofilm developed on the carriers surface badmingly adequate

thicknes, asmay be seen in selected micrographs taken under the stereomicroscope

shownin Figure5.2.
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P1 (day 43)

P2 (day 222) .

P4 (day280)

Figure5.21 Stereomicroscopy of the carriersiin reactors A (left) and B (right).
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The thickness of the biofilm was overall loweath800um, without clogging
issues, except for phase 6. As may be observéigure5.2, some of the voids in the
cariiers from reactors A and Beaen completely occupied by the biofilnThe same
micrographs taken with maximum bdigit intensity, Figure 5.3, show that there ia
densebiofilm almost blocking some of the carrier sectoim addition to the fact that
thereis no complete blockage of the carriers, the low height of the K5 carrier model helps

reducing the extent of diffusional problems.

\ N 6 (day 337) |
90 <
€ m

Figure5.31 Stereomlcroscopy of carriers from reactor A (left) andight) with

maximum backlight intensity.

The photo of thearrierof reactor B in phse 3 was taken less than 2 weeks after
a major operationakvent: the freezing of the feed storage tank that resulted in
concentrated COD entering the reactors (event Bable 5.1). Since reactor B had
threefold higher VLRn this phase, the peakganicload provoked by the event resulted
in biofilm darkening and great detachment, and foaming, as shoWigure 5.4. The
event was followed by rapid biofilm detachment and regeneration. Some cloggkkleash
voids persisted longer in the carriers before detach(®amire5.2), while the normal

looking voids are from after the biofilm loss.
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e ——

Figure5.471 (a) Darkeningand lossofrdamr B&és bi of i | mten day
freezing event in the feed tank.

The performance of reactor B was rapidly recovered after that andiathebing
eventsFor bah reactors A and B, the influent and effluent average characteristics for a
variety of parameters at each operating phase, along with their removal perséntagre
applicable), are summarized Table 5.2. As mentioned in sectin3.2.2 the pHin
reactors A and Bvas on averag8.3 + Q1 and 8.2 + 2, respectivelyfor the whole

operation.
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Table5.27 Summary of MBBR influent and effluent monitored paedems on each

operational phase.

Operational phase

Parameter

P1 P2 P3 P4 P5 P6
in 2948 3203 2130 1891 2325 3046
A out 2130 2572 1610 1409 1734 2197

tCOD A -% 27.8 19.5 25.4 23.2 24.6 27.9
B out 2462 2855 1712 1483 1559 2051

B -% 17.1 11.8 20.3 21.7 32.1 32.7
in 2870 3189 2099 1854 2297 2982
A out 1492 2183 1253 1133 1434 1557

sCOD A -% 48.0 32.0 40.2 38.8 37.5 47.8
B out 1946 2551 1422 1117 1293 1467

B -% 32.3 19.7 325 39.7 442 50.8

SSRR A 56.4 41.6 35.3 29.7 35.8 59.6
B 39.3 25.7 28.7 15.3 13.6 20.8

A 6.7 4.9 4.2 3.5 4.2 7.0

SVRR B 14.1 9.2 10.3 55 4.9 7.4
in 41.1 30.6 20.8 8.5 14.6 41.9

TSS A out 533.7 372.1 346.6 239.0 238.6 566.6
B out 394.8 191.3 228.6 335.8 252.6 492.8

in 85.7 86.6 79.6 90.0 89.2 80.9

VSS/TSS A out 88.7 93.8 90.2 85.7 94.3 88.1
B out 82.1 92.6 92.5 88.8 90.5 88.6

Ain 17.1 2.5 8.1 12.2 12.5 17.0

PQS-P Bin 17.4 2.6 8.2 11.9 12.6 16.7
A out 8.7 0.0 4.5 9.5 9.3 8.2

B out 6.9 0.1 5.0 9.2 9.5 9.4

Ain 82.2 41.5 15.9 14.3 14.5 7.7

TAN Bin 80.0 42.3 15.9 14.0 14.6 76.3
A out 17.5 7.3 0.0 0.0 0.0 17.2

B out 22.3 14.7 0.0 0.0 0.0 18.8

Detailed results and discussion with regards to COD removal, solids production,

nutrients utilization and batch activity tests are detailed in subseaetons.

5.2. COD Removal

Knowing that the reactorsd pCe¥dand s very
that the exiting solids from the MBBR would be consumed in an AS step of a BAS

system, the discussion about organic matter removal will be focused sotalys@OD
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fraction. Forboth reactors, the inlet and outlet SCOD levels over the cafirffe six

operational phases are shownFigure 5.5, which also displays the sCOD removal

percentages.
==9==- sCODin =—r— sCOD out (A) e} sCOD out (B)
4250
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Figure5.571 Inlet and outlet sSCOD for both reactors and their respectividse@Moval
percentages during the whole operation. Changes of pulp & paper wastewater lot and
transition between operating phases are identified by text ballad vertial dashed

lines, respectively.

Average sCOD removal during phases 1 to 6 for redctoere 48+3, 3217, 40£2,
3942, 38+2 and 48+3 %; while for reactor B they corresponded to 32+4, 19+4, 32+3,
40+2, 44+2, and 5113 %. It can be seen that yghttse 3, wike reactor A had 3 times
higher HRT than reactor B (and 1/3 VLR), the sCOD removidaxtor A was on average
1.5 times higher, regardlesstbt excess or limitation of nutrients. As in this period the
reactors had the same total area fofilanogrowth andcorresponding SLR, the difference
in sCOD removal is attributed to the distinct HRnd so the VLR) and, most likely, the
role of the suspended biomass (as will be further discussed).
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Looking at phases 5 and 6vhen the VLR is the samerfboth reaarsand SLR
is 3 times lower in reactor Bit seems that, at 4.9 h HRT, there is nmogwrtional
advantage in having a 3 times higher filling degree (and reactor specific surface area).
While N was limited (phase 5), sCOD abatement in redtsrjust sightly better than
in reactor A (1.18+0.07 times) (F =57, p < 0.001). With nutrisnexcess (phase 6), no
statistically significant difference (¥ 1.81, p = 0.22) was found when comparing sCOD
reduction from reactors A and B, although tluenber of d&a ints was low, potentially
hindering the statistichis lack of difference wasug to both reactors reaching maximal
removal of the biodegradable sCOD, as will be confirmed ahead

For restricted nutrients availability, there should exist an interme#®iRT for
reactor B (lower than that of reactor A) where the performances of ttdBB&s match.

That was indeed observed during phase 4, when the outlet concentrations wereeery alik
(1133+19 and 1117+33 mg/L foeactors A and B, respectively), shoginostatistically
relevant difference in sCOD removal percentage (F = 0.55, p =. 0O4ig) condition
shows that, when in limitation of nitrogen, a threefold higher filling degreel quarimit

a 33% lower reactional volume without compromising the remav&COD, resulting in

a more compact MBBR or BAS solution.

During phase 6, the nutnés were again dosed in excess to assess how biofilm
maturity may affect the performance of theateas, assuming all other conditions are
identical (inlet COD was quiteimilar in phase 1 and 6, and there were no changes in the
raw material and pulpingha bleaching processes at the industry between the two phases).
By assessing the data of phasesd @&for reactor A, there was no statistically significant
difference egading organic matter removal &0.016, p=0.90). Hence, shifts in
biofilm commurity over time(as discussed in secti@n6) did not result in observable
cgpacity change to assimilate otherwise recalcitrant COD fractions.eAsal for the
bioreactors was taken at the letggm operating industrial BAS, it possible that biofilm
maturation in the lalscale MBBRs had minor weight.

The data of reactor Bwhile fed with lot 6, from phases 3 to Was fitted to the
KincannonStover kinetic model (sectio.2.5. Below, Figure5.6 displays the resulting
plot and linear regression, from which maximum substrate remoate and

biodegradability could be defined.
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Figure5.6 - Plot of data from reactor B according to theehrized Kincannoistover
model (n = 20) (see secti@2.5.

The constant upstream sCOD deterioration of the untreated lot 6 (that may be seen
in Figure5.5, sCODy) could result in poor adequation to the &annonStover model
due to continuous change of the maximum substrate consumptioNea&ztheless, the
correlation coefficient (R?) was higher than 0.99, showing &t to the model. The
maximum substrate removal raty( and the satutin constant {§ ) were,
respectively, 30.6 and 60.8 kg/(mf It means that the estineat biodegradability
(Y j O ) was 50.3%, which is coherent to what was obtained for lots 7 and 1 during
batch trials (46%see sectio®.5, ahead), and also to what have been reported for P&P
wastewaters in some previous studies {4 (BAEZA, JARPA, et al, 2016, BRINK,
SHERIDAN, et al, 2018, OLIVEIRA, 2014). Assuming that the biodegradability did
not change significantly tlmughout the study given the constancy of raw material and
industrial process, it is seen that reactor A, in phases 1 and 6, and reactor B, in phase 6,
have achieved maximum removal of sSCOD-g18%6). As commented in secti@i2.],
the lower initid COD of lot 6 wasa result of dilution, which does not affect its
biodegradability ratio.
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Finally, comparison of the average sVRR of reactor B during phases 3, 4 and 5
(10.3, 5.5 and 4.9 kg/(ntd, respectivelyTable S1) with'Y ~ (30.6 kg/(m?d)) stows
that reactor B was not overloaded, because it was working with apparent removal rates
far below its maximum capacity. In practice, this means that reactor B would not lose
performance for higher pollutasbncentrations, idregardd the possibility thiacertain
compounds could reach inhibitory levels, such as previously observed for phenol
(BRINK, SHERIDAN, et al, 2017) Consequently, in the studied scenariosHR& role
is rele\ant as idirectly affects thavastewatebiosolids contact time and the suspended
mass concentration and activity but is not associated with overload at lower values of this
parameter.

The results demonstrate how important it is to weighumetric and sdace
properties of an MBBR,ather than simply projecting its performance based on biofilm
activity. Certainly, aspects related to the operation of the AS stage in the BAS
configuration need to be taken into consideration, such as theRviBuent solids

concentation and biomass qliy.

5.3. Solids Production

Overall, the average solids yield per phase for both MBBRs ranged from 0.25 to
0.47 g TSS/g sCOD removed, as seeifable5.3. Reduced solids yield is one of the
main features othe nutrentlimited BAS configuration, as reassured when assessing
previously reported values, spanning from 0.07 to 0.20 g TSS/g sCOD removed
(MALMQVIST, WELANDER, et al, 2007, REVILLA, GALAN, et al, 2018a,
WELANDER, OLSSON,et al, 2002) Pure AS system of a fuficale plant had a
reduction from 0.28 to 0.15 g TSS/g sCOD removed past the implementation of the
MBBR pretreatmentSOINTIO, RANKIN, et al, 2006) Yet, another study presented the
average Yield of pure fubcale MBBR system compared to BAS fsdlale applications,
with a substantial difference from 0.75 to 6.20 g TSS/g sCOD removed, respectively
(REVILLA, GALAN, et al, 2018a).

When comparing the solids yield between both reactors, no statistically relevant
disparity is observed for any phase (F < 2, p > 0.05), as evidenced by the statisties of one
way ANOVA, given inTable5.3. It meanghat, quantatively, there is no difference in
the solids production between two given MBBRs that are designedhéosame

performance but favoring either planktonic (reactor A) or attached biomass activity
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(reactor B) as long as both are fed with theeme P&P waswaerand identical nutrients
availability.

Therefore, it is expected that whenever reactor A presents higher sCOD removal,
it will also present greater suspended solids concentration (phases 1 to 3) in the same
proportion; and TSS values lWbe alike axcesCCD removals are equivalent (phase 4 to
6). Confirmation of such trend is seenTiable5.3, where pvalue for TSS data is above
0.05 for when both reactors had comparable COD removal (phases 4 and 6; phase 5 not
suitable to ANOVA), and below 0.05 for when reactor A had superior COD removal,
which was indeed in similar proportion than that observed for TSS concentration (phases
1 to 3).The percentage of volatile solids exiting the reactors (VSS/TSS) is, most of the
time, greaterhtan 85% which is characteristic for sludges wahow accumulation of
inorganic materia{f VAN HAANDEL, VAN DER LUBBE, 2012)

Table5.31 Average suspended solids concentration, percentage of volatile sedpend
solids reléive © total suspended solids, and sludge yield at each operational phase, for
both reactors. Standard deviation within brackets andv@yeANOVA statistics (F and

p valles), comparing reactors A and B, are also listed.

Parameter P1 P2 P3 P4 P5 P6
In 41 (38) 31 (23) 21 (12) 8.5 (3) 15 (6) 42 (20)
TSS A 534 (159) 372(136) 347(108) 239(87) 239(99) 567 (91)
(mgl) B 395(107) 191(85) 264 (167) 336 (200) 267(131) 493 (146)

F/p® 10.3/0.003 >12/<0.00® 8.5/0.01% 0.61/0.46 NAC 0.73/042
vss/Tss A 89 (10) 94 (10) 90 (13) 86 (14) 94 (8) 89 (10)
(%) B 82 (9) 93 (8) 93 (3) 89 (14) 91 (7) 90 (5)

Vield A 0.38(0.10) 0.35(0.09) 0.39(0.08) 0.37(0.15) 0.29 (0.09) 0.40 (0.05)

1444 B 041(0.11) 0.30(0.10) 0.35(017) 0.47(0.29) 0.25(0.08) 0.32(0.09)

M Fipr  1.29/0.26 NAC 0.71/0.41 0.30/0.60 1.05/0.32 1.91/0.21
20neway ANOVA stdistic comparing the mean values for reactors A and B in each phase.

b Calculated by lot, instead of by phase, so the data fitted hdikaalistribution.

¢Data did not attend to normality condition required for the ANOVA test.

Anotherfactor that was\aaluated regarding the impact on the sludge vyield is the
nutrients availability. For so, ANOVA was performed for reactor A yield frivase 1 to
6, andthe same was done for reactor B yield for phases 1 to 3 (no HRT variation). No

statistcally relevant diference is seen for reactor A (F = 1.92, p = 0.10), neither for
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reactor B (F = 1.79, p = 0.19), despite that the ANOVA for reactoa8 mwade without
pha® 2 data, as it did not fit to normlgte distribution. Hence, there seems to be
sufficient evidencehat the solids yield was not impacted dramatically by restraining the
nutrient availability. Although care should be taken for tlosatusion (as thefatistical
analysis may be negatively impacted by high standard deviation andmaal dataset),

it is supported by former study that only observéleinfluence of nutrients limitation

on the biosolids yield of the total BAS andt on the biofin gage. The BAS had the
yield decreased from 0.2 to 0-05L0 g TSS/g sCOD removed aihmoving from exess

to restriction of nutrients, respectively, whereas the biofilm stage remained at 0.30 g
TSS/g sCOD removed regardless of the notsi@vailability(WELANDER, OLSSON,

et al, 20@).

5.4. Efficiency of Nutrients Utilization for COD Removal

The average ratios of sCOD removed over consumed P and N are shown,
respectrely, in Figure 5.7a andFigure 5.7b, for every operational phase and both
MBBRs. Higher ratios mean more sCOD removed per unit of consumed N or P, therefore
greater efficiency of nutrients usage for organic materoval. The awvage influent
nutrient dosages, N/sCOD and P/sCOD, ratios given in Table 3.9. Effluent
concentrations of the restrained nutrients were always negligible during each respective
limitation. Nitrite and nitrate were \@ays absent in he reactors, discardinghe
occurrence of nitrificationwhichwould really be unlikely to take placedsr the applied
high organic loads.
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Figure5.7 - Average ratio of sSCOD removed aveonsumed P (ar N (b) for both
reactors and each operational ph&seor bars show standard deviation. Text labels

above columns refer to nutrients availability condition.

It is known that EPS quality and yield, which potentially impact the propoaotio
organic matr to nutrients consumption, are directly related t® ¢pecies of microbes
present and the type of aldble substrate(NOUHA, KUMAR, et al, 2018,
STOUTHAMER, 1992) Time of operation may drive to changes in bacterial profile.
Therefore, the efficacy in utilizatioof N and P in riation to biofilm maturity in reactor
A was assessed bgoking at phases 1 and 6. No statistically valg disparities were
observed neither for N (F = 0.68, p = 0.42) nor P (F = 2.2, p = 0.16). Seemingly, no major
changes in EPS prodimh that could derthe sCOD/nutrients consumption ratio resulted
from biofilm maturation. Consequently, for reactoreiery comparison valid with phase
1 could also be done with phase 6. It is remarkable that despite the low number of data
points in phae 6, the samevels of nutrient utilization efficiency of phase 1 weapidly
reached without need for adaptation b€ tmicrobial community. In fact, for both
bioreactors, no need for long adaptation time was observed for any phase transition, even
with sharp shifts imutrients availability.

The effect caused bthe limitation of each nutrient in its utilization efficiey
may be assessed by comparing phases 1 and 6 (excess) with the respgatne
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limited phases. In this sense, phase 4 onwardshat analyzed foreactor B, as there
were parallel changes in the HREoth reactors were more efficient in P usage mwhe
was limited (phase 2, F > 4640.001). Indeed, under these conditions, it was observed
that the sCOD/P removal ratio was 2.2 arisitimes highethan the averages from phases
1 and 6 for reactor Aal 2.0 times the mean of phase 1 for reactonBedms of N use,
reactor A reduced 2.1 to 2.7 times more sCOD per unit of consumed N in phases 3 t0 5
than in phases 1 or 6 (F > 85¢®.001). In tum, reactor B was 2.6 times more efficient
in N utilization in phase 3 than in phase 1 (F > 30, p < 0.001

The results show that the abundant nutrient is also used more efficiently while the
other is restrained. At phase 2 (P limitatio®noval of SCOD er unit of consumed N
was 1.25 and 1.20 times greateaut at phases 1 and 6, for reactor A (F = 200@081);
and 1.25 times the average from phase 1, for reactor B (F = 21.5, p < 0.001). Likewise,
comparing the P utilization efficiendy reactor A aphases 3 to 5 (N limitation), it was
1.29 to 1.70 timekigher than that observed in phases 1 and 61& p < 0.001). Efficacy
of P usage was also higher at phase 3 (N limitation) for reactor B than in phase 1 by a
factor of 1.62 (F =2.4, p < 0.001)Herce, the efficiency in using both N and P for sCOD
removal increases independently of which nutrisnimited. Even though, this trend is
much more evident for tHamiting nutrient(2.00 to 2.65 times) than for the plentiare
(1.20to 1.70 times)Further investigation is necessary for explaining tuscome.

Nutrient (or other substrates) limitatias known to give an ecological advantage
to EPSproducing bacterial straindAYATHILAKE, JANA, et al, 2017, XAVIER,
FOSTER, 2007) besides influencing & quality and bosting the amount of EPS
produced(HOA, NAIR, et al, 2004) EPS production may be more than 2 times more
intensive in engy utilization trancell growth, demanding greater substrate oxidation for
ATP production (STOUTHAMER, 1992) This partially explains the greater
carbonaceous substrate removalyo@t of consume Pand N.

Another factor to be taken into consideration is the EPS compositioch has
major contributions from carbohydrates and protéMOUHA, KUMAR, et al, 2018)
Since carbohydrates are free of N and P, their synthesis contributgesiter COD
consumption per unof N and P utilized (i.e., higher COD/N and COD/P ratio)téins,
on the oherhand, have close to 17% w/w of N and no P in their compogWiBNTURA,
2006) hence contributingp higher COD/Reonsumption ratios only. Previous study has

shown that cuts in availability of both N and P boost the carbohydrates content (with the
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effect d P being more pronounced), whifgotein content is increased just by N
limitation, with no obseved effect fromP availability (HOA, NAIR, et al, 2004)

For assessing mothe HRT impacts the efficiency of nutrients use, data from
reector B may be ass®d within phases 3 to 5 (increasing HRT and constant N
limitation) and phase 1 against phase 6 (different HRT and nutrients excess) detiosph
is more efficiently used wh increasing HRTs (P5/P3 = 1.69, P6/P1 = 1.72) for the
proposeccomparisons (F 28, p < 0.001), whereas statistically relevant difference for
nitrogen usage efficiency was observed during nutrients abundance (P6/P1 E £.47
54, p < 0.001) but not dumy N restriction (phases 3 to 5, F = 2.% .09, considering
only lot 6 for meting normality criteria).

Despite the duality of results for nitrogen in reactor B, the discussion about the
HRT effect is supported by comjiaag reactors A and B to each ettwhile reactor A had
a higher HRT (phases 1 to 3). Reactor Asvalways more &fient than B in N (1.26,

1.26 and 1.20 times, phases 1 to 3) and P (1.48, 1.62 and 1.17 times, phases 1 to 3)
utilization (F > 5, p < 0.05)Therefore, there is sufficienvielence that the HRT positively
affects the sCOD/nutrients comsption ratio forboth excess or limitation of N or P. It

can be hypothesized that nutrients are more efficiently used by the planktonic biomass,
as raises in RT favors the suspended solidsicentration and activity (as can be seen

in section5.5, aheagl. Actually, the divergence between the reactors disappears at phase

4 (F<0.78, p > 0.39), when tiHRT still differs but the suspeled solids concentration

is comparableTable5.3), reinforcing the hypothss.

Effect of carier filling degree and effective specific surface area of the reactors
was addressed by comparing reactorithweactor B at phases 5 anda8 they have 120
and 360 m2/m3 but same HRT and nutrients availability. With excess N anadse @®h
reactor Bseemed to have greater sCOD/P and sCOD/N consumption ratio than reactor A
(1.30 and 1.12 times, respectivelyiit no statistically signifiaat contrast was confirmed
(F <6, p > 0.05). During nitrogen limitation (phase 5), the averagedios of P andN
utilization were 1.26 and 1.15, respectively, but the statistics were inconclusive. Thus, it
is uncertain if- at the same HRT the greate filling degree impacts positively the
consumption efficacy of N and P.

If considering the higlset achieved avege ratios of sCOD to nutrient
consumption, it may be estimated what would be the minimum nutrients dosage for
achieving maximum sCOD removdlsing 48% as biodegradability ratio (see section

5.2), individual minimumdosages would b0 mgN/L (reactor B, phase 5) and 3.5
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mgP/L (reactor A, phase 2). Reactor B, during phase 5, also achievieesth@verage
combined minimundosage, with the aforementioned dose of N and 4.1 mgP/L. This
would represent an approximate sC8D dosage propbon of 100:0.70:0.14, taking
into account the nehiodegradable sCOD portion as well. Assessing reactor ¥ tid
minimal overall nutrierg proportion was also observed in phase 5, with sCOD:N:P at
100:0.80:0.18. Thus, considering ttyerating of phas5 combining greater HRT and
N limitation is the optimal way to minimize supplementation of N and P simulteshe

One computational studgerforming simulations for two fulBBAS scenarios
differing in total HRT- treating P&P wastewar found minimalksCOD:N:P ratio to be
100:0.74:0.105 for the lower HRT scenario (with 76% sCOD removal), and 100:0.44:0.08
for the higher HRT case (with 859¢©D removal(REVILLA, GALAN, et al, 2018a)
Quantitatively, it may not be precise to compare thetimeed computatioal results with
this study, particularly considering that here the full BAS is not contemplated and that the
referenced research only provideelative inputs of the scenarios, not absolute values.
Nevertheless, there @ agreement thagreater HRT allars savings in nutrients dosing.
It should be noted that such minimal dosages are on a threshold, meanilugtihatiéns
in incoming sCOD wuold possibly cause incomplete removal of the biodegradable
portion. In the context of the BAS, Wever, small ostiations in the MBBR effluent
conditions should be dampened by the AS step.

5.5. Activity Batch Trials with Attached and Suspended Biomass

Data dtained from biofilm quantification and batch trials performed at the end
of each phase was ustedcalculate thenaxmum volumetric, surface and specific sSCOD
removal rates for attached and planktonic biomass fractions, which were compared to
apparat renoval rates from continuous operation, as explained in se8tidg The
SCOD depletion curves over time for each reactor during the biofilm and planktonic

biomass batch assays are displaye@igure5.8.
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Biodegradability determination through extended batch assays during phase 5 was
performel, as explainechisection3.2.6 Despite not shown in the phase 5 biofilm graph
in Figure 5.8, somewhat stable final sCOD of 1714+18 and 1664+4 mg/L (6
measurements from 0.74 to 1.19 d duratirére attained fo reactors A and B,
respectively. Thena comparison waslone with the respective initial sSCOD levels of
3232 and 3064 mg/L, seenkiigure5.8, resulting in estimated biodegradability levels of
46.3% and 45.7%, avernag 46.0%.Regardess of not being operated for particularly
long duratim, the biofilm batch assay of reactor B of phase 1 also edactonstant final
levelof 1455 mg sCOD/LKigure5.8). Contrasted to the initial SCOD (2688 mgHigure
5.8), that represents a 45.9% biodegradabilitshould be highlighted that the batch trial
with suspended solids cannot be amatyin this sense because the fresh wastewater is
mixed witha concentrated sludge solution timats different bidegadable fraction.

Batch assays of phase 1 and 5 werewith lots 1 and 7 of the P&P wastewater,
respectively. The obtained 46% biodegiatiy is comparable to that of lot 6 (50.3%),
determined via data fitting to Kincann&@tover malel (section5.2, above), which is
congruent withthe consistency of the P&P wastewater quality over time.

For analyzing the biofilm divity, it should be considered that substrates are not
uniformly available along the depth ofoiim, due to thediffusional nature of mass
transfer throughout it. The thicker and denser the biofilm, the more diffusion psoblem
intensify, resulting in vigying specific removal rates across the biofilm and less active
inner layers of biomaq®¥ ON SPERLING, 2007b)Density and thickness of the biofilm
are hard to control fromne phase to another, beingbgect to fluctuations of many
operational parameters. That is why, when assessing the biofiltyaalone, suface
removal rate§ instead of specific removal ratedbetter show trends and responses to
variations in the proess, as the total area st lbound to any condition.

Figure5.9a displays, for reactors A and B: ipthapparent suaceremoval rates,
as calculated from continuous operation, ii) the biofilm maximum surface removal rates,
and iii) the surface concentratioiig/m?) of VAS at the end of each phase. Since the
reactors apparent surface removal rates assgwhole activy in the reactors solely to
the total area (i.e., to the biofilm), they were presented just to verify if gaslglwrong
to neglect the anversions taking place in the suspended phase by comparison with the
maximum surface removal et (therefore wghting relatively the roles of attached and

suspended fractions).
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In Figure5.9b, planktonicspecific removal rates, aslculated from continuous
operation (apparent) and batch trials (maximum), are shown togettretheitratio of
total suspended solids to total solids (i.e. suspended plus attached) in the reagtgrs (f
In this case, the @arent specific removal ratevere calculated considering only the
suspended solids concentration, ignoring attached sd@idish an approachwas for
discussion purposes only as, naturally, both fractions were simultaneously active in

continuous operation.
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Figure5.971 (a) Biofilm maximum and apparent sCOD surface removas aied
surface cacentration of VAS; and (b) planktonic maximum and apparent (suspended
solids only) specific removal rates, and percentage of suspendedose@lidstal
biosolids (Esrr9, in phaes 1 to 6, for reactors A andBaximum rates are not
avdlable for phasé.

Greater HRT values promote superior suspended solids content with higher
overall activity if the organic load sufficd®ICULELL, WELANDER, et al, 2014)
Indeed, while reactor A has higher HRT than reactor Bigpb 1 to 4), thiormer has
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substantially higher maximum planktonic specific removal rate gtk {Figure5.9b)

than the latter 2.5,4.8 and 5.4 times in phases lard 3, respectively. Reactor B, in
phases 3 to 5, had sequehimreases in & danktonic maximum specific removal rate
and &s/rsalongside the HRT. In spite of both reactors having 4.9 h HRT and sigitay f
(around15%) in phase 5, reactor A plankic maximum specific removal rate is still
2.20 times higherhtan that of reaot B. It is supposed that, for haviaghreefold higher
surface loading rateTé@ble 3.9), reactor A was more depemdeon the activity of the
suspended biomass fraction than reactor B. However, further investigathecessary

to justify why the biofilm maximum surface removal rate in reactor A at phase 5 stood
out from the values determithérom phases 1 to 4 (51.@ainst average 28.6 g/(rdy).

When observing reactor A during all phases (4.9 h HRjure5.9a), the apparent
surface removal rate was higher than (or equivalent to) the maximum biofilm surface
removal rée, suggesting that the adty of the suspended biomass plays a relevant role
in the COD metabolization (otherwise apparantivity could ot be superiorto the
maximum activity). The opposite was noticed for reactor B through phases 1 to 3 (HRT
of 1.6h): its apparent (SS onlypscific removal rate was much higher than the maximum
planktonic specific removal rat€ifure5.9b). This indicates thatsignificant part of the
biological activity is happening in the biofilm. It shouté reminded that the appaten
surface removal rate and the apparent planktonic (SS only) removal rate were presented
only to stress the releve of the opposing respective biomass fraction in the overall
activity.

Another sign of the role of different biwass fractions is the initiaffect caused
by the transition from nutrients excess (phase 1) to P limitation (phase 2¢aEtar A,
the maimum planktonic removal rate decreased by a 0.79 faEiguie 5.9b) and the
biofilm maximum surface removal rate wasaffected Figure5.9a). For reactor B, the
opposite was noticed, wit0.38-fold reductionin biofilm maximum removal rate and
unchanged planktonic maximum specific removal rate. Supposedly, th&udagyf this
effect was much higdr for the biofilm maximum surface removal rate in reactor B (0.38
factor), than that for the retor A maximum phnkonic specific removal rate (0.79
factor), because the biofilm is more subjected to mass transfer iom#dhat intensify
at lower nutrents concentration.

Finally, the activity trials conducted for the BioChip P carriers from thestiale
BAS plart, using wastewater lot 3, resulted in a biofilm maximum surface removal rate

of 23.9 g/(m&d). The determiad values for reactors A and B thg phase 2, when P was
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restricted (like the industrial BAS) were 31.1 and 17.2 gifntespedtely. Since the
HRT of the fullscale MBBR is within the 2:6.3 h range (considerirnfye design and
nominalflow rates), the results might be considered catiple, even if that reactor has
been in operatiofor much longer, which could result in subgtahdifferencesn the
microbial community when compared to much less mature biofilms with distinct biofilm
history.Such mecrobiome distinctions may be evated by DNA screening from biofilm
samples, as seen below in sec&of

5.6. Assesment of Biofilm Bacterial Profile

As described in sectioA.18, biofilm samples from the end of each opieral
phase were submittéd DNA screening based on W3 region of 16S rRNA, enabling
the investigation of theattachedmicrobiome The results were relatedttue operational
conditions shifts promoted over phasesl todifferences between reactors.dddition,

DNA screening was also performed for the biofilm from carriers (BioChip P) taken at
the full-scale BASsystem at the industrial site that sourced the P&P wastewater.

It should be highlighted that the samples were only from biofilm extraction an
therefore, they do not necessarily describe the whole microbiome in the reactor.
Certainly,shearingand detacmert mechanisms do bring similarities to the suspended
and attached microbial profiles, but depending on the HRT, there may be substantial
divergences between the biomass fractions.

The 13 biofilm samples yielded 155 to 769 ng/uL of exgddNA and a toal
of 369,120 sequences registered after quality control and bioinformatics procélsing
sequence reager sampleangedrom 24,743 to 3287. From all the reads, 799 distinct
operational taxonomic units (OTUs)ere found, with eachasnplewithin the span of
128 to 351 OTUsAround 79% of the total OTUs could be assignedhatgenus
taxonomic level, comprising 253 unique, previously cellirgenera, as seenTable

5.4 in which upper taxa data is also shown.
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Table5.47 Number of OTUs assigned at various taxonomical levels and amount of

corresponding unique taxa.

Taxon OTUs Unique taxa
Kingdom  799(100%) 1
Phylum 736 (92.1%) 25
Class 721 (90.2%) a7
Order 713(89.2%) 79
Famly 683 (855%) 145
Genus 630 (789%) 253

Table5.5 lists the number of sequence readdtheirassociated identéd OTUs
for each biofilm sample, as well as the day of sampling in the operational timescale of
the labscale MBBRs. Richness idexes (i.e. measures of the number of microbes
species found) in the form of observed OTUs and Chaol indegesiso preserden
Table5.5. The lattelaccountgor rareOTUsto estimatenot obseredoneg CHAO, 1984,
GOTELLI, CHAO, 2013) Hence, the greater the differermetweenChaol and OTUSs,
the moreundetected rare OTUs. At la3table5.5 contains Shannoentropy andGini-
Simpsa dversity indces of each sample (alpha diversity). These parameters weigh
together the richness and evenness (neasure of he evenly dundant theOTUsin
the environment are) of the microbial community. Shannon@indSimpson inites
quantify, respectively, the uncertaintyof predicting the OTU of a randomly taken
sequence from one sample, and grebability of getting distinct OTUs from two
consecutive random sequences. Therefore, both metrics are proportional to diversity, as
theyare higher irmricherandmoreeven pobof reads(GOTELLI, CHAO, 2013)
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Table5.5 - Richness andlpha diversityndicesfor the 13 biofilm sampled.inear color

scde goes from white tgrey with increasing valudsr every index

DNA Richness indexes Alpha diversity indexes
Sequence Observed A
Phase Day Reads-16 OTUs Chaol Shannon Gini-Simpson
A B A B A B A B A B

P1 55 277 247 237 238 269 266 3.87 4.06 0.90 @ 0.969
P2 167 303 308 223 163 274 187 3.14 276 0913 0.875
P3 263 258 25,6 342 248 380 327 395 3.37 0.950 0.913
P4 286 258 299 399 341 447 387 429 3.68 0.963 0.917
PS5 315 322 311 337 366 402 435 272 344 0.728 0.892
P6 337 293 268 426 324 479 360 418 4.16 0.947 | 0.970
Chip 169 29.2 337 368 4.09 0.967

Accounting together all phaseketVenn diagram displayedkiigure5.10shows
how many of theoverall 799 OTUs were detected exclusivelyane of the reactors,
shared by each pair of them, or shared by all biofilm sources. Relative abundance
represented byhosegroups of OTUs in each phase also ndicated, in italic, ag

percentage of the amount of sequences read in that phase.
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Figure5.107 Distribution of unigueand share@TUs (accounting all phaseamongst
reactors A and B and the BioChipdhd the relative abundanegeach group of OTUs

in each operational phagel to P6)expresse@dsa percentagef thetotal read.

Accounting for all phaseg;jgure5.10shows that only 177 OTUs were identified
in reactors A, Band in the BioChip P, which is only 22% of the 799 unique OTUSs.
Nonetheless, those sum up 68.3Palbthe sequereread in the 13 samples. The 327
OTUs that are shared only by reactors A and B correspond to 29% of sequences read
over the two reactors ardl phases. On the other hand, OTUs that appear exclusively in
the biofilms of reactors A or Bshared or not wth theBioChip P- give little contribution
to their individual bacterial profile, representing no more than 5.5% relative abundance
(reactorA and CHIP, phase Eigure5.10). Thus, the bulk of the microbial commity
in reactorsA and B (average 97.8%) are present in both of them, whether also in the
BioChip P or not. That indicates that OTUs unique to reactor A tnad,could be due
to HRT and filling ratio differences, @ a minor role in the overall microbia
composition.

In contrast, the 118 OTUs observed exclusively in the BioChgh®&®ved a
relative abundance &8.7%within the bacterial communitin its bioflm. Hence, the

majority of the OTUs observed in the Bio@H werewhether unique or also sean i
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reactors A an®B (64.5%, Figure 5.10). It suggests that the biofilm microbiomes in
reactors A and B are overall more similar to eattfer than to the BioChip P biofilm.
However, when looking specifically at phase 2, when rea&@nd Bwereconstained

in phosphorous, alike the BioChip P, 88% and 94% of their microbial communities are
composed by OTUs that were found in all thresilns. Therefore, the existing disparity
between the biofilms from labcale and the fubcaleseems to be mogtrelated to the
difference in nutrients availability at phases 1 and 3 to 6. Distinct biofilm history,
maturity and environmertf the BioChp P may also differ its microbiome.

The visualization of unigue OTUs does not account for difiegs inthe
evenressof the microbial communities. Therefore, further comparison of the similarity
or disparity between the microbial communities of each saietta diversity) made use
of nonmetric multidimensional scalingN(MDS) analysis based on therd&-Curtis
distarce between each sample, as explained in se®id2 Figureb5.11 displays the
two-dimensonal ordination plot from the NMDS analysis (stress = 0.142), where each
point reflects the miabiome compositio of each sample. Thus, when comparing two
samples, théarther the points are from each other, the greater is the dispatitseen
the bactdal profiles. The contrary is true, the closer the points, the more similar the

microbiomes.
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Figure5.117 Non-metric multidimensional scaling (NMD®nalysisbased on the
Bray-Curtis distancéBRAY, CURTIS, 1957)f 13 sanples and 374 OTUs. Prior to
the analysis, OTUs with no more than 0.1% relative abundance saaryle have been
removed. The label at each point identifies the biofilm source (A, B, or Chip from the
full-scalg in each phase (1 to 6). Heatmap in the Iel@é corner show the relative
Euclidean distances between each pair of samples within the NNORS

In phase 1when reators A and B hadthreefold difference in HRT and nutrients
were abundant, the greatest dispar#yween thenicrobiomef the tvo reactorsin the
same phasewas noticed (points A_1 and B_1). Once phosphorous was restncted
phase 2, thenicrobial communities of reactors A and B became more similar between
them and were amongst the most alike to the BioChip P biofilms resit is in
accordance with the relative abundances of OTUs observed in all biofilritgsin
experimental condition(Figure 5.10). Hence, it was clear that within shderm
operation under similar opemagj conditions the lalscale eactors could develop
biofilms comparable to thaff the BioChip Pwhich has been operating with scarcity
for some years. Nonetheless, the difference in maturity redutt a richer but less
diverse biofilm in the BioChip P than in reactors A and Bpfiase 2), as indicated by
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higher richness and alpldiversity indces (Table5.5).

Whenthebiofilms were analyzed at the end of phase 3 (limited N, threefold HRT
difference), the highest similarity between the badterafile of reactors A and B was
reachedigure5.11, A 3 and B_3). The biofilmef reactors A an@® remained similar
to each other, with slowly increasing disparity, up to phase 5. Once nutrients were made
abundant again in phase 6, botbfibms became closer to that of reactor A in phase 1,
period when theame HRT and nutrients alability conditionswere applied

When observing the heatmap of relative distancéggiare5.11, it is evident that
the points A_1B_1 and B_6 all correspondent to excess of nutriengse the farthest
away from the rest dhe samples. Athemicrobiomes became much more similar during
phases 2 to 5when P or N were résined- it is possible that the nutrients limitation is
a major factor controlling the microbieabmmunitycomposition, disregarding HRT and
filling ratio distinctions. @ce nutrients were in excess, the HRT difference presented
considerable effeain the disparity of the biofilms in reactors A and B, since BL.6 h
HRT) is one of the farther points form A_1 (4.9 h HRT) but B_6 (4.9 h HRT) is the
closestpoint to A_1. Tte fact that the A_6 point did not become as close to A_1 could
be potentially assoaied with the low duration gfhase §12 days)

The illing ratio, apparently, alséed to shiftsin microbial community
composition as observed from thesults ofphases, whenthefilling fractionwas the
only distinction betweethe operating conditions of theactorsHoweverthe Euclidean
distance fronpoint A_6 to B_6 wasnly about half of the maximum distance observed
in phase 1Kigure5.11), when the HRT and filling fraction were different between the
two reactorsNutrients restrictiorseened to limit considerably the effécof differen
filling ratios, because in phase 5 the distance from A_5 to\Ba$ close to halthat
noticed in ase 6. Consideration should be made to the fact that the biofilms in the
parallel reactors naturally build different histories, and this ccaalso be partly
responsible for the observed distinctions.

The multivariate sttistical analysisia NMDS is baséon the relative abundance
of theOTUs in each sample. However, various OTUs may be assigreeditengenus
or upper taxonomic levels (falpj order, class or phylum). The higher the taxonomic
level, the mordalistinct OTUs are gatheremhto a single grop, making it possible to
assessthe similarity of microbiomes by a substantially lower number of relative
abundances.

Therefore, the microbl community was evaluated at different taxonomic levels,
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starting with phylim (Figure 5.12). The results revealed that the dominaftphyla
accumulatd more than 98% of the reads in the 13 samples

m 1 - Proteobacteria m 2 - Bacteroidetes = 3 - Firmicutes
u 4 - Chloroflexi m 5 - Actinobacteria u 6 - unassigned (OTU_5)
B 7 - Spirochaetae m 8 - Synergistetes m 9 - Deferribacteres

m 10 - Planctomycetes m Others (15)

P6
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Figure5.127 Relative abundance of the 10 most common phyla amongst the 13
samples, for eachpeational phase and each reactdutrients (N or P), whether in
excess or limited, are indicated below each phase.

By analyzing Figure 5.12, it is clear that four phyla i Proteobacteria,
Bacteradetes, Firmicute and Chloroflexi - dominated the microbiatommunity in
whichever cadition, with no other phylum ever representing more than 10% relative
abundance in any sample. Out of the 25 identified phyla, those represented 92% of all
reads. Neveheless, the digtiution of dominance among them shifted from one reactor
to another ad between distinct operational conditions.

One of the remarkable shiftsregarding the presence of Firmicutes in relation to
phosphorous availability. While for evephase with P exes (other than phase 2) it
responded for more than 13% in at least ceactor, during phase 2 (and in the BioChip

P) it was no higher than 2Z%. The hypothesis that the Firmicutes community was
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disfavored during phosphorous restrictionrénforced by he fact that in pase 1
Firmicutes was practically absent in reactoard highly abundant in reactor B (32%),
but in phase 2 it was scarcedioth reactors. However, once excess phosphorus conditions
were reestablished in phase 3, thislphy became cons@tebly abundant in the two
reactors (27% and 41% in A and B, respeati). The little presence of Firmucutes in
other scenarios (reactorphase 1, and reactor B phases 5 and 6) duaNdresuledfrom
another factors.

The frequency of Gloroflexi phylumcorrelated positively to the increasing HRT
in reactor B under N limtation (i.e., phases 3 to 5). Its relative abundance was,
respectively, 2.9, 7.8 and 16.3% at HRT of 1.6, 3.2 and 4.9 h. The same is true for
Proteobacteria, whose aldlance raised stepse from 21.2 to 34.7 then 39.0%. Another
concordant observation tkat reactor A had more Chloroflexi and Proteobacteria than
reactor B agong as the former had higher HRT, up to phase 4. In the two remaining
phases (5 and 6), when tHRT was the sameeactor B ha@higher carrier filling degree
and superior relativabundance of the Proteobacteria phylum. These remarks related to
higherHRT or filing degree are, in deeper analysis, associated with the organic load:
when SLR was thesame, the reactowith lower VLR (A, higher HRT) had more
Proteobacteria and Chlorafiewhen VLR was the same, the reactor with lower SLR (B,
higher filling degree) had more of the mentioned phyla.

The unassigned phylum OTU viias absent during phases dda2, and in the
BioChip P. It becamthe 8" mostrelevantphylumstarting at phase 3, when N was made
scarcewith a relative abundance ranging from 0.4 .#4.Presumably, this OTU better
thrives in Ndeprived conditionsdespite representing 5.2% dfg bacterial prafe in
reactor A at the end of phase Mevertheless, the short duration of phase 6 (12 days)
could pose as a reason for the microbial comtgumdt to be completely readapted to
excess of N and P. Another hypesis is derived from the dathat OTU_5 was
completely absent (0 reads) before phase 3: the detection of that OTU in the samples was
simply a matter of contaminatiofom an unknown sage in the lab where the
experiments were rymor from the periodicltange of wastewater ldEither way, it has
shown capacity to be selected in an environment low in nitrogen.

At more specific tagnomical levelsthe 10 most abundatexacorrespond t@
lower percentage of the total readtkence, at class levekigure 5.13 displays thel5

(instead of 10) mostbundanbnes groupng 96.1% of thesequence read
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Figure5.1371 Relaive abundance of thEs most common classes amongst the 13
samples, for each operational phase eachreactor Nutrients (N or P), whether in
excess or limited, are indicated below each phasperscript number refers to the

phylum that each class baelgs to, according to the rankkigure5.12.

The previously commentedominance of fourphyla is made clear when
assessing the relative abundance distribution at class level, because 11 of the 15 most
abundant classes belong Rvoteobacteria, Bacteroidetes, Firmicutes or Chloroflexi
phyla. Overall, the observation madepditylum level semedto confirm, with few
exceptions, at class evaluation, as is the case ofotpanic load remark about
Proteobacteria and ChloroflexiClhe same thing is true to classes Clostridia and
Erysipelotrichia, members of the Firmicutes phyldainat were practily absent during
P limitation. To obtain further insights abaile functional role of microbes or relations
to operational conditions, isinecessary to look at abundance distribution at more
specific taxa.

The 40 most abundant geneemnongst all the 3 biofilm samplesrom the two
reactors and operating phases listed inTable5.6. It includesuncultured generand
unassigné OTU, justifying the unmatching number of unique genera shown above in
Table5.4. The most abundamgfeneran the samples of reactor A and the BioCivgre

162



CHAPTER 5: P&P RESEARCH: RESULTS AND DISCUSSION

Mangroviflexusand Rhizobium In reactor Bthe most abundamhicroorganismsvere
from generaMangroviflexus the chemoautotroplii\cetobacteriumand the aerobi
heterotroptProteiniphilum
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Table5.6 - Relative abundance of the 40 most abundant genera amongst all the 13
biofilm sampledrom each reactor (A or B) and phase (1 to 6). Square root color scale
goes fromwhite to red wikh raising abundanc&uperscrippumber refers to the phylum

that each genus belongs to, according to the raRigure5.12.

Relative Abundance (%)

i Genus A B o g
5 9

P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 © 0

1 Mangroviflexug 03 18 |19 14 |52 20 03 28 19 33 30 32 11 17
2 Rhizobiurh 21 19 14 43 05 20 76 18 01 2.8 44 47 6.7 5.8
3 Acetobactaun? 0.0 0.0 04 05 00 01 0.0 00 23 30 0.2 0.1 00 41
4 Thioclava 0.0 38 06 1.2 1.2 07 57 47 53 44 51 04 58 3.0
5 Proteiniphilun 1.3 0.2 0.7 1.0 09 20 27123 16 18 05 04 0.7 3.0
6 Caenispirillunt 0.0 13 13 03 0.8 05 13 9.7 03 03 28 04 0.0 25
7 Desulfofustis 0.0 0.0 3.8 75 46 6.2 00 00 25 6.6 0.2 0.1 0.0 24
8 unculured (OTU_2) 0.0 0.0 0.0 0.6 0.8 4.0 00 08 24 65 88 54 06 24
9  Christensenellaceae-R 0.0 0.0 3.8 65 36 50 04 0.7 55 42 04 02 08 24
10 uncultured (OTU_12) 0.0 15 35 23 16 11 00 03 01 06 29 11 04 23
11 Pleomorphomonas 00 03 46 37 15 11 25 71 32 11 01 00 13 20
12 unassigned OTU (OTU_5) 0.0 0.0 52 1.2 23 52 00 00 74 26 04 0.1 00 138
13 Dehalobactet 0.0 00 57 51 17 16 42 0.0 35 18 03 0.2 0.6 1.8
14 Devosia 16 0.7 01 0.1 0.0 3.2 0.0 00 00 01 0.2 25 00 1.7
15 Desulfovibrig 0.0 00 48 52 09 1.0 05 1.1 15 14 0.2 0.2 1.0 1.3
16 uncultured (OTU_13) 00 01 21 16 0.8 23 04 24 01 1.0 04 0.2 41 1.2
17 Propionivibriot 0.1 0.0 40 06 24 0.6 09 18 30 04 03 0.1 1.0 1.2
18 Erysipelothri® 0.0 0.0 54 1.7 05 0.6 09 18 24 08 0.2 01 0.0 1.0
19 Rhodobactér 01 01 02 20 0.2 038 00 00 00 6.0 3.2 04 0.1 1.0
20 Hyphomicrobiurh 13 15 05 10 02 07 0.0 00 00 03 16 44 21 10
21 Anaerolinea 00 01 11 27 1.7 40 00 00 0.0 00 00 01 3.0 1.0
22 Azoarcus 11 04 13 03 2.0 0.6 00 0.2 0.2 02 43 03 12 10
23 uncultured (OTU_28) 31 00 00 01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 93 0.0 0.9
24 Flavobacteriura 08 05 05 03 11 07 07 04 08 03 33 1.2 02 08
25 Xenophilus 73 00 00 0.0 0.0 10 00 00 01 04 00 12 0.0 0.8
26 Starkeya 17 02 01 15 00 1.0 0.0 00 00 0.2 09 43 0.2 0.7
27 Noviherbaspirillur 0.0 00 15 14 06 13 01 00 11 11 0.1 0.0 21 0.7
28 uncultured (OTU_730) 0.0 0.0 03 15 0.8 15 06 00 02 12 0.2 0.0 24 0.7
29 Dysgonomonds 0.0 0.1 0.0 0.0 0.0 0.0 94 03 0.0 0.0 0.0 0.0 0.0 0.7
30 Treponema 00 01 14 14 07 15 0.0 03 13 07 02 02 09 07
31 Candidatus Riegeria 0.0 18 09 0.2 03 03 0.1 27 02 0.1 0.1 0.0 1.3 0.6
32 Methylobacillug 0.4 1.0 0.0 0.0 0.0 0.2 15 0.0 00 0.2 03 42 0.0 0.6
33 Fastidiosipile 0.0 00 10 15 03 11 08 01 10 14 0.1 03 0.0 0.6
34 Stappia 10 34 03 05 0.2 08 0.2 01 00 01 0.1 0.0 0.3 0.6
35 Wolinellat 00 01 0.7 0.1 13 03 12 18 09 0.2 0.0 0.0 04 05
36 Ruminiclostrdiuns 00 00 15 13 03 06 24 00 07 06 00 00 0.0 05

37 uncultured (OTU_30) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.7 05
38 Ruminococcaceae UC@04 0.0 0.0 05 0.3 34 0.9 0.0 0.0 0.8 0.1 0.2 0.0 0.0 05

39 Xanthobacter 02 00 00 02 00 00 00 00 00 00 01 12 49 05
40 Shinella 16 07 03 05 02 04 08 08 00 03 01 05 04 05
- Others (504) 43 21 22 26 11 25 BBl 10 12 17 28 [B3| 40| 27

Phase PL P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 - -
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As may beseenn Tableb.6, it is hard to explain most of the microbial abundanc
in each reactoat genus level, even looking at the globally most abundant 40 genera.
Other genera respoedfrom 10 to 55%n every samfe.

At the end of phase 5, the gendangroviflexusalone was responsible for 52%
of the bacterial community in reactA, and 30% in reactor B. These numbers are quite
high for a single genus in such a complex matrix and environment, and it is refigcted b
the steep drop in the alpha diversity indices showiainie5.5. Organisms belonging to
this genus were first found in naturally occurring anaerobic celkdegeading microbial
consortium from mangrove so{iGAO, XU, et al, 2014) These strict anaerobic
fermentative heterotrophic bacteaeeable to degrade mono and disaccharides resultant
from the breakdown of delose (DING, STEWART, et al, 2016) with growth
conditions at 2289°C and pH 5:8.5. For havingight yellow color and dominance in
the mgority of the samplesMangroviflexusmay have contributed to the color thie
biofilm (that can be observed igure5.2) (ZHAO, GAO, et al, 2012)

Mangroviflexuswas also reportechisome biological treatment systems: in the
anaerobic granular sludge of a UASB reactor treating textile wastefd&®iG, HAO,
et al, 2017) in an aerobicgranular SBR treating a mixture of 30% municipal and 70%
industrial printing, dyeing, chemical, textile and beverpgastewater¢LIU, LI, et al,
2017) and in the sludge af pit latrineg(CHANGARA, SANYIKA, et al, 2019)

As anaerobic microorganismsviangroviflexusrelated bacteriawere [kely
located in deepe(oxygendeprived)zones of the MBBRs biofilm and expectedly had
little abundance in the suspended phase. Since the inoculum of the MBBRs was
suspended sludge from the fattale plant and anaerobic organisms are-gjmwing, it
is reasonable that pha%aevas the one witthelowestpresence ofMangroviflexus

Another bacterial genus that could be related to the inoculum source is the aerobic
heterotrophidRhizobium Both reactors A and B had the greatest abundance of this genus
in phase 1, 21 and 7.6%ggpectively. The fst phase tends to reflect the moséthe
microbial profile of the activated sludge inoculum from the-$athle plantRhizobiums
well-known for its capability of nitrogefixing through endosymbiotic relationsith
leguminous plants(BITTON, 2011) Recently, this mutugdm was extended to
microalgae species occurring in wastewater treatmeniCldsrella vulgaris with
potential benefits of this associatitor thetreatment of synthetic wastewa({&ERRO,
COLOMBO, et al, 2019, KIM, RAMANAN, et al, 2014) Then, itmay besupposd that

it could thrive in the activate sludge, where there is dependence on the recycle of
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nitrogen assimilated in the MBBRyhich could be noteaadily available at any given
moment or position in the aeration basin.

Also capable of fixing atmospheric nitrogen are the anaerobic organising of t
genusDesulfovibrio (BITTON, 2011) as well as members of tHgesulfobulbaceae
family (genus Desulfofusis, in Table 5.6) (DEKAS, CHADWICK, et al, 2014)
DesulfovibrioandDesulfofustigenera had peak abundances in nitregstricted phases
(3 to 5), while small contributions were observed in nitregeim phases (1 and 6), with
exception of reactor A irphase 1. Howevert is unsure if these microorganisms could
benefit from nitrogesfixing metabolism due to the low solubility okM water and the
diffusional barrier in the biofilm. On the other hand, while the competition fagroth
nitrogen sources euld be intense, dittogen would face low competition for its
utilization.

Actually, the change in nitrogen availability in phase 3, seemed to imply a major
shift in the microbial communities, as many genera that were absent (acalhact
absent) in phses 1 and 2 becamelevant in phase 3. In both reactors, the following
genera had relevant raises in abundance in phase 3, in comparison to the previous phases:
Desulfofustiy Christensenellaceae-R, unassigned OTU_%as discussedt phylum
taxon, Figure 5.12), Dehalobactet, Noviherbaspirillum, Treponema Fastidiosipilé.
Some other genera had the same behavior but only in reac®ledr(orphomonas
uncultured OTU_18 Propionivibriot, Erysipelothrix®, Anaerolinea,
Ruminiclostridiurd) or in reactor B Acetobacteriuy unculturedOTU_2). One should
natice that 5 of the jusmentioned genera belong to Firmicutes phylum, in accordance
with the discussion made above. In contr@stenispirillunt, for instance, was abundant
in reactors A (13%) and B (9.7%) only in phase 2, probably selected by the ®iogstri
The @ame was noticed for the gen&soteiniphilun? in reactor B (23%), andhé
uncultured (OTU_12) in reactor A (15%). Therefore, it is clear that not only nutrient
limitation is a major factor controlling the biofilm biodiversityas discussed fro the
NMDS analysisEigure5.11) i but alsowhichis the restrained nutrient.

The aerobic heterotrophic organisms of the gddeosiaseemed to be favored
in excess availability of nutrients and higher HRT, as the mostsepative abundances

were noticed during phase 1 in reactor A, and phase 6 in reactors A and B. During the
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nutrientlimited phases, these organisms did not thrive, with relative abundances
averaging 0.13% in both MBBRs, from phase 2 to 5, and in theH8de

The 4" most abundant genu3hioclava had no great peak abundances like
Mangroviflexus or Acetobacterium Instead it was consistently present withan
abundance lower than 6%, particularly in reactor B and in the BioChip P. Most of the
facultativesulfur-oxidizing Thioclava species are yellow coloured, compatible with the
yellowish appearance of the biofilrkigure5.2) (CHANG, BIRD, et al, 2018) They
grow as short rodhaped bacteria, howeyesome may also grow as filaments with
swollen end¢CHANG, BIRD, et al, 2018, SOROKIN, TOUROVAet al, 2005) Other
genera to which weknown filamentous bacteria belong that wkrend in the samples
are, in order of overall abundancé&naerolinea Flavobacterium Trichococcus
Acinetobacter Candidatus Alysiosphaerélycobacterium Streptococcusmemigrs of
the Bacteroidetes class (unassigned OTU_205), and members Shphespiraceae
family (Lewinella,Phaeodactylibacte€YCU-0281, and uncultured OTUs 542 and 982)
(NIELSEN, KRAGELUND, et al, 2009) While Thioclavaresponded for 3.0% of the
ovenrall abundancethe other 13 OTU summed up for only 0.7%. Indeed, while the limited
nutrients could favor filamentous bacteria, the predominant cause of filamentous growth
is low foodto-microorganism ratio, not attended in the high loaded MBERETON,
2011) Despite lesshan #6 seers low abundance, the microscopic observation of the
biomass (sectioh.7) may better tell about the importance of the presence of filaments.

It is worth mentioning that none of the nitrifying genera (presented in section
2.2.4.7, AOB or NOB, were ever detected, taking into account alsdugience reads in
all the 13 samples. This fact reassures that nitrification was not taking place in the reactors
and that the removal of TANas exclsively attributed to bacterial assimilation.

Basedon the Venn diagram iRigure5.10, it wasobservedhat the unique OTUs
in the BioChip P responded for a great part of the total sequenceofetficht sample
(28.7%). Laking atthose OTUs, it is also possible to observe which (if any) exclusive
taxa were present only in the BioChip P and their relative abundance. In terms of phyla,
Dictyoglomi, Omnitrophica and TM6 were present only in the bioGfrthe BioChip P.
Howe\er, theyanswered for only 0.05% of thmcterialmicrobiome. The first phylum
is represented by the genbD&ctyoglomus whereas the other twexclusivephyla are
from OTUs not assigned genudevel. Other genera observed uniquélythe BioChip
P samplewere Ancalomicrobium Aquicella Candidatus Alysiosphaera&andidatus

Chloroploca Candidatus Promineofilum Candidatus Sarcinathrix Chloronema
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ChryseobacteriummbDokdonella Dolo_07, Ignavibacterium mle1-48, Mycobacterium
Norddla, Oxobactey Patulibecter, Pdolinea, Phaeodactylibacter
ProsthecomicrobiunRB349 SkermanellaSporobacteand other 28 uncultured genera.
They sum up to 19.7% of the total sequerafgle BioChipP biofilm, including the &
(RB349, 29 12" and B" (threeunculturedgenerafom Anaerolineaceae familyost
abundant genera.

Reactor A was the only witithe presence ofthe Chrysiogenetes and
Gemmatimonadetes phyla, which accounted for only 0.005% of the microbiome,
considering the 6 phases.&hwere represented by thengraDesulfurispirillum and
Gemmatimonafther gnera exclusively observed in reactor A wereAHlaliflexus
Bacillus Chelatococcus CYCU0281 Emiticicia Intestinibactey Leptolinea
Ornatilineg, Parapedobacter Rhizomicrobium Silanimonas T78
Themoanaerbaculum and other 5 uncultured genera (from families Anaerolineaceae,
Christensenellaceae and Porphyromonadacédedhe genera unique to reactor A did
not amount more #n0.17% of theoverdl sequences over all phases.

No phylum was present gty in reactor B. Nevertheless, the genera that
appeaedonly inthis systenalong the phasesereFerrovibrio, JonesiaMethylophaga
Novispirillum Ottowia, PseudorhodobacterPseudoxanthobacteiRumnococcaceae
UCG-014, Schumannella Stella Streptococus Syrrophobotulus and other 6
uncultured genera (from families Anaerolineaceae, Chitinophagaceae, Lachnospiraceae,
Peptococcaceae and Rhodospirillaceae). These genera, accounted together in all phases,
represente@.33% of the microbial composition reactorB.

In addition to the bacterial profile, the biomass may &lsinvestigated for the
presence and quality of the microfauna commuaitgt microbial agglomerateshis is

addressed in the next section.

5.7. Microscopy of Suspended and Attached Biomass

Onceper phase, micrographs of the suspended and attached biomass were taken
for investigation of the quality and diversity of the microfauna, as well as sludge
characteristicsFigure 5.14 and Figure 5.15 display, respectively, pictures taken with
100x or 200xmagnification under optical microscope (sect®ni5). Microorganisms

that could be identified are pointed out.
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A - P1 - 200x [ B-P1-200x

A - P2 - 200x ' CHIP - 200x

2

Figure5.141 Biofilm micrographs takeatthe end okach phase and reactor
(magnificatiors of 100 or 200x)Identified organismare indicated(a) Ciliophora
(Vorticella sp); (b) Ciliophora Peritrichig; (c) flagellate (d) Ciliophora (e) Ciliophora

(Epistylissp). Yellow color refers to uncertain identifications.
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A - P1 - 200x

A - P2 - 200x

A - P4 - 200x B - P4 -100x

Figure5.1571 Micrographsof suspended biomas$ each reactor dhe end okach
phase (except phases 3 andréagniications of 100 or 200x)Identified organisms are
indicated: (a) Ciliophora; (b) Ciliophor&éritrichig; (c) Nematoda. Yellow color refers

to uncertain identifications
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Overall, the biofilm presented constant presence of protozoa as small free
swimmingflagellates and ciliates, as well as stalked ciliatdsch were predominanin
turn, metazoans were mostly absent, with no rotifers and rare nematodes registered.
However, in the suspended fraction of the biomass, the nematodes that are seen in phase
4 (Figure5.15) are most likely originated in the biofilm, as these stgrawing organisms
would not be able to multiply before being washed, due to the low suspended biomass
retention time.

In one previous work with P&P wastewaftesm ECFbleached Kraft py from
Canadian industry, the microfauna inside-$@iale aerobic SBRs was quantified at 35 and
45°C (MORGAN-SAGASTUME, ALLEN, 2003) The authors found that 85°C a
diverse and active micfauna community wasstablished withstalked ciliates, small
freeeswimmingciliates, flagellates, rotifers, rotifer cysts, and nematoHesvever, the
shift to 45°C caused mostly small fre@imming flagellates and ciliate® tpersis, as a
probable consegence of deflocculatio@ENKINS, RICHARD,et al, 2004)

An activated sludge reactor aerated with pure oxyged the microfauna
systemadtally investigated while tregig wastewater from P&P mills at 35 to 40°C, and
SRT of 3.7 daydBERNAT, KULIKOWSKA, et al, 2017) No micrometazoa were
observed and only 5 protozoxaawvere identified in 24 sgptes over 5 months, including
small flagellates, crawling ciliatesChilodonella uncinatp freeeswimming ciliates
(Sathrophilus muscorum and attached ciliatesVérticella infusionum, Vorticella
octava. The latter was the mbabundant group while therhperature remained between
34to 36°C.

In phase 6, the biofilsthad a burst athe protozoa populatioepnsequently also
raising their relative abundance in the suspended fpas¢éos not availableMost of
the protozoa in the biofilm were colofigrming stalked ciliates, while freéeving
protozoa were i similar proportion compared to previous phaJédeese characteristics
suggest a biofilm providing good depuration and clarification of the wastewater (as seen
in section2.2.6 (BASSIN, DEZOTTI, 2008)

No phase nor reactor had filamentous microorganisms observed whether in
suspended or attached phase. This is in accordaiticethe scarcity of filamentous
bactera in the biofilm, as stated ihe previos section, but also demsimating that no
filamentous fungi were present as well and that the suspended phase also did not provide
conditions for the development of filamentous bacteria. Regafdiiglavafilamerntous

morphology shown and dedued in theliterature, it was notecognizedn the pictures
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(SOROKIN, TOUROVA, et al, 2005) so thatsupposedly only small reshape
Thioclavaspp. were present.

172



CHAPTER 6: CONCLUSIONS

6. CONCLUSIONS

Ahead conclusions are takandividually for each of the twoesearch projects
conducted along the course of this work. Nevertheless, some common conclusions might

be pointed at:

1 The moving bed biofin reator (MBBR) has, indeed, shown themability to
handle upstreamscillations of the wastewatersbustly, showing reasonable to
none effecton the health of the treatment. Even when more sharply affected by
events, such efcts had an acute nature, witist recovery of steadiness.

1 Despite the MBBR beirg a biofilm technology, dissociating the biofilm
concentration and age of thgdraulic retenbn time HRT), this parameter was
capable oheavily influencing the performancef the treatment systeand tre
biomass dynamics inside the reaclts associdgon with the incoming load and
the pollutant/biosolids contatime is the reason for it.

1 A greater participation of the suspended biomass in the MBBR requires a
combinatiorof sufficiently high organic lad and HRT. For the low loaded react
treatng wastewater from pesticide industry, at 6 h HRT, the proportion of
suspended solids to thedbbiosolids in the reactor nevexceede@.3%. In turn,
at a lower HRT (4.9 hXhe high loaded MBBR treatingulp and paperR&P)
wastewater achiedeup to30% sspended solids in the total biomass within the
reactor. Finally, high organic load in a shb.6 h HRT resulted in a maximum of
8.5% of planktonic solids.

1 Sourcing nutrientdoth by directly dosing chemilsaor blending the industrial
wastevater wih saniary sewage are successful approaches. Although the latter
also reduces load and reducesidiy, it might not be feasible for industries

producing high effluenflow rates, as is the case for many P&P usdries.

6.1. Conclusions of thePesticde Reseach

Over the long-term operation of the MBBR fed with the mixture of pesticide

formulation(whether pretreated, IPT, or raw, WWastewater with sanitary sewage, it was
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possible toevaluatewhich conditions allev the application of this technolodgr the
secomlary teatment in the industrial site. Seven operational phases were completed, with
variations otheHRT (3 or 6 h) IPT qualityand proportion (4 or 8% v/v3ubsitution of

the IPT by IR and proportiorof thelR (2 to 4% v/v)

Throughout742 dag, the pesticde-containingwastewater was efficiently trest
in an MBBRoperatecat HRT of 6 h, even for stressed conditioRemoal reachedip
to 84% COD and 95% TAMhen the IF was used in the feedndupto 66% COD and
91% TANwith IR. However, differenes in pesticide wastewater proportion and quality
impacted outlet COD and TAN levels, revealing the presence of persistent compounds
and their adverse effects on nitrificatjeaven under mild organic loadj rates.

Since the apparent COD renal rates wee always substantially lower than the
maximum rates, it was shown that even at 3 h, or when fed with the IR wastewater, the
reactor was abating COBelow itsfull capacity Then, he main reason affectingpe
effluent COD was the presence pérsstent, nm-biodegradable, compounds sourced
from the pesticide waste streaihat was demonstratday the raises in effluent COD
whenshifting betweerdistinctIPT lots or whenincreagg proportion of the IRIndeel,

a maximumbiodegradability of 65%vasfound forthe IR in the mixture with sanitary
sewage Furthermore, he MBBR wascapableof hydrolyzing anddegradng incoming
particulateCOD. Therefore, the fluent suspended solidand turbidity were lowyith
mean proportion of suspended biomassotal biomasswithin the reactoof only 1.9%.

Nitrification took place in the MBBR as the main mechanism of nitrogen
conversion This was confirmed through direct analysis of nitrogeampounds,
obtainmentof TAN maximum removal rates using batch asgsaandassessient of the
nitrifying community by FISH. During the experiments, the extent of nitrification was
negatively affected by the lower HRiigher organic loadnh the initial phasg which
favored heteotrophs n the competition with the nitrifier In adlition, the IR wastewater
constrained nitrificationmainly by inhibition of AOB, that were the dominant nitrifiers
in relative abundandaut less resistam inhibiting chemicalsDespite that theapication
of the pretreatment witHPAC adsorpon in the labattested how the process is laborious
and expensivat has an important role in preserving the nitrification performance in the
secondary treatmeniNeverthelessmicroscopyobservations suggest tolerake and
steady toxicityto the overdl microbiota, as evidenced by the stable presence of

micrometazoa and protozoa.
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In general, the reactor was tabie diverse and extraordinary feeding conditions,
in termsof wastewater amposition, COD, TAN and TSSt ik possible to conclude that
underthenomnal conditions of the industrial treatment plaaiHRT of 3 hcould suffice
for adequate treatmertiowever, instabilities in the feed could easily causedibéogical
system toproducean effluentthat may ot meetthe discharge criteria. HeedMBBR
operaton at50% filling degreedt 250 m?¢/mfand 6 h HRT seems to be a safe alternative
for the treatmentf the pesticide formulation wastewater, with robustness to resist shocks
while guarantying nitrificatio and organic matter removal

Beyondthe rolustnes, the MBBR substituting the existing activated sludge plant
means savings in space, given the corimess of the reactoeasiness of operation and
maintenanceneedlessness sludge recycle lines; and mimization of the sizing of the
secadary sdids sparation unit. Therefore, the MBBR enables the reduction of the
operational complexity of the secargl treatment of the pesticide formulation

wastewater.

6.2. Conclusions of theP&P Research

Over the coursef 337 days, the parallel operatiohtwo MBBRs dffering on
the reactorods specific surf aceolumetrieand has sh
surface properties may lead to optimal reactor design that prieréitieer greater
volume/HRT/nutrientlosingefficiencyor carrier filling cegree/cmpactress A threefold
higher carrier filling ratio would allow a 33% smaller MBBR with@ompromisinghe
performance of organic matter removal. Higher HRT (factor of 3) wasiatstevitha
greater concentrian of suspended solids (by 1.4 td #imeg thathadahigher maximum
specific sCOD removal rate, by up to 2.5 times, and repesas much as 30% of the
total biomass in the reactor. Batch assays confirmed that highetdwRr filling degree
providedgreater activity in the suspendeidinass faction, whereas lower HRT/higher
filling degree had the activity concentrated in thected biomass fractiolt each
reactor shifting from excess to limitation of nutrients aahility seemed to reduce the
maximum sCOD utilization rate froniné mostactive biomass fraction while the less
active fraction remained unchanged regardimgrate This effect wasnore substantial
in thereactordesigred tofavor biofilm activity.

The ratio of sSCOD removed bydt P consumed increased at 3 timgghar HRT,

asmuch as 1.7 times for P and 1.5 times for N, suggesting that the planktonicishiies
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nutrients more efficiently for COD removal than the attached biomass. Restricéng on
nutrient availability (N or Pwas another factor that improvathsitaneuslythe efficacy

of N and P utilization for sCOD removal, by up to 2.7 times for thiocted nutrient and

1.7 to the abundant one. The best observed scenario for savings ri@ntaut
supplementation involvetthe highest HRT (4.9 h) during Nritation Forsuch case, the
minimal sCOD:N:P proportion of 100:0.70:0.14 would grant depletidn thee
biodegradable sCOD. As the P/COD ratio originally present in the wastewater was
eventully greater than 0.14% and Naw consistently absent, limiting Nalability is

even more suitable. The effect of the carrier filling ratio on the efficiency ahdNP
utilization for sCOD removal seemed to be positive but was statistically inconclusive

Excellent fit of data from a@tinuousreactoroperation to the KicannorStover
kinetic model was made possible by the HRT variation, which revealed maximum
volumetric removal rate of 30.6 kg/(naj and 50.3% biodegradability of the wastewater.

It was casistent with the biodegradaibyl obtained via extended biofilm twh trids

(46%). Maximum biodegradable sCOD removal was reached at excess of nutrients, 4.9 h
HRT and 15 or 45% carrier filling ratio, while only 32% of the sCOD was removed at 1.6

h and 4% filling ratio.

DNA sequencig of biofilm samples revealed théduet two eactos shared many
microorganisms at differing abundances, with little quantitative rtapce of those
found solely in one of the reactors. Nutrients limitation was a primargrfabaping the
biofilm microbiome, in spite of other operationafférences. Newertheless, once N and
P were in excess, the HRT hadsubstantial influence on thmicrobial community
composition, whereas the filling ratio played a minor role. While P hmaiged, the
microbial profileof the reactors had the highest darity to thatof the BioChip P, from
the full-scale MBBR at the industry, also restricted in gtworous. Even though, there
was a high number of OTUs detectadiquely in the BioChip P, Wwose relative
abundance wa29%. Longterm maturity, distinct biofin histay andenvironment are
possible reasons for the remarkable differences.

This study further assessed the effect of important factors relevant to the design
and operation of MBBR retars for P&P wastewater treatnteas in theutrientlimited
BAS oonfiguraion, such as HRT and volumetric load, carrier filling degree and specif
surface area, and nutrients dosing. All of those factors have shown to have relevant effects

on the reactis COD removal performance atite associated consumption of nuttse
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the distribution and activity of attached and suspended biomass fractmis the

composition of biofilm microbial community.
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7. SUGGESTIONSAND ADVICES FOR FUTURE WORKS

Due tothe peculiarities of each kind of veéewater and operational aspectsacth
study, individual suggestions are presented in the following silmses. However, a
common suggestion would be to monitor key chemical substances of industrial interest
in addition togeneral pollution parameterShat could bring specifisubstanceelated
percepions about the performance of the reactors and the biosolids and microbial

community dynamics.

7.1. Suggestions Arising from the Pesticide Research

Since the nitrificatiorefficiencyis relevant due to the T level of the sanitary
wastewaterand tha the nitial phases demonstrated that thé BRT is insufficient
because of the organic load, another MBBR configuration could be testedctssn
series, aiming to grant éffent TAN removal even at lowédRTs.

Possibly, it would bevaluable to aubstitue the real sanitary wastewater fr
synthetic solution simulating it. As the variability of the quality of the sewage produced
in the industrial site was considerably highmplied too many osdiations in the feed
quality. Disregardedhe factthat the oscillation wasa good thing to reaffirm the
robustness of the MBBR, it also inferred in a lot of noise in the data, disturbing
interpretation®f someaspects.

Operating garallel MBBR fed only with th sanitary portion of the wastewater
could help dealing with such noise. Additionally, it coutgveal the biodegradability of
each pesticide loandclarify some of the effects of the industrial pesticidastewater
fraction on the performance of the reac and the microbial communitiRecardingthe
latter, biomolecular techniques that could describe the bacterial profile \potédtially
give insightsabout the key bacterial strains in the biofilm and how Wacterial
community changed after alteratiors of the wastewater lot and when fghg from
pretreatedo rawpesticide wastewater.

Performing toxicity assays in the MBBR exiting stream would clarify if the
increasing persistent CORpnsequent tdhe raises irthe proportion of the pesticide
wasteweer in the feed, is impactful beyoride efect of organicload reaching water
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bodies. Despite toxicity evaluations were planned, practical iggagentedhem from
being executed.

After the last operational phasewbuld be interesting to raise the HRof the
MBBR and see if a greaterastewatgbiomass contact time and lower load would
provide greater removal of themaining COD and recovery of nitrifying capacity.
Extending the last phase for some weeks woulahtegesting too, as nitrifiers haveskn
reported to have slow acclimatido sone inhbiting conditiong GRAY, 2004)

7.2. Suggestions Arising fom the P&P Research

As presentechisectiorb.6, limiting N or P produce different effects in the biofilm
microbiome. Therefore, strategies of lomgrboth N and P simultaneously or stepwise
- could also be invegated. Would the bacterialrains be selected in the same manner
resuling in similar final bacterial profiles?

Performing DNA analysis in suspended solids as well would provide further
understandingf the peculiar roles played by the attached anghesnuded biomass, as
different alundances could be expected in thelekshel plarktonic communityln the
same context, assessing the bacterial profile of the inodhanseedethe lab reactors
could claify which bacterial strains were selectedring the benckscale reactors
operaton.

Changing the source of wasteemto amther P&P industial site employing
different raw material and pulping and bleaching technologies &udidateto which
extent he conclusionsf the research appto generic P& wastewaters.

Submitting the \astewater othe MBBRs to a labscak activaed sldge system
and performing the same evaluations on the second step of a full BAS has the potential
to derive even more pracél insights about the operation of this systenitie treatment
of P&P wastewars.
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A. APPENDIX: ANALYTICAL METHODS

In this appendix, the analytical methods employed for each analyzed parameter
are presented and explained. These were consideredracl for a smath reading
experience of the thesis but assentiafor further understanding and for reproducibility
reasons. For a reader thatused to the methods, this appendix may be considered
optionalreading Table A.1 sunmarizes e analytial standardnethod reagent kit or
instrumentutilized for each parameter and stutlye pesticide or P&P reseljcand the

respective subsection
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TableA.17 Methods employeébr eachanalysis pgormed during the experimental

investigations.

Analytical Method, Instrument or

Analysis Research Reaction Kit Section
Pesticide 5220D
cob P&P 5220 D HachLCK 114) Al
DOC Pesticide TOC-Vcen A.2
™ Pesticide TOGC-Vcpn (TNM-1) A3
P&P Hach LCK 138/238 '
TAN Pesticide NBR 10560i Nesslerization A4
P&P Gd | e r ysbisdretehnalyzer '
Nitrite Pesticide Hach Nitriver 2 / 450NOy A5
P&P GalleryE Plus Disc '
Nitrate Pesticide Hach Nitraver 5 / brucine (colorimetric) AG
P&P GalleryE Plus Disc '
N20() Pesticie GC-ECD A7
Phosphate P&P GalleryE Plus Disc A8
Suspended Solids I'zZSFf'C'de 2540D and 280 E A.9
Attached Solids Do 2540 B and 2540 E A.10
Turbidity Pesticide 2130 B(PoliControl AR2000) A.ll
pH gZSFEIC'de 4500H* B (various pHmeters) A.12
Temperature Ezsslc:lde Temperature probes within pHmeters A.13
. Pesticde Oximetr (WTW Oxi7310)
Dissolved Oxygen e Oximeter (Hach HQ40d) Ala
Optical Pesticide Boeco Germany BM 800 A15
Microscopy P&P Nikon Eclipse Ni '
Optical Pesticice .
Stereomicroscopy P&P Nikon SMZ1270 A-16
FISH Pesticice  Refer to section A.17
DNA P&P Refer to section A.18
Microtoxicity Pesticide NBR 154113:2012 A.19

The sectionsbelow give the detailed description of the methodologies and
equipmentusedto performeachanalysis.Wheneverthere areconsiderable differences
between the methodgpplied br a certan analytefor the two studies that compose this
work, subsectionga)P e st i ¢ i d endePs&Pa rRcehsspeaify thdréspective
approaches

Overall, most analytical procedures weref@ened by the author of this work

with the asistanceof undergrduate interns for the study with the pesticide waater,
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whilst most analysis from the P&P research were executed by technicians from
AnoxKal dnesod6s accr edi t esdibeliadaochsubsectionpelowE x c e pt
if applicabk.

A.1. Chemical OxygenDemand (COD)

a) Pesticide Research

The COD of the sangs, expresseasmgQOy/L (or simply mg/L) was quantified
using the closed reflux colorimetric method (522QAFHA, AWWA, et al, 2017) The
substancefable to aidation n the samplgeeither organic or inorganiceact withthe
oxidant potassium dichromat&ACr.0-), in acid mediumK>SQy), in a closed vessel at
high temperature (150°C) for 2 hours. Prior to digestion, 2 mL of the sample (or its
dilution) was mixed with twosolutions: 1.2 mL of digestion solution, containitig
dichromate, sulfuric acid and mercuhgulphate diluted in water; and 2.8 mL of catalytic
solution, containing sulfuric acid and silvg) sulphate.

Atfter digestionand coolingdown, COD wasquantfied by linearly relating it wh
the color changef the mediumproportional tochromium reddion (Cr®* to Cr**). The
color was measuretty absorbance at specifiedwavelength in a spectpbotometer
(Hach DR/2800) and related to CQidntentby comparisn with a calibration curve
constructed with variousnown COD of potassium biphthalate stami$asolutions.

Analysis were conducted imriglicates and two COD fractienwere usually
guantified the total COD (tCOD) from the raw samplesd thesoluble Ca (sCOD)
from the filtered sample$0.45 um nominalpore, nitrate cellulose membranéis
descibed in sectiorB.2, the difference between total and soluble COD corresponds to
particulate COD (pCOD).

b) P&P Rearch

Degite following the same method/principle described above, dtihimresearch
with the P&Pwastewater HachCK 114 reagents kitsvere used insteadf preparing
reagent solutions in the laMost of the times the samples were handed to technicians

from AnoxKaldnes acredited laboratory to perform this analysis. Hach B800
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spectrophotometer wassed for absorbance measurement and COD calculation against

calibration curve.

A.2. Dissolved Organic Carbon (DOC)

The dissolved organic carbon @) correspods to thesoluble petion of the
total organic carbon (TOC) present e sampleTherefore, the analysis was performed
after filtration of the amples through nitrate cellulose membrane with u#shominal
pore. It is expressed in mgC/L (miligrams oftwan petiter).

DOCanalysis was performed @am organic carbon analyzehimadzulr OC-V cpn.

Its working principle involveshte soluble total carbon (TC) and inorganic carbon (IC)
quantifications. The former is determined by combustion of the sample &€,680
geneating carba dioxide that is detected by an infrared analyzepgrtionaly to the
TC contained in the samplie.turn, IC is quantified by acidifying thesple to pH lower
than 3, converting all the carbonates to carbon dioXiden, the diffeence beween the
TC and IC corresponds to tHEOC. Calibration curvedor TC and C were made

respectivelywith standard solution of potassium biphthalate and sodium bicarbonate.

A.3. Total Nitrogen (TN)

a) Pesticide Research

TN was assessed liye btal nitrogen anajzer Shimadu TNM-1, coupled to the
TOC-Vcen equipment. The algsis occus by combusting the sample at 720ft&aking
the totality of the nitrogen in the sampéetransform to nitrogen monoxide (NO), which
is detected by a chemiluminescence gaayaer.Calibrationcurve of the method was
built with potassium nitrastandard solutions. Results, in mgN/L (miligram of nitrogen
per liter), were always related the sbéved total nitrogen, as samples were prefiltered

(0.45em nominal pore membranes)

b) P&P Research

Sampes were handed to AnoxKaldnes accredited lab stadt, performed the
total nitrogen analysis using the colorimetric reagents kits Hach 138<and LCK238.
In both kits, organic and inorganic nitrogen aredmed to nitrate by digeson with
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peroxodislphate Then nitrophenol is formed by the reactionndfate ions with 2,6
dimethylphenol in a solution of sulphuric and phosphoric acids. Resultz@essed in
mgN/L and both unfiltered and filtereshmple (through glass fiber menanes pore

s i z 2 umpwere consideredor assessing particulate and soluble fractions of total
nitrogen. Spectrophotometer Hach DR 3900 was used for measuring absodyahce

calculating TN concentration by comparison with a calibration curve.

A.4. Total Ammoniacal Nitrogen (TAN)

a) Pesticide Research

Quantification of the totallamoniacal nitrogen in the samples was done using the
Nessler colorimetric method, dlesslerization, adapted from the norm NBR 10560 and
the method 4500lH3X (Standard Methods, Tgdition). The principle of this method
involves the formation of a yellowrownish colloidal dispersion from the reaction of
ammonia with the iodide containéa the Nessler reactive, in highly alkaline medium
(which virtually converts all the ammonium tonmonig see sectiorB.6). The color
intensity of theresulting solubn is linearly proportional to the mount of TAN present
in the sampleNessler reactive consists of a solution holding 0.100 §tnercury (II)
iodide Hgl2), 0.070g/L of potassium iodide (KI) and 0.160 g/L of sodium hydroxide
(NaOH). This solution isprepared in reagetrade water anceft decanting for a few
days before utilization.

Analysis were done irriplicate by mixing 0.1 mL of the Nessler reageritmb
mL of the sample (or aliquot diluted to 5 mL) prefiltered in nitrate cellulose membrane
with 0.45 em pore size. AfterlO minutes of the reagent addition, color intensigs
determined by absorption at 425 nm wavelength in a spectrophotometer H&30DR
and compared with the calibration curve constructed withh@GlHtandardsolutions.

b) P&P Research

Photometric method fromtiieh er mo Fi sher ScientificE Ga
Analyzerwas used by staff from the accredited lab of AnoxKaldnes to anthigZEAN
concentration from filtered samples (glass fiber membrguees sizeOD 2 ). Evdium
dichloroisocyanurate, sodium salicylaéend sodium nitroprussidare the chemical
compounds used in thestrumen 6 s me t h oFdrthdr details a8l Mferences may
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be found in the eghopkiefFé&st mamdScanificur areeT
Gallery Discrete Industrial AnalyzersAutomated Nutrient Analysis and Water Quality
Monitoringo (THERMO FI SHER SCIENTI FI C, 2018

A.5. Nitrite (NO 2)

a) Pesticide Research

Two colorimetric methods were employed for assessing nitrite concentiration
prefiltered samples (0.48n membranes). Standard solutions prepared with NaM@e
used for calibrating the methods. Results are expressed in mgNNQunless specified
othewise.

Thefirst proceduranade use of the kit Nitriver 2 Nitrite Reag€hitach) based
on ferrous sulphate as reducing agent. Nitrous oxide is then formed and couples with
ferrous ions, resulting in solution color ranging from green to brown. Sampleadre
(5 mL) in Hach test tubes followed by the reagent kit and mixirfeerALO minutes
reaction, a spectrophotometer (Hach DR/28@@y used to read the absorbance at
585nm. By comparison of thebtainedabsorbance with a calibration curve, the nitrite
concentratiorwasthen determined.

The second method for nitrite was tstandard colorimetric method 4500D;
with sulfanilamide and NEDN-(1-Naphthyl)ethylenediaming(APHA, AWWA, et al,
2017) Diazotized sulfanilamide couples with NED, resulting in a reddigiple solution.
Analysis was perfaned in duplicate by mixing 5 mL of the sample with On20 of the
sulfanilamide/NED solution (1% m/v NED, 0.1% mAifanilamide, 10% v/v of BPQOy
reagent grade solution). After letting the mixture sitting for 10 minutes, absorbance at
543nm was read. Tdnabsorbance was then compared with a calibration curve made with

NaNG; concentrated solutions to calculate the mtdbncentration.

b) P&P Research

Nitrite measuremerftom filtered samples lfrough glass fiber membrangmre
si ze )Ywaconduutetly the accredited lapersonnefrom AnoxKaldnes, using
photometric methodftheTher mo Fi sher ScientificE Galler
Chemical reagents and principle are the same as the second method employed during the
study with pesticide wastewateFurther details and references may be found in the
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equi pment 0s -bmaonku ffiaFcatsutr earn de Accur ate Ther mo
Industrial Analyzers Aut omat ed Nutrient Anal ysis and
(SCIENTIFIC, 2018)

A.6. Nitrate (NO3)

a) Pesticide Research

Alike the nitrite analysis, two colorimetric methods were used for nitrate
evaluation in samples filtered through 0.4Bh nominal pore membranes. For both
methods, the calibration curves weprepared wit standard KN® solutions. Nitrate
concentrations, unless otherwigeecified, are always expressed as mg-NNZL.

Initially, the Hach K Nitraver 5 Nitrate Reagent was used. This method is based
on the consecutive reduction of nitrate ifite by cadnium, then the nitrite to diazonium
salt by sulfanilic acidThen thesalt reacts with gentisic acid, producing an amber colored
solution.5 mL sample and the reagent kit waddledtogether in testube and mixed for
1 minute. 5 minutes laténe absorbarecat 500 nm was read in a spectrophotometer (Hach
DR/2800). A calibration curve was compared with the absorbance value to obtain the
nitrate concentration of the sample.

The second method used for nitrate measurement was the colorimetric with
brucine (EPA, 1971) Thesample (1.25 mL), processed in duplicate, was mixed with
0.25mL brucine solution (1% m/v brucine, 0.1% m/v sulfanilic acid, 0.35 M H@GH
2.5 mL of BSQy solution (14.5 M) and let sitting in the dark for 10 minutes. Them®.5
of distilled water was aded andanother20 minutes in the dark passed before reading the

absorbance at 410 nm in a spectrophotometer (Hach DR/2800).

b) P&P Research

Measurement of nitrate concentratiwasperformedin samples filtered through

glass fiber membranesamples pore st e O ) By th® mccredited lakeam from

[
D

\

AnoxKal dnes, using the Thermo Fisher Scien

photanetric methodNitrate was measured indirectly by analyzing both nitrite and total
oxidized nitrogen (nitrate +tnite) andsubtracting the former from the latter. Hydrazine
is the chemical reagent used for total oxidized nitrogen analykise details ad

references may be found i-mootkh efi Feagsuti pamectht A
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Thermo Scientific Gallery Bicrete Industal Analyzers- Automated Nutrient Analysis
and Water Qua(SCIENTIFIR@01i8)t or i ngo

A.7. Nitrous Oxide Gas (NO)

Gas samples were collected with a syringe from a glassware connectedrtela fun
partially submerged up$e down into the liquid surface of the reactor, after letting the
apparatustandingovernight so it was homogenaly filled with the offgas coming from
the reactor. With a needle, the offgas was injected into an ampoulewilledsaline
solution that nmimizes nitrous oxide dissolution into the liquid. Ampoules were kept
upside down in aefrigerator(4°C) and later sent to nitrous oxide measurement.

The two measurements of nitrous oxide gas concentration in the MBBR offgas,
during the pesticide resed, wereoutsourcedo laboratories of the Federal Fluminense
University (UFF, Niter6i, RJ). Gas chromgtaphy coupled telectron capture detector
(ECD)was used as the measuring method.

A.8. Phosphate(POs%)

Phosphate was detemed in samples filtered tbugh glass fiber membranes
(b or e s i)bythe@ceredited fatafffrom AnoxKaldnes, using tiEhermo Fisher
ScientificE Gall er y Bpho®retris meihods ChengistnettieAn al y z e
method for phosphate analysisclude the chemicals antimp potassium tartrate,
ammonium molybdate and ascorbic acid. Further desaitl references may be found in
theinstrune nt 6 s ma nbuof oakast dndr A&aquratee Thermo Scientific Gallery
Discrete Industrial Analyzers Automaed Nutrient Analysis and Wer Quality
Mo ni t ¢SCIENTYRC, 2018)

A.9. Suspended Solid¢TSS, VSS and FSS)

Measurement of total, volatile and fixed suspended solidS,(VSS and FSS)
followed theadaptatiorof the standard methods 2540 D and 2549dtiplicates or single
analysis of each samplaPHA, AWWA, et al, 2017) The procedurestarts by washing
a glass fiber filtep o r e s i ywith réagedgraderwater, drying it at 530 in a

muffle for 1 h, then weighing the set in an analytical balance. In sequence, a known
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volume of sample (20 to 200 mL) is filtered through the same glass fiber membrane and
the set (with thesolids residues) is dried at 2a83C for 24 h or until consnt masss
obtained Mass increase in the filter set divided by the sample volume gives the TSS
concentrationThen theset is taken to ignition at 580 for 1 h and the mass reduction,

in relation to the previous step, is associated with the volaslgiém of the suspended
solids. By subtracting the volatile suspended solids from the total ones, the fixed portion
IS obtained.

A.10.Attached Solids(TAS, VAS and FAS)

The total, volatile andxXed attached solids (TAS, VAS, FAS) were quantifosd
adapedstandard method2540 Band2540 E for total and volatile/fixed solidAPHA,
AWWA, et al, 2017) A known number of carriers were taken from the MB&nd had
the bidilm entirely scraped off using interdental brushes addstilled water(Figure
A.1) i into a preweighed dish, and then dried at 1033C for 24 h or until constant
mass. Increase of the dish mass divided by the numbearoérs was the TAS
concentration, expressed mg/carrierNext, the dish was taken to the muffle at 850
for 1 h and the mass reduction, related to the previous step, divided by the number of
carriers, was the VAS concentration, in mg/carrieine calalations necessary for
expressing TASand VAS per unit of reactional volume or surface area, as well as for
calculating the total amount of attached solids in the reactor are givegciionB.9,

below

FigureA.11 Biofilm extraction (3 and biofilm carriers after (bottom) and before

(middle) cleaning with the interdental brugbp).
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It is important to state that the same number of carriers taken for analysis was
replaced by clean carriersin the MBBR. Those were marked to avoid using them later for
biomolecular or attached solids analysis.

A.11.Turbidity

The rephelometric standard method 213@APHA, AWWA, et al, 2017)was
applied for tubidity assessment by means of a turbidimeter PoliControR@@0,
calibrated with standard formazin suspensions supplied by the manufacturer. Recently
collected samples were homogenized, transferrelbém glas vials compatible with the
turbidimeter, ad left standing for just enough time so that no more gas bubbles were
visible, then the turbidity was read and registered in NINdphelometric Turbidity
Units).

A.12.pH

a) PesticideResearch

The power of hgrogen vas measured by the potentiometstandardmetiod,
4500H" B (APHA, AWWA, et al, 2017) using a Hanna Instruments 2221 bench top
pHmeter, equipped with selective glass electr&devious calibrabn with standard pH
buffer soltionswas performedThe electrode measurtt®e electric potential differelec
in relation to the hydrogen ion diffusion potential, resulting from the gradient of hydrogen
concentration from the sample to the interior of the electrode. A temperature probe
connected to the equipment reads the tentyperaof the sample, correctingetipH

reading.

b) P&P Research

Based on the same principle, a portable pHmeter Hanna HI 991001 was employed
for tracking the pH in the reactors and other solutions. On the samdengygrature
corrections were provided bynsultaneously measuring it withdlhintegrated temperature

probe.
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A.13.Temperature

For both research projects, temperature in the reactors were always registered, in
°C, during pH measurements using the temperattobeg that accompanied the pH

SEensors.

A.14.Dissolved Oxygen (DO)

a) PesticideResearch

For measuring dissolved oxygen, a bench top oximeter WTW Oxi 7310 was used
directly in the MBBR. Theinstrumentwas equipped with a temperature probe for

temperature correicin of the DO concentration. Results wergiseered in mg@JL.

b) P&P Research

A portable DO meter Hach HQ40d wased for monitoring the dissolved oxygen
concentration inside the reactors. A temperature sensor is included along the DO probe,
S0 correction regarding the temperaturegere automaticResults were registed in
mgGOy/L.

A.15.Optical Microscopy (Biomass)

After collecting the biomadsvhether suspended or attachetijvas immediately
placed(one or two dropsin glass microscope slides for obserwat Biomass attached
to the carrierswas cdlected as descriloein sectionA.10. Suspended biomass was
collected from the reactors effluent and decanted by gravity for sludge concentration prior
to observation.

During the peticide study, an optical microscofoeco Gemany BM 1 800
coupled to a camera HDAEX5, was used for biomass observation under magnification
of 100 or 400 times. Same procedure was followed for the P&P study but ushtigahe

Eclipse Nioptical microgope instead. Optical zoom range was 10P06r times.
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A.16.Optical Stereomcroscopy (Carriers)

For observing ta biofilm morphology, carriers were taken and carefully rinsed
with tap water for getting rid of suspended flocs that might haveradho the aaier
while sampling. Next, carriers were apkd in petri dishes and observed in a
stereomicroscopeNikon SMZ1270 Eventually, carriers were also observed after
removing excess watebsorbednto the biofilm by gently placing them over a gap
towel and lhen in a dry dish under the stereomicrosdeps. Optical image amplification

of 1, 2, 3, 4, 6 and 8 times were used.

A.17.Fluorescencan situ hybridization (F ISH)

Fluorescenceén situ hybridization (FISH) techniqyencluding microscopy and
image process@) was performed todeterminethe relative Bundance of the nitrifying
bacteria, AOB and NOBsee section2.2.4.), with regards to the total bacterial
community This biomolecular techniqgue was employed for the biofilm of el with
the pesticide wastewatefhe proedure was performed by one scientific internship
student, advised by profess.

TheFISH principleconsists of fixing biomass samples and hybridizing them with
DNA oligonucleotide probes that attach specificaitly rRNA sequences of target
organisms. Therobes are fluorescently labeled and pwnsequentlybe visualized by
microscopy and analyzed lopage processingoftware for quantification of the targeted
groups in relation to the total bacterial commurfigshich is hybridized with universal
bacteral probe labeled with another color). Overall, the procedure consistsngf the
biomass sample for cell inactivation and permeabilization for probes penetratjon
sample immobilizatiorybridization, wasimg of excess probe, microscope examination
and image analysigurther egplanations about the working principle of theéchnique
are given in the literatur@BASSIN, DEZOTTl, et al, 2018, NIELSEN, LEMMER gt
al., 2009)

Biofilm samples wereextracted fronmthe carriers (as done for attached solids
analysis, sectio\.10) at the end of eacloperational phasandimmediately ixed in
Eppendorf vials withparaformaldehyel 4% m/v. The fixabn procedure started by
macerating the extracted biomass, letting it decant and removing the excess supernatant

water. Theresulting biomass slurry was transferred &2 mL Eppendorf vial and
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centrifuged for 2 minutest 4400 rpm, folbwed by removal othe supernatant liquid.
Then,i) 2 mL of PBS (Phosphate Buffered Saline) was addgdhe biomass was
resuspended and homogenizaigl,and centrifugd (2 min, 1400 rpm) for supernatant
remowal. PBS addition and subsesqu steps wereepeatecanother2 times. After that,
aroundthreefoldthe biomassvolume of paraformaldehyde (4 % m/v) was added and the
biomass resuspended. Aftestingin the fridge for 1 to 3 h, the mixture was centrifuged
(2 min, 1400 rpm) and the gernatant takemaway. Steps i)to iii) were repeated for
another three timeg$inally, the Eppendorf volume was completed with equal parts of
ethanol(98% v/v)and PBSsolution,and stored in the freezat-20°C until utilizaton.

For preparing thalidesfor sample immbilization, they wee dipped in gelatin
solution at 70°C for 5 minutes, then-difed in the oven at 48°C. Gelatin solution was
previously prepared by mixing, at 70°CP0L mL of distilled water, 0.1 g of
microbiological gelatin and 0.01 g of KCr(9)2, then stored at 4°G~or each sample,
triplicates weraddedn equal sized wellsontainedn theplate(0.2puL). The slides were
dried at 48°C for 1830 minutes with posterior dehydratianth growing concentratios
of ethanol (50, 70 and 98 % v/v) by seqtially submerginghe plate in each ethanol
solution for 3 minutesFigure A.2 illustrates the samples setup for hybridization, with

triplicates for each operational phase performetiieet wells othe preparedlides
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AOB 594 + EUB 4882

/a1
©®© 0

0000 ||
ceeel| o
o J L AN J

NOB 488 + EUB 5942
/~ N\ (e AW h

RS N\ /A I

5@ O ~®
=@ -0 -®@
5@ -0 ~O

HORIORIE
HORIORIE)
=® -0 -@

@eec| (oo ) ®0e0
000000009000
ceeellooeel| o000

\ 10 11 12/ \ / \ 10 11 12/

Figure A.2 7 Immobilized amplesn each slideluring FISH procedure, showing
triplicates for each phase (P2 to P7), for eamimbination ofprobes targetingAOB and
NOB. 2 AOB, NOB and EUBstands fotheoligonucleotidehybridization probe blends
(TableA.2), while the fluorescent labels are denoted by 488XaFuor 488- green)

and 594 Alexa Fluor 594 red).

After air-drying the slides 10 pL of hybridization buffefNaCl5 M, N&EDTA
0.5M, Tris/HCI 1 M, sodium dodecyl sulfate (SDS) 10%)wasblended with 1uL of
differentfluorescent labeld oligonucleotide probe blendgreen Alexa Fluor 488 and
red Alexa Fluor 594)leadng to final probe concentrations in eacHvwe&5 ngprobefiL.
Table A.2 describes théybridizationprobeblendsemployed for the AOB, NOB and
total bacteria (EUB)More details regarding the probes and target groupgisesn
elsewhergNIELSEN, LEMMER, et al, 2009)
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TableA.271 Oligonucleotide probes utilized and target microbial groups.

Blend Probe Sequencd5 3 Target Groups Ref?
EUB338 | GCTGCCTCCCGTAG@AGT (Most bacteria [1]
an}
a EUB338 I GCAGCCACCCGTAGGTGT Planctomycetalesrder [2]
EUB338 Il GCTGCCACCCGTAGGTGT Verrucomicrobides order [2]
NEU CCCCICTGCTGCACTCTA Mosthaliophlllc andhalotolerant 3]
Nitrosomonaspp.
S*Nsel472 ACCCCAGTCATGACCCCC Nitrosomonas europaeiineage [4]
o o
® Ns01225 CGCCATTGTATTACGTGTGA Ammoniaoxidizing 5]
< b-proteobacteria
NmV CCGCGTAGTCTCTGAGGA Nitrosococcus mobililineage [6]
Ns0o190  CGATCCCCTGCTTTTCTCC Ammoniaoxidizing [5]
b-proteobacteria
@ NIT3(1035) CCTGTGCTCCAGCTCCG Nitrobacterspp (7]
Z SCNtspa662 GGAATTCCGCGCTCCTCT Nitrospira spp. [8]

a[1] (AMANN, BINDER, et al., 1990)[2] (DAIMS, BRUHL, et al., 1999)[3] (WAGNER, RATH, et al.,
1995) [4] (JURETSCHKO, TIMMERMANN, et al, 1998) [5] (MOBARRY, WAGNER, et al., 1996)
[6] (POMMERENINGROSER, RTH, et al., 1996)[7] (WAGNER, RATH, et al, 1996) [8] (DAIMS,
NIELSEN, et al, 2001)

Hybridization was carried out for 16 h after the addition of the marking probes in
a dark chamber saturated with the hybridaatbuffer at 48C. Next, the slide was
submerged in the washing buffer for removal of excess probe (that did nilizsjofor
15 minutes at 48°C. Finally, it was washed with distilled water andrigid again.
Finished the hybridization, the slide wammbedded with Vectashield (Vector
Laboratories) with DAPRt 1 ug/L for 15 minutes at 4°C, then stored-20°C until
microscope visualization.

Confocal laser scannminmicroscopgZeiss LSM 710 was used to evaluate the
samples triplicates on the slidesx 8nages of each well were obtained by the Black
Zeiss software as .czi extension files that were exported to therPyupyter software
to avoid loss of informatiorfFigure A.3 shows examples of images taken during NOB
evaluation. en, quantification was performed by image analysis for each specific probe
in relation to the total bacterial quantified. Results were expressed in % as biovolume
fraction which was calculated by trettio of the area of the target group to the areaeof th

universal probe (EUB).
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(@)

FigureA.3 1 Example of images taken during NOB evaluatidmere (a) is the area of
the red labeled hybridized total bacteria (EUB), (b) is the area of the greku IsB.

A.18.DNA Screening

For the study with P&P wastewatamnalysis of the microbial community in
biofilm samples at the end of each operational phasel also from BioChip P carriers
taken at the fulscale MBBRi was done by DNA extractioiollowed by PCR andl6S
rRNA gene amplicon sequencing (with PCR) tamggthe bacterial variable regions V1
V3. Biofilm was extracted from-2 carriers from each MBBR with interdental brushes
and distilled watefFigure A.4a), similar as fo attached solids analysis (sectiArl0).
The content was transferred to 15 mL Falcon tubes for setllingg 15 to 30 minutes
(Figure A.4b), then 2 to 2.5 mL of the concentrated sluages pipetted to Ependorf
tubes(FigureA .4c) that were immediately stored-20°C.
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FigureA.4 1 Biofilm extraction (g, settling (b), and storage (c) feubsequenDNA

screening

DNA extraction, sequencing armdw data processing were outsourced to the
company DNASense, based in Aalborg, Denmark. Latest research standards for sample
preparation and sequencing weredwled by the company. The following methods were
written basedn the information contained in the final report sent by the DNASense
shown in Annex.

Standard protocol for FastDNA Spin kit for Soil (MP Biomedicals, USA) was
used fo performing DNA extraction. In a Lysing Matrix E tube werdsdad 500 pL of
sample, 480 uL of sodium phosphate buffer and 120 uL of MT Buffer. Bead beating was
done at 6 m/s for 4x40(ALBERTSEN, KARST et al, 2015) Validation of product size
and purity of asubset of DNA extracts was accomplished by gel electrophord&sgti
Tapestation 2200 and Genomic DNA screentapes (Agilent, USA). DNA concentration
was obtained using Qubit dsSDNA HS/BR Assay kit (Thermo Fisher Scientific, USA).

Preparation of gene segpucing libraries of bacteria 16S W43 rRNA followed a
custom pradcol based on the literatuf€APORASO, LAUBERgt al, 2012) For PCR
amplification of the bacteria 16S W3 rRNA gere amplicons, as much as 10 ng of
extracted DNA was used. Every PCR reaction (25 pL) included dNTPs (100 pM of each),
MgSQs (1.5 mM), Platinum Tag DNA polymerase HF (0.5 U/reaction), Platikligh
Fidelity buffer (1X) (Thermo Fisher Scientific, USA) and @xadled library adaptors (400
nM of each forward and reverse). The following steps were followed for performing PCR:
initial denaturation at & for 2 min, 30 cycles of amplification (96 for 20 s, 56C for
30 s, 72Cfor 60 s), and a final elongation &°C for 5 min. For each sample, duplicate
PCR was promoted with posterior pooling of the duplicates. The 163 {fecific
primers contained in the adaptors were [27F] AGA GTTT GAT CCT GG& G and
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[534R] ATT ACC GCG GCT GCT GQGWARD, GEVERS,et al, 2012). Obtained
amplicon libraries were purified using standamdtpcol for Agencourt Ampure XP
Beads (Beckman Coulter, USA) with a 4:5 bead to sample ratio. DNA was eluted in 25
uL of nuclease free water (Qiagen, Germany). Concentration of DNA wasifogpcant
using Qubit dsDNA HS Assay kit (Thermo Fisher Scientific AYS5el electrophoresis
using Tapestation 2200 and D1000/High sensitivity D1000 screentapes (Agilent, USA)
was utilized to validate purity and product size of a subset of sequencing $§ibrarie

The purified sequencing libraries were pooled in equimolarergnations and
diluted to 6 nM. On a MiSeq (lllumina, USA), samples were pagned sequenced
(2x300bp) using a MiSeq Reagent kit v3 (lllumina, USA) and following the standard
guidelines fo preparing and loading samples on the MiSeq. Control libraryspiked
in (>10 % PhiX) to avoid low complexity issues frequently noticed with amplicon
samples.

Trimmomatic v. 0.32 softwaré with settings SLIDINGWINDOW:5:3 and
MINLEN:2757 was used forrimming forward and reverse reaOLGER, LOHSE,
et al, 2014) Once trimmedthe forward and reverse reads were first merged using
FLASH v.1.2.7(MAGOC, SALZBERG, 2011)configural for-m 10-M 200, an then
dereplicated and formatted for use in the UPARSE workif{B®WGAR, 2013) The
dereplicated reads were clustered making use of the usearch v. 7.@&LG®)r otus
command with default settings. Operational taxonomic unit (OTU) relative abundances
were estimated using the usearch v. 7.0.108@arch_global commandth -id 0.97-
maxaccepts @maxrejects 0. The abundance is influenced by DNA extragigme copy
number and primer biases and does not necessarily represent the true in situ abundance.
Taxonomy was assigned by means of the RDP clas§\#fi&iNG, GARRITY, et al,
2007) as implemented in the parallel_assign_taxonomy rdo.py script in QIIME
(CAPORASO, KUCZYNSKI, et al, 2010) using -confidence 0.8 and the MIiDAS
database v. 1.2GMCILROY, KIRKEGAARD, et al, 2017), that is a curated database
founded on the SILVA database, release (QBAST, PRUESSEet al, 2012) The
statistical environment R v. 3.5.1 was used for analyzing the results through the Rstudio
IDE, using the ampvis package v 2.8 BERTSEN, KARST et al, 2015)

Access to the data was provided via thdine application of DNASense for
results visualization, procesginand interpretation. This environment was used for

generating tables, heatmaps and plots for most abundant OTUs at different taxonomic
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levels, ricimess and alpha diversity metrics (bo#ticulated in a basis @0000reads per

sample for fair samples cgurarison), and ordination plots for beta diversity analysis.

A.19.Microtoxicity to Vibrio fischeri

Final sample from the PAC adsorptigeection 3.1.2 was handedat the
accredited laboratory fro the pesticide formulation industigr analyzing the inhibitory
effect to the bioluminescence ¥ibrio fischeribacteria.The procedurés described by
the technical norm NBR 154132012, from the Brazilian Association @echnical
Norms (ABNT).
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B. APPENDIX: CALCULATION PROCEDURES

Just Ike the analyticaethodsmostcalculationproceduresvere considered not
essential for thehesis reading if the reader is already familiarized with the calculated
parameters. Howevethe description of the calcuian proceduress crucial for furthe
understandingf the discussed concepts and for reproducibility of the studies.

Subsectiondelow indicate the equatiorend proceduresisedfor calculatng
parameters derived from resulof analysis or design pararaes. For every equation,
dimensionalconsistency should be observed ftg correct application. The list of
symbols and acronymgiven before the summary of this documeadntairs all the

notations included in the equat®
B.1. Removal Efficiencies

According toEquation(B.1) the efficiency of removal- of a certain parameter
in relation to the influent concentratios given as function of the influent and
effluent 6 concentrations of such parameter.

0 O
- 3 pmtmp (B.2)

B.2. Total, Particulate and Soluble Concentrations

Consideing that acertain component idistributed in solution in soluble and
particulate fractionghen the totatoncentrationd § equals the sum of the soluble ¢

and particulte (] § ones as inEquation(B.2).
00 i 6no (B.2)
Usudly, total and solublgortionsare directly analyzed, allowing the calculation

of the paticulate portion. In this work, the following parameters are distributed in

suspendedolids and dissolvedractions COD, TN, TP.
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B.3. Hydraulic Retention Time (HRT)

The hydraulic retention time obtained afunction of the flowrate 0 and the
reactionhvolume « is shown m Equation(B.3). This parameter corresponds to the

effective average contact time between the microorganisms and the substrates.
R O\
oYY = (B.3)
B.4. Theoretical Chemical Oxygen Demand

The theoretical chemical oxygen demandao$ubstance is indicated by the
stoichiometry 6 its complete oxidation with oxygemn other words, the COD is the
amount of aygen that woud be necessg to fully oxidize chemically a certain sample.
For instanceEquation(B.4) shows that thexidationof 46 g of ethanol requires 96 g of
oxygen sothatthe theoreticaCOD of ethanol corresponds to 96/46 = 2®/g ethanol.
Hence, a liquid sample containing 100 thamol/L would haveCOD of 209 gOy/L
(HENZE, VAN LOOSDRECHT gt al, 2008)

000 o0 ©¢60 000 (B.4)

Calculations of theretical oxygen dmand were employed in this work for
assessing the required quantity of organic substrates in a syntkdtto f&chieve certain
COD.

B.5. Nitrogen MassBalancein Liquid Phase

Equation(B.5) demonstrates the nitrogemassbdance used to calculate the
organic nitrogen content 0 as function of the concentrati of the analyzed
nitrogen speciespnamely total nitrogen "YU ; total ammoniacal nitrogen Y0 0 ;

nitrite 0 - and nitrate 0
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0 YO YOO O 0 (B.5)

The nitrogen fraction thianay theoretically be oxidized via nitrification is the sum
of the organic and ammoniacal nitrogen, known as tq&htlahl nitrogen (TKN), as
Equation(B.6).

YOO O YO O (B.6)

It should be regardedhat organic species containing nitrogen might appear in as
solids,being, thus, important to clarify regardindidae or particulatéorms of organic

or total nitrogen.

B.6. Ammoniacal Nitrogen Distribution

Ammoniacal nitrogen is foundiisoluble form whether as free ammonia gNét
ammonium (NH"), according to the equiliium shown inEquation(B.7) (METCALF
& EDDY, TCHOBANOGLOUS, et al., 2003)

50 0§ (GO (B.7)

According to the Le @atelier principle, in acid mediums the equilibrium is shifted
in the direction of ammonium. Therefore, free ammonia predominates innalkal
medium.Equation(B.8) allows the calculatio of the ratio of free ammontigitrogen to
total ammoniacal nitrogefTAN) as a function of pH(within 6.0 and 10.0)and
temperaturén °C (within 0 to 50°CJVON SPERLING, 2007a)

G

~5G P p @ 87 8 pTTP (B.8)

B.7. Fraction of Nitrogen Assimilated

Nitrogen present in thastewater may be assimilated by bacteria via anabolic

pathways. For estimating the fraction of nitrogen anabolized in relation to the total
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