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Abstract

There is a growing interest in leeost filtration mediaand reducing the environmental effects

of aquaculturepy reducinghe impact of effluents and reducintpe use of plastic. This study
evaluated woodchips as an alternative to plastic filtration media used for biological filtration
processes. Four 2,24 L tabtory scale reactors &re used to test two sizes of woodchip
media, and mixes of RK BioElements Light and Mutag BioChips plastic filtration media. One of
the reactors had new plastic media, while the other reactor was used for plastic media that
alreadyhad biofilm established, taken from an operating moving bed bioreactor. The filtration
reactors were used to filtrate water from smolt production at the Centre for Fish Resedrch
Norwegian University of Life Sciences. The average influent concenti@tiammonium
nitrogen was0,27/ + 0115 mg/L, the average influent concentrationrofrite-nitrogen was
0,033 £ 0,015 mg/L and the averagsfluent concentration of nitratenitrogen was 6,372
1,220 mg/L.

The results from the experiment show that niticition was occurring and that woodchips
showed comparable results to plastic filtration media for nitrificati@aoth oxidatiors of
ammonium and nitritewas occurring Thereactors were compared to a fedcale RAS, and
comparable results ereachieved fo the oxidation of ammoniumBetween the reactorghe
nitrification rate was found to be higher for the woodchips than the plastic filtration media.
No significant changevas registeredin total nitrogen or nitrate-nitrogen concentration,
indicating thatdenitrification was not occurring at significant levels. This is likely to be due to
the presence of dissolved oxygen in the water, known to inhibit derm#iion. Visual
inspections of the woodchips showed decomposindicating that woodclps likely an be
used as a carbon source for bacteribBhe smallest woodchips particles tested in the
experiment were found to increase the levels of total oxygen demand (TOD) wvates,
indicatingthe leaching of organic material.

The filtration meda showed cmparable clogging and reduction in flowrate. Thus, woodchips
cannot be stated to givahigher potential of clogging than plastic media for a bioreactor with
staticmedia. The reason for the rapid clogging is believed to be a combination céaltor

dedgn, where access biofilm is not flushed away as in a moving bed filter, and because of high
load due to the small volume and the high flowrate. This shows that the reactor design is
crucial for the flow and clogging potential.

KeywordsRecirculatingaquaculture systems, microbiological filtrationpitrification,
woodchips clogging potential



Sammendrag

Det er en gkendenteresse forkostnadsreduserende filtreringsmedier, men og®d a
redusere miljgeffektene av akvakultur, somrensing av avfallann og redusere bruk av
plastikk. Dette prosjektet tar for seg treflgm et alternativ til filtreringsmedier av plast i
biologisk rensingrire laboratorieskala filtreringmhetermed volum pa 2,24hle anvendt for

a testeto starrelse av treflispartikér, ogto mikser av plastmaterialer. Plastmiksen bestod av
halvt om halvt medRK BioElements Ligloig Mutag BioChipdiltreringsmedier. Den ene
plastmiksenvar ubrukt, mens den andre miksen ble tatt fra et opererefitfieeringskammer.
Fltreringsenhetene ble anvendt til & rensevann fra smoltproduksjon ved Senter for
fiskeforsgk lokaliserved Norges Miljg og Biovitenskapelige Universitehtaksvannehadde
snittkonsentrasjoner p#,279+ 0,115 mg/L ammoniumitrogen, 0,033+ 0,015 mg/Lnitritt -
nitrogenog 6,372+ 1,220 mg/Lnitrat-nitrogen.

Resultatene fra forsgket viste at nitrifiserirggppstod, og at treflis vistsammenlignbare
nitrifiseringsresultater medfiltreringsmediene av plds Det forekom ldde oksidering av
ammonium og nitritt Filtreringserhetene ble sammenlignet moet av anleggae ved
forskningssenteretnoe som viste sammenlignbare resultater for oksidering av. ammonium
Sammenligning av filtreringsmediene moitrifikasjonsrate viste at treflishadde hgyest
nitrifiseringsrate. Ingen sigifikante konsentrasjonsendringer ble registrert for
gjennomsnittsmalingene av totahitrogen eller for nitratnitrogen. Noe som indikerer at det
ikke har skjedd denitrifikasjon paerkbae nivaer. Arsaken til dette er trolig tilstedevaerelsen
av opplgst olsygen i vannetnoe som er kjent at forhindrer denitrifikasjomspeksjon av
treflisen etter forsgket viste klare tegn til nedbrytning, noe som indikeaetbakterier kan
bruke treflis som karbonkild®e minste treflispartiklene som ble testet viste eknang iTOD
(Total OxygenDemand), som indikerer dilteret tilfgrer organisk materidtil vannet.

Filtreringsmediene viste gnhende resultater nar det kommer tilfortetting og reduksjon i
volumstrgm Derfor er det ingen grunnlag til & si at treflis haryere potensial foé tette seg
enn for plastmedier, nér en bruker et anlegg m&dtisk filtreringsmedium. Arsaken til at
anleggene tettet seg sa raskt, er trolig en kombinasjon av reaktoréesign med tanke pa
at overflgdig biofilm ikke blir vaskeekk, og hgybelastning pa anlegggia grunn av stor
volumstrgm i forhold til volum. Noe som viser hvor viktggktorens design har for stabil
volumstrgm og fortetting.

Ngkkelord: Resirkulerende akvakusystem mikrobiologisk filtrering, nitrifikasjortreflis,
tettingspotensial
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1. Introduction
1.1Background

Plastics have beemsedworldwide sincethe 1930 and canbe found in almost everything
we surround ourselves with, frofiood packaging telothes.Theoverallproductionin the
world is around 300 million ta0of plastic a yearOf this arounchalfiis usedin disposable
products andglobally only 5 % qflastic isrecycled after uséAvset, 2017)The low recycling
rate and bad handling of traghake plasti@a global environmental problenincreasinghe
problem is the fact that plastic owlybroken down in natue (Nerland et al., 2014 astic
findsits way into naturebecause ofnany reasonsPoorly secured garbage dumps close to
the oceans drives plastic intine ocean bythe wind. While storms flooded rivers and
natural disasterscan as welldrive unsecuredtems into the oceanEvery year faleast 8
million tons of plastievasteends upin the ocean lakesand rivergTyree & Morrison, 2017)

Mastic ha a direct effect on marine life, especies caeat plastic olget entangled in litter.
Thisfact has been knownfor decades and is seenin stomachsof seabird who mistake
pieces of plastic for food.ater studies showthat this is the case for many other marine
speciessuch as seahorses, fish and larger marine anifhdgland et al., 2014)

The last deade another issue regarding plastics have brought great concBfastic in
particles less than 5 mm, called aroplastic,pollutes much of the marine environment
(Nerland et al., 2014Microplastics can be found everywhere, even in our drinking water.
These plastics come fromthe release of manufactured microplastics and oin the
breakdown of larger plastic litte(Tyree & Morrison, 2017) An example ofthis is
microplasticsrom artificial soccer turfsThesefields contain tons of microplastiand are
frequentlyflushed into the drain by rain or spread inb@ature as theplastic pieces stick to
clothesor shoeqGulden, 2018)

It hasbeenproventhat marine organismsgest microplastics, anldboratory studiesshow
that microplastics ca have suHethal effects ageduced feeding and increased uptake of
certaincontaminants. Studies have shown thai fishthere hasbeen seerchanges in gene
regulation The research field othe long term effects of microplastics is stifjuite new
within marine researchTherefore it still remains a lot afesearch beforghe longterm
effectsare known(Nerland et al., 2014)

Aquaculture is using lot of plastic h the production of fishfrom boxes of Styrofoam to
filtration media A study of aquaculture facilitiesn Norway estimates that325-ton
microplasticsare being released into the sefiom plastic pipesused for pumping feed
pellets. These are being torn down due to high shédrisis probablyonly oneof manyuses



of plastic that is causingthe releaseof microplastics into the oceafrom aquaculture
(Christensen, 2017)

In recirculatingaquaculturesystemsplasticis also drequenty used maerial. Pipes bringing
water around, fish chambers, filtration chambeasdfiltration media are only some of the
uses. Albf these are potentiasources to microplastic&specially plastic filtration media
moving bed chambers are expostdhigh shar forces and friction.

As a way of reducing the use of plastidiltration-systemsan approackcan be to replace
the plasticfiltration media witha natural filtration mediaA range ofiltration media have
been tested for its effedn biological cambers woodchipsare one of them. Earlier studies
have be@ positive regarding its Vulity as a replacementMoodchipsareanenvironmental
resource if harvested sustainabl¢Svanaes, 2004)and the woodchip may serveother
purposes after use in biofiltrationas &ertilizer can be one of them.

1.2 Scopeof Thesis

The thesidocuses orthe use of woodchips imquaculture recirculating water systems.
practical study using labcale filtration reactordiave been carried ot the Centre for fish
research at Norwegian University of Life Sciengée teting includedthe use of woodchips
of two sizes and a mix of two types of plastic filtration media.

The parameres measureid the testing of filtration media wereflow rate, pH, NH*-N
(ammoniumnitrogen), NG-N (nitrite-nitrogen), NG-N (nitrate-nitrogen), Tot N (total
nitrogen) , TODT(otal oxygen demanyl porosity, density, andressure drop

1.3 Objective of thehesis

Research voodchipscanreplace plastic filtration media in microbiological filtration and/or
if there are other potentialusesfor woodchips in aquaculture water treatment

The specific aims of thiesisare to:

- Performan experiment omrmicrobiological filtration where woodchips are compared
againstplastic filtration media.

- As a part of the experimentcompare flowrate and abgging potential for the
filtration mediatypes

- Design and perform a test on pressure drop for the filtration media

- Determine the physical properties of the filtration media

- Evaluate potential uses of woodchipsaguaculturewater filtration based on the
studiescarried out ancan extensive literature review.



1.4 Limitations

Parameers such asCOD (chemical oxygen deman®Q (lissolved oxygen TP (total
phosphorus), TAN (total ammonium nitrogen (NHN and NH-N)), and TSS (Total
suspended solidsyere excluded due to time and equipment limitations.

The concentration of ammonium was low in thecheulated waterat the Gentre for Fsh
Research this is known to affect nitrification effec’he wastewater from aquadure is
more complexcompared toartificial wastewater useth manylab-scale tests obiological
filtration. Thus it is morgarameters that may affecthe growth of bacteria than there
would be in a more controlled labatorium environment. No additional concentrations of
ammoniumwere addedto increase the concentrationThis was due to the water used for
the study was pumped back into the aeculating system after filtration. Thus the
concentration of ammonium in the water is a limitatiorr the thesis, as the systemsene
only tested uneér low concentrations.

Another limiting factor is the stability of the system. Where ircantrolled laboratory
environment withartificialy made wastewater for lalscale use, one will be able teliver
stable concentrations of ammonium, nitritandnitrate to the filtration systers, while with

use of wastewater from fish chambers the levels of nutrients in the water increases as the
fish grow.Thusit is expected higheeffects of nitrificationwith time.



2. Literaturereview

In the literature review a more comprehensive presentation of important factors of water
quality, how recirculation systems are built up, what processes @natncluded, but also
knowledge about wood and earlier researchtbe use of woodchips in biolacal reactors

will be presented.

2.1 Freshwater qualityfor aquaculture

Water quality is @ important factor to achieve optimal growth conditions for fish in
aguaculture Changes in only one or twgquality parameters wilgiveanimpacton fishwell-
beingand growth(Lekang & Fjeera, 1991)nderthe essentidparameters for water quality
will be presented.

2.1.1 Temperature

The water temperatures important when it comes to activity and comfort for the fisim.
wild condition, the samon uses 5 years to reach the fish size called smafter this age,
the fish have gone through @hysiological change that makesaible to live insaltwater.

When usingheatedwater, this processs reducedo one yeanGjedrem, 1979)

Forsalmonidsthe lowertemperaturelimit is-0,5°C andthe top limit is 28C. For rainbow
trout, the optimum temperaturds 18C andfor salmon the optimum tempetare is 16C.

At temperatures as low as#C the growth is close to nonehiletemperatures over 2

givetoo little available oxygen for the fislBy maintaining stableptimate temperatures,

the operation rurs smoother angroduction time is also shtened significantl(Gjedrem,

1979)

2.1.2 Oxygen and nitrogen gas.

The fishuse oxygen in the waten its inhalationplants use i@t night, andit's usedin the
biologicalbreak down of organic materiaBecause the fish breathes, the oxygen levels in
the water arevital for the fish The oxygen amountlecreases with increaginwater
temperature, which ioone of the reasonsvhy high temperaturesreate problems for the
fish. Higher temperatures increaseshi activity, thus also the oxygen and water ukdes
known that salmonids need at least 5 mg/l oxygen in the water ovdorayer period
(Gjedrem, 1979)



In freshwatermostof the oxygen comesdm the air and photosynthesaf plants, while in
salt water most of the oxygen comes from freshwater, from the air or produced by
photosynthesisby plankton (Gjedrem, 1979)Ideally, the oxygen saturatiorshould be
around 95100 %,and the nitrogen content should not be oversaturatd. 100 % oxygen
saturation means that the coent of oxygen ist the maximumlevel ofwhat that the water
can hold at atmospheric pressufeekang & Fjeera, 1997n a recirculating aquaculture
system, the water is not as exposedoxygen sources as irature. Thereforg oxygen must
be addedby addingair or pure oxygen gs.

Nitrogen (N) can be dangrous to the fishwhen oversaturated Oversaturation can cause
gallbladder disease, which will cause damage or death if levels are ovetQB)2¢Lekang
& Fjeera, 1997)

2.1.3 Buffer ability and pH

Buffer ability is the ability to maintain the pH value whaddingacid or base to the water.
The alkalinity and aidity in the wateraffect this ability. The alkalinity is the ability to
neutralize acidic components, whilthe acidity is the ability taneutralize basiccomponents
(Lkang & Fjeera, 1997)

We can define pH in water as tinegative logarithm of the Hon concentration

no 11@Q [1]
The equation for pHk:

¢OU a z OO0 R 0O wn [2]
Which can alsbe written:

00 a 20 ®n 00 N [3]

The pHscale is neutral at Tyhere pHvalues under 7 indicates igec liquid, and pHvalues
over 7 indicateslkalineliquid. At7 the equation is in equilibrium and the amount of OH
and H ions areequivalent.The logarithmic correlation means that with a pH of 8, then the
concentration of OHwill be ten times the concentration oftbns.For lakes andvaterways

in Norwaythe pHlays around (4,%) (Lekang & Fjeera, 1999H in seawater lays around 8
and is very stable due to the lmgontent of salt which gives the water high buffer ability
(Gjedrem, 1979)

For salmonidsthe optimum temperature is neutral water (pH = 7) or a little higher
(Gjedrem, 1979)Low pH can cause damage to skin, eyes and gill, anchgeduction in
growth. Itcan also increase the solubility of metal ions, that will occur in formsaitegbxic.

It is recommended that pH should never be lower tfa, and in aquaculture facilities the
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level is usually set in the ran@e5-9. pH in acid waters adjustedby removing H" ions. This
can bedonebyaddnga substrate thaattractsand binds thdree H ions, such asiydroxides
(OH) or carbonategLekang, 2007)ThepH can alsdbe raised by adding water with higher
alkalinity, such agroundwater, or by using a calk filter.

pHin water is affected by the concentratiai dissolvectarbon dioxiden water.When CQ
is dissolved in watert creates aveek acidcarbonic acid, HCQ. This acid cabe separated
into a hydrogen ion(H), and a bicarbonate io(HCQ’) as seen in equation [4Patel &
Majmundar, 2018)

00 00 2 060 z O O [4]

When the concentration of G@s high there is a shifto the rightin the reaction producing
more H ions Thusthe pHdecreases. Whilat low concentration of CQihe reaction shifts
to the leftand the pHncreasegPatel & Majmundar, 2018)

2.1.4 Organic material

Fish feed and excrements from the fistiroduce organic material to the waterOrganic
materials in water give bacteria and fungus in water nutrients to grow oithe
microorganisms use oxygen when they break down organic matenallowered oxygen
levels can harm fish and other organsim the water. Increasedorganic materiagivesan
increase of particles and nutrienlike nitrogen and phosphorusVhenit comes tonitrogen
componentsparticulaty the concentration of ammonium increaséSjedrem, 1979)

Organic material is decomposed by aerobic bacteria, and there will be decom posssnt

as long there is material to deggde and enough oxygen. There are three essential activities
that occur with organic material. (1) Some of the waste will be oxidiaeth endproduct,

this is to create energy fahe maintenance of cells and synthesis of new cell tis)Some
waste will concurrently be converted into new cell tissue usthg energy released from
oxidation. (3)Whenthe organic material is used upew cells will start to consuméeir

own cell tissue to create energy for cell maintenance, a process called endogenous
respiration. These processkappen bythe equations listed under, [5], [6] and [7Drganic
material is described as CHONS (Carbiydyrogen, Oxygen, Nitrogeand Sulphur), and cell
tissue as /NG (Tehobanoglous edl., 2003)

Oxidation:
6 00 0 &Yl "Qia& o Q0 OO 0o Ridw 00 (0 [5]
Synthesis
000 0 "Y DOWO QA OO0 0 ¢ QOQaRI | 6'Q [6]

6



Endogenous Respiration:
0000 w0 ©uvod VO (qOUVU [7]

There are several mbbds used taletermine theconentration of organic material in the
water. These methods arébuilt on measuring the oxygen demandhich ishow much
oxygenneededto oxidize all the organic material in a water sampleisgives an estimation
of how much oxygerthat will be usedwhen the organic material is broken down by
microorganisms.

Biological oxygen demand, BOD, is a method wherelaetmacteria break down (oxidize)
the organic matter in a sample to €@nd HO under controlled conditions. Then the
amount of oxygen used in thegcess is measure@degaard, 2014)T'he BOD methods
time-consumingas it takes five days with BOband seven days ith BOD. Another
disadvantage is that bacteri@eedto be present in the sample. Farastewater, there is
usually enough bacteria present, but for cleaner water bacteria must be addedn be
challenging to know what bacteriaahis most dominant intie plant, therefoe the bacteria
addedmight not bethe same, which will givalesstrustworthy estimate(ddegaard, 204).

Chemical oxygen demand, COBjmsilar to BOD, buhsteadof bacterig the oxidizingagent

is used In wastewateranalysisa mixture ofsample waterthe oxidizing agenpotassium
dichromate(K-CrOy) and sulfuric aci@reboiled. The amount of ptassium dichromate used
ismeasured and converted into oxygenhich gives thexygen demandt differs from the
BOD analysis where only tlexygen demand of biodegradable material is measured. For
COD the total amount of organic material is measured] ant how much of it that is
biodegradabld@degaard, 2014)

TOD, Total oxygen demand, i€l@emicalfree way of detemining the amount of organi
material in water samplesThis method is done byvaporatingwater samples at high
temperatures(1200°C). The oxidization is catalyfte, and an oxygen detector determines
the amount of oxygen used during the combustiohe Bnalyer measures the oxygen
demand of all oxidizable substances in the water samplee method isuitable for larger
sample serieasone sample analysis only takes a few minu(edR, 2019)

2.1.5 Phosphorus

In freshwater, phosphoruss oftenalimiting factor for the production rate. Even a snrée

in the concentration can give increased algae and plant growth. Increased atye® due

to increased production can give problems as large\dajations in oxygen levels and pH.
The oxygen level deeases at night cause to the algae and plant respiration. It is measured
up toa40% decrease in oxygen at larger facilities duthregnight (Gjedrem, 1979)
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2.1.6 Nitrogen

Nitrogen carbe foundin wastewater aorganicallybound nitrogen and inorganic nitrogen.
Organic nitrogen cabe foundin aquaculturewastewaterasurea, whit is made by fish
when proteins are broken down in the body arglseparatedwith the urine. Inorganic
nitrogen is foundas ammornim (NHs*), nitrite (NQ’) and nitrate (N®@). The sum othe
nitrogen in organic nitrogen and inorganic nitrogaakes thgparametertotal nitrogen (Tot
N), which is often the parameter used fareasuring and regulating purificatiovastewater
before itis releasedn nature(ddegaard, 2014)

Ammonium and ammonia are produced by fiah it breaks down proten and releases
organicnitrogen in the water through excrementand due to fish feedMicroorganisms as
bacteria and fungus convert orgamitrogen to ammonium and ammonia in a process called
ammonification. Othese two, ammonigNH) is most toxic. For fish farming using a+un
through watersystemthere will be no problem of metabolic ammonia, but fecirculating
systems accumulationfammona will occurand can be a problemat highpH. Levels of
ammonia at 28300ug/L is provena give raised mortality for salmonids, but problems occur
at much lowerevels Levels down to 1Qg/L is proven to impact on fish gills.Norway, a
consenative limit for ammonia
concentrationis setto 3-5 pug NHs-
N/L, dependent on operating o+
temperature(Bjerknes, 2007)
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The relationship between
ammonia and ammonium is
described with the following -l
formula: NH:
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+ 20

00 00V z 00O VO [g

pH
Figure2.1: The relationshipetweenNH3/NH4+, pH and
temperature(Hargreaves & Tucker, 2004)

Ammonia canbe describedas a weekbaseand ammonium as the conjugate acid. The
amount of each components dependenton pH, slinity and temperature, see figure 2.1.
High pH drags the reaction to the rigéiteand gives more ammonium than ammonia. Low
pH drags the reaction to the left side and gives more ammonia. The pH in the water at
Centre for fish researcis monitored tolay between 7,7 and &ndthe water temperature
lays close to 12%&, whichindicates close to 98;99 % Nk and 1,5 % Nkl

Afterammonification there aretwo more microbiological processes, called nitrification and
denitrification. These are presdad under.



Nitrification

Nitrification is the twastep biological process where ammaoniis oxidized to nitrite, and
nitrite is oxidized to nitrate This processsiuseful in water as the toxicity of ammonia,
ammonium and nitrite is higher than for niate. Systems designed for nitrification often
have longer retention times than systems maderfemoval of organic materiaMost of the
organic material needs to hemoved before a nitrification process effectively can occur as
the heterotrophic bacteriahave higher biomass yield and growth and therefore can
dominate the surface area on the media in a rea¢fitehobanoglous et al., P3).

In active sludge and biofilm processegrobic autotrofic bacteria are respondi for the
nitrification. These bacteria use dissolved oxygen and for their metabolism and growth
(Haug & McCarty, 1972)he two steps in the nitrification process are done by two segarat
groups of bacteria. Bbt groups are autotrophic, meaning that they can build organic
compounds based on simple substances present in the surroundings. The two most known
bacteria in nitrification areNitrosomonasoxidizing ammonim to nitrite, and Nitrobacter
oxidizing nitriteto nitrate (Tehobanoglous et al., 2008jher bacteria proved to oxidize
ammonum to nitrite (prefix Nitrosg is NitrosococcusNitrosospira, Nitroslebus and
Nitrosdorio. Other bacteria proven to oxidize nitrite to rare (prefixNitro) areNitrocystis,
Nitrococcus, Nitrospiraand Nitrospina(Painter, 1970; Tehobanoglous et al., 2003)

When establishing anitrification processthe bacteriause some time to colonizeThis is
dependent @ the amount of ammonim in the water, temperature and salinity.

Qolonization in freshwatetakesafew to several days, while up to a month in saltwatdre T
Nitrosomonaswill become active hourand upto days before theNitrobacter Therefore it
is normal to experience spikes in nitrite concentration in the time lefdhe biofilter

becomes fully functiongStickney, 2000)

Stoichiometry

¢c0'O0 o0 uwuuuuuuuuuiuuuuy O 0 170 ¢00 [9]

¢U U 0 UMUUUUUULUULULLL CO O [10]

Total oxidation reaction:
00 ¢ ©00 ¢O 00U [11]

The frst step with Nitrosomonas bacteria:
VLBO VB0 X @ OCB00 0 OGQawBO prM@ vEOU [12]



Second step with Nitrobacter bacteria:
T vl 00 pwl ¢OG ©°6'00 0 @Qaa i O [13]

As seen in equation [11] based on equation [9] and [10] one mole ammonium can give one
mole nitrate. The reactions also produce hydrogen ions which will affect theTjhie.
equations [12] and [13] show that the amountaxhmonium and nitrite needed to produce

one mole cell is high.

Environmental factors

The nitrifying bacteria are dependd on and can be regulated by several factors, as
ammonium availability, pH, temperature, oxygen concentratioacteria competitionand
organic carbon availabilityfhe most important of theséactorsare pH, temperature and
dissolved oxygen concentratigStrauss & Lamberti, 20Q0)

The highethe concentrationof ammonium the more effective tte nitrificationprocess will

be (Lekang & Fjeera, 1997he presence of dissolved oxygis also a limiting factor, ése

two bacteriaare aerobic andvill only live andoerform nitrification when there is oxygen
present. If the bacteriare derivedfrom oxygen, even only for a short period, the bacteria
will die, and the biofilter will sart producing high levels of ammonia and nitr{ttickney,
2000) For low concentrations of dissolved oxygen (<0,50 mg/L) in systems where
nitrification is inhibited, theNitrobacteris shown to be more inhibitethan Nitrosomonas

This givesinincreasedconcentration of N@N in the effluent(Tehobanoglous et al., 2003)

Temperature is a limiting factorThe Nitrosomonasand Nitrobacter have an ideal
temperature at about 3C°C, and temperatures below 30 give low growth(Lekang &
Fjeera, 1997)pH is als@ limiting parameterthe ideal pHvalue for the nitrification process
is 7,5-8,0, and the rate gnificantly decline at pH levels below 6(8ehobanoglous et al.,
2003) During the nitrificationprocessthe bacteria will produce hydrogen ions,Hvhich
lowers the pH. In a system withlaghload, t will be necessary to add chalk or water to
compensatglLekang & Fjeera, 1997)

A different factor ighe presence of organic material, which in a nitrification chamber lead
to the growth of heterotrophic bactea that uses the carbon in organic material to grow.
These bacteria can outcompete the nitrificat bacteria(lLekang & Fjeera, 1994 study by
(Strauss & Lamberti, 200)searcled the effect of organienaterialon nitrification rates in
stream sediments. Their findings and conclusions are that organic carbon does inhibit
nitrification andthat the inhibitioneffect increases with carbon quality. Their study also
showedan increase in microbial respiration of64times, indicatinghe growth of dher
bacteria. Thg state that organic carbon is an important factor thme regulation of
nitrification rates (Strauss & Lamberti, 20Q0A different study showed increased
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competition of aerobiaenitrifying bacteria, and that the degradation rate of ammom
wasreduced when the conceration of organic material vasincreasedTang et al., 2010)

The nitrification organisms can also be affectly toxicity. The aerobic heterotopic
organisms are sensitive @range of compounds both organic and inorganic. This will in
many cases show as inhibition and not a complete elimination of nitrification. Compounds
toxic to the nitrifying bacteria are sg#nt organicchemicals, proteins, amines, tannins,
alcohols, phenolic compounds, cyanates, carbamates, ethers, and befzehebanoglous

et al., 2003)

Metals are also capable of inhibiting nitrification. A study(8kinner & Walker, 196n

the effect of metallic ions on the growth dlitrosomonashowed that nitrification ould be
completely inhibited for levels of 0,25 mg/L nickel, 0,25 mg/L of chromium, and 0,10 mg/L
of copper. While metalti ions from rion, cobalt, manganeseand zinc had no effect on
nitrification.

Denitrification

In denitrification, nitrate is reduced taitrite then reducedto nitric oxide (NO) and nitrous
oxide (NO) and then reduced to dinitrogen £{¢)))(Knowles, 1982)n denitrification nitrate
or nitrite are used as electromacceptors for the oxidization of a rangéorganic or inorganic
electron donorg(Tehobanoglous et al., 2003Jhe nitrification process is enough to make
the water safe for the fisfthisis because the irate is less toxic for the fish than ammonia
(Lekang, 2007)

There is a wide range of bacteria that are capable of denitrification, both heterotrophic and
autotrophic bacteria. Heterotrophic bacteria that have beéelievedto reduce nitrogen
components areAchromobacter, Acinetobacter, Agrobacterium, Alcaligenes, Arthrobacter,
Azospirillium,Bacillus, Chromobacterium, Corynebacteriu@ytophaga,Flavobacterium,
Halobaderium, Hypomicrobium, Methanomonas, Moraxella, Neisseria, Paracoccus,
Propionibacterium, Pseudomonas, Rhizobium, Rhodopseudomonas, Spitiermothrix,
ThiobacillusVibrio, and XanthomonasThe most widely distributed of thesee&cies are
PseudomonaspecieqGayle et al., 1989; Payne, 198¥pst of these bacteria areot strict
anaerobes, bufacultative anaerobicorganismsthey can use oxygernsawvell as nitrate or
nitrite as electroracceptors.When thereare cycles of aerobic and anaerobic conditions,
there is a phase with lag, befodenitrification occus. In this phasenitrate is reduced, but
nitrite tends toaccumulatgGayle et al., 1989%0me of these can carry out fermentation in
the absence of nitrate or oxygeffehobanoglous «il., 2003)

Autotrophic bateria that carry out denitrification use hydrogen and reducedfisul
components as electron donofdnder these conditionso carbon source iequired(Gayle
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et al., 1989)Both heterotopic bacteria and autotrophic bacteria can grow heterotrophically
if an organic carbon source is presé€hehobanoglous et al., 2003)

Stoichiometry

To make the denitrification process happémere must be a sufficient carbon source
available(Brenner & Argaman, 1990Usually it is necessary to add organic carbon as
nutrients to the bacteria, as therie not enough organic carbon present in wastewdtem
aquaculture(Lekang & Fjeera, 1997Almost any caompound that degrades with oxygen as
the electron acceptor are also able to serve as an electron donor with nitrate. The electron
donor in the biological denitrification process is usually one of threecasu

(1) Biodegradable raterial in the water equation [15]

(2) Biodegradable material produced byicroorganisms equation [16]

(3) External source as methanol or acetatequation [17]

Biodegradable organic material in wastewater is often représgras GHioO:N. The
stoichiometric equations forreduction of nitrate with three typical electron donors

(Tehobanoglous et al., 2003)

All steps in denitrification:

OO0 O 00 ©O0UO OUVO D [14]
Wastewater:

0 OO0 pu@0 © vl p 10 cO0 00O puo [15]
Methanol:

VO A O @b U © ov VoL X000 @O [16]
Acetate:

VO OOOW O © 10 p 10 @O0 YW [17]

Environmental factors

The denitrification process is dependent on several factors to work ogt{imahis is;
removal of oxygen for the bacteria fgerform the reactionspressnce of organic carbgn
presence of nitrogen oxidepH and temperature in the water. Optimum pH i$ 7and
temperature 2030°C.(Knowles, 1982)Lu et al., 2014)

For the nitrogen oxides to be reduced by the bactgh@ oxygen must be remed. This is
because the deitrifying bacteria willonly use the nitrogen oxides as electron acaagtif
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there isanabsence of oxygefLu et al., 2014)The concentration of dissolved oxygen at 0,2
mg/L or above have beerhawn to inhibit the denitrfication for aPseudomonasulture
(Tehobanoglous et al., 2003)e oxygen is efficiently removed by adding methghekang

& Fjeera, 1997)

Thedenitrification process affects the pH as it produces Oib, which increases the pH.
Thechange ofpH in the water hano sgnificant effect on the denitrification rate for pH
between 7 and 8, but the denitrification rate decreases at lower vafliesobanoglous et
al., 2003)

2.2 Recirculating Aquaculture System

azald 27F (2RI & aductiénlinfEXf&§ of a@onmd250 milididper y¢a009)is
donein landbased facilities with flowhrough water system@ergheim et al., 2009Jhere
hasbeen an increased interest in recirculating water systems, Bé&cuse of liméd water
supply during thegrowing season due to drperiods Thisis not the only causef increased
interest. The use of RAS gives increased abilities when it comesntiolling water
parameters such as temperaturearbon dioxide, dissolved oxygen, the nitrogen chain, pH,
salinity and suspended solids. The water can bhésdisinfectedby using UV irradiatioand
ozone treatmentRASmakes it possible to maintain dptal rearing conditions for the smolt
throughout the entire yea, whichreduces the overall production tim&hisalsohas the
potential to reduce problems with sea lice Esger fishare lessvulnerable to sea lice
(Kristensen et al., 2009)Dalsgaard et al., 2013)

The downsides with RAS are higher costs considering investmerttpandtion compared

to flow-through systemgDalsgaard et al., 2013Jhe system has andreased technology
demand due to hydraulics, oxygen supply, particle and effluent removal as nitrogen
componentsand CQ. In a RAS the nitrogen components and> @@ limiting for the
operation, and this demands a gowgter treatmentsystem. The complexityisd increases

as a RA8an be described aslaing unitwhere a change of one parameter in the system
will affect otherparameterg(Terjesen & Rosseland, 2009)

2.2.1 Build up

A recircuating systemistypically builtsuch a way thathe water leaving the fish chambers
goes to a settling chamib@r amechanical filtersuch as the rotating drum, to remogelids
from the water. The waterthen flows into a microbiologicaffilter where bacteria detoxify
ammonidammoniumandnitrite. The next step is another settling chamlvdrereloosened
flakes d bacteria from the biofilteris removed After thisstep, the water is disinfectedy
U\-light, ozoration, photozone or by heat treatmeh Between these stepsthere are
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aeration chambergo bring thewater to the correct saturation of oxygen and nitrogen
(Lekang & Fjeera, 1997 the followingchapters some of these principleare explained

2.2.2 Particle removal

Removal of particles used in several instances in a labpased aquaculture facility, in the
intake water, in the RAS and removal of particletheéwastewater. The principle of particle
removalis to lead water through a particle removal unit and by this get purified water in
one drain and particles itne form of sludge in one other. Particlesmein different forms,
suspended (particles bigger than-30 completely dissolved or colloidal (shndispersed
particles 16-103). Only suspended particlesre removedin aquaculture due to cost
matters (Lekang & Fjeera, 1997)here aredifferent principlesfor removal of particles in
water in aquaculture. Tiee common ones arenechanical filtation, depth filtration and
settling

Mechanical filters

Mechanical filters are different forms of sieve
that are placedin the wate flow and have a
mesh that only let through particles under

certain size. Thenost basic desigis a sieve in
the form of a plate Aconfigurationwhich will

get clogged fastMost mechanical filters are
therefore more advanced and have autoriat
selfcleaningsystems It is common that the
sieve rotates to reduce the cloggingheself

cleaning of the sieves is often callec

) ] Figure2.2: Drumfilter with microseenand selfcleaning
backwashing.In an automatic system the (np innovation, 2019)

system willbackwash with a set interval or by

sensor registration. Here water flushed through the filter in the opposite direction to
loosen the particles and fat that have clogged the sieve. There are different forms of rotating
sieve systems, among thesaxialrotating screen, radial rotating screen (drum filtees
seenin figure 2.2 rotating belt and horizontally rotating digkekang, 2007)

Depth filtration

In depthfiltration, largerparticlesareused to clean the water. Between the particldsere
are cavitiesvherethe impurities in the water get stuck @re held back(Lekang & Fjeera,
1997) As the filter gets clogged the effeist reduced and the pressure loss increasés.
depth filter must be cleanedvhen the presare loss reaches the valuerfthe available
pressure headBjerknes, 2007 Depth flters are separatedn up-stream and dowrstream
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filters. For the upstreamfilters, the water enters under the filter and flows up through the
media. For thedown-stream the water enters over the filter and flows down through the
media(Lekang & Fjeera, 199Mepth filters can remove particles far smaller than the pore
openings in the filter should incate.If the pore openingsi the filter mediaare around 35

50 um the smallest particles that cdre removedcan have a size down toun. (Bjerknes,
2007)

The mostcommonfilter media is quartz sand with grain size 0,8 mm(Bjerknes, 2007)
The size of tb media decides what particlese removed The smaller media, the more
particles are filtrated outbutthe faster the media will get clogdéLekang & Fjeera, 1997)

Settling

Settling uses thalensity differencebetween particles and wateto separate them.The
particleshave a density of 1,005,2 kg/l, while water ha a density of about 998 kg/l
therefore the particleswill sink in still waterThe biggethe density differencethe faster is
the separation Sedimentation and centrifugal filters both use tpisenomeron (Lekang &
Fjeera, 1997)

For sedimentationwater flows slowly through a big surface tagravitywill then separate

the particles from the flow if the sinking velocity overcomes the horizontal flow of the water
(Lekang & Fjeera, 1997)he system claims little enerdppt needsmuch space and the
removal of small particles (<1@Q0n) ispoor (Bjerknes, 2007)

In centrifugalfilters, the centrifugal force islsointroduced to separate the particles faster.
The water engrs a cyclone along one side, and the water makesid where the particles
are being forced to the edge of the cyclobecauseof the centrifugal forceand exits
through a drain at the bottomRurified wateris lighter andseeksthe center of the cyclome
and exits froman overflow (Lekang & Fjeera, 1997The effect of removing small particles
(<50um) is als poor for the centrifugal systeniBjerknes, 2007)

2.2.3 Removing ammoriammonum

The nitrogencompaunds ammonia and ammonium are taxfor fish, and irrecirculating
water systemsthesecompaundswill accumulate. It is thereforanportant to reduce total
ammonium (TANthe sumof NH* and NH). The two most used methods for remog TAN
is biological or chemical filtratiofLekang & lBgra, 1997)
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Biological removal

Thebiological renoval of nitrogen happens in several steps from ammonium to nitrogen
gas. Thaitrification process stands for oxidizing ammonium to nitrite, and nitrite to nitrate,
and both steps areaerobig which means that oxygen must be present. Teaitrification
process stands for reducing nitrate to nitrogen gas with several intermediate steps. These
steps are anaerobic andequire abscesf air (Lekang & Fjeera, 199&Vhich means that

the processes need to happen in separate reactdfsderare some commorbiological
filtration systems described;

Flowthrough sysems
Trickling filter
There are wo main types of from flowthrough lwaterin
biological systems trickling filters and submerged it Ps
systemgqLekang & Fjeera, 1997)
Bio blocks

A trickling filter isan overwater system, and water flows
(trickles) through a colon with filter media with biofijm
as illustrated in figure 2.3 his system givegod natural g Water out
aeration andis simply built but the capacity of SAF A
nitrification is low compared to other systerfiseskang &
Fjeera, 1997)In a trickling filter the filter material is _ o

. Figure2.3: Trickling ofilter
meantto break up thewater flow and allow air to pass (Lekang & Fjzera, 1997)
into the filter (Bjerknes, 2007)

Submergedfilters are chambes filled
with filter medium,which can be sttic or Up-flowing biofilter
moving. In chambers with a@tic material, 73 —

there will be an accumulation afrganic A _

material due to low water flow. This {‘h’ﬁ‘r a >
configuration must be cleaned | e
frequently, to maintain good nitrification )

Y e A A S S 4

—

Water

and preventthe formation of anaerobic " Supply of air
zones To enhance nitrification air is
supplied at the bottom in the chamber in o ,
) Figure2.4: Submerged biofiltefLekang & Fjeera, 1997)
a turbulent stream(Bjerknes, 2007)
I OKFYOSNI gAGK Y2QAyYy3a FALGSNI YFOSNAIE A&
filter material. h moving bedeactors the filter material is chosen after density so that they
can move even at low flow rates. The media is kept in motiorhbyaeration and/or water
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flow. By continuous flovand aerationthe biofilm is preventedrom growingthick, because
the excess biofilm is removd®jerknes, 2007)Sterner BioTek AS, 2019)

The system can be configured with either-tlpwing water stream or down flowing water
stream.lllustration of an ugflowing configuration is showm ifigure 2.4 The distribution of
water is higher in the uflowing g/stem but the contact with the air ibetter in the down
flowing systemdue to opposite flow directions for the water and the.alihe submerged
filter systens have highnitrification effect becauseof good contact between the biofilm on
the filtration media and the waterThe negative is thaair needs to be adde@.ekang &
Fjeera, 1997)

Rotating biofilter

Follows the same principle as a submerged filter,

but the entire filter rotates at a rate of-3 rpm. Htatinzpies
The filter is partially domerged and partially Waterin

above the water as the system rotates. T} Rotatingdru
oxygen necessary for the oxidatios provided
when the medias above the water and reductior
of CQ s also achiew& There are two types, one
where biofilm grow on plastic biofilter mediand
one where biofilm grow on parallel discs. The
system has a lower efficiency than submerg
filters, butefficiency can béncreased further by Figure2.5: Rotating biofiteLekang & F
adding oxygen or ato the tank.(Lekang & Fjeera,

1997)

) Establishment
of biofilm

Water out

jeera, 1997)

Effect of filtration media, anccriteria to fulfill.

Nitrification filters can be measured based dfeetiveness, which is often described e
nitrification rate. It is defined athe amount NH* oxidized per surface area of the filter
media and time (mg N& (m? min) (Lekang, 2007)

A suitable iftration media for biofiltration canbe anything that bacteria will colonize
(Stickney, 2000)but the most effective biofilm systemare establishedon an artificial
surface. There areeseral requirements for the selectionf filtration media, to ensure
optimal biofilm growth,some ofthese are;Large specific surface areand good contact
between the water and the filtration media surface. The dilion medium must creata
low head loss, and not clago easily. The figr medium must ensure even distribution of
water in the filter and the medium must be simple to clean or repldaskang & Fjeera,
1997)

17



The most used media type today is plastic media in different types and forms, optimized to
give he highest specific surface, and best flow distribution. The plastic mébhehave the
advantage thatloes notclog agjuickly(Lekang, 2007)

There have been done testvith mechanical filters in place of biofiltefghese static filters
usesand and gravelith enormoussurface areadyut serious water quality problentend
to occur, due to clogging anchanneling When themechanical filter gets clogged, the
organic material in the filtewill start to decayandthe microorganismghat havecolonized
the media will die as thefilter becomes anaerobic In addition to the stop obiological
filtration, there is a risk thathe filter will start to releaseammaia, hydrogen stide, and
other toxic substances. The water will also have low omygencentrations due to the
breakdown of organic materigbtickney, 2000)

Chemical removal

For chemical removalf ammoniain aquaculture, the principle used is iexchang. The
principle ofanion exchanger is to use the fact that the different iores/k different electrical
charges. An anion exchanger is used to remove negatively charged ions, while cation
exchangers are usetbr removing positively charged ions. Mmonium ions Nk are
positive,andtherefore cation exchangers are used for this pr@ces ion exchanger cée
designedas a column filled witlion-exchange substrate, and the water flows through the
column(Lekang, 2007% KS & dzo & (i NI (&% a day indteyia drld anbt@rdl Zediits,
and is used for thabsorptionof ammonia(Stickney, 2000)

When all the ions haveeacted,the exchanger can begeneratedby using a solution with
a highconcentration of sodiunons. Which willremove all the Ms* bound to the substrate
ions(Lekang, 2007)

Denitrification

In some facilities with avery high degree of water reise and high fistdensities, a
denitrification fiter is used In a denitrificatia filter, it is normal to add organic carbon
(methanol, ethanol or liquid sugar) as there is not enough carbon for the biofilm to grow. It
is also necessary to remove the oxygen from the water to get the denitrificatiotatb s
Methanol and ethanol canéused to removexygen.When added the free oxygen will be
adsorbed(Lekang & Fjeera, 1997)

For denitrification only submerged filter types are used, as oxygen is unwaites.

requirements for the bioreactorsand filtration media are otherwise the samefor
denitrification (Lekang, 2007)
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2.2.4 Aeration and oxygenation

In a recirculating water system, oxygen is used by the fish, algae dhd lmeakdownof
organic material by microorganismisteshwater can be addedtcompensate for oxygen
use, orwe can add oxygen by using aeratmmnoxygenation Aeration and oxygenatioare

also used to reduce the bu#gp of nitrogen (ovessaturation), which can cause gas bubble
diseasdor fish and causanincrease in fish mortalitiekang, 2007While some oxygen is
necessary for the fish to maintain good health, to high levels are dangerous as seme by
products of oxygn metabolism are highly toxic for figstickney, 2000)

In water, the concentration rate between nitrogen and oxygen is 60/40 %, arairjthe
content is 79/20 %Because of the difference, we will get oversaturation of nitrogen if the
air isadded to tre water under pressurd-or achieving saturation when the water is over
or undersaturated of gasses, aeration systems are designed tdigjestpossible contact
surface between the air and the water, and witirbulent flow for effective gasexchange.

If the retention time is long enough in the aeration system, the equilibriumbsilleached
(Lekang & Fjeera, 1997)

2.2.5 Heating water

To ensure optimal growth the water in a recirculating system is he#itéglis done by either
using immersion heateril and gas burners or a heat pump. In larfpailities it is most

common to use heat pumps, while in smail@amersion heaters are more commdbekang
& Fjeera, 1997)

2.2.6 Disinfection

Disease control is difficult in closed water systems. To reduce the number of micro
YAONRB2NBIYyAaYa adzOK | &,dsihfdtiordsN@et(Sickrey, ZDAANIzE S &
We want disinfection to inactivate fish pathogenic miesoganisms Which infect the fish

and causes diseases) and to reduce the total number of raigyanisms. Thevished
reduction isthe minimum of 99,9 percent of the outgoing concentran (Lekang & Fjeera,

1997)

U\tradiation and ozoneare the two most comma methods for disinfecting intake water
and recirculated water itand-basedaquaculture facilitiegBjerknes, 2007)U\-radiation
uses electromagnetic radiation of wavelength-4D0 nm to inactivate and kill micro
organisms(Lekang & Fjeera, 1997pzone(Cs) is effective for dsinfecting bacteria and
viruses ands an unstable gas made by sending oxygen through an electrica($et#ney,
2000) Ozone is toxic faiish andhas a halflife of 20 minutes Aeration is often used to strip
ozone from the watewhich reduces the halife to 5 minutegBjerknes, 2007).
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2.3 Use of wood in biofiltration
2.3.1 General about wod

Wood is aenewable rawmaterialfrom nature. Use of wood from trees havitle impact
on the environmentf harvestedsustainaby. 90% of the wood harvested in Norway are
certified recording to international standards faustainable forestryand the forest in
Norway isincreasingWhich means thathe useof wood from Norwegn forests will be a
sustainable source for woodchips for filtration purpog8sanaes, 2004)

As seen in thdigure 2.7, a crosssection
of atree trunk, a tree consists of several
parts. Some arevisible for the naked eye,
and some only with a microsope. The
tree consists of many types singlecells
and these are attached by a binding
component called lignin(Moen et al.,
1998)

The outer barkis the first layer and is

protecting against chemical,

microbiological and mechanical attacks.

While the inner bark, also called theFigureZ.G: Cross section of a tree sté@islerud & Gulliksg 1998)
phloem transportswater and nutrients Further in is a layer called the cambium, this is
where new woodis produced, by cells dividindfter the cambiumare wherethe parts
known aswood are located (Kucera,

1998) The wood is divided into

sapwood and heartwood, where

sapwood contains sap and water,

while hardwood only forms in older

threes and only consists of dead cells.

The hardwood is mostly preferred for

woodwork, as sapwood must be

carefully dried beforaise and is more

exposed to fungus and decay

(Heartwood Mills, 2019; Moen etl.a

1998) Further in is the pith of the Figure2.7: Cell structure in woogUllevalseter, 1998)

three, which arealso made of dead (vioen et al., 1998)

cells(Kucera, 1998)
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