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Summary

Odours emitted from livestock and industrial famk are unpleasant, and they can cause tensioredmet
producers and nearby residents and negativelytdffer quality of life. It is necessary to develpmper air
cleaning technologies for odour abatement. Howewarrent technologies are limited by the removal
efficiency and by the selectivity towards certaidomnts. In particular, removal of reduced sulphur
compounds is a challenge. Advanced oxidation peese6AOPS), as a set of chemical reactions to gener
OH- radicals, are considered as an alternativentdoby to overcome the limitations, because the
OH- radical is a relatively non-selective react@mtl can react with a wide range of compounds wih h
reaction rate. The key hypothesis of the currerd-pioject is that the odorous compounds emittedthfro
livestock and industrial facilities, especially vegd sulphur compounds, can be effectively remdyethe
AOP-based reactors. The objectives were: 1) toldpvAOP-based reactors for odour abatement, 2) to
assess the removal efficiency of odorous compobydssing AOPs, 3) to characterize the AOP processes
detail, including assessment of the role of hydraadicals, 4) to investigate relevant by-produadter the

AOPs from the reactors, and 5) to identify posties for optimization of the AOP processes.

Two types of AOP-based reactors were designed ssekaed: 1) photocatalytic monolith reactors (US§)i
and 2) wet scrubbers run with the peroxone prof@ss H,O,). The processing conditions were attempted
to be close to realistic conditions, such as highflaw rates and low residence time, low initial
concentration (ppbv level), room temperature andbiamt pressure. Proton-transfer-reaction mass
spectrometry (PTR-MS) was used to monitor the cotmagons of the odorous compounds before and after
the reactor, as well as to investigate the Langidirishelwood kinetic data for photocatalytic oxidat of
reduced organic sulphur compounds with low adsomptBy-products from the two reactors were detected
by PTR-MS, gas chromatography with mass spectrgmatrtd gas chromatography with sulphur

chemiluminescence detection.

Two photocatalytic monolith reactors were asses8elench-scale reactor, with one Tgifiter installed,
was used for evaluating potential influencing fast@nitial concentration, air flow rates and UMénsity),
establishing Langmuir-Hinshelwood model for kinedtadies of reduced sulphur compounds (methanethiol
(MT), dimethyl sulphide (DMS), and dimethyl disuldh (DMDS)) and for investigating their by-product.
More than 80% of the concentrations of reducedhraulgompounds can typically be removed at a resiglen
time greater than 0.12 s and at the initial corregion lower than 150 ppbv. Data from PTR-MS wétted
very well by the Langmuir-Hinshelwood kinetic modgénerally R > 0.99) with uncertainties of < 20% on
Langmuir adsorption constants (K) and reaction mraestants (k). It is the first time to present the
uncertainty of the kinetic model for highly volaticompounds. According to the investigation of liye
products, odour was significantly removed by phatalytic oxidation of MT and DMDS. However, around
2% of DMS was oxidised to MT, which has a low oddlureshold value (0.07 ppbv), to the extent that



degradation of DMS is predicted (based on odouestwld values) to increase odour. Furthermore, all
reduced organic sulphur compounds produced forrhgittee which is a carcinogen. In order to reduce the
production of by-products, it is suggested to cahr@a additional TiQfilter in series to remove MT and
formaldehyde. In a pilot-scale reactor with thre@;ffilters installed, removal of eight odorous compdsi
(reduced sulfur compounds, carboxylic acids andt#mol) was tested and more than 80% of them dosild
removed at a residence time greater than 0.1 seMenwHS could not be effectively removed from the
current photocatalytic reactors, and it is suggk#tat the application of the investigated techgyls best

suited for the abatement of odours that do notaiomn,S.

Two types of wet scrubbers run with the peroxoreeess (@+ H,O,) were also investigated. More than 90%
of DMS could be removed in a bubble reactor wite geroxone process. Therefore, a packed-bed wet
scrubber with direct air injection of ;Ovas assessed. Both,3 and DMS could be removed at with
efficiency above 90%. However, the removal of MTswaot as high as 3 and DMS (23.5%). It is
suggested that s the main reactant in the packed-bed scrublmet tleat OH- radicals play a minor role
under the conditions applied. Therefore, it is 8eaey to improve the wet scrubber. In additionrghveas an
excess @emission, and further optimization is needed tbnaipe the Q uptake and to reduce the outlet

concentration of @

In this PhD-project a thorough examination of tlodeptial of using AOP for air cleaning with focus o
odour reduction and removal of volatile sulfur cauapds. Two AOP-based reactors were assessed at
processing conditions close to realistic operatogditions. The photocatalytic monolith reactor Idou
effectively remove most of the odorous compoundsept HS, and the packed bed wet scrubber was
effective on removal of 6 and DMS, but not on MT. Therefore, appropriathimégues have to be carefully
selected to maximise the odour removal. Furthezaniet is necessary to optimise the reactor setuiaaoly

the reactor on site.



Resumé

Emission af lugt fra intensiv husdyrproduktion aglustrielle faciliteter giver anledning til ubehtige
gener, hvilket kan medfgre konflikter mellem proenier og lokalbefolkningen og fare til bl.a. nedsat
livskvalitet. Det er derfor ngdvendigt at udvikl#e&tive luftrensningsteknologier til minimering &igt-
emissionerne. De teknologier, f.eks. biologisk rrsning, der hidtil har veeret anvendt indenfokd,e
husdyrproduktion har imidlertid ikke haft tilfreddlende effektivitet og har veeret begreenset aéldalitet
overfor bestemte typer af lugtstoffer. | seerdeldstyerensning af flygtige reducerede svovlforbigdelen
udfordring. Avancerede oxidationsprocesser (AOR)retype af kemiske processer, der har det tiefeht
de alle danner hydroxyl-radikaler (OH). AOP hargmbiale til at fungere som alternativ til eksistete
teknologier, da OH-radikaler reagerer uspecifiktfadnoldsvis hurtigt med en lang raekke stoffer,umeler
lugtstoffer. Den overordnede hypotese for dettad pprojekt har veeret at emissioner fra husdyrprédok
og industri effektivt kan renses for lugtstofferednhovedvaegt pa reducerede flygtige svoviforbirtelsed
hjeelp af AOP.

Formadlene med projektet var fglgende: 1) At evaueense-effektivitet for relevante lugtstoffer ved
anvendelse af AOP, 2) At opna detaljeret karalgerig af AOP inklusive en evaluering af OH-radikale
rolle, 3) At undersgge forekomsten af relevant&treasbiprodukter ved forskellige AOP, 4) At afldar
muligheder for optimering af AOP, og 5) at udvikd®OP-reaktorer til eksperimentelle undersggelser i

laboratorieskala.

To typer af AOP-baserede reaktorer blev designetimgendt til undersggelserne: 1) En fotokatalytisk
reaktor baseret pa UV-bestrdling af 7i@g 2) en vandig skrubber med tilseetning ao@ H0, (betegnet
peroxon). Procesbetingelserne blev valgt med hemdliat simulere realistiske driftsbetingelser,. dwajt
luftflow og lav opholdstid, lave indlgbskoncenteater (ppb), stuetemperatur og atmosfeerisk tryk. -RTER
(proton-transfer-reaction mass spectrometry) blexeadt i udstrakt grad til at male koncentratiofearog
efter de undersggte filtre og til at opna kinetidléa ud fra Langmuir-Hinshelwood-analyse af fotakaisk
oxidation af reducerede flygtige organiske svoWfodelser med lav adsorption til filter-matricenelidist
oxiderede biprodukter blev detekteret med PTR-M&kgomatografi med massespektrometri (GC-MS) og
gas kromatografi med svovlspecifik kemiluminesceetektion (GC-SCD).

To forskellige fotokatalytiske reaktorer blev andetil de eksperimentelle undersggelser. En minelagtor

i laboratorie-skala med et enkelt Tifiiter blev undersggt med henblik pa at evalualddrer af veesentlig
betydning for effektiviteten (start-koncentrationifthastighed og UV-intensitet), at anvende Langmui
Hinshelwood-modellen til at beskrive nedbrydningsiik for reducerede svovlforbindelser (methanthiol
MT, dimethylsulfid; DMS og dimethyldisulfid; DMDS)g at undersgge dannelsen af biprodukter.

Resultaterne viser, at de tre svoviforbindelser fiames med en effektivitet pd >80% ved en ophalds



pa >0.12 sekunder og en start-koncentration pa $pB0 Langmuir-Hinshelwood-udtrykket kunne fittds t
eksperimentelle PTR-MS-data med meget god overmsstlse (R> 0,99). Usikkerhederne pa de opndede
adsorptionskoefficienter og hastighedskonstanteri ke fleste tilfeelde mindre end 20%, hvilket djp#a
som tilfredsstillende for denne type stoffer. Dedteferste gang, at usikkerhederne pa udledte Laingm
Hinshelwood parametre er angivet for stoffer medddsorption. Undersggelser af de dannede bipredukt
viste, at den samlede lugt forventes at kunne dgiior MT og DMDS. Imidlertid gav fiernelse af DMS
anledning til dannelse af MT i et udbytte pa ca., 2 da MT har en meget lav lugtteerskel (0.07 ppb)
medfgrer dette, at fotokatalytisk nedbrydning af ®Mke fjernes den del af lugten, der kommer fraf)M

men tveertimod kan fare til forgget lugt.

Desuden gav alle de undersggte forbindelser amgdili dannelse af formaldehyd i sma meengder. Da
formaldehyd er sundhedsskadeligt og kreeftfremkaldeskal dette imadegas ved yderligere optimerfng a
processen, f.eks. ved at anvende flere fotokasilytfiltre i serie. | en starre pilot-reaktor med V-
belyste TiQ-filtre forbundet i serie, blev fiernelsen af oltgjtstoffer undersgagt (svovlforbindelser, flygtige
carboxylsyrer og 1-butanol), og koncentrationernmne fiernes med mere end 80% effektivitet ved
opholdstider pd >1 sekund. Imidlertid viste forsmgeydeligt, at HS ikke kunne fiernes effektivt i den
anvendte fotokatalytiske reaktor, og resultateyuert dermed pa, at teknologien bedst kan anveries t

emissioner, hvor k8 ikke er et vigtigt lugtstof.

To typer a vandige skrubbere baseret pa peroxarepsen (@+ H,O,) blev ogsa undersggt. Mere end 90%
af DMS kunne fjernes ved en gennembobling i vaiogigsning indeholdende;@g HO,. Ud fra dette blev
en packed-bed vandig skrubber konstrueret i laboratorie-skalad nigsaetning af ozon direkte til den
indgaende luft. Bade 43 og DMS kunne effektivt fiernes med en effektijtd > 90%, hvorimod fjernelsen
af MT var forholdsvis lav (24% i gennemsnit). Saintyeler resultaterne pa, at ozon er den vigtigsadtant,
og at OH-radikaler spiller en mindre rolle underastwendte forsggsbetingelser. Peroxon-processandnyv
til luftrensning bar derfor optimeres yderliger@jshMT skal fiernes. Endvidere gav processen arihegtil
emission af ikke-omsat ozon, hvilket bgr minimeved at optimere ozon-optagelsen eller ved at supple

med et ozon-specifikt sekundeert filter.

| dette ph.d.-projekt er gennemfgrt en meget gairadklaring af potentialet ved anvendelse af AQP ti
luftrensning med fokus pa lugtreduktion og fiereets svoviforbindelser. To typer AOP er anvendtemd
betingelser, der var realistiske for praktisk amaise. Fotokatalytisk luftrensning kunne fjerne fbste
lugtstoffer, men ikke k8, hvorimod en peroxon-skrubber var effektiv i fachtil fiernelse af DMS og b8,
men ikke MT. AORP til fijernelse af svoviforbindelsdiorbindelse med lugtreduktion skal derfor veelgesd
omhu ud fra den specifikke sammensaetning af stofiderligere optimering af AOP-teknologier er redav

i forhold til praktisk anvendelse.
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1. Introduction
1.1 Offensive odour emissions from livestock and indabfacilities

Odour is caused by one or more volatile odorouspoamds, and the concentration can be detected éby th
human olfaction. Odours emitted from livestock andustrial facilities are unpleasant and can beeers
nuisance. They may cause tension between prodandreearby residents, due to the offensive smatiiwtas

a negative impact on quality of life [1-3].
1.1.1 Methods of measuring odour and odorous compounds

Common method for measuring odour is by the dilutimthreshold approach which is also known as dyoa
olfactometry. The measurement is based on the Libeirnan panellists and is defined as the dilutiactdr
acquired to reach the detection threshold [4]. Atow threshold value (OTV) is defined as the lowest
concentration of an odorous compound which candbected by the human panellist, and OTV can be tsed
evaluate the odour nuisance from the source. Howéve method normally requires the sample colbectiom

the source, and the storage of samples can be @® tb before the analysis according to the European
Committee for Standardization [5]. Therefore, itlifficult to measure odours which the odorous coompls are
reactive, such as methanethiol which can be oxddisedimethyl disulphide (DMDS) [6]. In additionpme
odorous compounds such as 4-methyl phenol andxxdibacids have poor recovery in bags and olfaetoy
which is another difficulty to accurately measure bdours [7]. Furthermore, the measurement isrdtipg on
the human panellists, so the natural variation cdated with different humans may influence the measent
even though odor measurements are attempted tafgasdized by a common reference compound, 1-bltan
Therefore, measuring the concentration of the agommpounds is most relevant in addition to udiyrgamic

olfactometry.

Methods for measuring the odorous compounds cadibged into two types: 1) laboratory methods which
require sample collection from the source and 2lirmmethods which can directly measure the soaresite.
The laboratory methods include gas chromatograptiymass spectrometry (GC/MS) and other detectursh

as flame ionisation detector (FID) for general migecompounds, and flame photometric detector (FRM)
sulphur chemiluminescence detector (SCD) spedificstilphur compounds [8-13]. Current sampling mésho
coupled with the laboratory methods include sangphwith adsorbent tubes [14, 15], sampling bags and
canisters [16, 17] and solid-phase microextrac(®RME) [16, 18-20]. All the chromatographic methddse
high selectivity and especially with the GC-MS nuethit is able to identify odorous compounds frame t

sample based on a library search and comparisdnstandards. However, the laboratory methods hawe |



time resolution due to the long analysing time.tikemmore, sampling bags and canisters have alsodoovery

of some odorous compounds [6, 7]. The on-line nughaevhich include membrane inlet mass spectrometry
(MIMS) and proton-transfer-reaction mass spectroyn®TR-MS), have higher time resolution and botla a
portable and have high sensitivity [21-23]. Howevéire humidity in sample air can influence the Hssu
obtained by MIMS, which make quantification difflcuand in addition high fragmentation makes data
interpretation challenging [22]. In contrast, meastent by PTR-MS is more sensitive, more seledlive to
less ion fragmentation, and has a better time uésal Both MIMS and PTR-MS require additional nedk for
identifying the odorous compounds unambiguouslyer&fore, the combination of the two complementary
methods (laboratory method and on-line method) sabstantially advance the measurement of odorous

compounds.
1.1.2 Important odorous compounds from livestock and $tdal facilities

Hundreds of compounds have been identified and tdigahfrom livestock and industrial facilities [228].
However, many of the compounds cannot be detegtedebhuman panellists, since the concentratiothae
compounds are lower than the OTV. To determineinti@ortance of the odorous compounds, odor activity
values (OAVs) have been used [23]. OAV can be ¢atled as mean concentration from the source divijed
OTV, so the lower the OTV of the odorous compouthd, more likely it is that the odorant is important the
intensive pig production, the compounds estimatethainly contribute to odour from the pig house 8,
methanethiol (MT), 1-butanoic acid (1-BA) and 4-mgtphenol [4, 23]. It should be emphasized tha th
application of OAV is valid only under the assuroptithat antagonistic and synergistic effects can be
disregarded. OAVs of the single compounds can bamasd to be additive [29], although this assumpt$on
difficult to verify. Another approach to determitiee key odorous compounds is to correlate odousored by
sensory evaluation to odorous compounds measureghalytical methods by multiple regression staadti
methods [4, 30].

Important odorous compounds related to livestoakiadustrial facilities generally belong to theldoling
chemical groups: N compounds, S compounds, aldelaciehol, carboxylic acids, and phenols [15, 28,21,
32]. In Table 1 some of the most common odorouspmmds are listed with their emission source, odour
description and the odour threshold value.

10



Table 1 Characteristics of main odorous compounds froeslieck and industrial facilities

Compounds® Emission sources’ Odour description oTV ¢
ppbv

N compounds

ammonia Livestock, Wastewater treatment, Sharp, pungent, suffocating 1500
Food industry, Alumina refinery

TMA Livestock, Wastewater treatment, Fishy 0.032
Food industry

indole Livestock, Wastewater treatment, Intense faecal 5.6
Tobacco factory

3-methyl indole Livestock, Wastewater treatment dahedour 0.054

S compounds

H,S Livestock, Wastewater treatme Rotten egc 0.41
Paper industry, Water reclamation,
Food industry

CS Livestock, Wastewater treatment, Sweet, ether-like 210
Food industry

MT Livestock, Wastewater treatment, Rotten cabbage 0.07
Paper industry, Alumina refinery

ET Livestock, Wastewater treatment, Strong, shunk-like 0.0087
Alumina refinery

DMS Livestock, Wastewater treatment, Decayed vegetables 3.0
Paper industry, Water reclamation,
Food industry

DMDS Livestock, Wastewater treatme Putrid garlic 2.2
Fertilizer industry, Paper industry,
Food industry

DMTS Livestock, Fertilizer industry, Strong, onion-garlic
Water reclamation, Food industry

Aldehydes

formaldehyde Livestock Pungent, suffocating 500

acetaldehyde Food industry, Alumina refinery Pungeenity 15

Alcohols

MeOH Livestock Pungent 33000

11



EtOH Livestock, Bakery, Food industry Weak, etherdaous 520

1-PrOH Livestock Mild alcohol-like 94

1-BuOH Livestock Strong pungent 38

Carboxylic acids

FA Livestock Pungent, penetrating -

AA Livestock, Food industry Sour, vinegar-like, memt 6.0

PA Livestock, Food industry Pungent, rancid 57

1-BA Livestock, Tobacco factory, Food Sweaty, rancid 0.19
industry

Phenols

phenao Livestock irritant 5.€

4-methyl phenc Livestock 0.05¢

8TMA - trimethylamine, MT - methanethiol, ET - etrethiol, DMS - dimethyl sulphide, DMDS - dimethylsdiphide,
DMTS - dimethyl trisulphide, MeOH - methanol, EtOHthanol, 1-PrOH - 1-propanol, 1-BuOH - 1-butaréd, - formic
acid, AA - acetic acid, PA - propionic acid, 1-BA-butanoic acid

P[23-28, 33-37]
¢ OTV - odour threshold value [38].

1.2 Abatement technology

Considerable efforts have been made in the pastdfmsades to develop odour abatement solutionse@turr
technologies include biofiltration techniques [32)] and absorption [40-42] at the exhaust outlets.livestock
production, slurry treatment [43-45] and animalt dienipulation [46, 47] have also been applied ddour
abatement. However, the effect of the removal aoraas compounds is highly variable in differentqassing
conditions, abatement technologies and chemicgbepties of the odorous compounds. The average odour
removal using biofilters was 51 % [39] and Hartwhgl. even found a higher removal on odour intensity¥80
on biofiltration [48]. Furthermore, Liwet al. have found that the removal efficiencies of modbrous
compounds in a biofilter were above 80%. Howevequced organic sulphur compounds could not be
efficiently removed especially MT and DMS (13% abiP6). This result is in agreement with several othe
studies as well [22, 49, 50]. Currently, scrubbBygtems are highly selective with respect to thengbal
properties of the odorous compounds: an average 96 % efficiency could reach when removing Niy acid
scrubbing [39, 40], whereas,$l could be effectively removed using base scrubfitgand the base scrubbing

is also applicable for removal of other compourdg tan be deprotonated, such as MT, 4-methyl phand
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carboxylic acids. Furthermore, in livestock prodioret reduction in dietary crude protein concentmagi could
only decrease manure ammonia emission, but it cootddiminish manure odour offensiveness and VFA
concentrations [46]. Generally additives can bestitdized in the manure pit by preventing the ademission,
but it does not work for the surfaces in the animalises. Therefore, it could only be consideredragarly
stage of odour abatement treatment. The reducticammnonia emission could be achieved with aciddyin
manure or applying additives [44]. Overall, amohg tmportant odorous compounds, reduced organghsul
compounds (KB, MT, DMS and DMDS) have lower removal efficierscthan other compounds [22, 49]. Hence,

it is necessary to develop new methodologies t@venthe reduced sulphur compounds.

Advanced Oxidation Processes (AOPs), as a seteahiclal oxidation procedures [51], have originallseh
introduced into the removal of organic and inorgasontaminants in the water treatment processes ADPS
generally involves two stages of oxidation: 1) themation of relatively strong oxidants.g., hydroxyl (OH-)
radicals) and 2) the reaction of these oxidant$ wie contaminants. OH- radicals are usually géeetray
oxidising water with different oxidants such as mzoHO,, catalyst and/or photond=igure 1), and the
OH- radical has a high oxidation potentialalfle 2), and can react quickly with a wide range of odgro
compoundsvia a non-selective process in both aqueous and gasepH52]. Therefore, in the past decades,
AOPs are considered as a potential technology dat tcontaminated air because they can overcome the
limitations from other odour reduction technologfe8]. Table 3 provide the reaction rate constants between
key odorous compounds and OH- radicals [54]. Dubeécigh reaction rate constants, AOPs have patersg

new technologies to reduce the emission of odocougpounds in the air from livestock and industidailities,
especially the reduced sulphur compounds. Furthernthe AOPs can be run at room temperature and at
ambient pressure. The AOPs studied in this PhDeptajere photocatalysis based on UV irradiatiofTiaf,,

and peroxone process8,0,) in wet scrubbers.
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Figure 1 Advanced oxidation processes (AOPS)

Table 2 Standard redox potentials of some oxidising species

Oxidising species E°(V)®
O,/H,O 1.229
Cl/Cr 1.35¢
HCIO/CI 1.48:
HCIO,/CI 1.570
MnQO4/MnO, 1.679
H,0,/H,0 1.776
040, 2.076
positive charged hole (h  2.35
O/H,0 2.421
OH- /KO 2.81
F./F 2.866

2’ - standard redox potential [55-58]
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Table 3Characteristics of odorous compounds associatddliwéstock and industrial facilities

Compound? Reaction k® Reaction k
Aqueous phase (L mot %) Gasaxe (298 K) (crimolecule! s?)

N compounds

ammonia NH + OH- — H,0 + -NH, 9.70x16  NH3+ OH-— H,0 + NH, 1.83x10"

TMA (CHg)sN + OH- — [(CHg)sN]-* + HO + - CHN(CHj), 1.30x16°  (CHg)sN + OH- — Products 6.11x18

indole indole + OH— indole OH-adduct 3.20x1® indole + OH-— Products 1.54x1Y

3-methyl indole 3-methylindole + OH- 3-methylindole OH-adduct 3.30xf0 -

S compounds

H,S HS + OH-— H,O + HS- 1.50x1¥  H,S + OH-— H,0 + SH 4.70x10?

HS + OH-— HSOH: 9.00x18

CS CS + OH- — SC(OH)S: 8.00x®0 CS, + OH-— CSOH 8.00x10"

MT CH3S + OH- — CH,S- + OH 6.00x1  CH;SH + OH-— CH,S- + HO 8.86x10"

ET - CH;CH,SH + OH-— Products 4.65x18

DMS (CHy),S + OH-— CH;S(OH)CH; 1.90x16°  (CHy),S + OH-— (CHs),S- OH 1.70x1%?
(CHs),S + OH-— H,0 + CHSCH- 4.80x10°
(CHs),S + OH-— CH;OH + CHS- 0.04

DMDS (CHsS), + OH- — [CHsSSCH] -+ + OH 1.70x18°  (CH,S), + OH- — CH;SH + CHSO 3.00
(CH,sS), + OH- — Products 2.30x1H

DMTS - -

Aldehydes

formaldehyde HCHO + OH- Products 1.00x1d  HCHO + OH-— Products 1.00x10"

acetaldehyde C¥HO + OH-— H,0 + CHCO 3.60x18  CH;CHO + OH-— Products 1.50x1H

Alcohols

MeOH CHOH + OH-— H,0 + -CHOH 8.30x18  CH;OH + OH-— Products 9.48x10"

EtOH CH,CH,OH + OH-— H,O + CH,CHOH 2.20x1®  CH;CH,OH + OH-— products 3.47x10

1-PrOH 1-GH;OH + OH-— H,0 + CH,CH,CHOH 2.80x1®  1-GH,OH + OH-— products 5.50x 1t

1-BuOH 1-GHyOH + OH-— products 4.20x10  1-CHyOH + OH-— products 8.48x10
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Carboxylic acids

FA HCOOH + OH-— H,0 + -CQH 1.30x1§ HCOOH + OH-— products 4.50%x10"
HCOO + OH-— H,0 + -CQ 3.20x10

AA CH3COOH + OH-— H,0 + - CHCOH 1.50x10  CHyC(O)OH + OH-— products 8.00x10"
CH;COO + OH:— H,0 + -CHCO, 1.00x16

PA CHsCOOH + OH-— products 6.20x0  C,HsCOOH + OH-— products 1.20x1#
C,HsCOO + OH-— products 1.20x10

1-BA 1-C;H,COOH + OH- — products 2.20x10 1-GH;,COOH + OH-— products 1.79x1H
1-GH,COO + OH- — products 2.00x10

Phenols

phenol GHsOH + OH-— dihydroxycyclohexadienyl 6.60x10 CgHsOH + OH-— Products 2.81x18
CsHsO™ + OH- — HOG;HsO" 9.60x18

4-methyl phenol 4-CKCsH,OH + OH-— products 1.20x¥8  4-CH,CsH,OH + OH-— products 4.96x18

& TMA - trimethylamine, MT - methanethiol, ET - etiethiol, DMS - dimethyl sulphide, DMDS - dimethyisdiphide, DMTS - dimethyl trisulphide,
MeOH - methanol, EtOH - ethanol, 1-PrOH - 1-prodafeBuOH - 1-butanol, FA - formic acid, AA - acetacid, PA - propionic acid, 1-BA - 1-butanoic
acid

®[59-92]
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1.3 Hypothesis and objectives

The application of AOPs in drinking water and wagtter treatment plants has been carried out ipdse few
decades [93-99]. And it has been proven to be miging technique on the abatement of odorous comgsu
[100-99]. However, there is limited information ¢ime application of AOP techniques in real livestasid
industrial facilities where the air flow rate isrnmlly high with relatively low concentration ofdbe odorous

compounds (ppbv level).

Another interesting issue is that in most of thedis, odorous compounds have been mostly measyred
GC/FID, GC/FPDor GC/MS [10-13]. Application of direct online M8n the other hand, is advantageous with
respect to avoiding sampling artefacts and obtgimrtensive datasets with high time resolution high

precision.

Thus, the main hypothesis of this PhD project wed the odorous compounds emitted from livestoatk an
industrial facilities, especially reduced sulphuwmpounds, can be effectively removed by the AORthas
reactors, including UV/TiQand Q/H,O, scrubbers.

The objectives of the PhD project were:

1) To develop AOP-based reactors for odour abatement

2) To assess the removal efficiency of odorous comgeily using AOPs

3) To characterize the AOP processes in detail, intudssessment of the role of hydroxyl radicals by
PTR-MS

4) To investigate relevant by-products after the A@Bw the reactors

5) To identify possibilities for optimization of the@¥ processes
To achieve these objectives, the studies were peeid as follow:

1) Study of photocatalytic oxidation of reduced orgasillphur compounds in a bench-scale honeycomb
monolith photocatalytic reactor (UV/TDby means of proton-transfer-reaction mass speety -
kinetic study, influencing factors in the reactoy;product investigation and the risk assessmettef
by-products

2) Characterisation of photocatalytic oxidation ofaiodorous compounds (methanethiol (MT), dimethyl
sulphide (DMS), dimethyl disulphide (DMDS), 1-buthr{1-BuOH), acetic acid (AA), propionic acid
(PA), 1-butanoic acid (1-BA) and 1-valeric acid (&) in a pilot-scale honeycomb monolith

photocatalytic reactor
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3) DMS removal in a bubble reactor by using perox@ddgH,0,) process

4) Removal of gaseous reduced sulphur compoundS, (BMS and MT) in a wet scrubber coupled with
peroxone process

1.4 Outline of the thesis

The present PhD-thesis consists of three partsfifdigart is a review of the current knowledggamding the
emission of odorous compounds from livestock ardlistrial facilities and the abatement technologigse
review of emission of odorous compounds includégimof the odour sources, and the odour descripfide
abatement technologies include challenges of cuteshnologies and the potential of using AOPs. 3éeond
part focuses on the principle and the methodolggylied in this study. The third part of the thewsthe
experimental results obtained from own experimefite experimental section is also divided into tsud-
section: the assessment of photocatalytic read®aepdr | - Ill), and the investigation of the wetuiber

combined with peroxone process (Paper IV - VI).
1.4.1 List of papers

Paper I: Yao, H., A. Feilberg. Photocatalytic otida of reduced organic sulphur compounds by ,TiO

photocatalysis: Influencing factors and kineticdstuPaper draft.

Paper II: Yao, H., A. Feilberg. Photocatalytic ation of reduced organic sulphur compounds by,TiO

photocatalysis: Determination and risk assessnfdng-products and pathway study. Paper draft.

Paper lll: Yao, H., A. Feilberg. 2015. Charactdima of photocatalytic degradation of odorous comuis

associated with livestock facilities by means oRPWIS. Chemical Engineering Journal. 277: 341-351.

Paper IV: Yao, H., A. Feilberg. Measurement of digsd ozone in low concentration ranges and hydroxy

radical yield from ozonated deionised water, all@fnd HO, solution. Paper draft.

Paper V: Yao, H., M.J. Hansen, A. Feilberg. 20189 Removal in a Bubble Reactor by Using Peroxone
(Os/H,0,) Reactions. Chemical Engineering Transaction20:234.

Paper VI: Yao, H., M.M. Lgkke, A. Feilberg. Effeatd a packed-bed wet scrubber coupled with peroxone

process (@+ H,O,) on removal of gaseous reduced sulphur compolRaser draft.

18



2. Advanced oxidation processes (AOPS)
2.1 Photocatalysis (Ti@dUV)

The basis of photocatalysis is the photo-excitatiba semiconductor material (suchesg, TiO,, ZnO, FeOs,
CdS, and ZnS). Among the different semiconductotens, Titanium dioxide (Tig) is the most common
semiconductor used in photocatalysis [103]. UndearnUV irradiation, TiQ can be excited and produce
electrons in the conduction ban¢g& and positively charged holes in a valence bagg f{{Reaction 1). The
positively charged hole itself on Ti®as a high oxidation potential of 2.53 V [56] awlit can directly oxidize
the odorous compounds absorbed on the surface@f Moreover, the positively charged holes can furthe
react with molecular water adsorbed on the surfdcEO, to produce hydroxyl (OH-) radicals (Reactions 2).
At the meantime, the superoxide radical’@roduced by a free electron and molecular oxygEaction 3) can
be partly oxidized to singlet oxygen (Reaction 4iich is also a potential oxidant to react with restli sulphur
compounds [104, 105].

TiO,+hv—h"+¢€ Reaction 1
h*+ H,O — OH- + H Reaction 2
€e+0,—- 0, Reaction 3
O, +h —'0, Reaction 4

Theadvantagesof the UV/TiO, system are:

1) TiO, can be excited at higher wavelengths (UV-A: 4@L5 nm) than other UV oxidation processes
[101, 99, 106], so it is not as energy consumindgJ¥sB (315 - 280 nm) or UV-C (280 - 100 nm).
Furthermore, UV-A has less negative effect to thmain health.

2) The photocatalytic oxidation process has been eiuftir many organic compounds in gas phase [11,
100, 107-110].

3) The gas can be treated in a short contact timeatie high reaction rate (Paper Il1) [111].

Thechallengesof the TiQ system are:

1) Currently, full-scale application tested in theektock and industrial facilities has not been righrbut
the pilot-scale photocatalytic reactor has beetedest realistic conditions (Paper III) [111].
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2) UVITIO, system is not fit for treating contaminated aimtaining high concentration of nitrogen
compounds, such as trimethylamine, and sulphur oamgs, such as dimethyl sulphide and dimethyl
disulphide. Because their by-productgy. ammonium and sulphate ion, can accumulate on ide T
surface and cause fouling of the active J$es [112-111].

3) H,S cannot be efficiently removed in the photocatalygactor with only Ti@ (Paper Ill) [111], and
TiO, has to be modified by doping other types of phatalgst or metals on Tik}115-117].

Therefore, TiQIUV photocatalytic oxidation is recommended in timeloor applications gg., office and
apartment) and for treating contaminated air witlv kontaminant concentrations. This technologyddour
abatement is promising, and it still needs furihgsrovement, such as optimising the number of Uviga in

the photocatalytic reactor, so it can minimise gnperonsumption, or optimising the active surfaceazaind the
amount of the photocatalyst, so it can not onlyntaan a high removal efficiency of odorous compaayriglt
also minimise formation of unwanted by-products,iothmay be even worse than the original odorous
compounds. Furthermore, additional studies are aw¢nl evaluate the effect of the large-scale pladédygtic

reactor in the real livestock and industrial faigh on removal of contaminants in gas phase.
2.2 Peroxone process

The standard redox potential of ozone is 2.706 Mgckvis also a relatively highly oxidising spec{@able 2).
However, ozone is a highly selective oxidant, wtdeh only rapidly react with compounds containitegton-

rich moieties, such as compounds containing dobbleds, phenols, and amine moieties [98, 1T&ple 4
presents the comparison of reaction rate betweenr@tcals and ©with odorous compounds in aqueous and
gas phase, and for the same compound, the reaetitn®H- radicals are all faster than the readtiaith G; in
both gas and aqueous phases. Therefore, it is exptat G-based AOP is an effective approach to treat the
contaminated air by using boths @nd OH- radicals. The reaction of ®ith H,O, is known as the peroxone
process and it has been introduced mainly to puifiyking water [119]. Though the reaction betw&®nand
H,0, (k < 0.01 M" s%) is slow [119], the reaction between &hd the anion of 30, (HO,) (Reaction 5) is much
faster (k = 2.8 x 10M™ s%) [120].

O3+ HO, - O, + OH- + Q- Reaction 5

Due to the faster reaction rate betwegra@d HQ, it is expected that higher pH is more efficiemt production
of OH- radicals. Furthermore, Reaction 5 has beepgsed since 1985 [119], and one mole of OH- &dic

could be produced from one mole of. ®lowever, a recent study has proposed a moreletbtdnetic scheme
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and the rate of OH- radical formation in the perexprocess has been found to be half of the ra@ décay.
(Reaction 6-8) [121].

O;+ HO, — HOs Reaction 6
HOs — HO,- + G- Reaction 7
HO,- + O — 20, + OH- Reaction 8

Table 4 Comparison of reaction rate between OH- radicals@rwith odorous compounds in both aqueous and

gas phaseb

Compound” Aqueous phase Gas phase

k /OH- k /O k /OH- k /O
(L mol™sh (cm® moleculé® s%)

NH; 9.70 x10 20 1.83x106° -

TMA 1.30x10° 4.1 6.11x10" 7.84x10'
Indole 3.20x1@° - 1.54x10° 4.90x10"
3-Methyl indole ~ 3.30x1d° - - -

H,S 1.50x13° 3.00x10  4.70%x10" 2.62x10
CS, 8.00x1( - 8.0(x1C™ -

MT 6.00x1C¢ - 8.8€x1C™ -

ET - 2.0x1C°  4.6Ex1C™ -

DMS 1.90x1(*¢ 4.00x1C®  1.7(x1C* 9.96x1(™
DMDS 1.70x10° - 2.30x10° -

DMTS - - - -
formaldehyde 1.00x1G 0.1 1.00x10" 2.09x10*
acetaldehyde 3.60x16 1.5 1.50x108" 3.40x10°¢
MeOH 8.30x10 0.02 9.48x1%° -

EtOH 2.20x14 0.51 3.47x1% -
1-PrOH 2.80x14 0.37 5.50x1% -
1-BuOH 4.20%x10 1.1 8.48x10° -

FA 1.30x16 5 4.50x10° -

AA 1.50x1( 3.0(x1C°  8.0(x1C™ -

PA 6.20x1¢ 4.0x1C*  1.2(x1C* -

1-BA 2.20x10 0.006 1.79x1# -
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Phenol 6.60x10 1.30x16  2.81x10" -
4-Methyl phenol  1.20x1(*° 1.5(x1C*  4.9éx1ct! 4.7:x1C*
2[59-91, 122-137] [92]

® TMA - trimethylamine, MT - methanethiol, ET - etigthiol, DMS - dimethyl sulphide, DMDS - dimethyisdiphide,
DMTS - dimethyl trisulphide, MeOH - methanol, EtGHethanol, 1-PrOH - 1-propanol, 1-BuOH - 1-butarkd - formic
acid, AA - acetic acid, PA - propionic acid, 1-BA-butanoic acid

¢ It is the reaction rate constant between OH- eddiad methanethiol ion (GS)

Theadvantagesof using peroxone process are:

1) The peroxone process is more effective at remosdayous compounds thar 6 H,O, alone, because
the peroxone process can produce OH- radicalerrdtan just @ and peroxone also allows a lower
using dosage of Hwhich is desirable for reducing costs.

2) According to the literature reviews, peroxone appea be the most tested and applied AOPs in
purification of drinking water and wastewater, tefa to the other AOPs [93-99].

3) In this PhD project, it has been demonstrated bttt HS and DMS could be effectively removed at
pH level above 8.0 by peroxone process (Paper Wénd

Thechallengesand limitations of the peroxone process are:

1) Although peroxone process has been studied on viraiment, there are limited studies aimed at
purifying contaminated air by using peroxone prsces

2) Improper use of @can cause an excessive emission which is harmfthé environment.

3) Wet scrubber coupled with the peroxone process ielatively common approach for the water
treatment when applying AOPs. However, it is a lelngle to find proper packing materials for the gas
treatment which is required to be surface inactwel do not react with OH,0, or OH- radicals.

Overall, the technique of wet scrubber coupled vgéroxone process for removing odorous compounds is
promising. However, it requires further optimizatito be applied in the real situation. Additionaldies are
necessary to improve the technique, such as taciesise the process with respect to degradati@nrahge of
gaseous compounds, to investigate the role of @#icals at different conditions, to increase thkzation rate

of Os, and to find proper packing materials in the veetibber.
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3. Analytical methods

This PhD-thesis includes a set of process stugibgsh were conducted with laboratory experimentsthe
following section, the applied methodologies asedssed.

3.1 Gas analysis

The measurement of odorous compounds is the migjattan this study. A variety of methods have besad
[9-13, 108, 138]Each method has strengths and weaknesses thatmbedmatched with the objectives of a
particular study. Here, only methods relevant toghesent PhD study are discussed.

3.1.1 Proton-Transfer-Reaction Mass Spectrometry (PTR-MS)

Proton-transfer-reaction mass spectrometry (PTR-i8sed for online measurements of odorous congsmun
and the Online PTR-MS is a time-resolved (< 1 sftrimment with very low detection limit on measuring
odorous compounds (pptv level). Furthermore, thRRRIS has been applied in measuring odour emisaiah

monitoring the reaction processes [23, 108, 139].

In PTR-MS, protonated water {8") is used as a chemical ionisation reagent to éosismpounds (R) as
Reaction 9. Therefore, the molecules are protonaiezklerated by an electric field, and separatedrding to
their mass-to-charge ratio (m/z). For example,rtiwdecule weight of dimethyl sulphide (DMS) is 62dathe
concentration of DMS is the concentration of m/z\6Bich represents protonated DMS.

R + HLO" —» RH" + H,O Reaction 9

The PTR-MS consists of 1) an ion source to prodheeHO* ions, 2) a drift tube reactor, where the proton-
transfer reaction takes place, 3) a quadrupole ssstrometer for the detection of the ioRgQre 2) [21]. To

be noticed, the proton affinity of water is 691rkadlI* and only compounds with proton affinities abové &9
mol™* can be detected by PTR-MS, whintakes it impossible for this technique to deteet dixidation end
products, such as G@nd SQ, due to their low proton affinitiedn addition, the chemical ionisation in PTR-
MS results in low fragmentation and it is difficuti distinguish the isomers or the compounds wiitilar
molecule weight. Therefore, for known compoundsRMMS is a time-resolved instrument to monitor the
emission or reaction processes. However, for unkncempounds, it is difficult to identify the comjiten of

the air by only using PTR-MS and supplementary mneasents, such as GC/MS and other methods, are
necessary to assist the identification. In this in@ject, PTR-MS was mainly used for monitoring #fect of

reactors on removal of single odorous compoundpdiPR Ill, V and VI). Furthermore, the kineticsafer 1)
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and the by-products (Paper Il and Ill) from photabdic reactor were investigated. There are twalesoin
PTR-MS, multiple ion detection (MID) modend full-scan mode. MID mode is used for monitgrgingle

compounds, while full-scan mode is normally appfieddetecting unknown air sample.

Vg Vg Virift V4 HC  holiow-cathode discharge
| |= b IC1  intermediate chamber 1
@ resistor network I ‘ E% .”"53 c:cm.e
5 intermediate chamber 2
>$ [ . |EM  electron multiplier
salG(IIIITTITY YO
w é’ 'lerses deflection
, HC \_IC1 drift tube reactor NC S
} 7 quadrupole mass filter
|
;#wa#m
A} EM
water out  airin pressure gauge air out b
pump

Figure 2 Schematic drawing of the Proton-Transfer-Reacti@s$/Spectrometry (PTR-MS) [21]

Besides the limitation on measuring odorous comgswrith lower proton affinities and with similar reoular
weights, there are also some odorous compoundsHich the proton affinity is close to water. Theggnce of
water from the sampling air and the ion source emayance the influence of the back reaction betiri¢nand
water (Reaction 10). Consequently, the concentraiainderestimated. Therefore, it is necessamvestigate

the humidity dependence of the PTR-MS response rtsv#éhose compounds and correct the measured
concentration to the real value according to thisiidity dependence. In this study;3has a proton affinity of
712 kJ mof close to water (691 kJ mdl The humidity dependence otHwas investigated and a method for
correction of the signal was presented [23]Figure 3, the expected concentration of a gas standagg (C
relative to the observed concentration,{Cof H,S was related to the humidity of the sample airroiydrate
cluster (HO"H,O, m/z 37) relative to the 40" (measured as the *Oisotope, m/z 19). Furthermore,
formaldehyde was produced as a by-product from quadalytic oxidation of reduced sulphur compounds
(Paper 1), and a humidity dependence of the PTR4igiponse towards formaldehyde is also necessary to

quantify its concentration.

RH" + H,0 —» R + H,O" Reaction 10

24



80 A
60 -
Eﬁ
240 A
&)
y =23.864In(x) - 5.4585
20 1 R? = 0.9442
0 r : : : .
0 6 12 18 24 30
CPS37/CPS 21

Figure 3 Relative response of PTR-MS tg$las a function of humidity at concentration of Pfbv (Gy)
expressed as the concentration of the dilutedrgas the standard gas cylinder by filtered comprmrsseto the
observed concentration (3. The full line represents the empirical equatiitted to the data. (cps - count per

second) (Paper VI)

The cluster ions (0" (H,0),) can also react with odorous compounds, so theysaase interferences of the
sensitivity during the measurement by PTR-NHewever, in these studies the total water clustas all kept
below 5%, and the primary ion was not affected. Tdrenation of the cluster ions in the drift tubeaceor is
related to the drift tube voltage and the paramétirvalue in units of Townsend (1 Td =¥0/ cn¥), where E
is the electric field and N is the total moleculembers in the drift tube. Generallyz®f ions in PTR-MS
dominate a drift voltage of 600 V (100 Td);®{- H,O ions dominate between 350 and 600 V (60 - 100 dmt)
HsO""(H,0), ions dominate below 350 V (60Td) [21].

In addition, the sensitivity can also be affectedtle transmission efficiencies for Rldnd HO" ions. The
transmission efficiencies are determined by 1)a=tion efficiency of ions from the drift tube reacinto the
mass spectrometry, 2) detection efficiency of emelss in the electron multiplier. The transmissitiitiency

can be estimated by a standard gas covering aardlem/z range. In this work, transmission efficieneas
checked regularly during the measurement periold avinixture of 14 aromatic compounds between m/artb
m/z 181 in this project. The concentrations of edgrcompounds were calculated based on protorféranage

constants as described by Feilbetrg!. [23].
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3.1.2 Gas Chromatography with Mass Spectrometry (GC/MS)

Gas Chromatography with Mass Spectrometry (GC/MS) very common method for measuring the odorous
compounds, and is used in a combination with adsdrhubes in this PhD-project. Odorous compounds th
trapped on the adsorbent tubes are thermally dedpgeparated by gas chromatography and then eetiect
mass spectrometer. The NIST database is norma#id fmr identification of compounds, and the possibl
compound was considered to be identified when theinrate was higher than 90% and when the abuad#nc
the characteristic ions were in good agreement thighlibrary spectrum. GC/MS is an offline methoihwa
limited sample capacity, since a typical GC/MS takes 45 minutes. Some compounds with high resgctivi
might be oxidised or converted to other compoundig sampling and analysis based on solid adsbtbbes

[5]. The main advantage of GC/MS is the chromatpkjia separation prior to the MS detection. GC/MS$ wa
used in Paper Il for assisting PTR-MS in investiggathe by-products from the photocatalytic reactor

3.1.3 Gas Chromatography with Sulphur Chemiluminesceretedor (GC/SCD)

Gas chromatography with sulphur chemiluminescersteatbr (GC/SCD) is a specific detector for meamguri
the sulphur-containing odorous compounglg, H,S, SQ, DMS, DMDS and DMTS. After the separation by
GC, sulphur compounds are combusted (>1800 °C)umreace in SCD by a hydrogen/air burner and cdeder
to sulphur monoxide (SO) (Reaction 11). SO carh&rrteact with ozone @in a chemiluminescence reaction
to form an excited state of $Owhich can be detected by a photomultiplier (remactl2). The advantage of
GC/SCD is that 1) the same amount of sulphur givesame response independently of the moleculatste
(equimolarity), so if the retention time is knowhe sulphur compounds can be quantified, 2) thectiet limit

of GC/SCD is also low (typically 2-10 ppb). To irstiggate the by-products from the wet scrubber coetbi
with a peroxone process on removal of reduced sulpbmpounds, gas samples were collected form déise g
outlet from the scrubber into the Tedlar bags, dinettly analysed by GC/SCD (Paper VI).

S-compound + G@» SO + Other Products Reaction 11
SO +Q — SOG* + O, + h (300-400 nm) Reaction 12
3.2 Liquid analysis

During the process of the gas purification in theDPproject, liquid analyses were also carried out f

understanding the reaction processes in liquidghas
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3.2.1

Dissolved Q

So far, several methods have been used to medmudkstsolved ozone in the solution: UV spectropimetivic

method, DPD (N,N-diethyp-phenylenediamine) colourimetric method, indigo ocmimetric method,

iodometric titration method, oxidation/reduction t@atial (ORP), and dissolved ozone sensor [140:151]

However, no single method or standard unit of teasarement is consistently used by the scientiicrounity

or industry, which makes it difficult to comparedastandardise dissolved ozone measurements. Fudher

there is a gap on monitoring the ozone decaygnH,O, solution while removing the odorous compound$ia t

air. Therefore, six methods for measuring the diegb ozone were evaluated with the aim of findingl a

verifying a time-resolved and accurate method tasuee the dissolved ozone in low concentratior20(glM).

The details of the six methods were:

1)

2)

3)

4)

UV spectrophotometric method [142]. Dissolved ozameure water can be directly measured by UV-
Visible spectrophotometer, since ozone can be hbddry ultraviolet light at 258 nm with an extircti
coefficient of 2950 Mcmi*. Several studies have utilised the method to etalthe decomposition of
ozone by UV/vis adsorption [143, 144, 150]. The hoetis only suitable for relatively pure solutions
with insignificant interference from other composnd

Indigo colourimetric method [142, 152]. The advaetaf the indigo colourimetric method is that it is
sensitive, precise, specific and easy to handle.primciple is that ozone can rapidly decolourisg#igo
under acidic condition. The decrease in absorbenlggear with increasing concentration of ozonkeT
proportionality constant at 600 nm is 0.42 + 0.61'ang" L™ (AE = 20 000 /Mcm). H,O, could also be
the interference. However, the decolourisatiomdfgo by HO, is much slower than that by ozone, and
H,0, may not affect the measurement of iDanalysing the ozonated solution within 6 hoursis
method is the most popular method for measuringptlied ozone in recent researches [149, 153-157].
DPD colourimetric method [141, 145]. The DPD colmetric method is normally used to measure the
chlorine residual and #@, concentration. For ozone detection, the principléhat ozone reacts with
DPD to form a red-violet dye in weakly acidic sabmt which can be determined photometrically (550
nm) with an absorption coefficient of 0.225tmg* L for aqueous ozone. The DPD method is fast and
simple. However, KD, will be interference when the concentration gOklis higher than 1.5 uM,
because it may bleach the red-violet colour.

lodometric titration method [142, 158, 159]. Thiethod is also primarily used to measure chlorine
residuals and has only been used to measure dissolzone in solutions in early research. In the

ozonated solution, ozone can react with potassadité (Kl) at pH< 8 to form free iodine (Reaction
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13). The free iodine can be titrated by a standaidtion of sodium thiosulphate with starch as the
indicator due to the blue colour formed by freeinedand starch (Reaction 14).

2KI+H, O+ O, — 2KOH + L+ O, Reaction 13
I, + 2NaS,0; — 2Nal + NaS,0Os Reactibh

5) Oxidation/reduction potential (ORP) [151]. Redoxteptial is an indirect method for measuring the
dissolved ozone. The method does not allow diraaentification of ozone and the results are given in
mV, according to the oxidising property of ozondnefiefore, it is not ozone specific. If the redox
potential is solely governed by ozone, the methaml io principle be used for ozone measurement by
proper calibration e.g. with a reference method.

6) Dissolved ozone sensor [147, 155]. The dissolvesh@zsensor is an on-line and electrochemical device
for monitoring ozone concentration at low level (UM gas permeable polymer membrane is used to
separate the heart of the sensor from the sammpdethe diffusion rate of ozone through the membrane
is proportional to the partial pressure of ozonthmsample. The concentration in pgdan be directly
recorded by data log.

3.2.2 Sulphate analysis (S®)

Sulphate concentration was measured in the tetteoivet scrubber for the calculation of the S bagaim the
study (Paper VI). The principle is that sulphatesican react with barium ions to form barium sutphgarticles.
The resulting turbidity is measured by spectropimativy at 445 nm (turbidimetric method). It is auigment
that the solution does not contain any particles sample filtration may therefore be necessary. mbthod is
analogous to APHA 4500-SOE [142)].
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4. Description of the reactors used in the study

Several reactors combined with AOPs were desigrased on the existing literature on removal of reduc
sulphur compounds. The strengths and weaknesseamnelto the study are discussed.

4.1 Photocatalytic reactor

Three types of photocatalytic reactors are oftgslieg, which are: plate type, honeycomb type amlibar type
reactors FFigure 4) [160]. The plate type reactor is the simplest] &nhas been widely used on removal of
odorous compounds due to the low pressure drogsthe reactor [161-164]. However, a long resideimse
has to be maintained in order to obtain a high rehgresumably because the average distance fiergds
phase to the photoactive surface is relatively Idhdpas previously been found that the mass teansf not
limited in the honeycomb reactor [165]. Howevergediwp the typically short residence time, the rerhova
performance is restrained by the capability of #usorption and the reaction rate between the odorou
compounds with oxidants generated on the surfacthefTiQ; filter [160]. The annular type reactor is the
second-most applied photocatalytic reactor in rebeand the removal of reduced sulphur compoundsédse
reactors has been reported to be relatively high 12, 166]. However, the mass transfer is a btk in the
annular reactor. Turbulence of the air is a netefsi maximising the mass transfer on the F#rface, which
may increase the pressure drop in the system, @atbdhe resulting economic limitation, it is difflt to use in

the livestock and industrial facilities.
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Figure 4 Schematics of three types of photocatalytic reg@tpplate type, (b) honeycomb type, (c) annulpety
[160]

The honeycomb-type photocatalytic reactor was sedeto assess the removal of odorous compoundsisn t
PhD-project. In most studies, photocatalytic oxmtatof reduced sulphur compounds was carried oympat
level (ten to hundreds ppmv) [11, 12, 113, 162,,18&/] for relatively long residence time (from eeal
seconds to several minutes) for adsorbing moreacgingnts on the TiDsurface [10-12, 113, 162, 166, 168].
However, in the practical situation such as in dteek and industrial facilities, the concentratioof
contaminants are in the range from sub-ppb to ppbl] and the air velocity is usually high so tesidence
time becomes short (< 0.5 s) if realistically sififtdrs are to be used [23, 32, 101]. Furthermptmtocatalytic
oxidation is not suitable for treating contaminasédwith high concentrations of sulphur compourescause
their by-products, such as sulphate {§Oor methane sulphonic acid, may bind to the serfat the
photocatalyst and cause the deactivation of theophtalyst [11]. However, Demeest&tel. reported that low
concentrations of DMS (< 3 ppmv) would not deadsvthe TiQ, and relative humidity between 18.9% and
52.9% would not affect the removal of DMS eithel][1The photocatalysis technology could therefoeeab

viable solution for the abatement of reduced sulgtampounds emissions as a post-stage treatmemt aft
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scrubbers. Paper | - lll demonstrated that honejctype photocatalytic reactor was a feasible reattio
remove reduced sulphur compounds in relatively tstemidence time (< 0.30 s) and low concentrati@@s-
300 ppbv).

4.2 Bubble reactor

In most previous studies [169-171], a bubble colusector was used as a wet scrubber coupled witRSAO
Therefore, a bubble reactdfigure 5) coupled with peroxone process was tested inRhi3-project as a pre-
experiment in order to assess the effect of thesemibber on removal of DMS (Paper V). This reattas
demonstrated high removal efficiency on DMS. Inesrdo improve the performance of such reactor, the
following issues can be considered: 1) reducingctist of establishment to apply the bubble redottivestock
and industrial facilities due to the economic lition, 2) possibly increasing the contact areartprove the
mass transfer in the bubble reactor and to ava@dith pressure drop, 3) large scale of bubbleseamuld be

required in the situation with high air flow rate.

MFC
MFC KI solution
0, IE E E MEC Exhlaust I—’Ozonc detector
MFC © Y »PTR-MS
- 3-way valve 1
. _Hg N Ozone generator LTI Dissolved ozone sensor
Air » —{>
—O-Ig i
DMS >
MEC
BHEH S
S Em
[ I
Data log

Magnetic stirrer

Figure 5 Schematic drawing of bubble reactor (MFC - masw ffontroller, DMS - dimethyl sulphide, PTR-MS

- proton-transfer-reaction mass spectrometry) (PBfje
4.3 Wet scrubber
Several setups of wet scrubbers have been rep®imdl et al. tested a wet compact scrubber packed with wire

mesh packing structure and coupled with a peroywoeess [156, 172]. In their system; Was first dissolved
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into tap water, and then mixed with theQd solution (10.42 mM) right before it was sprayetbithe wet
scrubber. The mass transfer of the target compdDMDS) was enhanced compared with the spray solutio
without H,O, in the short residence time. However, the remeffatiency of DMDS was increased from 16% to
34%. Larson and Adams (1999) presented anothesavebber setup coupled with the peroxone procedssy T
used 316 stainless steel Pro-Pak as packing matemi directly injected ©in the concentration of 1.9 x 40
ppmv into the air before the air flow passed thiotlie wet scrubber and they used concentration,©f (.74
mM) in the spray solution. With this setup, botmowal efficiency and mass transfer of toluene, barzand
xylene were all enhanced when pH of trickling solutwas increased [154]. Therefore, direct injectad O;
was used in this PhD project on assessing the ralnafweduced sulphur compounds in the packed-bed w

scrubber Figure 6) (Paper VI).

MFC )
MFC KI solution
o, +Q|—'— O, generator » g

¥4 3-way valve (for measuring O, at the inlet)

Sulphur_._g o v

Compounds MFC ~ 3-way valve _Sampling line
! H
Spray solution ‘| PTR-
SEEE & |
= :
x (B 2 N
= o Q&
bl ¥ AE e
y o = o fa=’
: £ 5 i
ded ] |k = Air Flow
¥y | g‘
2ol 0

Exhaust (for measuring Oy at the outlet)
Gas Sampling for Tedlar bags

Bioflow 9 media

Effluent

Figure 6 Schematic drawing of wet scrubber combined witltopene process (MFC - mass flow controller,

PTR-MS - proton-transfer-reaction mass spectromé®aper VI)
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5. General discussion of Paper | — VI

The experimental of the present PhD-thesis is pteddn two sub-section: the assessment of phatlytiat
reactor (Paper | - 1ll), and the investigationtod tvet scrubber combined with peroxone processefRep- VI).
The six papers can be seen in their full lengtthéappendix. In the following section, the maisules from

paper | - VI will be summarised and discussed.
5.1 Photocatalysis (Paper | - 11I)

In most of the studies on assessing the photot&taactor, the air flow rates were low with aatetely long
residence time [101]. However, in the practicalaiibn such as in livestock and industrial fahti the
concentrations of contaminants are in the ranga Bob-ppbv to ppbv level, and the air velocity ssiaily high
so that the residence time becomes short (< QZ8sB2, 101]. Further studies of photocatalytiddation under
more realistic conditions are required. A bencHesofhoneycomb type monolith photocatalytic rea¢kgure

7) was tested in the laboratory (Paper | - Il). Tamperature and the relative humidity were rel&fiwtable
(24.0 £ 0.6 °C and 35 - 45%). Three reduced orgamilphur compounds were assessed, which were
methanethiol (MT), dimethyl sulphide (DMS), and ditmyl disulphide (DMDS). Three tests were carrietino
the reactor: 1) kinetic studies of the three sulptampounds in the reactor at different UV intdasitand air
flow rates), 2) Influencing factors on the performoa of photocatalytic reactor (initial concentrafidJV
intensity and air flow rate), and 3) investigatimnby-products, their possible pathways and the assessment
of the by-products of the three sulphur compoufds.experiment 1) and 2), MID mode of PTR-MS wasdus
to monitor the single compounds at inlet and outfghe reactor. For experiment 3), both PTR-MS @@tMS
were used to investigate the by-products of theetiheduced sulphur compounds, and a full scan mvadeused
in PTR-MS.
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Figure 7 Schematics of the photocatalytic oxidation reairtdrench scale and the photo of the J@0ated

ceramic filter

The Langmuir-Hinshelwood model was used for theetinstudies Figure 8) and the intercepts of each trend
line represent the Langmuir adsorption constanjs §Kd Komps > Kpws > Kyt which is in agreement with the
different saturated vapour pressure (MT > DMS > DBJDFurthermore, due to the accurate and timeredol
measurement by PTR-MS, the uncertainties of thetiirstudies in Langmuir-Hinshelwood model weresles
than 20% in most cases. On the test of air flow degpendence, both removals of MT and DMS were not
significantly influenced by the air flow rate. llomtrast, DMDS was much more sensitive to the higlireflow
rates (> 216.0 L mif).
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Figure 8 Langmuir-Hinshelwood kinetic model fitting resuitsthe honeycomb-type photocatalytic reactor for
the reduced organic sulphur compounds at the sarmetensity (12.7 mW crf): ¢ - methanethiow -
dimethyl sulphidea - dimethyl disulphide (Paper I)
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Removal efficiency of MT and DMS was not signifitlgraffected at different initial concentrationstae same
UV intensity or the same air flow rate, and the ogai efficiency was only significantly lower thanfall UV
intensity when only 3 out of 10 UV lamps was usadthe photocatalytic reactoP (< 0.001). Removal
efficiency of DMDS was significantly decreased wtiba number of UV lamps was reduc&d< 0.01) or the
air flow increased. Furthermore, removal efficienoff DMDS was the lowest among the three sulphur
compounds at the same condition. Possibly it istedl to the fact that 1) DMDS has a lower negadizenic
charge on each of the sulphur atoms (-0.177 e) aogdpto the single sulphur atom in DMS (-0.3006s6)DMS
could react faster with the positively charged Ha&l&3-175], 2) the redox potential of DMS was 1\W/9ersus a
saturated calomel electrode (SCE) inzCN, which is higher than that of DMDS (1.15 V). dugh it was in a
different matrix, it could also indicate that thleatron transfer of DMS is higher than that of DMQI®], 3)
singlet oxygen (Reaction 4) could add on the sdghiwhich leads to the formation of thiosulfinateda
thiosulfonate. However, this reaction occurs lesalily for disulphides compared to sulphides [1T8jrefore,

DMDS is less reactive.

PTR-MS has significantly improved the identificatiof the by-products of the three sulphur compounidls
assistance of GC/MS. Formations of the by-produotdd be traced by adjusting initial concentratiefithe
odorous compounds, and the concentration of the aoveesponding to the by-products increased with th
increase of initial concentratiorfrigure 9 shows an example for DMS. Some specific by-prasluat
photocatalytic degradation of each sulphur compoarel suggested for the first time in this study niyai
according to PTR-MS: MT, S-methyl methanethiosaifen and S-methyl methanethiosulfonate were formed
from photocatalytic degradation degradation of HokhS and DMDS. The photocatalytic degradation of D#
also tentatively produce methylthiomethanol, S-ipethioformate for DMS, and dimethyl trisulphide can
methyl(methylthio)methyl disulphide. Moreover, athoo activity value (OAV) was introduced to assdssrisk

to the environment of these by-products, whiclhédoncentration of each by-product(foaue) divided by the
recommended odor threshold value of each by-prod@atVyypodu (Table 1). It was concluded that
photocatalytic degradation of MT and DMDS resuliedless environmental impact, while photocatalytic
degradation of DMS did not change the environmantphct significantly due to the high production\dt for
which the odour threshold value is very low (0.G3by). Furthermore, it was found that formaldehydesw
produced from the photocatalytic oxidation of dltle three reduced sulphur compounds, and forrhgtbke is

a carcinogen. However, based on the reaction loath, formaldehyde and MT can react with OH- radidal
relative high reaction rate. It is suggested asssiple solution to connect one or more additidn@, filter in

series or increase the residence time of the tadmbus compounds to remove MT and formaldehyddumred.
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Figure 9 Relations between removed dimethyl sulphide angbtbduction of their by-products measured by
PTR-MS with different initial concentrations

A pilot-scale of the honeycomb monolith photocaialyeactor Figure 10) was tested in the laboratory with
three TiQ filers installed (Paper Ill). The processing caiadi applied in the pilot-scale reactor was cldsethe
livestock facilities. Eight typical odorous compaisnfound from livestock facilities were tested wsimilar
concentration, which were methanethiol (MT), dinyéulphide (DMS) and dimethyl disulphide (DMDS)pe
alcohol (1-butanol), and four volatile fatty acid4~As) (acetic acid (AA), propionic acid (PA), 14amoic acid
(BA) and 1-valeric acid (1-VA). The removal effioiey was tested at high air flow rate (up to 1000h1).
Removal efficiency above 80% was observed at ardloe rate (< 200 mh?) and low initial concentrations
(in ppbv level) in all cases. Removal efficienciesre significantly reduced when the flow rate wasréased
above 500 rhh? (P < 0.05), but were not significantly affected byjusting the relative humidity within the
range of 40% to 80%. Therefore, humidification bé tair would not improve the removal efficiencigs o
odorous compounds from livestock facilities andhighest relative humidity in livestock facilitiegould not be
able to deactivate the Tj@ilter. Cutting the number of UV lamps by 50% didt alter the removal efficiencies
of the volatile odorous compounds significantly.addition, removal of k6 was also tested, but this odorant
could not be effectively removed. It is suggestede improved by either reducing the high mois{ar&] or
changing the characteristic of Tifiiter, such as doping other metal or catalyst3 iy, [115, 177].
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Figure 10 Schematics of the photocatalytic oxidation reaitqailot scale

5.2 Peroxone process (Paper IV - VI)

Six methods for measuring the dissolved ozone werapared in the present PhD-project, and a disdolve
ozone sensor was found as the most accurate amdraésnlved measurement (Paper V). Furthermore, the
dissolved ozone sensor was used on monitoringzbreoconcentration in a bubbled reacteig(re 5), at the
meantime PTR-MS was used for monitoring the remof@MS in the bubbled reactor coupled with peraxon
process. The removal efficiency of DMS was abové& 9Bigure 11). Therefore, it is approved that peroxone

reaction is a potential approach to purify the aonihated air (Paper V).
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Figure 11 Removal of Dimethyl sulphide in the bubble reactmmbined with peroxone processes and the

concentration of dissolved ozone during the perexmocess (Paper V)
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According to the result from bubbled reactor, akedebed wet scrubber was designed, and an air riédev
resulting in an empty bed residence time of 7.8s applied with low initial concentration ot$l (750 ppbv),
DMS (110 ppbv) and MT (105 ppbv). Two types of miale was tested as packing materials, which wigte |
expanded clay aggregate pellets (I%c8aint-Gobsin Weber A/S, Randers, Denmark) andtiplamedia
(Bioflow9, ®9 x 7 mm, Hansa Engineering AB, Sweden). Both lmeen used in biofiltration, especially L&ca
[49, 178]. However, limited DMS was removed whemgd_ec& as packing materials, and possibly L%can
react with Q, H,O, and OH- radicals. In contrast, Bioflow9 has lasgecific surface area (8002 mm's) and the
surface is polyethylene, which does not react wiith Q and HO,. Using Bioflow9, both HS and DMS could
be effectively removed at high;@low injected Figure 12). High pH value increases the removal ofSH
However, MT was not removed efficiently by this pess (maximum 23.5%:igure 13), and possibly @does
not react readily with MT, and the production of Otddicals was not sufficient to degrade MT. Itidtdbe
noted that OH- radicals can also react with 1@ conclusion, OH- radical was not the principedictant in

removal of the sulphur compounds in the packedvitdscrubber tested in this work.
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Figure 12 Removal efficiency of b5 and dimethyl sulphide (DMS) in the packed-bed seetibber. Error bars
represent the standard deviation from the repkgabed the trend lines in.8 figure are followed a logarithmic

regression
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6. Conclusions

The study from this PhD project is a step towardsetter understanding of odour abatement by adebnce

oxidation processes; meanwhile, it is also a steg@tds the application of advanced oxidation preegsn the

livestock and industrial facilities. The presentedults have confirmed the hypothesis that advaogéthtion

processes have the potential of removing odoromgpoands, but several challenges are also app&ased on

the present PhD-thesis, the following can be cateu

1)

2)

3)

4)

5)

Photocatalytic monolith reactor is effective on omal of alcohol, carboxylic acids, methanethiol and
dimethyl sulphide, and different initial conceninats and residence time > 0.1 s did not signifigant
affect the removal efficiency. However, removaldiiethyl disulphide was sensitive to the high air
flow rate. Furthermore, UV intensity affected tHeofpcatalysis reaction rate, especially to lesstiea
compounds (DMDS). However, only limited,& can be removed in the photocatalytic reactohis t
study. Therefore, the application of the investgatechnology is best suited for emissions thahato
contain HS.

Data obtained from PTR-MS can be used to deterthm&angmuir-Hinshelwood parameters for highly
volatile compounds with low adsorption and the utaisties were < 20%. It is the first time to pice
the uncertainty of the Langmuir-Hinshelwood parargebased on the experimental data, and it is also
demonstrated that the measurement by PTR-MS tetévedy high precision and reproducibility.
By-products from photocatalytic reactor can be gtigated by PTR-MS with complementation of
GC/MS. PTR-MS can detect odorous compounds with hégctivity, such as MT, while GC/MS can
detect more species unambiguously due to the chogmaghic separation. Therefore, a number of by-
products are proposed in this study for the firaet such as methylthiomethanol, S-methyl thiofdema
for DMS, and dimethyl trisulphide and methyl(methyb)methyl disulphide for DMDS. It should be
aware that photocatalytic degradation of DMS did clwange the environmental impact significantly
compared to DMDS, due to the higher production df. M addition, formaldehyde was produced from
photocatalytic oxidation of MT, DMS and DMDS.

A dissolved ozone sensor, based on a gas permpalyimer membrane, has been proved to be an
accurate and time-resolved measurement on measdawngpncentration of dissolved ozone.

The peroxone process {@ H,0,) is approved as a potential approach to purifyciraminated air in
the bubble reactor. However, in the peroxone-basatted-bed wet scrubber, the removal g6 tnd
DMS were mainly due to the direct reaction witl) @nd OH- radicals was only partially contributed (
20%). MT could not be effectively removed becaustne slow reaction between MT and. @herefore,

further research is necessary to increase the gtiodwf OH- radicals in the packed-bed wet scrubbe
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In addition, the @emission at the outlet was relatively high anddse® be minimised in order for the
process to be used in practise.
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7. Further research perspectives

The present PhD-thesis has demonstrated the gigstoi apply advanced oxidation processes on odour
abatement, and PTR-MS is a promising method to toiotiie reaction processes. However, there atesstite
challenges that have to be addressed. Furtherestwdin develop the reactors with on-site test fath b
photocatalysis and peroxone process. Based onPthisthesis, the following research perspectives lman
identified:

1) A modification of TiQ filter needs to be developed based on the hondyquirotocatalytic reactor in
this study, so it can also effectively removssH

2) Since the production of methanethiol (MT) and foiadeayde from photocatalytic oxidation were high,
and both MT and formaldehyde is possible to reaitt @H- radicals at high reaction rate, another,TiO
filters are necessary to install in the reactarriter to minimise the hazardous and odorous bytmtsd

3) A further step towards the application of advanogitiation processes in the livestock and industrial
facilities can be assessing the effect of photdgitaeactor on purifying mixed odour gas stream,.

4) More researches are necessary to increase thegimudaf OH- radicals in the packed-bed wet scrubbe

and to utilise @sufficiently.
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