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DARBA VISP AREJS RAKSTUROJUMS

Temas aktualitate

Dzerama adens apades 1kli ir neaizvietojama infrastrulita, kas ir potenals merkis
teroristu uzbrukumiem [11]. Apzits adensapgdes 1kla piesrpojums ir vishistanakais no
iesgEjamiem apdraugumu scearijiem [19]. Udens jau ilgstosi tiek izmantots gai rkerkis, gan
ka teroristu uzbrukumtuiks. Rdgjo 14 gadu laik (no 2000.1dz 2014. gadam) Ir vaik nela 40
dokumengti fakti, kas saisti ar terorisma draudienidensapgdei visapkrt pasaulei [12].
Turklat moddu apekini pierada, ka uzbrukums st&fiski izveletam punktanudensapades ikla,
kas apgda 100000 cileku, var izmakat vien $0.05 par cilgka ravi [19], tatu seku likvidicija
izmaksis krietni vaigk. NetSatudensvadaikla piesrpojuma (ar aftitiem notekideniem) seku
likvidacija 2007. gaa Nokia pil€ta (Somija) izmakga vismaz 3.7 miljonus eiro (3.9 miljonus
$) [8].

Neskatoties uz to, ka daudztjumu ir versti uz tklu aizsard#u pret apziatiem
uzbrukumiem [11, 13, 19, 24|, zganas par efektu tiklu at@riSanu ir nepietiekoSas. Lai
maziratu sekas gc tiSa vai naBa udensapgdes ikla piegrnojuma, ir nepiecieSams izprast
procesus, kas noridia ikla. Udens sadalesks netiek uzskats par inertu transporta sistu,
bet gan pakimisku un mikrobiolgisku reaktoru, kas mijiedarbojas ar transgjarhu adeni [9].
Tikla atfriSsana kimikaliju ievadiSana) pc piedrpojuma ir apgitinata ar kimiskiem,
biologiskiem un fizikliem procesiem, kas norigig tkla; turklat atfriSanas metodeialput
cilvekam droSai un videi nekagai.

Sis darbs ir par dzeramidensapades ikla atfriSanu pc apzirita piearnojuma ar
rezistentiem mikroorganismierB#cillus anthracisspoam) un pestitdiem (parakvatu)Bacillus
sporas (Sibvijas nera izraigtajs) un pestitdi tiek uzskaiti par draudiemidensapades tkliem.
Pastv liela varhitiba, ka teroristidensapgdes 1kla piesirpoSanai izmantos pestitus vai citas
komerchli pieejamaskimikalijas [11], jo &s tiek razotas, izpl#as un pielietotas vispasaud.
Bacillus anthracissporas var ilgstoSi izazot tdenn un netiek izicinatas ar parasti lietdin

dzeram tudens dezinfekcijas metdoh tadam ka hloreSana [25].



Darba merkis:

Promocips darba rerkis ir izstiadat metodesidensapades 1kla atiriSanai gc apzirata

piesrpojuma arkimiskiem un mikrobiolgiskiem gentiem.

Darba uzdevumi:

1. Izprast procesus, kas noriggnidensapgdes tkla un iz\ertét piesirnojuma uzkasaras
risku;
2. Noteikt sporu sgjas adsoréties uz tudensapgdes ikla nogulumiem, ada veid

pasargjoties no dezinfekcijas;

3. Parbaudt un saldzinat parasti lietais attriSanas metodes lielaénoga pilota sigmas
attiriSanai ndacillus spoam;

4. Parbaudt uzlabotas oksitijas attriSanas metodi liela &noga pilota siggmas aftriSanai

no pestigdiem.

Darba zinatniska novitate un praktiskai pielietojums

Dzerama udens apades 1ikli ir potencali teroristu uzbrukumu grki [11]. Ir daudz
petijumu, kas veiti tdensapades tklu aizsard#ai no apziatiem uzbrukumiem [11, 13, 19, 24].
Neskatoties uz to, ziSanas un praktigkpieredze pariklu atriSanu jgc apzirata piearnojuma
ir nepietiekoSa, lai pasaiy centraliztaisuidensapades sistmas lietoijus. .

Promocijas darbs apraksta procesus, kas nasisidens sadalesklos, akcergjot, ka
piesrmojums var nobkt ne tikai aden, bet ar uz tdensapagdes caurlu sienpam. An
udensapgdes tkla esoSiem nogulumiem ir tendence adsbrbrganiskas vielas uBacillus
sporas. lzsfidatas attriSanas metodes tika apitds trauku eksperimentos un lielagnoga
pilotiekarta. Darba rezufiti paradija, ka adeni var nosat vienkarSi un efekivi atfirit pec
apzirata piearnojuma arBacillusspoam, tatu papildu uzmaiba ir pveltatdensapgdes sistmu
caurdu virsmam. Neskatoties uz taidensapgdes 1kla caurules var ne tikai tragtcatriSanas
procesiem (&l korozijas, nogulumiem un bidgples), bet var arbit ka katalizators uzlabotas
oksidacijas proces un seknat tikla atfriSanu no pestida (un, iesgams, ar citiem organiskiem

savienojumiem).



Promocijas darba rezatt ir zinoti un apspriesti 6 starptautiskkonferenes un 3 Eiropas
7. ietvara programmas starptaufiskikSams:

o “49. RTU starptautiskzinatniska konference” Rya, Latvija, 2008.gada 13-16. oktobris.

o “lst IWA East European Regional Young Water Pratessls Conference” Minska,
Baltkrievija, 2009.gada 21-22. maijs.

o “50. RTU starptautiskzinatniska konference” Rya, Latvija, 2009.gada 12-16. oktobris.

. “Water and wastewater treatment plants in towns @ardmunities of the XXI century:

technologies, design and operation” Maskava, Kjagw010.gada 2-4aijs.

o “Integrated water resources management Karlsruli®28arlsrue, \acija, 2010.gada
24-25. novembris.

o “51. RTU starptautiskzinatniska konference” Rya, Latvija, 2011.gada 13-16. oktobris.

o 18 neneSu Secureau projekta skeme IWW, Milheim-an-der-Ruhr, a¢ija, 2010.gada
13-15. oktobris.

o 30 neneSu Secureau projekta sksme SOTON, Southemptona, Lielbritja, 2011.gada
7-9.septembris.

o 42 neneSu Secureau projekta sksme RTU, Rga, Latvija, 2012.gada 24-25.septembris.

Par cik d&i no rezulitiem ir ierobezota pieejaima, pladka informacijas aprohcija
nebija iespjama no drabas viedoka. lzstidato metozu praktisko pielietojatu

parbaudija reala adens apgdes sistma, kuru neizmantadens apgdei.

Darba struktiira un apjoms

Promocijas darbs sast no 4 nod&m: levads, mateili un metodes, rezuti un
diskusijas, secijumi, 2 pielikumi, 120 literatras avoti, 30 akti, 12 tabulas, kop87 lapas.
Pirma nodda sastv no literafiras apskata par pr@pham, kas saistas ar potenalu

udensapgdes tkla piesrpojumu ar kimiskiem vai mikrobiolgiskiem aentiem. Ir defigta



probkma par nepietiekoSu infofuiju, kas saista ar adensapgdes iklu atfiriSanu pc
piesrpojumiem.

Otra nodda sasiv no detalizta literatiras apskata par procesiem, kas noisin
udensapgdes 1kla, tradicioralam tdens aftiSanas metaduh, kas tiek pielietotagdens aftiSanai
no Bacillus spom, uzlabois oksidicijas metodm tdens aftiSanai Bc piedrnpojuma ar
pestiadiem.

Tred nodda izklasta visas §tjjumos izmantotas metodes un eksperimentu gaitas.

Cetur nodda satur darba rezatus un diskusijas par tiem. Darba ietvaros tikaalagiti
udensapgdes tklu nogulumi un viiu potencils uzkit organisko oglekli (pilna Broga @tijjums)
un adsorbt Bacillus sporas (trauku eksperimenti); tradicitis tdens aftiSanas metodes no
Bacillus spoam (liela neroga pilota eksperimenti); uzlabotas olisifhs metozu izmantoSana
adens afriSanai pc piesrpojuma ar pestidu (liela neroga pilota eksperimenti) uBacillus
spoam (trauku eksperimentsi).

Piek& nodda satur promocijas darba segumus.
LITERAT URAS APSKATS

Dzerana adens apgdes ikli ir potencali mérki teroristu uzbrukumiem [11]. Pastliela
varhitiba, ka Bacillus anthracis sporas (Sibsijas neri izraisoSais gents) tiks izmantotas
teroristiskos uzbrukumu aktos, vitas uziadensapgdes tkliem. Sporasiden ilgstoSi saglab
dzvotsgEju, ka af tas ir rezistentas pret tradicislim dzerara tdens dezinfekcijas metech
[25]. Komercili izplatitaskimikalijas, kas tiek razotas un plasSi pielietotas vigappasaut ai
potencili var tikt izmantotas, lai pi@spotu idensapades tklus un avotus [11]lpasa uzmaba
Sap saka# tiek piewrsta pestitdiem un idzigam kimiskam vielam, kas pared#as insektu,
grauZju un augu izicinaSanai. Pestids — parakvats, ir toksiska viela, kas tiek plasligtots
herbiads. Parakvatu saista ar Parkinsonaislas izraisSanu [17].

Udensapgdes 1klu atfiriSana ir saredita, jo tajos uzKijas nogulumi, caufu virsmas Kij
korozijas produkti un baktetis biopkves, kas paté dezinfi¢joSas vielas [21] un pasarg
mikroorganismus no dezinfekcijas. DezigfmSie aenti nevar pietiekositri un efekivi ieklat
biopleves, ka afi to difazijas atrumi biopkves ir apngram 20 idz 80 procentus zexki, nela

uden [32]. Turklat, sadalesiklos uzkgjas cieis ddinas un nogulumi, kas var sattiorganiskus



[6, 10], neorganiskus [6, 34] un pat toksiskusd@sarnojumus. Ir zimms, kaiidensapgdes 1klu
nogulumi veicina baktiju vairoSans tkla [35].

Lai attiritu adeni no mikrobiolgiskiem g&entiem parasti izmato s@gus oksidtajus [27].
Pie lieem devam un ilgstoSiem uzt@sanas laikiem tradiciatie dezinfekcijasidzeHli, tadi ka
brivo hloru izdaloSie regenti, ir efekivi sporu izAcinaSanaituden [26, 27]. Tomgr, ja pec
atiriSanas sporu konceatija tden ir zema, paav liels risks, ka patagi ir izdzvojusi
dezinfekciju, ja ir noakusi uz caurlu virsmam [18, 20, 22, 33]. Pat, ja tradici@las metodes var
izradities potendili neefekivasudensapgdes 1klu atiriSanai no rezistentiem mikroorganismiem,
visticanmik, katdensapgdes kompnijas dos priekSroku tiesSi tradicigl@m meto@m [8], tadam
ka Sokveida hlagSana, ikla skaloSana arasamu vai skbi, jo tiklu apsaimniekdajiem ir uzkiata
liela pieredze datb ar standartmet@ un ir atbilstoSa instrumeié baze So metozu
pielietoSanai.

Plasi pielietotas tradiciatas metodes, kas datas idens aftriSanai pc kimiska vai
biologiska piearpojuma, liekkoties ir neefekvas attietha pret pestitdiem [30]. Turkht, dazi
fizikalie procesi veicina pi@spojoSa @&enta @arieSanu cit (iesgjams tikpat toksisk) forma.
Uzlabotas oksigtijas metozu lidlka priekSrogba ir pilniga piegrnojuma nardiSana idz
nekaitgam vielam, tadam ka CO,, adens un neorganiskiels[23], tada veida neradot kaigos
blakusproduktus. Uzlabotas ok&ifjas reakcijas ir efektas Bacillus sporu [5, 28, 29, 31]
iznicinaSanai un parakvata pestla degragSanai [30Jaden.

DARBA IZMANTOT AS METODES

Lai raksturotu udens kvalifti, tika izmantotas instrumeilas metodes (pH,
elektrovadtsgejas, ddkairibas un citu parametru noteikSanai) atbilstoSi lLasviStandartiem
(LVS ISO).

Kopa tika ievakti 56 nogulumu paraugi nedensapgdes tkliem un mazo pilgu adens
tomiem pknveida skaloSanas laikTika veikta metozu salzinaSana organisko vielu izdaanai
no nogulumu paraugiem [14]. Reztitparadija, ka visefekvaka un pretzaka metode organisko
vielu daudzuma noteikSanai ir balatuz karsta@ma izmantoSanu organisko vielu desorbcijai

no nogulumiem [1] un instrumeaths NPOC andtes kombiacija.
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Lai izvertetu Bacillus sporu spjas adsoréties uzudensapgdes tkla nogulumiem, tika
veikti trauku eksperimenti. Fiita (caur 0.1um poru filtru) knatdens pH tika koggets ar HCI
vai NaOH, lai sasniegtu nepiecieSamégrtibas (3, 4, 5, 6 un 7). 5 tlens tika sajaukts ar 0.15
g nogulumu unB.subtilis sporu suspensijuJdens paraugi tikmemti uzreiz pc eksperimenta
sakuma un pc 24 stundm. Uzreiz @c nemSanas, paraugs tika termiski agdits (30 min pie
70 °C), lai nogaliatu visas iesgjamas bakerijas, kas vatu atrasties nogulumos [7].e®
apstades paraugi tika uzs uz R2A agara plam.

Liela meroga pilota eksperimenti tika veikti, lai i&vetu tradicioralo atiriSanas metozu
efektivitati tikla atfriSanai pc fiSa piedrnpojuma arBacillus spoim. Isunf — sporu suspensija
tika ievadta udens sadaleskla pilota, ar sikna paldzibu sporas tika cirkatas sistma 48
stundas. & 9 laika siséma tika ievadts atiroSais gents (1. tabula). Pilota stshas (1. att.)

kopgjais tilpums bija 99 litri un garums bija 28 m.®d caurlu iekEjais diametrs bija 75 mm.

1.tabula
Pilota sistmas afiriSanas metodes
Nr | Reagenti Koncentracija, Kontaktlaiks, min | Mérka pH Biopléeve
mg/L
1 | NaOF 12 30C N/C* nav
2 | HCI 2 30C N/C nav
3 | BrivaisCl 20C 15C 6 nav
4 | BrivaisCI 20C 144( 7 nav
5 |NaOH+C 15 + 20( 42C N/C nav
6 | NaOC—NaOF 20(—15—20C 18(—180—108( 6—N/C—6 2 nectlas
—NaOCl

* N/C — pH netika kontraits

Tika nemti ganadens, gan virsmas (kuponu) paraugi. Pirms 6. ekspata (skat. tabulu
1.) pilota sistma tika uzpil@ta ar kina adeni un tas tika cirkéts 2 nedlas, lai uz caufu
iek&jam virsmam izveidotos biogve.

Natrija tiosulfats tika izmantots, lai aptéiu reakciju paraugos no eksperimentiem ar
hloru. Etkskabe tika izmantota, lai apttu reakciju paraugos no eksperimentiem ar NaOH.

NaOH tika izmantots, lai aptttu reakciju eksperimentos ar HCI.

10



d;=75mm
[=28m

2.8m

11,7 m

1. attels. Udensapgdes tkla pilotiekarta

Lai izvertetu uzlabotas oksitijas procesa (modifita Fentona reakcija) efektigtt
parakvata pestida degra&Sanai, eksperimenti tika veikti iepriekSreim pilota sistma (1. att.).

Sakuma krana udens tika cirkudts pilot, lai sasniegtuitlzsvara giwvokli. Pec tam
parakvats tika ievats sistma, lai ta koncentficija sasniegtu 100 mg/L (3.9 x 1ov). Pec tam
tika pievienota &skabe, lai sasniegtu nepiecieSamdens pH (skat. 2.tabulu).akpaSi gdgjie

sis€ma tika ievadti uzlabotas oksigtijas reakcijai nepiecieSamie peati (skat. 2.tabulu).

2.tabula
Uzlabotas oksigtijas reakcijai nepiecieSamie fgmti un nosagumi

Nr [FeESC47H,0]o, M | [nogulumi], pHo Terauda Cuguna
mg/L caurules, m caurules, %

1 5.0 x 1(* - 3.C - -

2 5.0 x 1(* - 5.C - -

3 5.0 x 1(* - 3.C 0.E 1.6

4 - - 3.C 13.€ 48.F

5 - 128 A 3.C - -

6 - 744 E 3.C - -

7* 5.0 x 1(* - 3.C - -

8* 5.0 x 1(* - 3.C - -

* Pakapeniska HO, ievadSana.

Lai nowertétu tidensapades sistmas metla caurdu ietekmi uz Fentona reakciju, lda
pilota PVC caurlu tika aizvietota ar lietat terauda caur@m (skat. 2.tabulu). drauda cauriu
daudzums saadija apneram 2 un 50% no kapa pilota sisEmas garuma (eksperimenti # 3 un 4).

Divi nogulumu paraugi (nogulumu paraugs Atiegnoidens tona, paraugs B ig@gs no
udensapgdes sadaleskia) tika garbaudti uz potendilu kataliZt Fentona reakciju.

Lai aptugtu reakciju visos Fentona reakciju eksperimentas titmantots #trija sulfits.

Uzlabotas oksigtijas metozu efektivites iz\erteSanai adens aftriSanai no Bacillus

spoam tika veikti trauku eksperimenti.igas pilstas kanaidens (filtets caur 0.22 pum filtru)
11



pH tika korigets pEc vajadabas izmantojot k5O, (skat. 3.tabulu)B.subtilissporu suspensija tika
TOKVV/m.

pievienota meila sls un citi nepiecieSamie rganti. Pirmais (0 min) paraugs bijaggants pirms

ievadta filtréta krana tden, lai sporu koncenicija sasniegtu Pec tam tika
H,0, un/vai AA ievadSanas.

Lai aptuetu reakciju eksperimentu paraugos, tika izmantatsija tiosulfats vai ratrija
sulfits.

Udenpraza perokils (30%), dzelzs (1) sulfa heptahidits (99.5%) un berlens atrija
sulfits (reakcijas aptéBanai) tika iegdati no AppliChem (\icija). Eksperimentiem tika
izmantoti anatiskas tiribas CuCJ un rskabe.

3.tabula
Uzlabotas oksigtijas metodesdens aftriSanai nd.subtilisspoam
Mikroorganisms | Izmantotais Katalizators, Metals : | Citi pH Nr #,
metals , mol mol katalizat | reagenti komentari
ors
B.subtilis 6051 Fe* 2.56¢10* | H,0O,1.5-10° 1:2C - 45 |1
B.subtilis 6051 Cu*3.1210° | H,0,1.471C* | 1:2¢ - 3 2
E.coli Cu*3.1210° | H,0,1.471C* | 1:2¢ - 3 3
B.subtilis 6051 Fe** 3.6:10° H,0,1.47-10% | 1:2F - 3.1t |4
B.subtilis 6051 Cuv*6.c10° | AA1.0-10t 1:E NacCl 2.0 N/C |5
M,
VAA. 1 %
B.subtilis 6051 Cu*6.c10C% | AA1.0-1C" 1:5 NaCl2.0 |N/C | 6sporas
M, skalotas no
VAA. 1 % PBS
B.subtilis 6051 Cuv*6.c10° | AA1.0-10t 1:E VAA.1% |[N/C |7
B.subtilis 6051 CuU6.Cc1¢° | AA1.010T 1:E - N/C |8
B.subtlis 6051 Fe'6.C:10° | AA 1.0-107 1:E - N/C |9
B.subtilis 6051 Fe** 2.5¢10* | H,0, 1.5-107 1:2C 3 10

VAA - virsmas akwa viela (ratrija dodedl sulfats CH(CH,)1;0SOsNa), AA —
askorbinskabe, N/C —-adens pH netika kontrets.

REZULT ATI UN TO ANAL IZE

Udensapddes tklu nogulumu raksturo$ana

Dzelzs bija galvenais elements nogulumos, kasi@gati no gruntsidens apgdata tikla

(A) un paraugos nadens togiem (skat. 4.tabulu). Nogulumos n&la, kas tiek barots ar &fto

upesudeni (D) un naksligi papildiratu gruntsideni (B), domigjoSais elements bija $iijs.
12



Aluminija daudzums  bija divreiz lighs udens tonu nogulumu paraugos. Maita

koncenticija bija augstka paraugos, nakia ar gruntadens avotu (B).

4.tabula
Neorganisko vielu daudzums nogulumos
Elements, % A(n=2) B (n=2) D(n=2) UT (n=4)
vid. vid. vid. vid.

Fe 11.00+£2.83 | 16.00x4.24 9.90+£11.4p 42.00+£18.81

Al 5.00+£1.13 5.50+1.13 5.00+£3.54 10.90+3.6€

Si 6.75+1.91 17.20£16.69] 24.50+0.71 3.38+6.15

Mn 0.50+0.0( 13.56+£19.0 | 0.11+0.1: 0.29+0.1¢

Mg 6.50+0.71 0.55+0.42 0.95+0.07 0.39+0.38

Ca 4.00+0.42 0.15+0.08 0.21+0.01 0.20+0.27

Lielaks mangna daudzums paraugos, no gradens apgdata tikla, noada uz to, ka
nogulumi drzak veidojasitdens kvaliites ietekra, nevis caurlvadu korozijas @, lidz ar to ikla
nogulumu neorganisko sasti nosakaidens kvaliite.

Organisko vielu daudzums nogulumos bija aksl ja tdens avots satgja lielaku
organisko vielu koncerticiju (skat. 5.tabulu), i'emot paraugus nakta A, kur bija noerota

liela rezultitu izkliede.

5.tabula
Organisko vielu daudzuniglens avat un tkla nogulumos
Sadales sistma A D B J
TOC iideri (mg/L) 2 7,E 4,F 4
NPOC nogulumos (mg/g) | 5,22+4,95 6,515,332 2,41+0,96 N/M
(n=22) (n=8) (n=5)

TOC nogulumos (mg/g) 10,34+6,36 24,70+18,0¢ | 8,35+0,21 6,7+3,91
(n=12) (n=5) (n=2) (n=11)

legati paraugi tika ,uzlikti” valickta hidraulisla tikla modéa. Rezuliti paidia, ka
nogulumos, kas tika i@kti no sadalo® tikla masistralam cauruém, organisko vielu (NPOC)
koncentécija bija liekka (6,48%5,32; n=14), ne@kparaugos noikla strupcéem (2,84+1,59;
n=12). Zemakas organisko vielu konceatijas tkla strupcéu nogulumos var i@ saisttas
biodegradsSanas procesiertkia, proti, bakérijas patré organislds vielas.

Ir jaatZime, ka sadalesikls A (ar grunt@dens avotu) ir vieiga vieta, kur NPOC
koncentécija nogulumos bija auggta, neld tden. Tika nowrots, ka organisko vielu daudzumu
nogulumos stipri ietekmcaurdu materils (no kuam tika iewakti paraugi). Nogulumu paraugi,
kas tika iegti no PVC caurwm, satugja 1.51+ 1.45 mg NPOC uz parauga gramu (n = 4),
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duguna caur@m - 4.36+ 3.13 mg @ (n = 14), bet PE caurr - 14.29+ 5.90 mg & (n = 3)
(2.att.).

Paraugu daudzums ir ierobezotgutd paiadiba var Iat izskaidrota ar to, ka PE caurules
izdala organisks vielas, kas, amredzot afidens pablzibu norak un uzkgjas tkla nogulumos.
Ir zinams, ka organisko vielu daudzums, kas izdalo PE cauré@m ir krietni lielaks, neld no
PVC cauru¢ém [16].

Rezulati skaidri paida, kaudensapgdes tkla nogulumi uzk& organiskis vielas, téu
NPOC (un TOC) koncericijas negavi korele ar tdens vecumuikla. Organisko vielu
daudzumu nogulumos stipri ietekrtikla caurdu materils.

20 -
(]
53 14]29
215 -
]
o
20
@]
210 -+
=
g 4,16
37 1,51 |
0 T 1
PVC@4) Cast iron(14) PE(3)

caurulu materials
2.atels. Organisko vielu daudzums (NPOC) nogulumu pavaugtkaiba no cauriu
materila

Ir zinams, ka bakdriju Sinas akivi piesaisis pie metlu oksdiem | elektrisko &dinu
starpbas [4]. Nemot \éra, ka adensapgdes 1kls neveicina sporusermiraciju (atgrieSaas
bakerijas stvokli) [15], ir svalgi zinat ka Bacillus sporas uzveadies noakot tikla. Sporu
adsorbcijas §ijuma rezuliti ir apraksiti zemak.
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Sporu adsorbcija uziidensapdgides tkla nogulumiem

Udens pH ietekme uz adsorbciju

Udens pH ietekme uBacillus sporu adsorbciju uz dadiem nogulumu paraugiem tika
parbaudta, veicot trauku eksperimentus pie p&itibam no 3 1dz 7. Nogulumu paraugs, kas tika
izmantots eksperimentiem, safjar kvarcu, gatu, hemaitu; organisko vielu daudzums &rits ka
NPOC) bija 3.4 mg/g.

Rezultti paradija stipru koreiciju (R=0.74) starp adscto sporu daudzumu uidens
pH (skat. 3.att.) .

Udens pH samazijums sekm Bacillus sporu adsorbciju uz nogulumiem. Sis
noerojums var tikt izskaidrots ar to, ka dzelzs wlesizoelektriskais punkts atrodas pie azgst
pH \ertibam (8-10). Attlinoties no izoelektrisk punkta, veidojasalinS, kas piesaista pgt
ladeétas déinas (sporas). adejadi, Bacillus sporu pie&mojumu gadumos, ir gizvairas no pH
samaziaSanasikla.

CFU/ml
1,0E+06 - B 0h,CFU/ml
4 24 h CFU/ml
y = 18227x + 22940
R?=10.43864

LOE+0S - ---------—;;i;::j:::ﬁiiii'i ------------ 4

‘ =13733x + 15333

Y
R*=10,7402

1,0E+04 : . . ‘

3 4 5 6 7

3 pH

3.attls. Bacillussporu konceniicijas samazifjumsiden atkafba no pH

B. subtilis sporu adsorbcija uz daZidiem nogulumu paraugiem

Eksperimenti tika veikti ar arki noskaidrot sporu adsorbciju uz mddelas (getta) un
istiem nogulumiem, kas tika iag no adensapgdes 1kla. Rezuliti paradija, ka visvaiik sporas
(4. att. paidits ka logaritmiskais koncerdcijas samazifjums) piesaisfas gettam un
nogulumiem no atdzelzoSanas stacijas (4.att.),ackaidrot ar lielku dzelzs ok&lu daudzumu

Sajos paraugos. Aiktoti tika nowrota negava korekcija starpadens pH un sporu adsorbciju.
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Gram-pozitvo bakeriju izoelektriskais punkts atrodas pie pH 1.%&14.15 [2]. Savui«t
dzelzs hidrokelu izoelektriskais punkts ir pie pH 8.5idiz ar to, starpi®am un ok3du ddinam
veidosies elektrostatiskmijiedartiba. Nemot \&ra, ka kdinS, ko rada baktijas ir nie@gs,
safdzinot ar &dinu, ko rada matu okadi, elektrostatisko piesaisti galverakizraisa nogulumi,

nevis $inas. Sasniedzot nal okgdu izoelektrisko punktu, teetiski samazias elektrostatisko

mijiedarkbu.
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4. attls. B.subtilissporu konceniicijas samazi#sanaideri, de]l adsorbcijas uz nogulumiem

Udensapades 1kli darbojas & kimiski un mikrobiolgiski reaktori, kas mijiedarbojas ar
transporgjamo adeni [9]. Udensapades sistmas caurules ir gklatas ar bioglvem, korozijas
produktiem unikla nogulumiem, kas samazina dezinfekcijas vielndemtéciju adern [21] un
pasarg mikroorganismus no dezinfekcijas [3]apec japievers pastipriita uzmafba ne tikai
adens, bet arcaurdu iekEjo sienipu atirisanai. Liela réroga pilota eksperimentikia atfriSanai

no spoam ir apraksti zemak.

Pilota sisemas attiriSana noBacillus sporam

Pilota sistmas aftriSanas eksperimentu reatit paadija, ka atraka metode tidens

atfiridanai noB. subtilis spoam ir adens hlogSana (pie pH 6 vai 7) (skat 5.att.). Sokveida
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hloreSana ar hwva hlora koncentciju 200 mg/L nogalifja 5 logg (99.999 %)B. subtilissporu
tris stundu laik. Dezinfekcijas kigtika sporu nogali#Sanai pie pH 6 un pH 7 bijadiiga.

Brivais hlors nogalifija 84% sporu uz PVC kuponiem 3 stundu dagte pH 6 un 95%
divu stundu laik pie pH 7 (skat. 6.att.).alaka davotsgEjigu sporu koncericijas samaziidsana
uz kuponu virsram netika nogrota.

NaOH (1.2% svara konceatija) samazifja dZzvotsgEjigu B. subtilissporu daudzumu
par 1Logo (90%) cetru stundu laik (skat 5.att.). HCI (0.2% konceatija) nenogalifja B.
subtilis sporas, t&u sekngja sporu piesaisti pie PVC caluwirsmam.

Natrija hidroksda (1.5%) un &trija hipohlofita (200 mg/L biva hlora) kombiacijas
sporu daudzuma samazdanas kigtika pirmo 30 mimsSu laika bija hdzga, hlogSanas
eksperimentu kigtikai. Tatu makoSo 1.5 stundu laik germirgto sg@jigo sporu daudzums

palielinajas no 2.2-19lidz 2.1- 16 uz mililitru un palika nemaiigs kdz eksperimenta beig.

LE+06 .
—LE+05 i """"" b T
:E x\ B ‘ T *
- R D Attt ST
SLE+04 Xy ’ D
%1 E+03 - WL e
B R’ ‘o L J
ERIV \ S NeoH
: , ~~#--NaOH
S \ HCI
EH0I - i‘\ ---- ClpHs
\‘\\ -o--NaOH+C1
LE+00 - : * * | ' ; I
laiks, st() 1 2 3 ! : ‘ '

5.atels. Udens aftiSana nd.subtilisspo&m

Izmantojot NaOH un NaOC| kombkinijas metodi sporu daudzums uz kuponiem
samazignjas par 2 logy (99%) piecu stundu laik(skat. 6.att.).

Lai nowertétu paaugstiata tdens pH efektivitti sporu desorbcijai no cadtu virsmam
apstiklos, kas ir maksiali pietuvinati istamudensapades tklam, eksperimenti tika veikti pirms

tam izaudgjot 2 neclas vecu biog@\vi uz pilota iek§jam virsmam. AttiriSanas metode sastja
no atkartotas bitva hlora un 8rma izmantoSanas (skat. 1.tabulu).
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6.atels. B.subtilisdzvotsgEjigu sporu koncericijas samazifjums uz PVC kuponu virsim

Rezultti paradija, ka NaOH sek®ga sporu desorbciju no cadwvirsmam, kas tika
atspogiots pieaugot sporu konceftijai iden (skat. 7. att.). Smetode bija visefektaka B.
subtilis sporu nogaliaSanai uz PVC caulu virsmam (skat. 6. att. eksperiments &pzts ka
ReZms).

1LLE+06
:

7.atels. B.subtilissporu koncenicijas izmahasudern izmantojos daudzpakju atirisSanas
metodi.

Pec pirmas hlogSanas (3h) drotsgEjigo sporu daudzuniglenn samazigjas pa 1 logy. Pec otias
hloreSanas kogjais sporu daudzuma samagums bija 1.66 log, jeb 98%. legtie rezulgti ir
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nedaudz laiki par iepriekS iegtiem [18] liela izngra pilota aftriSanas eksperimentos no
Bacillus spoam.

Uzlabotas oksidicijas izmantoSanaiidensapdides sisémas pilota attiriSanai no
parakvata pestiada
Lai nowrtetu adensapgdes sistmas caurlu potencilu kataliZt Fentona reakciju, da
no pilota PVC caur@ém tika aizvietota ar lietatm trauda caur@m (skat. 2.tabulu). Rezatt
paidija (skat. 7.att.), kagtauda caurules selia Fentona reakciju. Vismakais parakvata
naardiSanasatrums bija eksperime#it kura pilota caurules netika matas (#1). Izmantojot tikai
0.5 grauda caurules (amram 2% no pilota si8imas kopja garuma), bija naxrots pozitvs
efekts uz reakcijasitrumu (t&u Sap eksperimerit tika izmantota ar FeSQ sals reakcijas

katalizSanai). Palielinotérauda caurlw ddu lidz apngram 50%, tika sasniegtsglvlielaks
reakcijasatrums un dzelzsats izmantoSana nebija nepiecieSama.

Tika nowertéta divi nogulumu paraugu (paraugs Ailiegnotdensapades ikla, paraugs
B — no udens tona) sgja katalizt Fentona reakciju. Nogulumu neorganisko vielu aast

pamdits 6. tabul. Eksperimentu rezuditi paradija, ka paraugs A neveidja pestigda nardisanu,

savulart nogulumu paraugs B pafja sgEjas katalizt reakciju un samazijp pestigda
koncentéciju aden par vaigk nela 80% (skat.8.att.).

100 p
80 ¥
L ---¢-- Dzelzs 4als
.
60 1
9] ' -~ Sals +0.5m grauda
Dygo 408 caurule
20 | “' 13.8 m grauda
caurule
0 - ‘ﬁ_‘_‘ﬁ::n ______ I I— — — "
] 0 4 8 12 16 20 24
laiks, h

7.atels. Terauda cauriw ietekme uz parakvata ardiSanu
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Neorganisko savienoj

6.tabula

umu daudzums nogulumu paraugos

Savienoiumi Paraugs., Paraugs
J Daudzum (wt. %)
Fe, 05 73.3¢ 81.5]
SiO, 3.28 2.71
CaC 5.6t 0.7¢
SC, 0.2¢ 0.6¢
MnO 0.1% 0.1t
TiO, 0.0< 0.0t
P,Os 2.1t
Al,O5 --- 0.44
Cr,0; 0.01
Zr0, 0.01
ZnC 0.1t
CuC 0.0t
K,O 0.0z
NiO 0.01
BaC 0.2¢
MgO 0.14 -
SrC 0.0t
ZnC 0.0
cl --- 0.11
Uden: 14.7( 13.3¢
100 gEE--B--B--8--—--—-8 u
80
.
£60 ]
o\é ---4--- Dzelzs als
2 \ P A
S 40 | '; --m-- Paraugs
4 Paraugs B
204 4
0 ‘."““# . . ' *
) 4 8 12 16 20 24
laiks, s:

8.attls. Tikla nogulumu efekts uz pestiia nardiSanu

Tik liela starpba daZdu nogulumu reakcijas ietekmuz pestitda nardiSanu ir

attiecirama uz paraugu krasi &igigu neorganisko sastu. Lidz ar to, nogulumi var sekdn
Fentona reakciju, ta ripigi jaizverte to sasivs.
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Uzlabotas oksidicijas izmantoSanaB.subtilis sporu izricinaSanaiadert

Dzelzs un vars tika tegtt ka iesggjamie katalizatori Fentona reakcij&i.subtilis sporu
iznicinaSanaiuden trauku eksperimentos. Tikanpaudtas daZdas attietbas starp katalizatoru
(metla sali) un oksicktaju.

Uzlabots oksidicijas metode, kas patija labus rezufitus parakvata pesitta nardiSanai
udernt (FeSQ-7H,0 4.610* mol + H0, 1.510% mol; #1 un #10 3.tabs) neietekngja
(neizncinaja) davotsejigu B.subtilissporu konceniciju tden (att.9). A@Gmredzot, akwo vielu
koncentécijas bija @arak zemas, lai narditu rezistentas sporas. Datagksperiment akivo vielu
koncentécijas bija viszerakas. Jatamg, ka ne viens eksperiments, kur tika izmantotazizeals,
neradja ieverojamu dzvotsgejigu sporu koncendcijas samazifjumu (skat. att. 9). Aenredzot,
hidokglu radikalu daudzums, kas veidojas reakcijas pradesepietiekoss, lai nogalitu sporas.
Ir pieradits, ka vars (izmantotsakuzlaboss oksidicijas katalizators) ir piecas reizes @kks,

neka dzelzs [28]. Bpec talakos eksperimentosakkatalizators tika izmantots vars.

LE+07 |
! 4
L 1E+06
%1 E+05 i"‘f ________________________ - M
% E - —--T ___________________________
41E+04 -
g
F1E+03 - -—#--FeS040.2% H202 5%, B.subt. (pH=3.15)
= --l--0.06M Fe2+ 0.1M AA B.subt. (pH N/C
S1E+02 - © subt. (PH N/C)
= 0.005M Fe2+ 0.015M H202 B.subt. (pH=4.5)
= 1E+01 A
0.005M Fe2+ 0.015M H202 B.subt. (pH=3)
1,E+00 T T T T T 1
0 10 20 30 40 50 60
laiks, min

9.at€ls. B.subtilissporu izfAcinaSanaiden izmantojot Fentona reakciju un dzelat ka
katalizatoru

Uzlabotis oksidicijas metode, izmantojot €l13.1310° mol un HO, 1.4710° mol
nogalirgja 5-logo (99.999 %) E.coli &inu 5 miriSu laika (kontroles paraugos (berepraza
peroksda) dinu koncenticija palika nemaifga), t&u attieGba pret B.subtilis spoam, %da
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efektivitate netika nogrota (skat 9.att.). ledie rezultti ir izskaidrojami ar to, k#acillus sporas
ir daudz iztutgakas pret apkrtejas vides iedaribu parkE.coli bakerijam.

Labakie rezultti B.subtilisizricina$ara tika iediti izmantojot CG* 6:10°M, AA 1.0-10*
M ar 2M NaCl un 1% virsmas akts vielas). Rezuiti paradija 5 log (99.999%)Bacillussporu
iznicinaSanu 10 minSu laiki. Ka tika mirgts materilu un metozu sada Bacillus sporu
suspensija tika pagatavota PBS bufda sporas, tika skalotas no PBS bufera, tad, l&ks

nepiecieSams 99.999% sporuiiznasanai, palielijas lidz 30 min (skat.10.att.).

=-=#==0.003M CuCl2+ 0.147M H202,

B.subt. (pH=3)
1. E+07 _ ’
> - -m--0.003M CuCl2+ 0.147M H202, E.coli
(pH=3)
LLE+06 - 0.06M Cu2+ 0.1M AA 2M NacCl 1%
VAA B.subt. skalotas
1, E+05 0.06M Cu2+ 0.1M AA 2M NaCl 1%
= VAA B_subt. (pH N/C)
= 1,E+04 -=@--0.06M Cu2+ 0.1M AA 1% VAA
= B.subt. (pH N/C)
o 1E+03 --—--- 0.06M Cu2+ 0.1M AA B.subt. (pH
g N/C)
g e || XM, T e
w]EH02 94 VSN N T e L
/e PO
= 1,E+01
-
1.E+00 | | m
. . 10 20 30 40 50 60
Laiks. min

10.attls. B.subtilissporu izicinaSanaiiden izmantojot vara®i rekcijas katalizSanai

Acimredzot, 8li, kas ir PBS sasva veicina uzlabdis oksidicijas reakciju, kas ir saska
ar citiem autoriem [5]. 5log (99.999%) B.subtilissporu tika izfcinatas, izmantojot varaal un
askorbnskabi (bez papildu a&s, virsmas akvo vielu un pH korekcijas), bet laiks, kas
nepiecieSamsaflam rezulitam palielirajas idz 2 stundm. leditie rezultiti padara So metodi
vienkarSi pielietojamu attiSanas gaguma, jo pH korekcija (ko ir saregfti veikt ista

udensapgdes sistma) nav nepiecieSama.
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SECINAJUMI

1. Udensapgdes sistmas darbojas & saregiti reaktori, kas mijiedarbojas ar
transporgjamo iideni. Udens kvaliite ietekn@ nogulumu sadvu un otadi. Udensapades tkla
nogulumi uzkgj organisks vielas, bet to daudzums nagakorele aridens vecumu. Organisko
vielu koncenticija nogulumos ir atkaga no sistmas caurlu materila.

2. pH samaziajums sekra Bacillus sporu adsorbciju uz nogulumiem un uz céwru
virsmam. Tikla pie@rpojuma gagjuma ar Bacillus spoam, ir jaizvairas no skaloSanas arak
saturoSiem regentiem, kas va&tu samaziat adens pH, veicinot sporu adsorbciju uz cduru
virsmam.

3. No tradicioralam meto@m visatrakais Bacillus sporu deaktigjoSais 1dzeklis
aden ir aktivais hlors (pie pH 6 vai 7). NaOCI am hlora koncentciju 200 mg/L nogaligja
5 logio Bacillus sporas tis stundu laik. NaOH sekrgja sporu desorbciju no cadwsienpam.
Jauna metode, kas ietver seatlkartotu hlora ievatbanu pc srma izmatoSanas (sporu
desorbcijai) paidija vislatzkos rezulitus Bacillus sporu dezaktiacijai uz PVC kuponu
virsmam.

4. Udens pH sg@é lielu lomu parakvata pestita degraeSari, izmantojot uzlabas
oksidacijas metodi. Pie pH 5 24 stundu laikika narditi tikai 30% no pesticdla daudzuma,
savukirt pie pH 3, pilna pestida nardiSana tika sasniegta jagp8 stundm. Udensapgdes
tikla metiliskas caurules veicina heter@gp Fentona reakciju un palielinaandiSanasatrumu.
Udensapgdes sistmu nogulumus arvar izmantot k reakcijas katalizatoru, &a ripigi jaizverte
nogulumu saavs.

5. Modificgta Fentona reakcija izmantojot vagd sin askorbnslabi ka katalizatoru,
bija visatraka metodeBacillus sporu izficinaSanaiudern (5logo, jeb 99.999 % 10 mirsu laika)
starp viam meto@m, kas tika aprodias gEtijuma lailka. Modificéto Fentona reakciju var
izmantotadens afriSanai no Bacillus spam bez pH korekcijas.

Darba rezubiti paradija, katudeni var viegli un efekti atfirit pec tiSa piesdrnojuma ar
Bacillus spo&m, tatu papildu uzmaiba ir javelta tdensapgdes sistmu caurdu virsmam.
Neskatoties uz tagdensapades 1kla caurules var ne tikai tragtcattiriSanas procesiem, bet var
af sgelét katalizatora lomu uzlabotas okawijas proces un seknét tikla atiriSanu no pestida
(un, iesgjams, ar citiem organiskiem savienojumiem). |Z&ifitas metodes var tikt pielietotas
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udensapgdes sistmu atiriSanai pc apzirata pie@rnojuma ar Bacillus spém un parakvata

pestiada.
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GENERAL DESCRIPTION

State of the art

Drinking water distribution networks (WDNs) aretmal infrastructures that are potential
targets for terrorists’ attacks [11]. Intentionaintamination of the WDNSs is the most serious of
the possible attack scenarios [19]. There is a lustpry of the use of water resources as both a
target and a tool of terrorism. For the last 14rggftom 2000 to 2014) there are more than 40
documented facts concerning terrorism related thréa drinking water systems around the
world [12]. Moreover calculations have shown thatatack of the selected strategic point of
WDN supplying 100000 people could result in lesanth$0.05 per death [19] but the
decontamination of the system would cost much nibne. mitigation of consequences after the
accidental wastewater cross-connection in Nokial@ad) in 2007 cost at least 3.7 million euros
(3.9 million $) [8].

Although there has been many studies of how toeptdhe WDNs from the deliberate
attack [24, 11, 13, 19] the knowledge about theodtmination of the systems is not sufficient
to recover systems in reasonable time and put ipdakormal operation. To relief consequences
after the deliberate or accidental contaminationWiDN there is a need to understand the
processes occurring within the network as WDNSs a@gscribed as biological and chemical
reactors that interact with the transported wa@mjith reactive surfaces and mobile sediments
and not as inert transporting systems. It is dlear decontamination (introduction of chemicals)
gets complicated by chemical, microbiological ainygical interactions; moreover the method
itself must be safe.

This thesis focuses on the decontamination of thekitig water distribution system after
the deliberate contamination with resistant micgamisms (spores ddacillus anthracis)and
pesticide (paraquat). BotBacillus spores (causing agent of anthrax) and pesticides a
categorized as threats for drinking water systdPesticides and related commercial chemicals
are more likely to be used by terrorists to conteaté water supplies [11] because they are
commonly produced, distributed and used througlleaitworld. Bacillus anthracisspores are
stable in water for long periods of time and stitgn@sistant to the common drinking water
disinfection methods [25].
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Aim of the thesis:

The overall aim of this thesis is to develop methéar the decontamination of WDNs

after the deliberate pollution with chemical orlbgical agents.

Tasks of the thesis:

1. To gain more knowledge to understand processesraugun the distribution network
and evaluate the risk of accumulation of the coimants in the network;

2. To understand the ability of bacterial spores toeae to the distribution systems deposits
and this way survive through disinfection;

3. To test and compare possible conventional methodsiédcontamination of large scale
pilot system.

4. To test advanced oxidation method for decontanonatf a large scale pilot system.

Scientific novelty and the application of the study

Drinking water distribution systems are potentalyets for terrorists’ attacks [11]. There
has been many studies of how to protect the WDbIs fthe deliberate attack [11, 13, 19, 24]
however the knowledge about the decontaminatidhegystems is not sufficient.

This thesis describes the processes occurringeifiBNs, identifying that contamination
agents may persist not only in the water phaselsot on the distribution system pipe surfaces.
Also the distribution system deposits showed teagdonr adsorption of both organic carbon
(OC) andBacillus spores. The results showed that water can beyabsiontaminated after the
deliberate pollution with theBacillus spores; but the WDN pipe surfaces need additional
treatment. However, distribution system pipes cahanly interfere with the decontamination
procedures (because of corrosion, deposits andirbi@bnsume reagents), but also work as
catalysts for advanced oxidation process (AOP) lzemiefit the reaction for decontamination of
water from Paraquat pesticide.

The results of the thesis have been reported auwdisBed in 6 international conferences

and 3 international project meetings:

o “49th RTU international scientific conference” ingd, Latvia, October 13-16, 2008.
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o “lst IWA East European Regional Young Water Protesds Conference” in Minsk,
Belorussia, May 21-22, 2009.

o “50th RTU international scientific conference” ingR, Latvia, October 12-16, 2009.

o “Water and wastewater treatment plants in towns @mmunities of the XXI century:

technologies, design and operation” in Moscow, Ruisksine 2-4, 2010.

o “Integrated water resources management Karlsruh#0"20n Karlsruhe, Germany,
November 24-25, 2010.

o “51st RTU international scientific conference” imgR, Latvia, October 13-16, 2011.
o 18 months Secureau project meeting in IWW, Mulhaimder-Ruhr, Germany, October
13-15, 2010.

o 30 months Secureau project meeting in SOTON, Saoutten, United Kingdom,
September 7-9, 2011.
. 42 months Secureau project meeting in RTU, Rigt/ihaSeptember 24-25, 2012.

Due to the limited access for the part of the dagawider approbation was not possible
because of the security reasons. The applicalbiitiie developed methods was evaluated in the

real distribution network which is no longer in use

Scope of work

The thesis consists of 5 chapters: Introductiontenals and methods, results and
discussions, conclusions, 2 appendixes, 120 refesgB0 figures, 12 tables, together 87 pages.

Chapter 1 involves general literature review omeéssregarding potential contamination
of WDNs with chemical and microbiological agentdhieTproblem of lack of the information
concerning decontamination of distribution systésrdefined.

Chapter 2 concentrates on the detailed literateweew of the processes occurring in the
WDNs, conventional water decontamination methodsmfrBacillus spores, AOPs for
decontamination of water from pesticides &attillusspores.

Chapter 3 describes all the methods used for asalpsl experimental setups.

Chapter 4 involves the results and discussionsldeed in the current study regarding

distribution system deposits and their potentialthe accumulation of the OC (full scale study)

27



and Bacillus spores (batch experiments), conventional wateoramination methods from
Bacillusspores (large scale pilot study), use of AOPgl&montamination of water after pollution
with PQ pesticide (large scale pilot study) &atillus spores (batch scale).

Chapter 5 summarizes main conclusions of this shesi

BACKGROUND AND LITERATURE REVIEW

Drinking water distribution systems are potentiatgets for terrorists’ attacks [11].
Bacillus anthracisspores (causing agent of Anthrax) have strongnpialeto cause waterborne
threats. Moreover, they remain stable in waterldog periods of time and strongly resistant to
the common drinking water disinfection methods [Z&)mmercial chemicals that are commonly
produced, distributed and used throughout the wailkb may be used by terrorists to
contaminate water supplies [11]. Of particular @ncare pesticides and related chemicals used
to kill insects, rodents and plants. Paraquattesx& chemical that is widely used as an herbicide
(plant killer). Paraquat is linked to the develomtnef Parkinson’s disease [17].

Distribution system possess challenges becausentiee surfaces of drinking water
distribution system contain biofilm, loose deposiisd corrosion products, which consume
disinfectants [21] and protect microbes from expeda chemical agents. Disinfection agents fail
to penetrate the biofilm rapidly or completely, caldiffusion in a biofilm proceeds at rates
approximately 20 to 80 percent of those in pureewf82]. Besides the accumulation of particles
and sediments takes place inside the distributfstems. These sediments are reported to contain
organic (polyaromatic hydrocarbons) [6, 10] andrgamic [6, 34] and even toxic [6]
contaminants. Also pipeline deposits were foundedhe key site for microbial growth [35].

To decontaminate water from microbiological agahts strong chemical oxidants are
usually used [27]. At high doses and/or long restgetime the conventional chemical agents
such as free chlorine releasing reagents in bultewhave been shown to be effective in
neutralizing spores [26, 27]. However, even if afteaning procedures spore concentration in
water appears low there is still a high risk thathpgens are present on the distribution system
pipe surfaces [18, 20, 22, 33]. Even if conventiongethods may not be effective in
decontamination of the WDN from resistant ageniterdture survey [8] has shown that
traditional methods such as a disinfection withodnke, acid or alkaline treatment should be
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given a priority as the water companies have actated the experience and the equipment for
routine usage of these methods.

The traditional chemical and biological treatmeats not sufficiently effective for most
pesticides [30]. Moreover, in some physical proesdbere is a simple transfer of the pollutants
from one phase to another, not being destroyednidia advantage of the AOPs is the complete
destruction of contaminants to harmless compoueds, COQ, water and inorganic salts [23]
leading essentially no side effects.

Advanced oxidation reactions showed to be effectoreinactivation ofBacillus spp.
spores [5, 28, 29, 31] and degradation of paraoesticide [30].

MATERIALS AND METHODS

To characterize water quality parameters instruaiemnalyses were used (pH,
electroconductivity, turbidity, etc.) accordingltatvian Standards (LVS 1SO).

In total 56 samples of loose deposits were colteataring a planned campaign of
unidirectional flushing of distribution networks iom the bottom of water reservoirs (WR) in
eight small towns of Latvia during the annual ciegh Comparison of NOM isolation methods
was performed [14]. The results showed that thehatebf hot alkaline treatment [1] combined
with NPOC analysis is the most effective methodusate and simple for isolation (desorption)
of NOM from LD of drinking water DS and the determation of organic carbon concentration.

To evaluate the potential dacillus spores to adsorb to the loose deposits batch tests
were performed. pH of filtered (0.1um) tap wateswadjusted to desired value (3, 4, 5, 6 and 7).
5 ml of water was mixed with the 0.15 g of LD aritert B.subtilis spore suspension was
inoculated in the dish. Water samples were takaneadhately after inoculation and 24h after the
inoculation. The suspension was heat shocked (@eidding to the R2A agar plates) at 70 °C for
30 min to eliminate vegetative cells [7]. Afterwarderial dilutions (when necessary) and
cultivation on the R2A agar plates was done.

Large scale pilot experiments were performed to luata the conventional
decontamination methods that can be applied t&idignwater network following contaminated
with Bacillus spores. Briefly - spores were introduced into tpgigstem with a total volume 99 |
(Figure 1) and recycled for 48 h. After that tinedested decontamination agent (Table 1) was
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introduced into the pilot system. The total voluofehe pilot loop (fig.1) is 99 L and the total

length is 28 m. The Inner diameter of the pipe&bisnm.

Table 1.
Simulated distribution system decontamination
Run | Regent use Concentration, Total time, min | Target pH Biofilm
mg/L
1 NaOF 12 30C N/C* nao
2 HCI 2 30C N/C nao
3 Free Cl 20C 15C 6 no
4 Free ClI 20C 144( 7 na
5 NaOH + C 15 + 20( 42( N/C na
6 NaOC—NaOF | 20(—15—-20C 18(—180—-108C | 6—N/C—6 2 week
—NaOCl

* N/C — pH was not controlled

Samples were taken both from bulk and from surfaoeipons). Also prior to one the

experiments (Run 6) the pilot systems was fillethvé tap water and water was recycled for 2
weeks to grow the biofilm on the pipe walls.

Sodium thiosulfate was used to stop the reactioménsamples taken from experiments
where chlorine was involved. Acetic acid was usedtbp the reaction in the samples taken from
experiments with NaOH. NaOH was used to stop thactien in the samples taken from

experiments with HCI.

d;=75mm
[=28m

£
)
Il «

i

11,7 m - ‘

Figure 1. Pilot distribution system

To evaluate the advanced oxidation process (madifienton reaction) efficiency for
degradation of paraquat pesticide experiments per®rmed in the pilot loop (Figure 1).
Tap water was recycled in the loop for 1 h to reaghilibrium conditions. Afterwards

PQ was introduced into the system to reach the émacentration of paraquat of 100 mg/L (3.9
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x 10* M), followed by the addition of the necessary amtoof concentrated sulphuric acid to
achieve the desired initial pH. Afterwards, thegeyats were added into the system (Table 2).
Sodium sulphite was used to stop the reactiondrstmples.

To evaluate the ability of distribution system wafgpes in catalysing the Fenton’s
reaction, some sections of the PVC from the pibaipl were replaced by used iron pipes (see
Table 2). The installed iron pipe sections represtrapproximately 2 and 50 % of the total
length of the loop (RUN #3 and RUN #4 respectively)

Table 2
Experimental conditions for degradation of paraguélhe pilot loop
Run# [FeSC,7H,0]0, M [deposits], pHo Iron pipes, | Iron
mg/L m pipes, %

1 5.0 x 1(* - 3.C - -

2 5.0 x 1(* - 5.C - -

3 5.0 x 1(* - 3.C 0. 1.8

4 - - 3.C 13.¢ 48.t

5 - 12€A 3.C -

6 - 744B 3.C - -

7* 5.0 x 1(* - 3.C - -

8* 5.0 x 1(* - 3.C - -

* Gradual addition of kO..

Two sediments samples (one obtained from the drgnkvater distribution system —
deposit A — and another obtained from the towethefwater distribution system — deposit B)
were tested for their ability to catalyse the Farggeaction.

Sodium sulphite was used to stop the reactiondrstmples.

Experiments for inactivation dBacillus spores in water using advanced oxidation were
carried out in a lab scale. Drinking water from ®igty supply was filtered through 0.22 pm
filter to exclude contamination of samples withetlorganisms. pH was corrected usingp&
if necessary (see Table3B. subtilisspore suspension was introduced into filtered mtateeach
the target concentration of LGFU/mI. Afterwards metal salt and other necessaagents (see
Table3 ) were added. After the first sample waenakO, or ascorbic acid (AA) was added.

Sodium thiosulfate or sodium sulphite were usedsttp the reaction in the further
samples.

Hydrogen peroxide solution (30% wi/v), iron (Il) pbhte heptahydrate (99.5%) and
anhydrous sodium sulphite were purchased from &b@im (Germany). Analytical grade CyCl
(Poland) and Sulphuric acid (Poland) (96%) wereluse
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Treatment a

proaches for inactivatiorBo$ubtilisspores

Table 3

Microorganism | Transition Catalyzer, mol | Ratio Other pH Run #,
metal , mol metal to | reagents comments
catalyst

B.subtilic 6051 Fe* 2.56¢10% | H,0,1.510° | 1:2C - 45 |1

B.subtilis 6051 Cu**3.110° | H,0,1.471C¢" | 1:2¢F - 3 2

E.coli Cu*3.1%10° | H,0,1.471C" | 1:2¢F - 3 3

B.subtilis 6051 Fe** 3.6-10° H,O, 1.47-10% | 1:2¢ - 3.1t | 4

B.subtilic 6051 Cu6.c1C° | AAl1.010T 1:E NaCl2.0 [N/C |5
M,
surf. 1 %

B.subtilis 6051 CuU"6.c1C% | AA1.0-1C" 1:5 NaCl 2.0 | N/C | 6 spores
M, washed
surf. 1 % from PBS

B.subtilic 6051 Cu6.c1C° | AAl1.010T 1:E surf. 1% |[N/IC |7

B.subtilic 6051 Cu6.c1C° | AA1.010T 1:E - N/C |8

B.subtilis 6051 Fe6.010° | AA1.0-107 1:E - N/C |9

B.subtilic 6051 Fe* 2.56¢10* | H,0,1.510° | 1:2C - 3 10

Legend: surf. — surfactant (sodium dodecyl sulpiig(CH,),,0SO;Na), N/C — pH not

controlled

RESULTS AND DISCUSSION

Characterization of deposits from WDNs

Iron was the dominant element in sediments frontridigion system supplied by

groundwater (A) and the water reservoirs. In sedisi\érom system supplied by treated surface

and groundwater (D and B respectively) silica was dominant element (Table 4). Aluminum

content in the samples from WR was two times highan in the samples from WDNSs pipes.

Manganese concentration was higher in the pipeslisgipby groundwater (at the site B).

Chemical parameters of loose deposits

Table 4

Parameter, % | A(n=2) D (n=2) B(n=2) WR (n=4)
mean mean mean mean

Fe 11.00+2.83 | 16.00+4.24 9.90+11.4p 42.00+18.
Al 5.00+1.13 5.50+1.13 5.00+£3.54 10.90+3.66
Si 6.75+1.91 17.20+16.69 24.50+0.7(L 3.3846.15
Mn 0.50+0.00 13.56+19.01) 0.11+0.12 0.2940.16
Mg 6.50+0.71 0.55+0.42 0.95+0.07 0.39+0.38
Ca 4.00+0.42 0.15+0.08 0.21+0.01 0.20£0.27
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Elevated levels of manganese in the samples fraungiwater (B) supplied area indicate
that the source of deposits is mainly the treatmpéanit rather than the corrosion of the pipes thus
the inorganic composition of loose deposits strpmigpends on source water quality.

The concentration of organic matter was higher witnensource water contained higher
level of NOM (Table 4) except for the samples fetwork A, where the variations among results

were significant.

Table 4

Organic carbon in water and sediments from diffedeimking water distribution systems
Distribution system A D B J
TOC in water (mg/L) 2 7,2 4.t 4
NPOC in sediments (mg/g) | 5,22+4,95 6,515,332 2,41+0,96 N/M

(n=22) (n=8) (n=5)
TOC in sediments (mg/g) 10,34+16,3¢ 24,70£18,0¢ | 8,35+0,21 6,7+£3,91

(n=12) (n=5) (n=2) (n=11)

The obtained concentrations of organic matter dinsents from network A were plotted
against the validated hydraulic model of the disttion system. The results showed that
sediments samples collected from the transit pipestained higher amounts of NPOC
(6,48+5,32; n=14) than samples obtained from deald €2,84+1,59; n=12). Lower levels of OC
in sediments in dead ends may be attributed tedhsumption of organics by bacteria.

It should be pointed out that network A (suppligdgboundwater) is the only place where
NPOC concentration in the loose deposits was higten in the water. NPOC in the deposits
samples differs significantly depending on the malef the pipes the samples were taken from.
PVC pipes contained on average 1i51.45 mg of NPOC peraf sample (n = 4), Cl pipes - 4.36
+3.13 mg & (n = 14), but PE pipes - 14.295.90 mg & (n = 3) (see Figure 2). The amount of
samples is limited, but this phenomenon can beébated to the PE pipes leaching organic
compounds which obviously have been transportedutir the distribution system. PE pipes
have been shown to leach more volatile organic camgs than PVC pipes [16].

It is clear that loose deposits accumulate orgaratter, but the concentrations of NPOC
(and TOC) correlates negatively with the water agéin the network. Also the concentrations
of OC in the sediments samples differ significardpending on the distribution system pipe

materials.

33



— — (]
= L =
| | |

mg NPOC/g of sample

n
1

1,51

?

PVCH4) Cast iron(14) PE(3)

Pipe material

Figure 2. NPOC in deposits samples according te pipterial

Bacterial cells have strong affinity to organic teatand metal oxides due to differences
in surface charges [4]. As drinking water environirie not favourable for germination of spores
[15] it is important to know the behaviour of sp®ratroduced into system. This research is
described in the next part of the thesis.

Adsorption of bacteria and spores to WDN sediments

Water pH effect on sorption

The effect of water pH on thBacillus spore sorption on the distribution system loose
deposits was studied at the pH range from 3 tos7hase are possible pH values in normal
system operation conditions or in conditions durangdified water flushing (pH 3-5). The
deposit sample used for the experiments containadzy goethite and hematite; organic carbon
(measured as NPOC) concentration is 3.4 mg/qg isdhgple.

The results showed strong correlation (R=0.74) betwthe sorption rate and water pH
(Figure 3).
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Figure 3. Effect of water pH on the adsorptionreB.subtilisspores

The decreasing of pH contributes to increase smrptate of the bacillus spores. Such
effect can be explained by moving away from zerargé point of the Fe oxide. Thus, decreasing
pH is unwanted procedure for the decontaminatiomisfribution system in case &acillus

spore outbreak.

B. subtilis spore adsorption to the different sediments sampse

The experiments were performed to find adsorptates ofB.subtilisspores on the model
(goethite) and natural drinking water distributisystem sediments. The results showed that the
highest spore adsorption rate (showed on figureoas, reduction) was observed for goethite
and sediments obtained from the iron removal pkgigure 4). Also water pH decrease

stimulatedB.subtilisspore adsorption to the loose deposit sample.
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Figure 4B.subtilisspore concentration decrease in water during ptiearto deposits
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For gram-positive species ZCP (zero charge poenties from 1.75 to 4.15. Fe hydroxide
has ZCP at pH 8.5. Thus bacteria and solids withett each other electrostatically [2]. As the
charge produced by bacteria is insignificant in panson with the charge produced by metal
oxides, the effect of elecrostatical attractiomisstly driven by deposits. Thus approaching pH
near ZCP for loose deposits will potentially redtius effect.

The distribution systems are considered as chemaidlbiological reactors interacting
with transported water [9]. The inner surfaces dhking water distribution system contain
biofilm, loose deposits and corrosion products, ovhconsume disinfectants [21] and protect
microbes from exposure to chemical agents [3].ribésition agents fail to penetrate the biofilm
rapidly or completely, also diffusion in a biofilproceeds at rates approximately 20 to 80 percent

of those in pure water [32].

Decontamination of model distribution system fromBacillus spores

The pilot loop decontamination experiments ressitewed that the fastest inactivation
agent forB. subtilisspores in bulk water was free available chlorifiee results showed (Figure
5), that the fastest inactivation agent #r subtilis spores in bulk water was free available
chlorine (with pH adjusted to 6 or 7). NaOCI wittrdet concentration of 200 mg/L of free
chlorine inactivated 5 lag (99.999%)B. subtilis spores in water in 3 hours. The kinetics of
inactivation ofB. subtilisspores in water using sodium hypochlorite at pkh@ 7 were similar.

Free available chlorine inactivated 84% of spane$’VC coupon surfaces in 3h (Cl pH
6) and 95% in 2h (Cl pH 7) (see Figure 6). No fartheduction in spore concentration on the
coupon surfaces was detected.

NaOH (1.2% volume concentration) decreased abbetminateB.subtilisspores in the
water by 1Logp (90%) in 4 hours (Figure 5). HCI (0.2% volume cemication) did not result in
any significant inactivation dB. subtilisspores and promotdgl subtilisspore adhesion to PVC
pipe surface (Figure 6).
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Figure 5.B.subtilisspore inactivation in a bulk water

Sodium hydroxide (1,5 %) in combination with sodidmpochlorite (200 mg/L free
chlorine) showed similar inactivation kinetics tolarine in first 30 min in the water (Figure 5).
During next 1.5 hour the inactivation kinetics stmlvdown. Afterwards the amount of spores
able to germinate increased from 2.2-02.1-16 per ml and stayed at this level till the end of
decontamination experiment. This approach resut@dog, inactivation ofB. subtilisspores in

5 hours (Figure 6) on PVC coupon surfaces.
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Figure 6B.subtilisspore inactivation on PVC coupon surfaces

To test the ability of the elevated pH to reledse ddsorbed spores from the surfaces in

the conditions maximally close to the real disttibn network one experiment was carried out in
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system with 2 weeks old distribution system biofilfihe disinfection regime involving
alternation of free available chlorine and sodiwdrbxide was used (Table 1).

Results clearly showed that NaOH promoted sporergaen from the pipe walls (Figure
7) and thus concentration of spores in the wataeased. This approach also showed the highest
efficiency in the inactivation dB. subtilisspores on PVC pipe surfaces (Figure 6).
1. E+06 -
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1,E+05 —‘.\
1, E+04 7'1
1. E+03 |
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B.subtilis spores/ml

Figure 7 The effect of alternation of free avaitbhlorine and sodium hydroxide on inactivation
of B. subtilisspores in water

After first chlorination (3h) the amount of sporable to form colonies on the R2A agar
decreased by 1 lgg After second chlorination (sodium hydroxide wased in between) the
amount of spores decreased by 1.66Jday 98%. The results are slightly better that theso

obtained from the pilot studies on decontaminatibwater and surfaces froBacillus spores by
EPA [18].

Advanced oxidation for model drinking water distribution system
decontamination from paraquat pesticide
To evaluate the ability of distribution system wafgpes in catalysing the Fenton’s
reaction, some sections of the PVC from the pibaipl were replaced by used iron pipes (see
Table 2). The results presented in Figure 8 shaat the paraquat degradation rate, in the
experiment where no iron pipes were installed (Ryniwas slower than the experiment where
the 2 % iron pipes were installed (0.5 m long ipgpe), in the presence of iron salt (Run#3). This

means that the presence of the iron pipe can pemédster production of hydroxyl radicals and
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thus increase the rate of paraquat degradatiaisdt should be pointed out that slightly higher
PQ mineralization rate occurred in Run#3 in congmarito Run #1. The increase of the part of
the iron pipes promotes the fastest degradatiorpadticide which can be seen from the
experiment (Run #4) where approx. 50 % of the P({@pwere replaced by iron pipes (and no

iron salt was used).
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Figure 8. The effect of the iron pipes on the ddgt@n of PQ

Two sediments samples (one obtained from the drignkvater distribution system —
deposit A — and another obtained from the towethefwater distribution system — deposit B)
were tested for their ability to catalyse the Fargaeaction. These deposits were analysed by
XRD and their characterization can be found TablBdh deposits are mainly a mixture of iron
oxyhydroxides; in the case of the deposit B, it hasstly goethite, magnetite and a hydrated
phase of FeO; the sample named deposit A has aoiitgosition mostly calcium carbonate and
goethite.

Results showed that deposit A yielded no paraqegtatlation after 24 h, while the
deposit B shows oxidation performance, being ablealinost completely degrade paraquat
(Figure 9).

After analysing Figure 9 it can be said that thecpss is more effective when using the
ferrous iron salt; the experiment with the depdsiyielded no paraquat degradation after 24 h,
while the deposit B shows oxidation performancdndpeable to almost completely degrade

paraquat. The significant difference in the perfances between both deposits cannot be
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Figure 9. Effect of the loose deposits on the ddaian of PQ

explained by the different doses used, but rathigheir natures and composition. This indicates

the possibility of using some pipe deposits aslygstsof the Fenton’s process.

Table 5
Inorganic composition of the loose deposits
Compounds Deposit # Deposit E
Composition (wt. %
Fe04 73.3% 81.5]
SiG, 3.28 2.71
CaC 5.6% 0.7
SGC; 0.2¢ 0.6¢
MnO 0.17 0.1t
TiO, 0.0¢4 0.0t
P,05 2.1
Al,Os 0.44
Cr0s 0.01
Zr0, 0.01
ZnQC 0.1t
CuC 0.0t
K20 0.0z
NiO 0.01
BaC 0.2¢
MgO 0.1¢
SrC 0.0t
ZnQC 0.0¢
Cl 0.11
Watel 14.7( 13.3¢
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Advanced oxidation for inactivation of Bacillus spores

Copper and iron were tested as catalysts for advhraxidation reaction. Hydrogen
peroxide and ascorbic acid were tested as oxid@ntierent ratios between an oxidant and
catalysts were also studied.

The treatment approach which showed good resultsdé&composition of paraquat
(FeSQ: 7H,0 4.610” mol + H,0, 1.510% mol; Run#1 and Run#10 in Table 3) did not show the
significant reduction in the concentration of vieakjable to germinate) spores Bf subtilis
(Figure 10). Probably the concentrations of acthgredients are too low to inactivate highly
resistant spores (concentrations both of transitain@e) ions and catalyst {8,) were the
lowest among tested). It should be noted that mdrtlee tested approaches using Fe as a catalyst
resulted in a visible spore reduction (Figure 10).
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Figure 10B.subtilisspore inactivation in water using Fenton reactind Fe as catalyst

Probably amount of hydroxyl radicals formed in #hesactions is not enough to damage spore
coat. Copper (used as a catalyst for advanced tixideeaction) is 5 times more active than iron
[28]. Thus copper was selected as a catalyst éonéxt set of experiments.

The treatment approach using®8.1310% mol and HO, 1.4710% mol inactivated 5-
logio E.coli cells within 5 minutes (concentration of vialitecoli cells did not change in control

samples — at the same conditions but without hyetiqeeroxide added) but had no such effect on
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B.subtilisspores (Figure 11). This phenomenon can be exqaldiy the fact that spores are much

more resistant to the environmental stress ancaotstthan vegetative cells.
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Figure 11. The inactivation of microorganisms inevaising Cu as catalyst for AOP reaction

The best results in inactivation Bfsubtilisspores were obtained using (C6.0102, AA
1.010* with addition of 2M NaCl and 1% of surfactant).[dJhis approach resulted in 5 lgg
inactivation ofBacillus spores in 10 min. As mentioned in the materials methodsBacillus
spore suspension was prepared in PBS buffer. Ifespavere washed from PBS, the time
necessary for the inactivation increased from 10 toi 30 min (Figure 11). Obviously, salts
presented in PBS benefit Fenton reaction whichniagreement with other authors [5]. 5l9g
B.subtilis spores were inactivated using just Cu and AA (euthadding salt, surfactant, or pH
correction) but the necessary time increased toThis result makes current treatment approach

promising for using it in case of a real contammra{no pH correction is needed).
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CONCLUSIONS

1. The distribution systems are complicated reactaeracting with the transported
water. The quality of water influences the compositof loose deposits and vice versa. The
distribution system sediments accumulate organittemabut the concentrations of OC in the
deposits correlates negatively with the water agkinvthe network. The OC concentration in the
deposits rather depends on the pipe material tirmagde.

2. The decrease of pH contributes to increase sorptita of theBacillus spores.
Thus, decreasing pH is unwanted procedure for #wmtamination of distribution system in
case oBacillus spore outbreak, because it will promote spore sidhdo the surfaces.

3. The fastest inactivation agent fBacillus spores in bulk water was free available
chlorine (with pH adjusted to 6 or 7). NaOCI witlrdet concentration of 200 mg/L of free
chlorine inactivated 5 lag Bacillus spores in water in 3 hours. Sodium hydroxide (1.5%)
promoted spore desorption from the pipe walls. Aeh@pproach of alternation of the killing
agent (chlorine) and the biofilm release agent (NaB@howed the best results (98%) in
inactivation ofBacillus spores on PVC pipe surfaces.

4. The initial pH has a significant impact on the tdte process of degradation of
paraquat pesticide. At the initial pH of 5 only 3@¥the pesticide degradation was reached in 24
h, while for the initial pH of 3 the degradation sv@omplete after 8 hours of reaction.
Distribution system metal pipes benefit the hetermpus Fenton reaction and increase pesticide
degradation rate. The distribution system sedimerdy be used as catalysts for the reaction,
however a special attention must be paid to theposition of the sediments.

5. Advanced oxidation reaction involving copper assiaion metal and ascorbic
acid as catalyst showed the fastest inactivatitem edBacillus spores (5log in 10 min) among
all the methods tested within this study; however tnethod is much more expensive than the

conventional treatments

The results obtained in this thesis showed thaemedn be easily decontaminated after
the deliberate pollution with thBacillus spores; but the WDN pipe surfaces need additional
treatment. However, distribution system pipes cahanly interfere with the decontamination

procedures, but also work as catalysts for advamsgédiation process (AOP) and benefit the
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reaction for decontamination of water from Paraquedticide. The methods developed in this
thesis can be used in case of deliberate contaimmnet water distribution systems wiBacillus

spores and Paraquat pesticide.
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