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3.1. Introduccio

Donat que disposar d’un abastament d’aigua de forma estable durant tot ’any és una
necessitat ineludible, 1’us d’aigiies residuals depurades mitjangant un procés de
regeneracid, ja sigui per a un us agricola, municipal, recarrega d’aqiiifers o per
refrigeracid industrial, entre d’altres, és un pas cabdal per tal d’assolir una gestio
sostenible d’aquest recurs.

La regeneraci6 es defineix com el tractament que es du a terme a un aigua residual ja
depurada per tal de fer-la segura per a la seva reutilitzacié. La reutilitzacié al mateix
temps es defineix com I’us beneficiari que es t¢ d’una aigua tractada, essent possible
tant la reutilitzacid directa com indirecta. Mentre la primera fa esment a 1’as directe de
I’aigua tractada, la segona fa referéncia a la barreja d’aquesta amb aigiies de diferents
origens (Levine i Asano, 2004).

El tipus de tractament que es realitza a una aigua residual préviament depurada depen
del seu s, 1 inclou des d’una aplicaci6 directa de 1’efluent secundari, quan aquesta aigua
esta destinada a boscos i zones verdes no publiques, fins a ’osmosi inversa quan

aquesta esta destinada a aigua de beguda (exemple: Namibia) (Delgado, 2003).

Ambiental
(63.9 %)
Municipal
(1.7%)
, Recreatiu
‘?glgf,’/})? 21.1%)

Figura 3.1. Distribucié d’usos de 1’aigua regenerada durant ’any 2005 a Catalunya (ACA,
2007).
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Tal i com queda palés a la Figura 3.1, dels 22.3 hm’ d’aigua regenerada produida a
Catalunya (3% del total d’aigua depurada), I’is ambiental sembla ser el predominant,.
mentre I’industrial encara no hi és present (0%). Concretament, 1’aigua regenerada
provinent de les EDARs (Platja d’Aro i1 Lloret de Mar) amb les que s’ha treballat en
aquesta Tesi presenta una aplicacio6 agricola i ambiental, tot i que principalment s’empra
per a un Us recreatiu (reg de camps de golf). En canvi, la regeneracié duta a terme en
I’EDAR de Mataré té una component purament experimental d’una explotacio a escala
pilot amb finalitat agricola.

Totes les EDARs estudiades tenen la caracteristica d’emprar hipoclorit sodic com a
etapa final de desinfeccio, com s’ha comentat adés (seccio 1.1.2) aquest desencadena la
formacié d’un gran ventall de subproductes de desinfeccid, molts d’ells carcinogens.
Aixi doncs, la tasca més important en la regeneracid de l’aigua és arribar a un
compromis entre la minimitzacid del risc sanitari associat a la preséncia de
microorganismes patogens i la minimitzacié de la formacié de DBPs. Aix0 significa,
I’aplicacio de la minima dosi de desinfectant per obtenir la maxima seguretat sanitaria
(Figura 3.2).

Les mesures reguladores han de tenir en consideracio la disminucié d’ambdds riscos, ja
que quan s’incrementen els nivells de desinfeccid al mateix temps també s’incrementa

el risc d’augmentar el nivell de DBPs formats (Zwiener, 2006).
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Figura 3.2. Relacio entre increment de la desinfeccid, el risc d’existéncia de patogens i la
formacié de DBPs ( adaptat de Zwiener et al, 2006).

Tant la USEPA com la OMS han publicat unes directrius i manuals per tal de garantir la
qualitat de 1’aigua regenerada segons els diferents usos (USEPA, 1992; WHO, 2006). A

nivell de I’Estat Espanyol, existeix un projecte de Reial Decret que regulara la qualitat
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de les aigiies en funci6 de I'is a que es destinin (accessible a través de la pagina web:
http.://www.crana.org/archivos/agua/el _agua en navarra/normativa/21_03 2006/Proy
ectoRDReutilizacion 20060522.pdf), incloent parametres analitics com ara els
contaminants organics especifics que figuren a la Directiva Marc de I’Aigua
(2000/60/CE).

De tota manera, fins ara, 1’article 272 del Reial Decret 849/1986 deixava a criteri propi
del govern la qualitat de les aigiies destinades a reutilitzaci6. Aixi doncs, els unics
requeriments per tal d’explotar 1’aigua regenerada eren els microbiologics (bacteris i
parasits) i els fisicoquimics (solids suspesos, terbolesa i metalls).

En aquest context normatiu i amb la intencié d’emplenar aquest buit legal, el maig del
2003 I’area de planificacié de 1’Agencia Catalana de 1’Aigua (ACA) va redactar el
document “Criteris de qualitat de I’aigua regenerada segons diferents usos” (ACA,
2003). Aquest té en compte criteris com ara les concentracions de diferents plaguicides i
detergents entra d’altres contaminants, perd deixa de banda I’estudi de gran part dels
contaminants emergents, dintre dels quals s’inclouen tant els subproductes de
desinfeccio (com a exemple; trihaloacétics i1 nitrosoamines (amb 1’excepcid dels

trihalometans, que si que queden inclosos)) com els PPCPs.

3.2. Estructura del capitol

El plantejament del capitol es basa amb el fet que durant el procés de regeneracid
normalment s’empra 1’hipoclorit sodic com a agent desinfectant, generant-se tota una
s¢rie de subproductes de desinfeccio, entre ells els THMs classificats com a possibles
carcinogens.

Aixi doncs, tot i que I’estudi dels diferents factors que afecten la formacié de THMs ha
estat ampliament descrit en aigiies de beguda, en el cas de les aigiies residuals aquests
factors no han estat encara suficientment analitzats. En aquest sentit, és el primer cop
que es du a terme un estudi d’aquestes caracteristiques, tant per la durada del periode de

mostratge com tipus d’aigiies analitzades (efluents secundaris 1 terciaris).
En I’article 7, “Trihalomethane occurrence in chlorinated reclaimed water at full-scale

wastewater treatment plants in NE Spain”, es realitza un estudi al llarg de dos anys que

analitza la formacio de THMs en aigilies regenerades obtingudes a partir d’efluents
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secundaris 1 terciaris mitjangant un procés de cloracié i/o desinfeccié6 amb UV. En
aquest treball s’estudien les variables que poden afectar a la formaci6 dels THMs durant
el procés de regeneracio (dosis de clor, radiacio UV, nitrogen amoniacal, pH, bromur,

demanda quimica d’oxigen (COD) i carboni organic total (TOC)).
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3.3. Article 7: Trihalomethane occurrence in chlorinated
reclaimed water at full-scale wastewater treatment plants

in NE Spain

Victor Matamoros, Rafael Mujeriego i Josep M. Bayona
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ABSTRACT

Tatal trilalomethane [TTHM} concentrations were delenninged in three chlorinated
sffluents (Le. secondary and tertiary) from full-scale wastewater treatment plants [WWTF)
in NE Spuin over a 2-year monitoring peried (May 2003-February 2005), Low TTHM
coneenirotioms (2 -30 m_;r. Fl. |rrwm]i|||§ bt intierrwtionel standareds Tor rlriu'l:irlu waler
{80 150ug L=, were obtained in all samples analysed. The effects of () ammonia nitrogen
and bromide concentrations, (b) Uy light exposure, (¢) tank storape. and (d) water
temperature were evaluated. Two chiorination strategies were adopeed: low chlorine
llm;ugﬁ.' (?-5 rr|gi':l_. 'I.'i| weel @ i:i.gh-n-h'lnrim- rh:uagl,-' (16 rrlgf'_.[_. I."; This eflecis of u1r|:ir|.g
chlormated reclumed water and of UV hight exposure before chlonnation were akso
evaluated. Samples collected over the 2-year monktoring period offered the possibilioy o
msyaess e nuommeroos varisbbes """""i”l} THM Formmtion, & staliioa] evalomtion of 'F"|u1j1|.
d'Aro WWTP data set shows a low TTHM formation in the presence of high ammaonia
nitrogen concentration (p-=005 That result can be amributed to the formation of
chloramines by reaction with added chlorine, at doses below breakpoint chlorination. An
incresse in TTHM corcentration in the Presien et enl Bsreyrmicde g0 - 1 :llu'l. 1 i wens wlso recopdiegd
Igr= 0,05) 1 conteast to publisbed epors, TOC had a negative effect on TTHM fommation.
COD and turbidity had no statistical significance on TTHM formation. As expected,
chlorinatlon promoted TTHM lormation in the three water reclamation plants monitored,
Mevertheless, no statistical difference wies obseresd when chlorinated e Muents wens: 'I:4-1|t
in atorage tanks. Exposure to UV hght did not affect either formation or removal of TTHM
The relative preduction of TTHM during warm and cold seasons was also evaluated. TTHM
production decressed with higher temperatuges, but that could be attributed 1o the
incresese of mrmrmeaenin |'|il|||1l'tl1'| caneenirntiog elserwed rI|,|r|r|1.|l-I Al WRITT SUIMIITE . SEEEONE

& 2007 Blsewier L All righis reserved

1. Introduction

by reaction of chlorine with humic substances present in
water (Mikelaou and Lekkas, 2001). Trihalomethanes (THMs)

Chiorine disinfection of treated wastewster commanly leads constitute & major class of DBPs, including chloroform
to the formation of disinfection by-products (DEPy). as a (CHCL), bromedichloromethane (CHCLEBr), chlorodibrome-
result of the oxidative breakdown of numerous organic methane (CHCIEr) and bromoform (CHBrb THM were
substances present in treated effluents. DEP: are produced discoversd in drinking water (Ballar &t al, 1974, Raok, 1974),

*Corregponding author. Tel.: +34 9031006119, Tax: +34 93 204 5904,
E-mail address: jbtgam@cid.csic.es (.M. Bayona).
D043-1354/5 - sec front macter & 2007 Elsevier Led. All nghts reserved.

cleai= 10, LAV wiaktres, 2007 04,021
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and their carcinogenic effects were cbserved in laboratory
amimals a few years later (WC1, 1976),

Maore reeently, THM were classificd as possibde human
carcinogens (Category 2H) by the Interpational Agency for
Regearch on Cancer (IARC, 199%), Furthermore, it has been
shown that skin absorpton and lung inhalation are poten-
tially significant routes of exposure to some DBPs in water
(Gordon et al., 1998; Fantuzzl of al, 2007; Xu and Wisisel, 2005)
Therefore, the uge of chlorinared reclaimed water for
agricultural applications, with the subsequent human con-
sumption of crop foods irrigated with reclaimed water, could
be a route of exposure to DBPs (Levine and Asano, 2004).
Suspected THM toxicity has led to adoption of specific
regulations for the contral of rotal THM (TTHM) in drinking
water. Such regulations or guldelines have been established
by the World Health Crganization (WIHO) (200ugLl* only for
chloroform), the US Environmental Protection Agency (US
ERA) (#0pgL~"), and the Eurapean Union (EU) (100pgLl=" by
009 (Richarson, 2003). However, specific atandards are
not available for reclaimed water used for agricultural
irrigation, except those included in the WHO guidelines for
the  maximum  permissible  chioroform  concentration
(a7 mgkg ') in soils receiving untreated municipal waste-
water (WHC, 1996}

Agricultural and |andscape irrigation with reclaimed water
iz an alemative commonly adopited o overcome weler
shortages in arid and semiarid regions (Levine and Asano,
204y, Chlorination of treated effluents has been shown as the
most cost effective technique for pathopen inactivation
before agricultural irrigation, Hewever, limited information
15 available on THM formation during chlonnation of treated
effluenes (Wistram et al., 1996, Koukeuraki and Diamanda-
poulos, 2003; Yang et al, 2005), particularly at full-scale
waslewnter teatment plants (WVWTT) under the effects of
scasonal varations of effluent quality. Furthermore, mited
information has beén reported on the potential of UV tight
exposure for formation or removal of TTHM in association 1o
chlorine addition, &3 a combined disinfection strategy becom-
ing increasingly adopted (Perrol and Baron, 1995},

The main objective of this study was to determine the
potential of chlorine disinfection and UY light exposure for

PLATJADARQ 175,000 inha bitants (2 mg Cl,L 7).

THM formation, during water reclamation for agricultural and
landscape frrigation at three full-scale WWTE TTHM con-
centrations in chlorinated reclaimed walers were monitoned
for 2 years, either in conjunction or independently of UV light
exposure. Several water quallty parameters, such ag pH,
ammonia nitropen, bromide, electrizal conductivity, COD, and
turbidity were also studied to determine their possible
correlation with TTHM formation, The seasonal vanabality
of TTHM was assessed an the basis of water temperatunes,

2 Material and methods
2L Chemicals

Suprasolv grade methanol was obtained from Merck (Darm-
stadt, Germany). Analytical grade chiloroform, bramodichlo-
amethane, chilorodibrmomethane, brormolorr, 2-
bromechloropropane, and ascorbic acld were purchaged from
Sigma-Aldrich (Steinheim, Germany).

2.2, Beclamation plants description

The three WWTP studied are located in NE Spain. Fig. 1 shows
# flow disgram of the three WWTP monitored. Reclamation
processey include chiorination s the mein disinfection
process in oll cases, and reclaimed effluents are used (o
agricultural and landscape imigation. The WWTF located in
Matard (MT) is a demeonstration plant thar recelves a portion
of the secondary effluent from & treatment facility serving
205,000 equivalent inhabitants, The water reclamation pro-
cess ncludes coamilation-flocculation, settiing, and rapid
gand filtration uzing a multilayer Alter (Cilie-Filtromat,
Barcelons, Spainj, After physico-chemical treatment, treated
water flows inte two different disinfection channels. The frst
channel receives a flow of 07m?h ¥, that is exposed to UV
light penervated by rwo inline multi-wavelength UV lamps
(Berson 400, Bergon-UV-Techniek, the Netherlands), with a
theomtical intensity of 200 400mlom®, belfor chlorine
addition. The second channel receives the flow balance of
tam® h L, which is chlarinated before entering a disinfection

| Sacondary Effiuant

MATAR®, 205,000 inhabitants {5 mg CI. L),

[
| Secondary EMuen l_"| Sand fiter

|—-i Sand filer

1 [
LV light | Chiarination
LI light l_" sl L

:II Chiorination  |&

LLORET DE MAR, 190,000 inhabllants {10-18 mg CI, L"),

Secondary Effiuent I

ac*|  Chlorination |A

Fig. 1 = Flow diagram of the thres WWTP studied, with indication of the populations gerved and the chlorine doses applied.

Sampling peints are designated with a solid wiangle.
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plug Mow reactor, with a theoretical mean residence time of
min. Disinfected effluents am stored in separate glass-fiber
tanks, with a capacity of 20m" cach,

The seeond water reclamation plant is located in Flatja
d'Aro (PA) and receives reated effluent from a WWTE serving
mogtly a regidential area with ca. 175,000 equivalent Inhabi-
tants, A portion of secondery eflluent is diverted to 2 set of
Hydroclear (USFitter) sand hiters, and then disinfected by
exposure to UV light produced by two Berson-inline S000 HW
300, A chlorine doge of Smgl ' is alse added to provide a
residual disinfectant before the water enters the storage tank.

The third reclamation plant receives secondary effluent from
Lloget de Mar (LM) WAWTE Lloret de Mar is a tounst resort,
which reaches a peak population of 190,000 inhabitants during
the summer Secondary treatment includes a nitrification/
denitrification reactor with high effluent recrculation that
results in low ammonium concentrations. Secondary effluent
from LM WWTP was chiorinated with o dose of 16mglL " in
July 2003, and of 14mgL~" in August J003. The Lot de Mar
reclamaticn process includes only chlorine disinfection, while
the reclamation processes at Flatja 4°Are and Matard include
an advanced or tertiary treatment before disinfection

23 Sampling strateqgy

Sampling periods, covering daily and seasonal variations,
were established from May 2003 to February 2005, Seven 5-day
sampling periods were adopted at PA WWTE, to collect walber
samples bath befare and after the chlorination atep, Sampling
at LM WWTF was conducted only during vwo weeks, ae
chiorination is limited to sunmer periods, The mle of UV
light cxposure at MT WWTP was assessed dunng might 5-day
sampling penods, using chlonnated water with and without
previous TV light exposure. The first four sampling periods
were focuged on the quality of the water stored in the tanks of
MT WWTE, while the subszquent [our sampling periods were
directed to determine immediate changes in water quality
due to chlorination, without considering the changes taking
place during tank starage,

24, Analytical methodology

LoD, ammonia nitrogen, bromide, electrical conductivity and
rurbidity analysis were determined following the APHA
Standard Methods (AFHA-AWWA-WTCE, 1995).

Water samples [or THM anelysis were collected in 20mlL
plass wvials containing 100mg of ascorbic acid, 1o remove
residual chlorine in water samples. Vials were filled 1o the top
(headepace free) and kept refrigerated during transport to the
laboratory, where they were stored at 4°C until they were
analysed. The total sample holding time was less than 48h,

THM were analysed by headspaoe salid- phase microextrac-
tion (HS-SPME) combined with gas chromatography coupled
1o an electron capture detector (GC-ECD), as degcribad by Cho
et al. (2003}, A sample portion of 1mL was placed in a 40-mL
vial. The vial was then sealed with a FTFE-lined septum screw
cap, and spiked with 17 Sng of the intemal standard (Lo, 2
bromachlorapropans) dissolved in methanal, by injection
through the septum. Extraction was performed from the
headspace during 20min, under magnetic stirring, using

3339

divinylbenzens/carboxen/polydimethyleiloxane  (DVR/CAR/
PDMS) 50/30wm hiber. The extraction temperature was set at
30°C. Fiber desorption was carried out at 250°C for 3mun in
thir injector port of a HPSE90 Serwes 1T GC (Palo Alta, CA, TISA)
A Ro-VOC (60m = 0.32 ID 1.8um film thickness) analytical
column from Restek (Bellefonte, PA, USA) was used. Oven
vemperature was programmed to incresse by 2 Cmin ' from
30°C (10 mun) to 110°C, and then by 10°Cmin ! to 23070
Temperature was kept at 230°C for 10min. The camer gas
and make upr pas were helium 46 (LSmLmin™* ar 20°C) and
nitrogen 5.0 (85 mLmin~"), respectively.

2.5.  Statistical analysis

Experimental results were statistically evaluared using the
SP55 13 package (Chicago, IL, US). Adjustment of data sets toa
narmal distribution was always verified as to ensune that
parametric statistics were applicable. Normal distributions
were obtained by the Kdmogorer=5Smimou test after outliers
were excluded from data sets, The comparison of means was
conducted by the patred samples t-test, when THM concen
trations were day-dependent (eg the chlannation effect in
the PAWWTF), and by the independent samples t-test, when
no dependence was observed (o.g. the sffect of tank storage at
MAWWTE).

3. Results and discussion
3.1 THM concentrations

Table 1 shows reclaimed water quality pammeters (Le.
ammoma mitrogen, COD, pH, electnical conductivity, and
turbidity], @5 determined at the different WWTE High
ammonia mitrogen concentrations were found in PA and Ma
WWTP effluents, while a low ammonia nitrogen concentra-
tion was found in LM WWTP effluent. Reclaimed water from
MA WWTF showed an electncal conductiity, o bromide
concentration and turoadity levels higher than those of the
ather twa effluents, mainly due to industrial wastewater
contributions reaching the MA WWTE

Chicreform was the most abundant compound in chlori-
nated reclaimed water at the three WWTP studied, as
proviously reported for chlonne disinfected donking water
[Garcia-Villanova et al, 1997) and wastewater (Koukouraki
and Diamandopoulos, 2003, Yang st al, 2005), Wastewater
chlorination i3 &n Important determining factor of the
chliomiorm concentrationy actuslly observed, Fig. 2 shows
that bromoform and  ehlomdibiomomethane were  often
under the limit of detection and the limit of quantification,
respecrvely, and that enly chloroform and bromedichloro-
methane could be always quantihed. TTHM concentrations
(2-30pgl " Table 1) were always below drinking water
quality standands, and often lower than one-tenth of the
established limits.

2.2, TTHM formation after the chlorination step

Fig. 3 shows the relative increase of TTHM after the
chlorination step, The concentration increase observed at
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Table 1 - Quality parameters and total trihalomethane (TTHM) concentrations of reclaimed water produced at the tree

WWTP studicd

Quality parameter Flatja D'Aro Matand Marard (MA-1) Liorer de Mar
[PA) (M) {Sterage tank) [Lage=
pH 7694 031 1584 00 THI & 0T TE 4033
Conductivity (p8cm=*) ML LT 261643271 2017 & AT 10764353
COD im0l b T+ 11ES 7695 = 32.32 1041 = 2197 335+ 354
TS (mgL™h 13064572 J1A45 21007 24.56:4 13,01
Ammonia mtrogen (mgL™ ) 1755 £ 1518 25501 564 2E56 681 TO£00/018 £ 003
Bromide (mgL™*) 0.56 =063 087 =047 110+ 036
Turbidity (NTLT) 296L2.04 875007 AL 404
£3; (MH M mtin 076419 011 & 0o a0 00 20 000917 L 180
TTHMs gl ) 615 =468 607£498 475361 97 +48/515 =280
* Campalgn 2003,
E Campaign 2004
CHLORDFORM BROMODICHLOROMETHANE
A . e 14 9
SECONDARY EF SRECONDARY EF
I F i it
=] 12 1
30 - TERTIARY FF 1] I
T - g1 |
" - a e
¥ =g 4 & g4 | TERTIARY EF,
i > - =
. o b
10 = | FEFEFES
! | [ 27 - i
b p— % ﬁ i B [}
B By EEEE L
0= ! 0 - 2 £ == % R |
CHLORODIBROMOMETHANE BROMOFORM
i TERTIARY LI 06 | —*— SECONDARY EI
- |
8 SECONDARY EF e
- 4 o * 04 4 Fors
—_— -
2 )
Sl 2 03 -
2 02
1 4 01 =
0 4 on <
LM WWTP 1 MAWWTP i MA WWTP

| PAWWTP

I Uy

CHLORINATHIN

CHLORINATION

Fig. 2 = THM concentrations after chlorination at the three WWTP studied, classified az secondary and tertiary effluents. The
box plots indicate the median, and the 25th and 75th percentdles for each compound, Outliers are Indicated by black dots.

LM WWTE, using & chlorine doze of about 16mgCl LY, was
10 tirnes Tigher than thatl observed al the other tao WWTE,
where lower chlorne doses (5 and 2 mgCla L") were applied
o tertiary effluents. TTHM concéntrations wereé penerally
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very low, because chlorine doses were below the breakpoint,
as peported for sirmilar elMuents with high ammonia nitrogen
concentration (Yang et al, 2008} Nevertheless, reclaimed
water from LM WIWTFE, with a low amimania nitropen
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Fig. 3 - Box plots of the relative increases of TTHM formation ((Coye

Cin}/Cis ) at the three WWTF studied where C.,, and Coy

correspond to the TTHM levels before and after chlorination, respectively, Different scales have been used for Platia d"Arm (PA)
and Matarg (MA) WWTF, due to the lower degree of TTHM formation at these two plants, All data values are presented,

concentration and a high chlerine dose, showed the highest
TTHM concentrations, reaching nearly 70ugl~". To reach
breakpaint chlorination, a chlorine dose close to 10mgL " as
active chlorine (Cl ) is normally required for each 1.0mgL ™! of
ammaonia-nitrogen (NH; ~N) (White, 1999), The chicrination
proceszes at MT and the PA WWTP were operating at the far
left side of the breakpaint curve, while that at the LM WWTFP
did operate at both above and below the breakpoint (Table 1).
LM WWTP results were grouped in two different data sets: the
2003 campaign with low Cl;/NH3-N ratio (i.e. 2.0), where the
breakpoint was not reached and the TTHM levels observed
were similar to these of the other two WWTP studied; and the
2004 campaign, where the breakpoint ratio was excesded (Le.
93) leading to formation of high TTHM levels. All these results
are in accordance with those of a previous study, where well
nitrified effluents resulted in high TTHM concentrations and
poarly nitrified effluents generally inhibited TTHM formation
(de Leer et al., 1990,

Table 2 summarises the statistical analysis of TTHM
concentrations, before and after chlorination, at the three
WWTP studied. There iz a statistical significant difference as
a function of chiorine dose at the three WWTP, indicating the
potential of high chlorine doses for promoting the formation
of TTHM. However, no significant differences were observed
among chlorinated effluents after tank storage. This could be
explained by the long residence time (several days) of
reciaimed water in the tanks.

3.3 Correlation among TTHM formation and chlorination
process at PA WWTP

Changes on TTHM concentrations at PA WWTP were not
directly dependant on chlorination, as the plant operated
under a constant chlorine dose. Table 3 shows the Pearson’s
correlation coefficients between water quality parameters
reported in Table 1 and TTHM formation. Turbidity and COD
have no statistically significant effect on TTHM formation.

143

However, ammonia nitrogen and bromide are directly in-
wiolved in TTHM formation. Anincrease in ammonia nitrogen
results in a TTHM decrease (Amy et al., 1984; Wistrom et al,,
1996; Koukoumki and Diamandopoulos, 2003} due to chior-
amines formation (Fayyad and Al-Sheikh, 2001}, The presence
of bromide promotes an increase of TTHM concentration
[Amy et al, 1984; Mikolaou and Lekkas, 2001} In fact,
chloramines formation during chlerination of waters contain-
ing ammenin nitrogen and organic matter is faster than
TTHM formation. Only when chloramines formation is
completed, does haloform formation take place (Luong et al,
1987}, Moreover, the slopes in Table 3 indicate that the potential
of bromide for increasing TTHM concentrations is higher than
the potential of ammeonia nitrogen to prevent their formation.
In contrast to results already published sbout the positive
impact of TOC on THM formation in drinking water (Uyak etal,
2005), the statistical analysis showed » negative impact of TOC
during chlorination of reclaimed effluents [Table ). Although
numerous factors can account for the different effect of TOC on
TTHM formation potential, it is obvious that the differences in
type and concentrations of the TOC present in drinking and
reclaimed wastewater may explain the varying degree of
chlorine reactivity with organic matter.

34.  Effect of UV light exposure on TTHM formation

The effect of UV light exposure on TTHM formation was
studied at the MA WWTF, as there was a possibility for UV
light application in one of the twa disinfection channels. A
compamtive statistical analysis of TTHM formation in the
two channels was conducted. Fig 4 shows TTHM concentra-
tions found in reclaimed water, with and without UV light
exposure, A matched-pair test indicates that there is no
significant difference between water samples exposed to UV
light and those not exposed to UV light, with a 95% probability
(p=091) Similar results were obtained in drinking water
exposed to sunlight (Gallard and von Gunten, 2002) and when
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Table 2 - Statistical analysis by the palr-sample t-test of the effect of chlorination on TTHM formation at the three WWTP

studied (cffects of tank storage and UV light exposurne were also considered in Matard WWTF)

Statistical Platja d'Aro Marard (MA)} Llarer de Mar
parametar (PA) (L)
Before tank storage After tank storage
Chlorination UW+Chlorination Chlorination WsChlorinaton
o =7 13 13 19 12 )
ittt —470 —2 474 —3.mi —1 554 - 1662 —3154
p-value f0.000° oo noog 0588 Y 0113k oo

df: degree of freedom
* slgnificant difference 5t p = 0.05.
¥ Mo significant differsnce ot p = 0.05.

Table 3 - Pearson's correlation coefficients betwesn water quality parameters and TTHM formation in chlorinated

effluents at Platja d"Aro (FA) WWTF

Farameter oD TOC Ammonia mtrogen Bromude Turbidity pH

Slope” el ] i) 054 ~00d 0045 ~0 036 0.1
Pearsan’s correlation ooefhcient 0198 -0.433 0321 D484 -0332 0.032
provilue 0309 ooz noa" ket oore 0842

* Relared w a Hneal regression
b Rignihcant difference ot p e 005

L+ CHLORINATION

EEHILEHIMA TN

TERTERY EFFLUENT

TTHM (ug L)
1

o
1

T T T

Fig. 4 - Box-plot of UV light exposure effects on TTHM formation in MT WWTF,

examining the efficiency of UV exposure (33500 mfem 1) 3.5 Seasonal varighility n_f THM farmation

lor decressing TTHM concentration (Toor and Mohseni,

2006), Mevertheless, Table 2 indicates that chlorination of
UV light exposed reclaimed water results in a considerable
decrease of the statistical significance level (p = 0.002), in
camparson ta that ol reclamed wiater not exposed o TV

lighat (e D019

Seagonal differsnces in THM formation ag a function of water
temperature were studied over a 2-year pericd at the PA
WWTFE, considening that in dnnking water
temperatune  are known o THM

(Garcia-Villanowva et al, 1997, Uyak et al,, 2006), Fig 5 indicates

MCIT@FCS

(R T ST Tormation

144




CAPITOL 3:

Subproductes de Desinfeccio

WATER RESEARCH 41 (2007) 3337-3344

3343

2.0
[
1.5 1
c
9
© ]
£ 1.0 .
RS]
= T
% 0.5+
-
-
0.0 A 3
-0.5 - !
Warm
season

- 25
- 20
o
o
.15 E
O
L ©
0 &
i E
E
<
-5
®
- -0
Cold
season

Fig. 5 — Seasonal variability of ammonia (e) and relative increase of TTHM formation (boxes) after a disinfection process using
UV light exposure and chlorination, during a 2-year study period at PAWWTP. Bromide concentrations during the warm and
cold seasons were 0.32 + 0.27 and 091 + 0.82mgL ", respectively.

that there is a seasonal variability of TTHM formation over
the 2-year study period. A statistically significant difference
was found between TTHM formation during cold (October to
January) and warm (April to September) periods, with a
probability higher than 95% (p =0.005). Recent studies of
TTHM formation in drinking water have shown that seasonal
differences are correlated with water quality and temperature
(Toroz and Uyak, 2005). Seasonal differences in water quality
at the PA WWTP, serving an important tourist population
during the spring and summer seasons, could explain the
higher levels of TTHM formation during the cold season, most
likely due to the lower ammonia nitrogen concentrations
observed. Ammonia nitrogen concentrations were signifi-
cantly higher during the warm season, as compared to the
cold season (p = 0.000), resulting in a relatively lower TTHM
formation.

4, Conclusions

Chlorination of non-nitrified secondary and tertiary treated
wastewater, during water reclamation for agricultural and
landscape irrigation, results in low TTHM formation. Chloro-
form was the most abundant DBP at the three water
reclamation plants studied. TTHM concentrations observed
during the 2-year study period never exceeded quality
standards applicable to drinking water. Similar observations
on the low TTHM formation in wastewater effluent have been
reported in other studies, but have not been demonstrated in
full-scale WWTP during periods of 2 years. Ammonia nitro-
gen present in wastewater effluents was a key factor in
achieving breakpoint chlorination (White, 1999), as its reac-
tion with chlorine (Jolley and Carpenter, 1983; Wistrom et al.,
1996; Koukouraki and Diamandopoulos, 2003) results in other
by-products such as chloramines (Fayyad and Al-Sheikh,
2001). Furthermore, chlorine could react with organic com-
pounds present in wastewater, such as amino acids from

complex organic matter (Conyers and Scully, 1993; McCor-
mick et al., 1993), leading to low TTHM formation. TTHM
formation showed a positive correlation with bromide con-
centration and a negative correlation with initial ammonia
nitrogen concentration and TOC. Moreover, no significant
effect of UV light exposure on TTHM formation could be
shown, in accordance with literature results (Gallard and von
Gunten, 2002; Toor and Mohseni, 2006). A negative correlation
was observed between seasonal changes of TTHM formation
and water temperatures during warm tourist seasons, most
likely due to the higher ammonia nitrogen concentrations
recorded during those periods. In summary, this study
supports that chlorine disinfection of reclaimed water used
for agricultural and landscape irrigation results in lower
TTHM concentrations than those observed in conventional
drinking water supplies. The presence of significant concen-
trations of ammonia nitrogen (in the absence of nitrification
processes) ensures that the risk of TTHM formation is
significantly prevented.
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3.4. Discussi6 de les metodologies analitiques

La determinaci6 de THMs es va dur a terme mitjancant la tecnica HS-SPME-GC-ECD.
Per a aquesta finalitat es va seguir una adaptacidé de la metodologia desenvolupada per
Cho et al. (2003). Tanmateix, en la present Tesi es va escollir la fibra de divinilbenze /
carbox¢ / polidimetilsiloxa (DVB/CAR/PDMS) ja que proporcionava una resposta
suficient per tal de detectar els nivells presents en aigiies regenerades.

El cromatograma obtingut emprant la metodologia descrita a /’article 7 (Figura 3.3)
mostra una adequada separacid cromatografica. La preséncia de pocs pics pertanyents a
altres substancies en I’interval de temps que elueixen els THMs és fruit de 1’elevada

selectivitat que s’obté d’aplicar un detector de captura d’electrons.

*

2
e
A 2
5
5 1 1
A= 3

_ )
0 AL
I T I T I
20 25 30 35 40
Temps (min.)

Figura 3.3. Cromatograma obtingut d’una mostra després del procés de cloracié a ’EDAR de
Platja d’Aro. Identificaci6 dels compostos: (1) cloroform, (2) bromodiclorometa, (3)
dibromoclorometa, (4) bromoform, (*) 2-bromocloropropa (patro intern).

Parametres de qualitat analitica

L’analisi per triplicat d’una mateixa mostra d’aigua durant un mateix dia va permetre
calcular la repetibilitat del metode. Pel que fa als LODs i LOQs, aquests es van realitzar
emprant aigua de qualitat HPLC i mesurant 1’area del blanc més tres o deu cops la seva

desviacio estandard, segons si es tractés del LOD o el LOQ (n=3).
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Tal i com es mostra a la Taula 3.1, el limits de linealitat, tant per al cloroform com per
al bromoform van ser més elevats que els corresponents al bromodiclorometa i
dibromoclorometa. Aquest fet diferencial es deu possiblement a I’existéncia de
limitacions en ’equilibri gas-fibra en el cas del cloroform i a limitacions en 1’equilibri
aigua-gas en el cas del bromoform. Tots els coeficients de linealitat van ser superiors a

0.99.

Taula 3.1. Linealitat, repetibilitat, LODs 1 LOQs de la metodologia establerta en
aquesta Tesi.

Linealitat (ug L)  Rep. (%) LOD (ugL") LOQ (ugL™)
Cloroform 0.25-100 3.1 0.09 0.25
Bromodiclorometa 0.08-25.0 2.7 0.02 0.08
Dibromoclorometa 0.05-12.5 2.6 0.02 0.05
Bromoform 0.14-100 34 0.04 0.14

Rep. Repetibilitat.

Ates a que el cloroform és el compost més volatil i el que semblaria tenir menys afinitat
per la fibra de tots els THMs, els seus LODs 1 LOQs van ser molt més elevats que no
pas els corresponents a la resta de compostos. Tanmateix, els LODs van ser similars als

obtinguts previament per HS-SPME-GC-ECD (Cho et al., 2003).
3.5. Discussi6 general dels resultats

Amb els resultats obtinguts arrel d’aquest treball, es pot preveure la concentracid de
THMs en una determinada aigua residual, almenys en el cas de les EDARs d’estudi,
avaluant la concentracié d’amoni, bromur i clor dosificat en cada moment.

Tot 1 que la dosis de clor afegida a 1’aigua és el parametre més important per a la
formacié de THMs en aigua de beguda, en 1’aigua residual regenerada, la preséncia o no
d’amoni va resultar ser el parametre clau, ja que la preséncia d’aquest compost provoca
la formacié de cloramines. Aixi doncs, per tal d’excedir el punt de ruptura i accelerar la
formacié de THMs, es requereix d’una major dosi d’hipoclorit sodic (veure seccid
1.1.3.). En aquest sentit, eliminar completament I’amoni present en 1’aigua residual
semblaria ser una contradiccid, almenys si el procés de desinfeccid es realitza

mitjancant clor.
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Tanmateix, el fet que no es formin THMs no significa que no es formin d’altres
subproductes de desinfeccio. Aixi, la preséncia de monocloramina pot iniciar la
formacié de nitrosoamines (Mitch i Sedlak, 2002). De fet, la concentraci6 maxima
recomanada de nitrosodimetilamina (NDMA) (compost carcinogen) en aigiies de
beguda en I’estat de California, per sobre de la qual s’ha de deixar d’abastir la poblacid,
és de 100 ng L' (CDHS, 2007), un miler de cops per sota del llindar establert per als
THMs. A més de les nitrosamines, es poden formar una gran varietat d’altres
subproductes de cloracid, com ara els trihaloacetics o els trihalometans iodats.
Finalment, tot i que 1’us d’altres agents desinfectants, com ara el dioxid de clor o 1’0z6,
redueix la formacio de THMs (Rand et al., 2007), aquests no impedeixen que es formin
d’altres subproductes, que poden ser igual o més perillosos que els THMs.

Molts cops la idoneitat d’una aigua residual regenerada no radica només en la seva
natura com a aigua. L’aportacio de nutrients d’aquesta pot ser tant d’interes agricola,
doncs actua com a fertilitzant, com d’interés per a I’empresa explotadora de 1’aigua
regenerada, que no requereix d’un procé€s de regeneracié tant eficient. Malgrat aixo,
I’elevada conductivitat i la presencia d’ions fitotoxics com el sodi o el bor en 1’aigua
regenerada poden afectar a la productivitat de certs conreus sensibles.

D’altra banda, si I’is que se li dona és industrial, s’hauran de buscar sistemes de
regeneracid molt més adients, sovint més costosos. En aquest cas, els aiguamolls
construits descrits en el capitol 2 poden ser molt escaients, tot dissenyant-los per a les
eficiencies requerides en cada moment. Pel que fa a la qualitat microbiologica,
I’aiguamoll de flux superficial de Can Cabanes assoleix els valors guia descrits per
I’OMS per a I’us agricola.

Les possibilitats d’explotacio de I’aigua residual sén molt elevades. Pel que fa a
Catalunya anualment s’aboquen al medi 713 hm® d’aigua residual depurada de les quals
només un 3 % sén reutilitzades (ACA, 2007). Tanmateix, la major part d’aquesta aigua
tractada té els seus origens prop de grans ciutats, i lluny de les arees agricoles. En aquest
sentit, 1’0s industrial, la recarrega d’aqiiifers aixi com el reg de parcs i jardins, en poden
ser els usos més estrategics.

Aixi doncs, si s’aconsegueix un tractament i distribucié de 1’aigua regenerada fins als
consumidors, tot garantint unes qualitats sanitaries adequades, la regeneracido pot

facilitar el subministrament d’aigua en el futur durant totes les epoques de I’any.
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