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Abstract A monitoring programme of hazardous substances was implemented in Alcantarilha’s
water treatment plant (Algarve, Portugal) since 2002, in addition to the legally established
monitoring of standard physical, chemical and microbiological parameters. The objective of this
programme was to ensure the drinking water quality regarding the waterborne disease organisms
Cryptosporidium, Giardia, Salmonella, Pseudomonas aeruginosa, enterovirus and cyanobacteria,
and the potentially harmful chemicals aluminium, cyanotoxins, and disinfection by-products (THM)
and their precursors (TOC, DOC, UVasanm, SUVA). Most of these parameters are new and still not
regulated by the Portuguese and the European legislation. Data presented in this study refer to the
period of August 2002 to October 2003. Results show that, despite the seasonal variations of the
raw water quality, concentrations of the hazardous substances in the supplied drinking water were
far below the legal standards and the WHO'’s and EPA guideline values, demonstrating the high
removal efficiencies of this treatment plant.
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Introduction

Recently, particular attention has been given édtinking water treatment due to the increasing
concern with the protection of public health. Nevics regulations for drinking water quality and
drinking water sources have been imposed in difteceuntries. These regulations should ensure
the safety of drinking water through the eliminatior reduction to a minimum concentration, of
the hazardous constituents in water. Thus, a naat &uropean legislation for drinking water
quality was created, Directive n.° 98/83/CE, anthssguently transposed to the Portuguese
legislation, DL 243/2001 which entered into forne2b December 2003, replacing DL 236/1998.

Alcantarilha Water Treatment Plant (WTP), run byuAg do Algarve, SA, a holding of Aguas
de Portugal, SGPE, SA, is responsible for providimgliable supply of safe drinking water to ca.
half million people in southern Portugal (Algarveince 2000. This WTP was designed to treat up
to 3 mi/s of surface water from Funcho Dam reservoir (R8& and 43.4 hr), which has a
history of cyanobacteria occurrence. The WTP cotieral treatment sequence is preozonation,
coagulation/flocculation/sedimentation (C/F/S), ngsialuminium polyhydroxichlorosulphate of
high basicity and, when necessary, a flocculapidraand filtration and chlorination (Figure 2.1).
Alcantarilha WTP has to face a strong seasonahtian in raw water quality together with a
seasonal water demand (in 2002, it supplied ca,00800f people during winter and 650,000
people in summer). Continued monitoring showed #®dsonal variations correspond to two
major types of raw water quality: clear waters (B NTU) and turbid waters (25 — 40 NTU)
(Ribau Teixeiraet al., 2002). Increases in turbidity usually occur afteéense rainfall periods and
give rise to higher organic carbon contents (Ribaixeiraet al., 2002 and Ribau Teixeira and
Rosa, 2003).

The initial objective of the drinking water qualityanagement was to ensure that Alcantarilha
WTP met the current Portuguese and European s@sdaince 2002, monitoring of the drinking
water supplied by this WTP include parameters @fltheand environmental concern. Some are
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new and still not regulated by the national or Bugopean legislation, such as waterborne disease
organisms, e.gCryptosporidium, Giardia, Salmonella, enterovirus, bacteriophagdsegionella,
cyanobacteria, and cyanotoxins (microcystins, MC)STDisinfection by-products,
(trihalomethanes, THM) which became regulated ircddeber 2003, are also included in the
monitoring programme (WHO, 1993; 1996; 1998; 200Zhe monitoring programme for
hazardous substances includes those new parantetgrher with others legally established,
namely, aluminium, turbidity, natural organic mat{&lOM) and Pseudomonas aeruginosa (P.
aeruginosa). Turbidity was included in the present work asiraticator of water quality, because
it is used for water treatment optimisation. In iidd high turbidity removal efficiencies
correspond also to pathogens partial removal, éspeof those pathogens that aggregate with
particles (Cohnet al., 2000). NOM was also included since it is a preeu of hazardous
disinfection by-products (THM and other organociniated compounds).

This paper presents the monitoring programme o223 implemented to assess the levels
of different contaminants and to establish trertdsidentify and track the occurrence of new
hazardous chemicals; to assess and optimise the Wéafnent performance and also to provide
data to help future developments in drinking waigallity standards.

Methods

The monitoring programme refers to the period betwAugust 2002 and October 2003. Samples
were collected at different WTP treatment stagegufe 2.1) and 16 parameters were analysed
with different sampling frequencies (Table 2.1).
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Figure 2.1 Hazardous substances analysed and respective sampling points at Alcantarilha WTP
(RW, raw water ; OW, ozonated water; DW, decanted water; FW, filtered water; TW, treated water).

Table 2.1 Sampling frequencies of hazardous substances at Alcantarilha WTP

Parameter s (units) Sampling M ethods
Freguency
Turbidity (NTU) Twice a day SMEWW 2130 B (Nephelamie Method)
TOC and DOC (mg C:B Weekly SMEWW 5310 B (High-Temperature Combusfitethod)*
UV 254 nm(cm?) Weekly SMEWW 5910 B (Ultraviolet Absorption Meitp
SUVA (L(mg-m)) Weekly absorbance per nit concenuaiion of DO 1 g
THM (ug.L? Monthly GC- MS (SPME Fiber PDMS 100 pm)
Aluminium (ug.L™%) Twice a day SMEWW 3500-Al B; SMEWW 3113

MCYST extr& (ug. MC_LR eq.1)

Twice a month

MCYST intr& (ug. MC_LR eq.L)

Twice a month

Meriluoto and Spoof, 2003 (Highfpamance liquid
Chromatography with photodiodeyadetection)

Cyanaobacteria (cell.mt)

Twice a month

SMEWW 10200-RUtherméhl (1958)

Enterovirus (No.100 £)

Annual

XP T90-451

Bacteriophages (No.50 ri). Annual ISO 10705-2:2000; ISO 10705-1:1995 ISOQUEZ:2000
Legionella (cfu.2 LY Annual ISO 11731

Cryptosporidium (P/A) Annual EPA 1623

Giardia (P/A) Annual EPA 1623

Salmonella (P/A. 2L%) Monthly 1ISO 6340:1995 (E)

P. aeruginosa (cfu.100 mL?) Weekly ISO 8360-2: 1988; NF T 90-421:1989

! sMEww~— Standard Method&lesceriet al., 1998);2 Analysed after February 2003; P/A- Presence/Absence



Results and Discussion

Data obtained from the monitoring programme forandaus substances at Alcantarilha’s WTP,
during the sampling period of August 2002 to OctoB803, in raw (RW), ozonated (OW),
decanted (DW), filtered (FW) and treated waters fT@'e presented in Figures 3.1 to 3.10 and
Tables 3.1 and 3.2.
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Figure 3.1 Turbidity values between Aug. 02 - Oct. 03: a) in RW (¢ ), OW (o), DW (4) and TW ();
b) in TW and national standards for drinking water.
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Figure 3.2 Turbidity removal: a) values between Aug.02 — Oct. 03, RW-TW (¢ ), OW-DW (o),
DW-FW (4); relationship with influent turbidity for: b) RW-TW; c) OW-DW; d) DW-FW

Turbidity values show a marked seasonal variatiorbath raw (RW) and ozonated water
(OW) (Figure 3.1a). It is possible to distinguistotdifferent periods related with wet and dry
weather conditions. From August to November 200% ¢donths) turbidity was low, with an
average of 2.10 + 0.24 NTU. In December 2002, &dlitfecame more frequent and intensified the
runoff to Funcho Dam reservoir, increasing turlyidstgnificantly (up to 35 NTU registered in
January 2003). After the intense rainfall periodV Rurbidity decreased to a minimum of 3.10
NTU, in May 2003, as the result of particles deposiin the dam reservoir. A second period of
turbidity increase (smaller than the winter timale was observed in June-July 2003. This rise



was probably related to particles ressuspensichaWTP affluent main, due to the increase in
flow rates to fulfil the water demand during thglhiseason. In the period of August 2003 to the
end of September 2003, clear raw waters, with @naae of 3.71 £ 0.86 NTU, were registered. In
contrast, another high peak (up to 30 NTU) was ofeskin October 2003, related to intense
rainfall.

Turbidity after preozonation, the first WTP stagBow similar values to RW since no particle
removal takes place in this stage.

Despite the large turbidity fluctuations and thghhinfluent values in wet months , turbidity of
the TW presented very low and fairly constant val(@12 + 0.05 NTU, Table 3.1) demonstrating
the high performance of Alcantarilha’s WTP for tigity removal. These values were far below
the national standards for drinking water (4 NTUWidg the sampling period -DL 236/1998-,
reduced to 1 NTU after 25 December 2003 -DL 2431200 fact, 99 % of the samples showed
values below 0.4 NTU, the strictest standard (tlithirecommended value in DL 236/1998)
(Figure 3.1b). As expected, C/F/S and filtrationrevenainly responsible for turbidity removal
(Figures 3.1 and 3.2a). Figures 3.2.b, 3.2c and 8h®w a turbidity removal increase with rising
influent turbidity. The 99% plateau was reached iftffuent turbidity values above 9 NTU.
Average turbidity removals for two classes of RWkbidity (< 5 NTU and 5-35 NTU range) are
presented in Table 3.1. Considering that theseraateesent a low to moderate alkalinity (50-75
mg/L as CaCg), turbidity increases improve the colloidal mattemoval by adsorption and
charge neutralization mechanisms using low coaguases. In the case of low turbidity, high
removals are achieved with the utilisation of a-poéymerised aluminium coagulant of high
basicity aided by a flocculant.
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Figure 3.3 Aluminium values between Aug. 02 - Oct. 03: a) in DW (4), FW (x) and TW (0);

b) aluminium in TW and national standards for drinking water.
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Figure 3.4 Aluminium removal: a) variation between Aug.02 — Oct. 03, DW-TW; b) relationship with
Al concentration in DW (total Al (¢ ), dissolved Al (=)).

The main aluminium fraction present in water sampige residual aluminium from the
coagulant addition. Taking into account that aluommis mainly removed by sedimentation, the



monitoring programme included sampling points fesidual aluminium in DW, FW and TW.

Figure 3.3a illustrates the important aluminium oeml by filtration, allowing the compliance

with the national standard of 0.2 mg Al/L (DL 2382B & DL 243/2001) and with the

recommended value of 0.05 mg Al/L (DL 236/1998)98% of the samples (Figure 3.3b).
Similarly to turbidity, aluminium removal (total AFigure 3.4b) increased asymptotically from
52% to 98% with increasing influent concentratiachieving a constant removal for influent
concentrations above 0.4 mg Al/L. This guarantéesiow DW aluminium residual even when
higher doses of coagulant are used, as in theafasebid RW.
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Figure 3.5 TOC values between Aug.02 — Oct. 03: a) in RW (¢ ), OW (o), DW (4) and TW () and
EPA (1999) guideline for THMFP control purposes; b) removals in RW-TW (¢ ), OW-DW (o), DW-
TW (4).
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Figure 3.6 TOC removal vs. influent concentration: a) OW-TW (e); b) OW-DW (o).
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Figure 3.7 UV2s4 nm Values between Aug.02 — Oct. 03: a) in RW (¢ ), OW (o), DW (4) and TW (0);
b) UV254 nm removals in RW-TW (¢ ), RW-OW (o), OW-DW (o), DW-TW (4).
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Figure 3.8 UV 254nm removal vs. influent UV 254 nm: @) RW-TW (¢ ); b) RW-OW (o), ¢) OW-DW (o).

Figure 3.5a shows a seasonal variation for TOCettiribh RW, similar to the turbidity pattern
(Figure 3.1a), which proves turbidity is a good ady-to-assess indicator of water quality. RW
TOC concentration increased in wet months, whemfaliibecame more frequent and runoff rose
(yielding lower DOC/TOC ratios, Table 3.1). TOC mval efficiencies did not significantly
increase with the influent concentration, and thayger TW quality was observed during peak
season (Figure 3.6). Table 3.1 presents the avar@geremovals for two RW TOC classes, 2.0-
4.0 mg C/L and 4.0-8.0 mg C/L, for which EPA ind&s the need for removal of TOC by
enhanced coagulation in plants using conventiaealtinent. In Alcantarilha’s WTP, besides the
hydrophilicity and the low molecular weight of NO{@UVA below 4 L/(mg C-m)) registered in
OW (influent to C/F/S stages), the high basicitytted pre-polimerised Al coagulant used did not
allow the pH decrease required for enhanced cotgulto occur.

The relation between TOC removal and the influemtcentration is established for C/F/S and
filtration, where most of TOC removal is expectedotcur (Figure 3.6). In Alcantarilha’'s WTP,
the supernatant from sludge circular decanter aagtmfrom filters washing, return to ozonation
effluent, often yielding higher TOC concentratiansOW than in RW. Results indicate that the
increase in OW TOC does not increase the globaherethe C/F/S removal efficiencies (Figure
3.6), once NOM removal depends greatly on the pabfirdissolved organic matter. In this case,
low SUVA values make the TOC removal more diffiqiHtgure 3.9b). In fact, ozonation oxidizes
UVs4nmabsorbing substances, further decreasing thedglleav SUVA values present in natural
raw water (Table 3.1). OW SUVA was lower than 3nhg(C-m) (Figure 3.9a), which, according
to Edzwald & Van Benschoten (1990), correspondsytirophilic NOM of low molecular weight,
responsible for colloidal suspensions hard to ddésta. UV .54, absorbing substances were
easier to remove by C/F/S than TOC and their refnoyahis process increased with the influent
concentration. This relationship was not obsenadttie ozonation process (RW-OW) (Figures
3.5 and 3.6 vs. Figures 3.7 and 3.8).
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Figure 3.9 SUVA: a) values between Aug.02 — Oct. 03 in RW (¢), OW (o), DW (4) and TW (1),
and EPA (1999) guideline for THMFP control purposes; b) relationship with DOC removal by C/F/S.
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Figure 3.10 Total THM: a) variation between Aug.02 — Oct. 03 in TW, national standards and EPA
(1999) guideline; b) relationship with DOC concentration in DW.

According to EPA guidelines for disinfection by-guets formation (EPA, 1999), the low
SUVA values obtained in DW (below 2 L/(mg C-m), &ig 3.9a) indicate a low THM formation
potential (THMFP), since hydrophobic DOC has higpetential to form THM than hydrophilic
DOC (Galapatest al., 2000). In fact, total THM values in TW (14.2 1521g/L) were always far
below the national and European standard (§0) as well as the stringent EPA (2003)
guideline value (Figure 3.10a). Despite the loweptil formation it was possible to establish a
relationship between DOC concentration in DW argl ttital THM in TW, as shown in Figure
3.10h.

Alcantarilha’s WTP treatment performance is sumeeatiin Table 3.1.

Table 3.1 Relationship of global removal with concentration ranges in RW, and TW averages
achieved by Alcantarilha’s WTP (Aug. 02 — Oct.03) (Confidence interval was calculated with a = 0.05).

Parameters RW TW Rgmoval Remarks
Range Average Average Efficiency (%)
- <5 2.31+0.13 93.7+05 Range: 51 — 98%
Turbidity (NTU) 535 - 012+0.05 986+ 0.1 Range- 95— 99.7%
Aluminium (mg/L) -- 0.038 + 0.001 -- -
M0 -60 mg CaCcO3/L: 35%
r0c (o ) 20-40| 3.34+0.09 2.83+0.21 25823 o0 150 mg CaCOIL 25%
9 4.0— 8.0 N 299467 | . 0-60mgCaCO3/L: 45%
s T 60 — 120 mg CaCO3/L: 35%
DOC/TOC* 2.0-4.0 0.61 +0.05 --
40-80] 057+041] 244*007
UV 254 pm(CITT) - 0.07 £0.01 | 0.012 + 0.006 82.0+18
SUVA (Umg C-m)) |3 g g'g : 8'3 1.0+0.2
Total THM (ug/L) - - 142+25 -

W EpA (1999); * calculated for TOC ranges

Table 3.2 shows microcystins and cyanobacteria alatained during this study, including all

the cyanobacterial genera identified and not onéygotential producers of toxins. Cyanobacteria
are present in the source water throughout moteofear (Rosat al., 2004), therefore reaching
Alcantarilha’s WTP (Table 3.2). Nevertheless, digsd MCYST was never detected in RW (not
even during the superficial bloom occurrence indhandam reservoir in March 2003), and intra-
cellular MCYST was quantified only once and in veow concentration (October 2003).
Cyanobacteria were always absent in TW and MCYSTrewsystematically below the
quantification limit of 0.014ug/L, much lower than the fig MC-LR/L guideline value suggested
by WHO (1998) for drinking water.

In March 2003, during a superficial bloom occurreit source water, cyanobacteria were not
detected in RW, indicating an adequate water dapsiraction at Funcho Dam reservoir.



Ocasionally, the monitoring programme implemente&wncho Dam reservoir identified the
presence of other cyanobacterial genera, whiclpatential producers of different toxins. Genera

included Aphanizomenon and Phlanktotrix that may produce a potent neurotoxin, anatoxin-a,

included in the monitoring programmes implementd=uncho Dam reservoir and Alcantarilha’s
WTP since April 2004.

Table 3.2 Average values in raw and treated water for microcystins, cyanobacteria and other
microorganisms.

Parameters 2002 2003 Standards
Aug. Sep. Oct. Nov. Dec. Jan. Feb . Mar. Apr. May Jun. July  .Aug Sep. Oct.
MCYST_extra ~ RW - - - - - - - <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014
(WgMC-LR eq.L) Tw - - - - - - - <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014
MCYST_intra RW - - - - - - - <0014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 0.1
(MgMC-LR eq.LY) Tw - - - - <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014 <0.014
Cyanobacteria ~ RW - 243 3495 1902 202 9 1 0 1 4 4 0 18 151 414
(cellmL™) TW - 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Salmonella RW AP A A P A A P P P P P P A P
(PIA2LY) W A A A A A A A A A A A A A A A
P. aeruginosa RW 0 0 0 0 3 15 1 1 1 0 0 0 0 0 20 @
(cfu100 mLY) TW 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

@ WHO's guideline valué? DL 243/2001; P/A - Presence/Absence

As shown in Table 3.2, the pathoge3smonella andP. aeruginosa were always removed in
the treatment plant.
In the beginning of the high season (June 2003gnmemperature increased together with the
drinking water demandzryptosporidium, Giardia, andLegionella were analysed in both raw and

treated water, and enterovirus and bacteriophagéeitreated water. None of them were detected

in both waters (RW and TW). Therefore, the absen€emicrocystins and the referred
microorganisms in RW did not allow the checkingttod WTP ability to remove these hazardous
substances. In addition to the referred assessthemtigh this monitoring programme, WTP
management includes a 3 level strategy in terntkedf removal to ensure a safe water supply:
1. Optimisation of WTP unit operations for removal tfxins and/or microorganisms

identification of the limiting steps (e.g. the netilation of sludge treatment streams) and
operating conditions (particularly, the type andalge of oxidants, coagulant, flocculant and
adsorbent, in this case, powdered activated callB#C)). These procedures are being
implemented in the WTP operation manual to guaeatiieir application whenever an episode
occurs.

. Development and optimisation of new technologies\itlrP upgrade in case the monitoring
programme indicates limited results from the stpatabove. In fact, one can expect limited
performance of the conventional treatment with pomation and PAC adsorption if the
occurrence of these hazardous substances becoemesriit. In this case, technologies, such as
dissolved air flotation (for cyanobacteria remoyaljtrafiltration (for particles removal,
including bacteria and bacterial cysts, and virt8bgu Teixeiraet al., 2004)), PAC/
ultrafiltration, nanofiltration and activated carbfilters with and without biological activity
(BAC and GAC, respectively) (for further removal ofganics of low molecular weight
including toxins and THM precursors), would becoreey attractive.

. Development of a contingency plan for managementqaure whenever the monitoring
programme indicates the treated water is not safehtiman supply. This plan includes
instructions to interrupt Alcantarilha’s WTP prodoa and to manage an alternative supply
water system using water produced in other wagatitnent plants, which use different surface
water and/or groundwater sources.



Conclusions

Results of this study emphasise the importanceazfitdous substances monitoring in WTP,
particularly when a conventional treatment is uskte monitoring programme implemented in
Alcantarilha’s WTP showed (i) a very good treatmpetformance of particulate matter and a
reasonable performance for dissolved organics,itdetige seasonal variations of the raw water
quality, and (ii) the high quality standards of gwpplied water (concentrations of the hazardous
substances in the treated water are much lower lggal standards and the WHO’s and EPA
guideline values). Turbidity is a key parameterrimw water quality assessment and conventional
treatment optimisation.

Futhermore, the monitoring programme was usedsesasthe levels and the normal variation
of the different contaminants and to establishdserio identify and track the occurrence of new
hazardous chemicals; to assess and optimise the té&fnent performance and to provide data
that will help future developments in drinking watgiality standards.
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