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Abstract A rapid small scale evaluation of ultrafiltration (UF) performance with and without physical-
chemical pre-treatment was performed to up-grade the conventional treatment used for drinking water
production in Alcantarilha’s WTW, Algarve, Portugal. Direct UF and pre-ozonation/ coagulation/
flocculation/ sedimentation/ UF (O/C/F/S/UF) were evaluated using polysulphone membranes of
different apparent molecular weight cut-off (MWCO) (15-47 kDa). The results indicated that (i) UF is an
effective barrier against microorganisms, including virus larger than 80 nm; (ii) for surface waters with
low to moderate SUVA values, direct UF performance is equivalent or better than the conventional
treatment in terms of residual turbidity, while UV2s4nm and TOC residuals require the use of O/C/F/S/UF;
(i) the permeate quality improves with the membrane apparent MWCO decrease, especially for the
direct UF, although the conventional treatment performance is never reached using UF; (iv) membrane
fouling and adsorption phenomena are more severe in direct UF than in O/C/F/S/UF sequence (pre-
ozonation decreases the membrane foulants by decreasing their hydrophobicity) and these phenomena
increase with the membrane hydraulic permeability and, particularly, with the membrane apparent
MWCO.
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INTRODUCTION

The importance of membrane technology in the treatnof surface and ground waters for drinking
water production has been increasing in the lasrsyeOn one side, the increase in number and
stringency of water quality regulations that canhet effectively met by conventional treatment
processes and, on the other hand, the deteriorafisurface and ground waters quality, the better
membrane performance, the lower costs due to téotpcal advances and the development of new
applications for membrane processes have beeratedi@as responsible for the increasing importance
of membrane technology (Doyen (1997); Jacang#laal. (1997)). The most popular membrane
processes for drinking water production from swfasater are the membrane pressure-driven
processes, particularly ultrafiltration (UF). UF & low pressure (0.5-5x10Pa) process using
membranes of-4500 kDa molecular weight cut-off (MWCO). It is adrede for water clarification and
disinfection because it acts as an absolute pHybmaier to particles, including suspended solids,
turbidity, large colloids, algae, and bacteria,gs#te and virus (viable and resistant forms). $pal
removes macromolecules, thus reducing the natogaingc matter (NOM) content in water. Therefore,
UF reduces the use of chemicals (coagulant, flectuknd chlorine), the toxic residuals (aluminium,
acrylamide, trihalomethanes and other disinfectipaproducts) and the sludge production, with
positive health, environmental and economical ingmadespite these advantages, UF water treatment
is limited by membrane fouling and adsorption pheena, responsible for the flux decline with
operation time, which decreases the water produditcd increases the consumption of energy and
membrane cleaning chemicals. Most studies relatdulx decline with the membrane composition and
the dimension of the membrane pores, as well dstivé raw water physical/chemical parameters,
suspended inorganic particles and organic molegalgshumic substances) (Jucker and Clark (1994);
Ericsson and Tragardh (1996); Hong and Elimele@®T}; Ribau Teixeira and Rosa (2002)).




Many UF studies have been done, most of them fattiegremoval of turbidity, NOM, humic
substances, the membrane fouling reduction and &ffoqmance increase. Gluciret al. (1998)
obtained permeate turbidity values lower than OTUN(rejections above 99%), using feed pre-
filtration and hollow-fibore UF modules with 100 kDAWCO polymeric membranes. Similar results
were obtained by Pangliseh al. (1998b), using capillary 50 kDa MWCO membranese©Oal. (1996)
and Mavrovet al. (1998) obtained total organic carbon (TOC) refeddi lower than 27% with UF
modules. Other authors, using UF membranes, oldtdif@M rejections ranging from 47% to 85%,
namely Nakatsukat al. (1996) using hydrophilic cellulose acetate hollfilre membranes of 150 kDa
MWCO, and Botegt al. (1998) with 50 kDa MWCO capillary membranes.

UF disinfection efficiency has been often studiddillis (1997) and Honget al. (2000)
demonstrated that microfiltration (MF) could remorgcroorganisms a€rysptosporidiumfor the
levels claimed in the legislation in adverse cdnd# of operation. Botest al. (1998) and Panglisodt
al. (1998a) showed the inexistence, or existence béhmmMegislated standards, Bf coli and total
coliforms in ultrafiltered surface water. For MS@iphage (dimensions of virus), the MF rejectiorswa
1.5 to 3 logs and the UF rejection higher thanldgs (Panglisclet al. (1998a)).

UF was also evaluated as an alternative the coioverittreatment or to integrate the drinking
water production sequence. Results of Lgipal. (1998) demonstrated that UF was effective for
particle removal, obtaining rejections of 99% amheentrations below 1 particle/ml in the treated
water. In comparasion treated water resulting froritcrotamisation/ ozonation/ rapid filtration/
chlorination exhibited residual concentrations @08to 2000 particles/ml depending on seasonal
variations. In Vigneux-sur-Seine WTW, south-easPafis (55000 fitd capacity), Baudiet al. (2000)
demonstrated the enhanced disinfection and NOM vahachieved by the PAC (powdered activated
carbon)/ UF process installed before the secondaopation (CRISTAE process), which increased
the distributed water quality and decreased thiefdistion by-products formation.

This literature review shows that the UF perfornsadepends on the feed water quality, and type
of membrane and module. Therefore, each applicatimuires a previous evaluation of the UF
performance, particularly when the raw water qyadnd the drinking water demand have both
important seasonal variations as in AlcantarilR&$W (Algarve, Portugal) (Ribau Teixeira, 2001).
Therefore, the objective of the present study wagerform a rapid small scale evaluation of the UF
performance at Alcantarilha’s WTW, using membraokdifferent MWCO (10 to 100 kDa range) and
treatment sequences with or without physic-chemiogd-treatment,i.e. UF after conventional
clarification of pre-ozonation/ coagulation/ flo¢ation/ sedimentation (UF used for final polishizgd
disinfection) and direct UF (UF used for both diadtion and disinfection).

The role of pH on UF performance is very importdoe to the well known pH effect on both
membrane surface charge, and configuration andbijuof humic matter, major responsible for
membrane fouling and adsorption phenomena (JuaieiCark (1994); Hong and Elimelech (1997);
Ribau Teixeira and Rosa (2002)), and it was studlsdwhere (Ribau Teixeira (2001), Ribau Teixeira
and Rosa (2002), Ribau Teixe&tal. (2002)).

METHODS

Water characterisation

The water supply system defined for the westerh gfahlgarve is based on Alcantarilha’s WTW, run
by Aguas do Algarve, SA, a holding of Aguas de &gat, SGPE, SA. It was designed to treat up to 3
m¥/s (c.a. 1 million people, year 2020), of surface waterdmpventional treatment of pre-ozonation,
coagulation/flocculation/sedimentation (O/C/F/S)apid sand filtration, pH adjustment and
chlorination, using three treatment lines in palalll ni/s each) to face the seasonal drinking water
demand.

Six samples were collected before ozonation (rawerya after coagulation/ flocculation/
sedimentation (decanted water) and after filtrafitered water). All samples were analysed for pH
(at 20°C, using a Crison GLP22 pH meter), turbidiyACH 2100N turbidity meter of high resolution
(0.001 NTU)), TOC (Shimadzu TOC 5000A analyser fp® — 4000 ppm)) and Wy, absorbance
(HITACHI 2000 UV/VIS spectrophotometer) using stardi methods of analysis (Table 1.1). During
this study it was not possible to filter the wasamples before UM, measurements, so WdMnm
values cannot be directly related to the humic sulzes. In fact, the large difference in 4y
readings between the raw and decanted water (TlabJanust be in part due to the scattering caused
by the turbidity particles.



Table 1.1 Characteristics of the water samples collected at Alcantarilha’s WTW (confidence interval for
the mean value with a = 95%, n° of samples = 6).

Type of water pH (at 20°C) Turbidity Uirm TOC
(NTU) (1/cm) (mg C/l)
Raw 7.60+0.23 32.50+3.61 0.25+0.047 4,19+1.53
Decanted 7.40£0.08 4.04+0.70 0.05+0.004 2.60+0.61
Filtered 7.54+0.23 0.22+0.06 0.03+0.008 1.94+0.30

@ Samples not filtered.

Earlier experiments (Ribau Teixeira (2001)) showkat seasonal variations correspond to two
major types of raw water quality: clear waters 40-95.63 NTU, 0.05 — 0.08 1/cm and 2.98 — 3.66 mg
C/l) and turbid waters (23.4 — 40.1 NTU, 0.19 —-201Zcm and 2.78 — 8.02 mg C/I TOC), after intense
rainfall periods. Unfortunately, it was not possiltio sample clear raw waters during this study.
Although these decanted water samples are quargitaiequivalent to clear raw waters in terms of
turbidity, UV,s4nmand TOC, they may differ significantly in terms the type of NOM they contain.
The SUVA values measured in related studies wee 3.8 1/(m.mgC) for raw water and 0.95 - 2.40
I/(m.mgC) for decanted water (Ribau Teixeira (200As expected (particularly due to pre-ozonation
effects) based on Edzwald and Van Benschoten (16@8}ification, raw water DOC is richer in
humic substances, hydrophobic and aromatic andigifeh molecular weight than decanted water
DOC.

UF experiments

A series of UF polysulphone membranes were choserover the range 10 — 100 kDa of apparent
molecular weight cut-off (MWCO): GR40PP, GR61PP a@&®81PP membranes from Danish
Separation System (DSS). The UF experiments wertorpged at 25°C, 2xfOPa and 1.3 mi/s
circulating velocity using a small-scale plate-dratne Lab-unit M10 from DSS (336 énof
membrane surface area).

Membrane characterisation

The membranes were characterised in a previous (Ridkau Teixeira (2001)): the pure water (< 1
uS/cm) permeability, Lp, was 3.30 x 10m (.e. 132.4 kg/(h.rbar)), 1.97 x 18° m (.e. 79.2
kg/(h.nf.bar)) and 0.82 x I8 m (.e. 32.9 kg/(h.M.bar)), respectively for GR40PP, GR61PP and
GR81PP membranes, and the apparent MWCO was 474DkDa and 15 kDa, respectively. These
results correspond to a MWCO range smaller tharag expected (10 — 100 kDa).

Permeation of WTW Water Samples

These experiments consisted of concentration ®ingjlating the industrial UF operation at different
water recovery rates (WRR), defined as (equatidi): 1.

\Y,
WRR (%) = 100x [—"J 11
Vp
where \}, and \f, represent the permeate and the initial feed vosugmd), respectively.

In these runs, permeate was not recycled to the reservoir until a stipulated permeate volume
was obtained. At this time, permeate was recycledthe feed reservoir during a 10 minutes
stabilisation period, after which the flux (J) wasasured and feed and permeate samples were
collected and the run followed to the next WRR. Bl® were analysed for turbidity, WMnm
absorbance and TOC. Between each run, membranesweashed until pure water flux (Jw) reached
90% of the initial value measured after compaction.

Two types of water recovery runs were performedualuate the UF disinfection efficiency, one
was the determination of microbiological contentsaw and permeate water and another to evaluate
the membrane virus removal ability, using raw waigiked with H40 bacteriophages (Rossi (1994)).
This H40 bacteriophage (82 — 85 nm in head and 83 am in tail) is easy to manipulate in laboratory
since it is a parasite virus of bacteria and isimohan pathogenic.



Two treatment sequences were studied: UF of ravenat simulate direct UF (without pre-
treatment) and UF of decanted water (produced garthrilha’s WTW) to simulate the conventional
UF pre-treatment.

The adsorption occuring during the water recovenysr(0-78% WRR) was computed by mass
balance (equation_1.2), where Maissthe initial mass in the feed solution (befdne trials started),
Mass is the mass in the feed for 78% WRR (the last WBRJ) Massis the mass in the permeate
solution at a given WRR.

WRR 78%
Adsorption (%) = | Mass, — Massg — ZMassi Mass, *100 12
i=WRR 0%

RESULTS AND DISCUSSION

Results from the disinfection trials are displayiedTable 1.2. As expected, GR40PP membrane

completely removes the microorganisms presentenatater as well as the bacteriophages (82-85 nm
diameter) added to the raw water. The other two bmanes were not tested since GR40PP membrane
has the largest apparent MWCO of this membraneseri

Table 1.2. UF disinfection efficiency (GR40PP, 25°C, 2x10° Pa, 1.3 m/s).

Raw water Permeate
Total coliform (CFU/100 ml) 46 0
Fecal coliform (CFU/100 ml) 1 0
Fecal streptococci (CFU/100 ml) 4 0
Sulphite-reducing clostridium (n°/20 ml) 8 0
Total germs (n°/ml)  at 37 °C/ at 22°C 838 29 0/0
Bacteriophages (PFU/I) io 0

Figure 1.1 presents the flux increase with the nremd hydraulic permeability, with raw and
decanted water. The most permeable membrane (GR4@BRndeed the highest flux, but the lowest
relative flux (3/3w) (Figure 1.2). Flux also variggh the water quality, raw water (richer in NOMd
turbidity particles, Table 1.1) presenting lowenxiés than decanted water. The differences between
raw and decanted water fluxes with WRR are moraifsignt for larger membranes (GR40PP and
GR61PP), which also show the highest flux decrgaieWRR (Table 1.3).
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Figure 1.1 Variation of fluxes and rejections with membrane hydraulic permeability for a) raw and b)
decanted water (25°C, 2x10° Pa, 1.3 m/s, 78% WRR).
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Figure 1.2. Variation of relative flux, turbidity adsorption and UVazsanm adsorption with membrane
hydraulic permeability for a) raw and b) decanted water (25°C, 2x10° Pa, 1.3 m/s, 78% WRR).

These results demonstrate that the fouling phenaniecrease with the membrane hydraulic

permeability and, particularly, with the apparentM@O, i.e. with the membrane pore size. Larger
pores, besides increasing membrane surface ruga#iity the solutes to penetrate into the membrane
while smaller pores exclude the material improvihg surface filtration and therefore the membrane
performance. From GR61PP to GR40PP, although tHeahiic permeability has increased (from 1.97
x 10** m to 3.30 x 13° m), the apparent MWCO does not significantly iase (41 kDa to 47 kDa)
and the fouling phenomena (expressed by the J/bredse) does not intensify (Figure 1.2). As
expected, the same applies for adsorption GR40RRbname has the highest adsorption and GR81PP
membrane the lowest (Figure 1.2). M., absorbing substances and turbidity particles d&dsoto
membrane surfaces, so the adsorption is higher naithturbid water than with decanted clear water
(Figure 1.2), which has more hydrophilic and lemgldnt matter (lower SUVA values). As explained
elsewhere (Ribau Teixeira and Rosa (2002)), thesmbrane fouling and adsorption phenomena are

enhanced by the moderate hardness of the water.

Table 1.3 UF performance with raw (direct UF) and decanted water (O/C/F/S/UF) (25°C, 2x10° Pa, 1.3

m/s).

Membrane GR40PP GR61PP GR81PP

WRR (%) 31-78 31-78 31-78

J (kg/(hm?) Raw water 191.4-149.4 120.0 - 98.5 47.7 — 46.2
Decanted water 226.5-222.6 137.6 -127.4 5587

Turbidity rejection  Raw water 0.99 -0.99 0.99 99. 0.99-1.00
Decanted water 0.95-0.89 0.97 -0.97 0.96 — 0.95

UV zsanmrr€jection Raw water 0.64 — 0.45 0.73-0.66 0.1832
Decanted water 0.28-0.14 0.55-0.42 0.52-0.39

TOC rejection Raw water 0.29 — 0.22* 0.23-0.23 360~ 0.39
Decanted water 0.12-0.10 0.14 — 0.18** 0.31130.

Permeate quality

Turbidity (NTU) Raw water 0.246 — 0.070 0.119 -311 0.226 — 0.102
Decanted water 0.098 — 0.082 0.085 - 0.057 0.00.258

UV 254nm(1/cm) Raw water 0.074 - 0.074 0.054 — 0.068 0-081068
Decanted water 0.026 — 0.024 0.016 — 0.021 0.02835

TOC (mg C/l) Raw water 3.70 — 3.81* 3.39-4.35 83-(3.78
Decanted water 2.02-2.93 2.12-2.29 1.67-3.22

* for WRR = 84%; ** for WRR = 64%

Turbidity, UVas4nmand TOC rejections decrease with the membraneahiidrpermeability (and
apparent MWCO) and are higher for raw water thandecanted water (Figure 1.1). This must be
especially due to the pre-ozonation, which mayhsljgdecrease the contaminants concentration (their
concentration is mostly removed by C/F/S), but ey decreases their size and molecular weight,

5



with major effect on NOM constituents (UM,mand TOC). The turbidity rejections are high (0-89
0.99) with all membranes and types of water. Thect®ns of U\ss,mare intermediate, whereas TOC
rejections are low (0.06 — 0.38), the highest valbeing obtained for raw water and GR81PP
membrane. These results indicate the low apparesieaular weight of the TOC constituents,
particularly in the decanted water, also expressethe variation in SUVA values in raw and decanted
water, 2.6 - 3.8 I/(m.mgC) and 0.95 - 2.40 l/(m.mg@spectively (Ribau Teixeira (2001)).

Comparing the permeate quality (Table 1.3) withdbality of the water filtered in Alcantarilha’s
WTW (Table 1.1) different behaviour is found forkidity and for U\ssnmand TOC constituents. In
terms of residual turbidity (0.22+0.06 NTU in théefred water, Table 1.1), the direct UF of these
surface waters with relatively low SUVA values guevalent or better than the conventional treatment
but the WTW filtered water quality for UM;,m and TOC (0.03+0.008 1/cm and 1.94+0.30 mgCI/L,
Table 1.1) is achieved only by O/C/F/S/UF. In aiddit the permeate quality improves with the
membrane apparent MWCO decrease (GR81PP membrasenfs higher permeate turbidity because
the raw water presented a higher turbidity highemtraw waters used with the other membranes),
being this improvement more pronounced with rawewdhan with decanted water (which contains
NOM of much lower molecular weight). This meanstttiee membrane apparent MWCO decrease is
particularly advantageous for direct UF. Neverthglethe conventional treatment performance for
UVs4nm @and TOC removal is never reached by UF. Althouggrd are no national standards for
UV ssmmand TOC in drinking water, these are very impdrfzarameters because of their connection to
the trihalomethane (and other disinfection by-prisyDBPs)) formation potential (THMFP) in the
finished water. Enhanced NOM removal, and THMFP &®Ps control will require the use of
nanofiltration or powdered activated carbon and UF.

Clear waters contain NOM of high molecular weighd @resent low content of fouling matter, so
good results of direct UF could be expected.

CONCLUSIONS

The results obtained with a series of polysulpho@nbranes of MWCO in the range of-#5 kDa

demonstrated that:

- UF is an effective barrier to against microorgarismcluding virus larger than 80 nm;

- membrane fouling and adsorption phenomena are swrere in direct UF than in O/C/F/S/UF
sequence; these phenomena increase with the mesnbydnaulic permeability and, particularly,
with the apparent MWCO (larger pores allow the ifogl matter to accumulate inside the
membrane matrix);

- OIC/FIS pre-treatment decreases the membrane feutan also decreases the NOM removal
(ozonation decreases NOM molecular weight);

— comparing final water qualities, direct UF is eqlant or better than the conventional treatment in
terms of residual turbidity, while UM, and TOC residuals require the use of O/C/F/S/UE; t
permeate quality improves with the membrane appd&CO decrease, especially for the direct
UF, although the conventional treatment performanceever reached. Enhanced NOM removal
and DBPs control by nanofiltration and powderedvatéd carbon/UF is under investigation.

REFERENCES

Baudin I., Campos C. and Lainé J.M. (2000) CRISTgkbcess optimization for dissolved organic
matter removal: first two years of a full-scale Bgation. In 1st World Water Congress of the
International Water Association (IWAaris, 3-7 July.

Botes J.P., Jacobs E.P. and Bradshaw S.M. (1998)-teym evaluation of a UF pilot plant for potable
water productionDesalination,115, 229-238.

Doyen W. (1997). Latest developments in ultraftibm for large-scale drinking water applications.
Desalination, 113, 165-177.

Edzwald, J.K. and Van Benschoten J.B. (1990) Alummm coagulation of natural organic matter.
Chemical Water and Wastewater Treatmeéntd. Hahn and R. Klute (Eds.). Springer-Verlag.
Berlin. 341-359 pp.

Ericsson B. and Tragardh G. (1996) Treatment daserwater rich in humus - Membrane filtration vs.
conventional treatmenDesalination,108, 117-128.

Glucina K., Lainé J.M. and Durand-Bourlier L. (1998ssessment of filtration mode for the
ultrafiltration membrane proced3esalination,118, 205-211.

Hillis P. (1997) Full-scale application of membramécrofiltration in North West Water. Huntington
stage 4, provision of an 80 Mld plaBtesalination, 113, 267-272.

Hong S. and Elimelech M. (1997) Chemical and phatsaspects of natural organic matter (NOM)
fouling of nanofiltration membranedournal of Membrane SciencEs2, 159-181.



Hong S.K., Miller F.A. and Taylor J.S. (2000) Assieg pathogen removal efficiency of
microfiltration by monitoring membrane integrityst World Water Congress of the International
Water AssociatiorParis, France.

Jacangelo J.G., Trussell R.R. and Watson M. (18®1¢ of membrane technology in drinking water
treatment in the United Statd3esalination,113, 119-127.

Jucker C. and Clark M.M. (1994) Adsorption of adguahumic substances on hydrophobic
ultrafiltration membraneslournal of Membrane Scienc®, 37-52.

Lipp P., Baldauf G., Schick R., Elsenhans K. anab8t H.-H. (1998) Integration of ultrafiltration to
conventional drinking water treatment for a betgarticle removal - efficiency and costs?
Desalination,119, 133-142.

Mavrov V., Chmiel H., Kluth J., Meier J., Heinridh,, Ames P., Backes K. and Usner P. (1998)
Comparative study of different MF and UF membrarfes drinking water production.
Desalination,117, 189-196.

Nakatsuka S., Nakate |. and Miyano T. (1996) Dnigkivater treatment by using ultrafiltration hollow
fibber membranedesalination, 106, 55-61.

Oe T., Koide H., Hirokawa H. and Okukawa K. (19%&rformance of membrane filtration system
used for water treatmerdesalination, 106, 107-113.

Panglisch S., Dautzenberg W., Kiepke O., GimbelGebel J., Kirsch A. and Exner M. (1998a) Ultra-
and microfiltration pilot plant investigations teat reservoir wateDesalination,119, 277-288.
Panglisch S., Deinert U., Dautzenberg W., Kiepke@ Gimbel R. (1998b). Monitoring the integrity

of capillary membranes by particle countéesalination,119, 65-72.

Ribau Teixeira M., Lucas H. and Rosa M.J. (2002% Tble of pH on the ultrafiltration for drinking
water production in the Algarve (PortugalVater Science and Technology: Water Supply(2),
367-371.

Ribau Teixeira M. and Rosa M.J. (2002) pH adjustnfenseasonal control of UF fouling by natural
waters.Desalination,15 (2), 165-175. i

Ribau Teixeira M.M.C.G. (2001Vltrafiltracdo no Tratamento de Aguas para Consuhligmano
M.Sc. thesis, Faculty of Science and Technologyw Néniversity of Lisbon, Lisbon. if
Portuguese

Rossi P. (1994)Advances in biological tracer techniques for hydgy and hydrogeoloy using
bacteriophages. Optimization of the methods anéstigation of the behaviour of the bacterial
viruses in surface waters and in porous and fraetuaquifersPh.D. thesis, Faculty of Sciences,
University of Neuchétel, Neuchétel.



