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This paper presents the results of thikes tests performed in the alternative water
supply pilot testing program for the City of Pembroke Pines. It establishes the
effectiveness of a protocol that can be used to gain further insight on the rejection
capacities of RO membrane&n in-depth stugl of the molecular descriptors affecting
rejection by RO membranes is presented and used in the development of a discriminant
function analysis. This analysis proved to be an effective twgyedict the passage of
Emerging Substances of Concern (ESO@spugh an RO membrane. Further, a
principal component (PC) analysis was performed to determine which factors accounted
the largest variation in RO permeabiligdditionally, this paper defines the groundwork
for a discriminant analysis model that, if tuet developed, could serve as an important

tool to predict the rejection capabilities of RO treatment when handling with ESOCs.
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1. INTRODUCTION

As part of an ongoing regional effort to identify feasible alternative water
supplies, the City of Pembroke Pines, its consultant Calvin, Giordano and Associates
(CGA), and Fbrida Atlantic University (hereinafter refedt o a sFAU th a mdi) ,
evaluated an indirect potable reuse progtammject highly treatedreclaimed water into
the Biscayneaquifer for retrieval downstream as an alternative water supply solution.
The FAU team evaluated the combination oficrofiltration, reverse osmosig¢RO)
membranes and ultravioléght/advanced oxidatiofUV/AOP) as a treatment process.
There were a number of issues of con@sra result of injectiom the Biscayne aquifer
with treated wastewater effluent, these includedutrients, particularly phosphorous
which has a regulatory limit of 0.01 mg/L in Broward County, metals, and emerging
substances of concern (ESOCs)he latter category includesndocrine disrupting
compoundgEDCs), pharmaceuticals and personal care prodiRPECPs)Therefore, the
purposeof this project was to evaluate the effectivenessRGf membranes for the
removal of the ESOCs and to determine what factors might impact removal efficiency.

Five known pilotstudies havdeen performed with the purpose of assessing the
performance of RO membranend UV/AOP when removing micraonstituents,
however,none have found thactual removal efficiency. This is because the miero
constituentspresent in the feedwaterf he RO membranes are within the typical

concentration range as observed in most wastewater treatment(JNaNTEPs) that is,
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between 1 ng/and 10pg/l. This concentration is so lothat after passing through the
RO membranesnostmicro-constituentsare at concentradns belowtheir reporting limit

(RL), hence making it difficult to evaluate the actual percent removal. For the same
reasons, evaluating the efficiency of a combined treatment using RO and UV/AOP
proves even more difficult. In order to amovent this issuea spike test was carried
under the direction ahe FAU teamin a pilot study performed at the City of Pembroke
Pines WWTP The testd chemicalswere choseras a representative grolgased on
results from acomprehensive inventory of cquounds found entering the Pembroke
Pines plant

In addition to evaluating the performance of RO membranes-aepit study of
the factors that affect solute retentivtyas conductedrhen, sing molecular descriptors
as inputs, a discriminant functionalysis was performedith the objective of predicting
the approximate percent removal of micanstituents given their physicochemical
properties. A principal component analysis was also performed with the objective of
identifying the properties od compoundthat accounts for the greatestriability when
permeating an RO membrane. Finalyj t h t he objective of det
robustness, two validation methods were perforniéx first method involved kave
oneout crossvalidation. The secod method consisteid validating the model using data
from similar studies.

This paper is structured in four sections. The first section discusses the previous
work, significance, and biological impact of EDCs. It also summarizes the résulise
paraneters of interesipf four pilot studies performewith objectives similar to those of
the City of Pembroke PinesThe second section summarizes the preliminary test
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conducted by CGA in the Pembroke Pines plant and presents in detail the methodology of
the spiking test executed by the FAU teamlhe third section presents the results and
discussion of the spike test. The fourth section identifies the factors that affect solute
retentivity in an RO membranejefines and develops a disninant functionanalysis;
evaluates the results of the discriminant analysis; develops and evaluates the results of a
principal component analysis; and tests the robustness of the discriminant model.
1.1 Background of ESOCs

One of the great technologicahnovations of the D™ century was the
proliferation of synthetic organic chemicdlérom synthetic rubber to modern
pharmaceuticals. In the Zicentury, the continual aging of the US populatioas
significantly expanded the pharmaceutical markBtussel, 2001).According to the
Pharmaceutical Research and Manufacturers of America (PHRMIE), $67.4 billion
were spent in researching and developing new drugs in 2010 alone. In general terms,
pharmaceutals and personal care produ¢BCPPs) such as soaps, detergents, and
fragrancesare part of agroup of organic micrgollutants with low molecular weight
known asemerging substances of conce(BESOCSs) This generic group encompasses
another wellknown group of chemicals referred to as endocrine disrupting compounds
(EDC9 (EPA, 2006).EDCs are substances that have the characteristics and ability to
interfere with the synthesis, storage, release, secretion, transport, elimination, or action of
natural hormones or the endocrine system. These chemicals disrupt the ersysteime
via two principal mechanisms1) by binding to receptors in cells, they trigger very

specific responsesyhich would not have occurred otherwissyuch as thegrowth,



reproduction ochange irbehaviorof cells,and 2) by blocking receptors from bing to
other hormones, thaghibit natural hormone respong§Bopp, 2001)

The problem however, is that EDCs do not just stay in hanligis estimated that
50% to 90% of a typical drug dosagenist metabolizedand persistsinchangedn the
environment(Mulroy, 2001) The main sourcesf nonregulated contaminants in the
environment areanimal husbandry operations and tb#luents of the wastewater
treatment plant¢Daughton and Ternes, 1999)p to 90 percent of oral drugsan pass
through our bodiesunchangedslightly transformedor conjugated to polar molecules
Many of theseeach wastewater treatment platiisough human wast@ulroy, 2001)
Considering that 80 percent of U.S. citizens are on public sewers, contaminants
eventually make their wapto private and domestic wastewater treatment pl&fasper,
2006) Additionally, pharmaceutical industries, hospitals, other healthcare facilities, and
stormwater runoff carrying agricultural, industrial or transportatierived contaminants
contribue to this water degraation process(Harper, 2006)Other micrecontaminants,
which are generally present in treated wastewater at trace levels (pugll)toinclude
personal care products, surfactants, flame retardants, industrial chemicals, gasoline
additives, and disinfection byproductBolar, 2007).These contaminants do not need to
be persistent in the environment to cause deleterious effects, since their high
transformation and removal rates can be offset by their continuous introduction into the
environment (Petrovic et al., 2003 as cited in Polar 2007).

Eventually, these contaminants are introduced into the natural environment either
through groundwater recharge or surface water discharge progfarviarch 2008
Associated Presmvestigative repad confirmed that at least 41 million Americans in 24
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major metropolitan areas receive drinking water thatpadluted by a variety of
pharmaceuticals including: mood stabilizers, antibiotics, -@rivulsants, hormone
therapies and mor@Reynolds, 2002)Another study conducted by the U.S. Geological
Survey (USGS) revealed concentration of organic wastewater contaminants in 80% of
water samples from 139 streams across 30 states during 1999 t¢kz0pid et al,
2002).This problem is not particular toghUnited States alone. In Germany, sciesitist
report that 30 to 60 drug residues were found in sewage treatment plants effluent and
surface waters including antiphlogistics, lipid regulators andletzkers(Hirsch, 1999;
Mulroy, 2001) In the Netherlangl MTBE (methyl tertiarsbutyl ether)is found in such

high concentrations in surface water (62 pg/l) that in June 2005, the Dutch drinking water
company WML had to cease intake of water from Rieer Meuse due to MTBE
pollution (Verliefde, 2007).In the Tyne River in England, 7 out of 13 pharmaceuticals
analyzed were detected in concentrations ranging from 4 to 2§TQRoberts 2006).

And in Spain, 8 out of 13 selected PPCPs analyzed were present in the range @60.6

pg/l in the effluent of a sevge treatmenplant in Galicia (Carballa, 2005)he problem

is that the possible actions and biochemical ramifications on aquatic biota are poorly
understood, and many are totally unknown, causing unpredicted and unknown side
effects (Daghton and Terned,999).

In a study conducted by the US Geological Survey and the Centers for Disease
Control and Prevention, 24 water samples were collected atesklecations within a
drinking water treatment (DWT) facility to determine wastewatelated organic
contaminants that survive a conventional treatment process and persist in {eabdie
supplies. It was found that substances like antiepilgpéicbamazepineandthe flame
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retardant TCEP were presemmong othersjn the range of 0.099 21 ug/l after
coagllation, flocculation, activated carbon adsorption, filtration, and disinfection
(Stackelber, 2004)This shows thathe efficiency of conventional water treatment
technologyis not an effectivéarrier for EDCs oPPCPgKimura, 2004).

Although health effects of the consumption of EDCs/PPCPs at low concentration
levels are not fully understood in humatise public expects thalrinking water should
be relatively free of such compounds. Though in many cases, the amount of exposure by
an individual consuming typical amounts of water per day for a typical lifetime is less
than one clinical dose of the pharmaceutical compo(Atrew, 2008) it is still
uncertain whether the effects of different EDCs are additimeeven synergisti¢Sadik,
1999) Others express their concern about the lifetime ingestion of very low sub
therapeutic doses of several pharmaceuticals, which might pose -tefongisk for
humans (Polar, 2007) Existing literature indicates that some chemicals can induce
endocrire mediated changes in aquatic life at concentrations as low as one part per
trillion (Carollo Engineers, 2008)There is evidence that specific populations of
invertebrate, fish, avian, reptilian, and mammalian species have been, or currently are
being, adersely affected by exposure to EDCs (Gibbs and Bryan, 1996 as cited in
Masters 2004 Bloetscher and Plummer, 2011The examples regarding endocrine
disruption in animals are well documented and leave no doubt of the adverse effects of
EDCs in the enviroment. In fish for instance, estrogenic concentration from effluent
sewage waters have caused hermaphroditism in fish population and an increase in plasma
vitellogenin in male fathead minnows, reducing its population (Hemming et al., 2001 as
cited in Waring 2005). In birds, egtaying and calcification of the egg shell in birds is
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estrogen and Vitamin D dependent, thus the presence of EDCs has resulted in the
feminization of male Japanese quail chicks and the production of shells that were non
viable becausthey were too fragile to hatch successfully or so thick that the chicks could
not emerge (Halldin et al., 2003 as cited in Waring, 2005). Perhaps the most known
exampl e of EDCs0 adverse effects in the
alligators in Lake Apopka Fl., where several pesticideshere deposit in the lake,
decreasinghe egg hatching rate amttreasing alligator juvenilmortality (Vonier et al.,
1996 as cited in Waring, 20P5Since compounds that can affect any vertebrate species
can mtentially affect human beings, it is important to examine the occurrences in
wastewater treatment plants and surface waters and to determine the efficacy of different
water treatment components.
1.2 Occurrence in WWTPs, Surfa@ Waters and Treatment Processes

Most of the studies to date were cast with the objective of identifying effluent
compounds and occurrence concentratimnsurface waters and wastewater effluents
(Harper, 2006) Plenty of research has been conducted over the effects of EDCs in
wildlife, yet only a few have focused in determining the human risk dose response. Even
fewer studies have focused in improving wastewater treatment plants to propedie
ESOCsand to determine why certain compounds are removed while cdnersot
Among the l#ter, most research has been concentrated in the use of UV and ozone,
advanced oxidation, carbon adsorption and advanced membranes when removing micro
organic pollutants. Before discussing the efficiency of reverse osmosis membranes when
removingESOCs a summary review of30 different published articles is presented in
Table 1-1 and Table 1-2 for the compounds spiked by the FAU team in the pilot study
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conducted by the City of Réroke PinesThese compounds are addressed in more detalil
in Section2.4 of the present worklTable 1-1 shows in alphabetical order, the typical
influent and effluat concentrations of differenWWTPs and the surface water
concentrationsper the finding of differentstudies Table 1-2, developed based on
literature review, compaes the effectiveness of different treatment process when
removing micro-constituents These two tables suggest that the continymesence of
ESOCs in the effluent of many WWTIesuld be eliminated by incorporatirsglvanced
treatment technologiessn t he pl ant 6s process fl ow,
combined with a UV/AOP disinfection stage.

Table 1-1. Typical concentrations of ESOCs in WWTPs and Surface Waters

(O] (O] (O]
WWTP < WWTP 2 Surface Water e
Analyte Influent o Effluent o Concentration o
y Concentration Q2 Concentration Q2 I Q
ng/l & ng/l e H9 &
PHARMACEUTICALS
Acetaminophen 13026000 7 (23) nd-5990 7 (23) nd®-250 7(23)

- - nd-1060 (6)  7(20)  nd1780 (nd) 7 (20)

- - nd-900 7 (40) nd-3600 7 (40)
552969,570 7 (53) - - ] ]
- . 500-29,000 7 (120) - ;

- - 0 max 73 nd-66 7 (121)
- - - - 555 max 7 (103)
- - - - 25-65 7 (119)
- - - - 1950 max 7 (102)
- - - - nd-14 7 (112)
- - - - 160 max 28
- - - - 110 med 45
14,2000nly* 71 - - - -
36 avé 73 - - - -

ma i



WWITP § WWTP § Surface Water §
Analyte Influent o Effluent o Concentration o
Concentration 2 Concentration Q Q
ng/l & ng/l & ug/l A
Carbamazepine - - - - 43 max 7 (10)
(Continued) - - nd-270 (80.2)  7(20) nd-186 (30) 7 (20)
nd-950 7 (23) nd-630 7 (23) nd-110 7(23)
- - 291 med 7 (36) 23 med 7 (36)
- - nd-59 7(37) - -
- - nd-240 7 (40) nd-170 7 (40)
3251850 7 (49) 4651594 7 (49) - -
2100 max 7 (51) 750 max 7 (51) - -
356 ave 7 (52) 251 ave 7 (52) - -
- - 420 only 7 (75) - -
- - - - nd-75 7 (77)
- - 440 med 7 (123) 44-130 7 (102)
- - - - 1150 max 7 (104)
- - - - 263 max 7 (112)
- - - - 43114 7 (119)
- - 3070 7 (120) - -
- - - - nd-710 7 (121)
1450 med 7 (130) 1650 med 7 (130) - -
- - - - nd-24 7 (131)
- - - - 0.2-16 7 (132)
1680 only 14 - - 500 max 13
- - 1180 only 14 - -
- - - - 190 max 28
- - 1625 ave 36(16) 460 ave 36(15)
- - 73i 729 (226) 41 4.5 61 (25) 41
- - - - 20 med 46
78 only 71 140 max 73 - -
11 ave 73 - - - -
- - - - 500 84
Ibuprofen - - - - 14 only 7 (10)
- - nd-27,256 7(21) nd5044 (826) 7 (21)
(3086)
3590 only 7 (23) 40-800 7 (23) nd-150 7(23)
- - 121 med 7 (36) 13 med 7 (36)

9



(] ] ]
waye e & Efen 5 S
Concentration 2 Concentration Q Q
ng/l & ng/l & ug/l A
Ibuprofen - - 5-425 7 (37) 3-250 7 (37)
(Continued) - - 3.564 7 (38) nd-140 7 (38)
- - 22356718 7 (39) nd-9.5 7 (39)
- - nd-22,000 7 (40) nd-6400 7 (40)
8840 med 7 (45) 1102170 (310) 7 (45) - -
26405700 7 (46) - - - -
950014,700 7 (48) 180 ave 7 (48) - -
5700 ave 7 (49) nd-2400 7 (49) - -
7741-33,764 7 (51) 10,100 max 7 (51) - -
nd-900 7 (53) 19794239 7(53) 1442370 7 (53)
- - 30 only 7 (75) - -
- - - - nd-115 7(77)
- - - - 3080 max 7 (103)
- - - - 5600 max 7 (104)
12002679 7 (118) 353 med 7 (118) - -
- - - - no-34 7 (119)
- - 1100151,000 7 (120) - -
- - - - no-146 7 (121)
- - - - 10 max 7 (122)
- - 110 med 7 (123) - -
143,000 max 7 (125) 40 ave 7 (125) - -
23,400 ave 7 (127) 41204 7 (127) - -
- - 18 ave 7 (129) - -
410010,210 7 (140) 9102100 7 (140) - -
2270 only 13 150 only 13 220 max 14
- - 2134 36 226 ave 36
(12,15) (15,37)
- - - - 11i 38 (28) 41
- - - - 200 med 45
- - - - 64 med 46
7741-33,764 66 19794239 66 - -
(27,979) (2972)
- 71 - - - -
- - - - 17-139 76
- - - - 530 max 76
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WWTP § WWTP § Surface Water §
Analyte Influent o Effluent o Concentration o
Concentration Q Concentration Q Q
ng/l & ng/l & ug/l A
ANTIBACTERIAL
Triclosan - - 97-1600 (250) 7 (21) nd-1000 (nd) 7 (21)
870-1,830 7 (45) 50-360 (140) 7 (45) -
(1350)
27001 26,800 7 (47) 30-250 7 (47) - -
- - - - nd-57 7 (77)
- - - - 140 max 7 (102)
- - - - 28120 7 (112)
- - - - nd-250 7 (116)
1860 med 7 (118) 106 med 7 (118) - -
- - - - Sep35 7 (119)
- - 180 med 7 (123) - -
300-3600 7 (127) 2872 7 (127) - -
- - 72ave 7 (129) - -
- - - - 30-290 7 (147)
121-13,900 7 (148) 321 max 7 (148) - -
(382)
- - 80 only 7 (149) 8 max 7 (149)
380 only 13 160 only 13 70 max 13
- - 1.3132 (12) 41 - -
- - - - 140 med 45
564 only 71 - - - -
1000 ave 73 - - - -
HORMONE/STEROIDS
Estrone - - - - nd-22 (4) 7(7)
8-52 (16) 7 (45) 2.2136 (14) 7 (45) - -
32 med 7 (118) 130 med 7 (118) - -
- - - - no-5 7 (119)
2400 max 7 (140) 4400 max 7 (140) - -
- - nd-54 (5) 41 1.715.0 (3.6) 41
- - - - 27 med 45
49 only 71 - - - -
54-130 76 - - - -
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(] ] ]
waye e & Efen 5 S
Concentration 2 Concentration Q Q
ng/l & ng/l & ug/l A
Estrone - - 9 med 79 1600 max 79
(Continued)
- - 3 med 79 - -
- - - - 3.4 only 84
- - 2.582.1(9.3) 89(1) - -
- - <0.447 (4.5) 89(2) - -
- - <LOD-70 (9) 89 (3) - -
- - <LOD-48 (3) 89(3) - -
- - 1.476 (9.9) 89 (4) - -
- - <0.1-18 (1.5)  89(7) - -
17b-estradiol 3-22 (9) 7 (45) nd-2 (2) 7 (45) - -
- - - - 100 only 7 (117)
8.1 med 7(118) - - - -
- - - - nd-5 7 (119)
- - 1.0 max 41 - -
- - - - 160 med 45
- - 6 med 79 - -
- - - - 1.0 only 85
- - 0.443.3(1.0) 89(1) - -
- - <0.1:5.0 89(2) - -
- - <LOD-64 (6) 89(3) - -
- - 2.7-48 (6.9) 89 (4) - -
- - 3.2-55 (14) 89 (5) - -
- - 0.4773.66 (0.9) 89(6) - -
- - <0.155.2 (0.4) 89(7) - -
17aEthinyl - - - - 100130 7 (117)
Estradiol
- - - - 1.1 ave 10
- - 7 ave 36 2.4 ave 36
(7,26)
- - 1.3 only 41 - -
- - - - 73 med 45
- - 1 med 79 - -
- - 9 med 79 - -
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WWTP 3 WWTP 3 3
poayie . mivent 5 Efwent 5 e P g
y Concentration Q Concentration Q2 I Q
ng/l & ng/l & HY A
17&aEthinyl - - - - 0.4 only 84
Estradiol
(Continued - - <LOD-1.7 89(1) - -
(0.45)
- - <0.27.5 89(2) - -
- - <LOD-42 (9) 89(3) - -
- - <LOD-7 89 (4) - -
- - <LOD-0.76 89 (6) - -
(0.3)
- - <0.108.9 (0.7) 89(7) - -
Estriol 137 only 71 8.91 87 (16) 41 1.1 ave 10
0.4318 (1.3 89(1) 19 med 45
FLAME RETARDANTS
Tris (2- - - 92i 2620 (537) 41 141 81(42) 41
chloroethyl) ) ) ) ) 100 med 45
phosphate
(TCEP) 2270 only 71 - - - -
500 ave 73 - - 50 max 73

4nd = not detected

max = maximum concentration reported

med = median concentration reported

only = only measured reported

ave = average concentration reported

Note:

For concentrations ranges, the median value is reported in parentheses unless otherwise
indicated.

For references, the primary source is listed in parenth€sesource used in this paper

is listed outside the parenthesis.

® o O T
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Table 1-2. Removal Efficiency of Different Water Treatment Processes

Analyte CAS Biological ~ Secondary Chlorine MF RO UV-AOP uv AOP Nano-
Number  R€aC0r  gedimentatior  Tank Ozone/ filtration
Activated H,0,
Sludge
PHARMACEUTICALS
Acetaminophen 10390-2 >99 (73) >05(41) >80 (69) 37(7)
45 (12) 20-50
100(7) (70)
>80 (70)
Carbamazepine 29846-4 20(73) >99.9(46) nd (70) 0(7) 65(34)
<20(70) >99.9(46)* 16->88 <20 88-96 (84)
>99.6(6) @) (70
>80(69)
Ibuprofen 1568727-1 22(30) 70 (1) 23(7) >98(41) nd (70) 8(7) 55-90(7) 82 (39
75 (17) 75(23) 38(7) >90(71) 7394(7) <20 50 (89) 98(84)
<20(70) 95-100(88) (70) 88 (47) 99 (88)
98 (46) 90-100 69)
>98.9(46)*
>95 (6)
ANTIBACTERIALS
Triclosan 3380345 100(7) 95(41) nd (70) 65 (7) 82(47)
>80(70) >90(71) >80(69) 5080
>99.8(6) (70
STEROIDS/
HORMONES
Estrone 5316-7 33(79) 100 (7) 0-60  >96(6) nd (70)  30(7) 85-100 (56)
>80(70) (10) [>85(71) >80(69) <20
(70)
17b-estradiol 50-28-2 8 (798 100 (7) >95 (6) >80 (69) 30(7)
47 (17) >80(70) >80 (71) <20
(70) (Continued)




Table 1-2 (Continued)

Analyte CAS Biological  >econdary  Chlorine  MF RO UV-AOP uv AOP Nano-
Number Reactor Sedimentatior  Tank Ozone/ filtration
Activated H,0,
Sludge
17aethinylestradiol 57-63-6 26 (79) >80(70) 100(7) >95 (6) >80(70)  30(7)
>80(71) <20
(70)
Estriol 50-27-1 >80(70) 100(7) 95(6) >80(70)  30(7)
>80(71) <20
(70)
PROTEIN
DEGRADATION
N-Nitrosodimethylamine 62-75-9 5972 (54) 80(38) 20(38) 10(54)
(NDMA)
FLAME RETARDANTS
(Chlorinated Phosphates
Tris (2-chloroethyl) 11596-8 <20(70) 2.1(72) 95(41) 68 (71) 0(7) 4(7)
phosphate (TCEP) 0(7) >97 (46) 10-16(71) <20 15(48)
99.2(46)* <20(70) (70
1,4-Dioxane 12391-1

* Double Pass

Note: The values presented are in percentage. The literature reference is reported in parentheses.



1.2.1 Reverse Osmosis itthe WastewaterIndustry

As the demand for more stringent drinking water regulations increases, the use of
state of the art technology in water reuse programs is becoming more attractive for
stakeholde® reverse osmosis being the most attractive since the water quality can
almostalways be achievedsingit (Rautenbach, 1996Membrane treatment processes
can remove particulate and dissolved contaminants, including pathogenic
microorganisms, salts, hardness, and organic rpchatants (EDCs/PPCPs). They also
have the major advasge of running intermittentywithout operators and being
compatible with existing water treatment tra{@von, 2003) In general, the small pores
of RO membranes allow lower molecular weight -ofit limits. Nevertheless,
pretreatment is required sintégher concentrations involve higher osmotic pressure
greaer tendency for the particulates to coagulate and coat the surface of the membrane,
and a greaterlikelihood of scaling to take place (Dhawan, 2007). For this particular
reason, much research hasused on preventing membrane fouliagpore plugging
resulting from the deposition of particles and colloids on the membrane s(EHaoa,

2003) Fouling is one of the most important factors affecting the cost of membrane
treatment process.

Rapid adances in technology have been proving RO membranes more feasible
for the implementation of wastewater reclamation projects. As far as EDCs/PPCPs
removal is concerned, RO has been the subjesixdtnownpilot programsand several
specific investigationdo determine its efficacy and defining factors responsible for
particle removal. For instance, Xu and his colleagues reported that rejection of ionic
pharmaceutical residues and pesticides exceeded 95% in-alRAF®ch RO membrane
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system(Xu, 2005) Verliefde et al. 008 determined rejection values in the range of 70

to 90% for a cocktail of 18 pharmaceuticals, 7 pesticides and 7 organic acids on a pilot
plant, operated at feed water recogsrin the range from 75t0 90% Mi yashi t ad s
(2007) revealedthat nitrosamine rejections by brackish RO membranes reached as high

as 97% for higher molecular weight nitrosamines and as low as 54% for low molecular
weight nitrosamines such as NDMAMiyashita, 2007) It is important to note that the
removal of organienicro-pollutants in a laboratory setting is higher than in adodle
installation. This is due to higher soltteembrane concentrations, thus lower repeg

caused by the higher fegdter recovery needed in ftdtale installations.

Four of five known pilot programs studies are examined for data validation
purposes. Examining the pexisting conditions, processes used, results of treatment, and
problems encountered in other studies help gain a better understanding of the solute
membrane interactionsf RO membranesviore importantly, it helps to ensure that the
results obtained in thepike testare in agreement with the results obtained in similar
studies The pilot studies analyzetcluded: 1) Pilot Summary Report for Miarate
South District Wagr Reclamation Plant, 2) City of Sunriseuthwest Wastewater
Treatmentacility Advanced Wastewater Treatment (AWT) and Reuse Pilot Testing
Program, 3) Water Factory 21 Ground Water Replenishment System Program, and 4)
Town of Davie Potable Reuse Piletogram.The fifth project was performed at the City

of Plantation, FL, but was not pursueecausé&SOCs were not investigated.
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1.2.2 Summary Report for Miami-Date South District Water Reclamation Plant

(Source: Miami-Dade Water and Sewer Department)

Miami-Dade County is in the process of implementsayeral Alternative Water
Supply (AWS) projects in order to combat the increasing demand water demands
requirements to reduced or eliminate outfall usage for effluent dispndadliminishing
source of drinking water. The largest of these projects is pineposedconstruction of
the South District Water Reclamation Plant (SDWRP), an advancddinmed
wastavater treatment facility for groundwater replenishment
1.2.2.1 Program Objectives

The pilot program was performeding secodary effluent from the SDWRP. The
overall objectives of the study consistedestablishing the final design criteria for the
development for the MF, RO and their ancillary subsystefie reverse osmosis
component of the pilot prograhadthreemajor objectives:

1 Validate the effectiveness of RO membranes at achieving the desired
concentration levels for regulatory approval.

1 Demonstration of a stable and sustainable tetage RO process at
design conditions

1 Qualification of multiple RO membrane modéts implementing a fuH
scale RO process.

1.2.2.2 Water Quality
The water quality of theinfluent water of theSouth District Wastewater

Treatment Plant is shown Trablel1-3.
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Table 1-3. SDWWTP Historical Effluent Water Quality

Pollutant

SDWWTP Effluent

Total Suspended Solids TSAd/I)

CarbonaceouBiochemical Oxygen
Demand CBOD5rg/l)

Total Organic Carbon TOGH(g/l)
Total Nitrogen TN £ng/l)

Total Kedjdal Nitrogen TKNrag/l)
Ammonia NH3 (g/l)

Nitrite NO2 (mg/l)

Nitrate NO3 (ng/l)

Total Phosphorus TRng/l)
Temp. (F)

pH

Total Dissolved Solids TDS(g/l)
Sulfate (ng/l)

Chlorides tng/l)

Conductivity (Micromho/cm)
Fecal Coliform (CFU/100 mL)
1,4-Dichlorobenzenei(g/L)
Aluminum (mg/l)

Arsenic ng/l)

Barium (ng/l)

Beryllium (mg/l)

Chloroform (1g/L)

Chromium (mg/l)

Color (PtCo)

Copper(mg/l)

Cyanides ifng/l)

Detergentsrag/l)

Fluoride fng/l)

Gross alpha particle activity (pCi/L,

Iron (mg/l)

Lead {1g/L)
Manganesenig/l)
Mercury (ug/L)
Nickel (mg/l)

Odor (TON)

Oil and greasen(g/l)
Phenol tng/l)
Selenium ng/l)
Sodium ¢(ng/l)
Tetrachloroethylengugy/L)
Toluene pg/L)

Zinc (mgl/l)

Average
9.00
4.88

11.7
24.3
23.4
20.8
0.49
0.27
2.01
82.8
6.59
393
27.8
86.0
828
571,875
1.44
0.079
0.0017
0.0063
0.0003
3.376
0.0011
29.4
0.0028
0.020
0.068
0.205
0.75
0.08
0.97
0.01255
0.43
0.0023
23
1.77
0.016
0.00324
64.8
0.578
0.108
0.015

Maximum
15.45
21

28.7
37.0
37.0
31.5
2.27
0.73
10.1
87.8
7.27
580
55.0
127.0
2000
6,000,000
29
0.14
0.002
0.0092
0.0005
9.94
0.0013
50
0.00684
0.040
0.110
0.320
15
0.14
1.1
0.014
1.9
0.0059
64
2.80
0.062
0.0025
81.6
2
0.120
0.035
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1.2.2.3 Pilot Testing Flow Diagram

Secondary effluent from the SDWWTP was usethe pilot progransequencéo
demonstrate that the tested componentaiaeslequate and feastbrepresentation of the
plant. Sand filtration with chlorination was used to simulate facilities already under
construction at the SDWWTPMicrofiltration (MF), reverse osmosis (RO), and
ultraviolet light with advanced oxidatiamsing hydrogen peroxide (UV/AOP) was used
based on the suessful performance of a similar groundwater replenishment program in
operating conditior® El Segundo, Orange County Californiigure 1-1 demonstrates

the process @iw of the pilot progranfior Miami-Dade County.

MF/UF

DeepBed  Chlorine Cartridge Reverse
Sand Filters Contact Tank MF/UF Bitok Tank Filter 9 Osmosis
[ Strainer e |
From SDWWTP m ”III ‘ '
S v— —s i —
Influent
RO Ti i
Water Pump l Pum;ans " l
Reject to
Reject to Deep Well
SDWWTP
Source:
Miami-
Hydrogen Lime Dade
Peroxide Stabilization Product Water ‘Efﬂw‘l‘i"t Water
UVIAOP Pump Station 0 W0z 00,
8 (optignal) Recharge Facilities and Sewer
| i ‘\_J Departmen
B S— -P— t
_l_.'
lon Exchange
(Optional)

Figure 1-1. SDWRP Pilot Process Flow Diagram
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1.2.2.4 Treatment ComponentsOperational Parameters

Table 1-4 show the operational parameters of the advanced water treatment
components used in the pilot study for the Midbaide South District Water Reclamation
Plant. This table is of particulamportancebecause it uses two of the same membranes
used in the spike test performed by the FAU te@hese are the Dowilmtec BW30
4040 and the Hydranautics ESRAQ40. Therefore,from this study will be used as
validation data when testing the robustness of the model develoggztion4.4.50f the
present workMore specifically, the percent removal for Fluoxetine, Triphenylphosphate
and Ammoniawill be used.

Table 1-4. SDWWTP RO Average Operational Parameters of Interest

RO Membrane Manufacturer

gperatlonal Units DOW- Toray Koch Saehan Hydranautics
arameters : "
Filmtec Woogjin

Element model BW30- TML Spiral  RE 4040 ESPA2

4040 10 4040HR FE 4040
Membrane area  ft? 78 73 85 85 85
Elements/essel 7 7 7 7 7
Total membrane  ft? 546 511 595 595 595
area per vessel
Feed flow per gpm 9.4 8.8 10.2 10.2 10.2
vessel
Concentrate flow gpm 4.6 4.3 5.0 5.0 4.95
per vessel
Permeate flow per gpm 4.8 4.5 5.2 5.2 5.25
vessel
Flux gfd 12.66 12.68 12.58 12.58 12.71
Recovery % 51.1 51.1 51.0 51.0 51.5
Average specific gfd/psi  0.085 0.128 0.158 0.168 0.144
flux

Source: MiamiDade Water and Sewer Department
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1.2.2.5 Results ofPilot Study

Table1-5 shows thepercent removal for different substances of interest using two
different ultraviolet light system, a Trojan UVPh®x08AL30 and a Calgox4 kW
Sentinel System. Both of these systems were loaded with 34.7 gpm but dosed at 1,046
mJ/cnt and 491 mJ/cArespectivelyThe negative values indicate that the concentration
increased after passing through the UV system. This can be explainedrhgrthie of
error present in the equipment when measuring very low concentrations.

Table 1-5. SDWWTP UV/AOP Microconstituent Removal for Parameters of

Interest

Average Trojan Troi Calgon Caloon
Microconstituent Influer?t é:‘lftlelj:gf A\;gjrgge é}?ﬁjzgf Avaé?;ge
ConE:en/tLr? tion Concentration I_Eff:gent | Concentration I‘Egmg\r/];l

MO (Hg/L) emoval (g/1)
1,4-Dioxane 0.5 0.5 0.0% 0.5 0.0%
Acetaminophen 0.0187 0.0182 2.67% 0.0201 -7.90%
Carbamazepine 0.004 0.0036 10.0% 0.0032 20.0%
Ibuprofen 0.0085 0.008 5.88% 0.0082 3.5%
Estradiol 0.0024 0.0024 0.00% 0.0016 33.3%
Estrone 0.0027 0.0044 -63.0% 0.0025 7.4%
Triclosan 0.0151 0.0145 3.97% 0.0113 25.2%

Source: MiamiDade Water and SewBepartment

The percent rejection values obtained using RO membranes, shdwblél-6,
for this study were below those observed in other case studies using subgtances. It
is particularly interesting that the percent rejection using the three stage system reported
similar results than when using a single stage. This suggests that the rejection capabilities
of the RO membranes are governed by the physicochemiesactions between the

membranes and the solutes.
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Table 1-6. SDWWTP RO Microconstituent Removal for Parameters of Interest

gc

RO Manufacturer

Water Quality RO Hydranautics  Hydranautics =~ DOW-Filmtec Toray Koch

Parameters Influent ESPA24040 ESPA24040 BW30-4040 TML 10 Spiral 4040HR
Number of stages - 3 1 1 1 1
Unit pg/l po/l % po/l % uo/l % po/l % po/l %
Acetaminophen 0.028 0.0187 32.98 0.0249 33.0 0.0247 11.79 0.0245 1250 0.0247 11.79
Carbamazepine 0.182 0.0891 51.02 0.0042 51.0 0.0042 97.69 0.0168 90.74 0.0186 89.74
Ibuprofen 0.0418 0.0102 75.39 0.0112 754 0.0110 73.61 0.0110 73.59 0.0122 70.81
Estradiol 0.00328 0.0025 23.78 0.0032 23.8 0.0032 0.00 0.0032 244 0.0032 1.83
Estrone 0.01034 0.0051 50.68 0.0035 50.7 0.0032 68.86 0.0023 76.98 0.0031 69.44
Ethinyl-Estradiol 0.01591 0.0134 15.78 0.0170 15.8 0.0159 0.00 0.0157 1.26 0.0156 1.89
1,4-Dioxane 0.502 052 -359 0.4540 -3.6 0.4540 956 0.4540 9.56 0.4540 9.56
(NDMA) 0.028 0.0091 67.48 0.0159 67.5 0.0032 88.43 0.0044 84.07 0.0059 78.64
Triclosan 0.222 0.0399 82.03 0.0239 82.0 0.0144 93.48 0.0187 91.58 0.0334 84.95
Fluoxetine 0.0188 0.00985 47.61 0.01192 36.60 0.01172 37.66 0.01173 37.61 0.0129 31.38
Triphenylphosphate  0.50 0.4838 3.24 04817 3.66 04823 354 0480 4.00 0.4833 3.34
Ammonia (mg/L) 24.95 232 9070 197 9210 2.09 9162 178 9287 162 9351

Source: MiamiDade Water and Sewer Department



1.2.2.6 Issues and Lessons Learneat SDWWTP

Fouling was a problem, as expected, but it was successfully removed using a
generic high pH cleam-place system It was also revealed that the Dow Filmtec
membrane started up and remained at a much lower permeability than the other
membranes. This implies a 50% higher operating cost in compdadbe rest of the
membranes. Another problem encountenexs that tke tailend element suffered from
back pressure. This was most likely caused by an increase in pH in the RO feed from 6.0
to 6.5 in the last week of operation resulting in a calcium phosphate scale formation.
Other than that, the different reverse osmosesniiranes tested performed similarly in
terms of water permeability and constituent rejectidore specifically, the RO
membranes were effective at removing large molecules such as pesticides and
pharmaceuticals compounds.

The effectiveness of both thedfan and Cargon UV/AOP systems was difficult
to estimate considering that the influent concentratain®ost of the constituentsere
alreadybelow the reporting limitFor some compounds UV/AOP was effective and for
some others it was ineffectiv&Estrone for instance, was removed by 63% using the
Trojan System. Other molecules like -Dibxane, lbuprofen, or Acetaminophen had a
percent removal in the range of 0.07.5% using either systenn generalhowever
reverse osmosis followed by advanceddation using UV with 3 ppm of hydrogen
peroxide was found to be a very effective treatment process for removing a wide variety

of target compounds.
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1.2.3 Southwest Wastewater Treatment Facility Advanced Wastewater Treatment

(AWT) and Reuse Pilot Testing Progran (Source: City of Sunrise)

The City of Sunrise tested a selected group of advanced wastewater treatment
technologies (AWT) as part of a regional effort to implement for future applications and
support of SFWMD regulations, goals and objectives. One ah#jer initiativeswasto
produce effluent wastewater quality such that it can be used in a groundwater recharge
program.
1.2.3.1 Program Objectives

The purpose of the study was to evaluate the economic feasibility of
implementing AWT when treating wastewater ider to reach water quality standards
imposed by the FDEP when used as part of a groundwater recharge progiden.
Chapter 6520.410 of the Florida Administrative Code (F.A.C), the Biscayne aquifer is
classified as a Class -G groundwater injection andherefore the maximum total
dissolved solids (TDS) content must be less than 3,000 mwlpilot study included the
following objectives:

1 Demonstrate the ability of commercially available advanced wastewater treatment
technology to treat raw sewage totaraquality standards in line with current
FDEP standards and Broward County for ground water discharge.

1 Determine whether thenembrane bioreactorMBR) technology alone, or in
combination with additional treatment technologies can achieve the high fevel o
nutrient removal required for groundwater discharge.

1 Evaluate capability of selected treatment processes to remove/oxidize- micro

constituentgmicro-pollutants).
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1.2.3.2 Water Quality

The water quality of the influent water of the Southwest Wastevrateitity in

Sunrise, FL is shown ifiable1-7.

Table 1-7. SWWWTF Water Characterization

Water SWWWTF SWWWTF SWWWTF
Compound Quality Inf. Inf. Eff.
Goal Feb 07 Sept. 07 Sept. 07
mg/| mg/| mg/| mg/|
Aluminum 0.2 0.74 0.32 0.12
Antimony 0.006 0.001 0 0.00054
Arsenic (total) 0.01 0.002 0.005 0.005
Barium 2 0.015 0.013 0.0087
Benzene 0.001 0.0004 0.0003 0.0003
Beryllium 0.004 0.0018 0 0.0032
BODs 5 430 240 1
Bromates 0.01 0.005 0.0017 0.00084
Cadmium 0.005 0.0021 0.003 0.0032
Chlordane 0.002 0.0001 - -
Chloride 250 100 82 92
Chlorite 1 N.S. - -
Copper 1 0.01 0.016 0.0042
Cyanide 0.2 0.0026 0.01 0.004
DDT 0.0001 - -
Fluoride 2 0.53 4.3 0.84
Iron 0.3 0.46 0.038 0.039
Lead 0.015 0.001 - -
Manganese 0.05 0.022 0.0074 0.004
Mercury 0.002 0.00002 0.000063 0.000071
Polychlorinated 0.0005 0.0001 0.001 0.001
biphenyls PCB9
Selenium 0.05 0.001 1.78 0.0041
Silver 0.1 0.00088 0.003 0.003
Sodium 160 85 72 110
Sulfate 250 24 25 38
TCE (trichloro - 0.003 0.00041 -
ethylene)
Tetrachloroethylene 0.003 0.00002 - -
Thallium 0.002 0.0021 - -
Toluene 0.04 430 0.0066 0.00041
Total dissolved solids 500 430 420 410
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1.2.3.3 Pilot Testing Flow Diagram

In order to determine if the membrane bioreactor alone would suffice in the
wastewater management or if additional advanced technologies would be needed, the
process flow required three different streams after the MBR. One followedvklyse
osmosis, another followed by chemical phosphorus removal and alum/filtration and a

control group. These processes are illustratddgare 1-2.

‘ Eaw Wastewater Flow Diversion from SWWWTF Influent Channel
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Figure 1-2. Raw Wastewater Flow Diversion frominfluent (Source: City of Sunrise)
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1.2.3.4 Treatment Components Operational Parameters

Alike the MiamiDade case study, this pilot program was performed using the
same membranes dBe ones used in the spike test performed by the FAU team.
Therefore, the results from this test will also be used to valttiatenodel developed in

Section4. The substances used as a testing set from this studadvaryl, DEET, and

TBEP.
Table 1-8. SWWWTF RO Operational Parameters
Operational Parameters Units RO Membrane Manufacturer
DOW-Filmtec Hydranautics
Membrane Type BW30-4040 ESPA24040
Number of Modules 2 2
Total membrane surface area ft? 78 85
Diameter in. 4 4
Flux rate (with recycle) ofd 12 12
Differential Pressure (calculated averas 1.1 0.28
Recovery Rate (with recycle) 37 37
Feed Flow (calculated average) gpm 5 5.5
Permeate flow (calculated average) gpm 1.36 1.25
Recirculation Flow (calculated average gpm 2 2

Source: City of Sunrise Department of Utilities

1.2.3.5 Results ofPilot Study

The results shown imable 1-9 were obtained from a test executed in August 17,
2007 as presented in the Final Repoevdloped by the City of SunrisBlote that the
percent removed of the microconstituents that were etetcted after the RO process was

calculated using the Method Detection Limit.
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Table 1-9. SWWWTF Microconstituent Removal for Parameters of Interest

Micro -constituents  Units RO Raw MBR RO RO~ RO%
MDL out in out Removed
1,4-Dioxane pg/L 2.0 ND ND ND ND U
Acetaminophen ng/l 1.0 4850 ND ND ND U
Bisphenol A ng/l 25 ND ND ND ND U
Caffeine ng/l 1.0 141000 9.2 12 ND 91.67
Carbamazepine ng/l. 5.0 970 350 340 ND 98.53
Carbaryl ng/l 50 ND 128 184 ND 72.83
DEET ng/l 25 2347 334 326 ND 92.33
Estrone ng/l. 1.0 540 560 600 ND 99.83
Estradiol ng/l. 1.0 15 18 ND ND U
Ethynil-estradioll7 ng/l 5.0 ND 37 43 ND 88.37
Ibuprofen ng/l. 1.0 120 56 120 ND 99.17
NDMA ng/l. 2.0 12 48 54 2.8 48.15
Progesterone ng/l 1.0 14 28 ND ND U
Sulfamethoxazole ng/l 1.0 60 480 500 ND 99.80
Testosterone ng/l. 1.0 ND ND ND ND U
Triclosan ng/l. 5.0 200 120 120 ND 95.83
TBEP ng/l 100 ND 316 331 ND 69.79
TCEP ng/l 25 ND 100 98 ND 74.49
ND- Not Detected
U- Unknown

1.2.3.6 Issuesand Lessons Learned at SWWWTP

When performing tests with reverse osmosis membranes, it is important to

normalize the results in order to obtain valid comparisons. In this study, thevaata

manually collected once per day, resulting in no normalizationtife gathered data.

Additionally, the RO membranes were operdtmdonly a 170 hour intervalvhich does

not provice enough timeto determine any fouling effects in the membranes. It is

therefore suggested that when performing a pilot study programménebranes are

driven for a period of at least 1000 to 3000 hoAtso, the RO elements use&dere new,

thus performingup to 10-20% more effectively than 5 to 10 yeald ones This could

explain why only NDMAhad a detectable concentration after the RR@tinent.
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1.2.4 Groundwater Replenishment System, Orange County, CA
In the 1950s, seawater was drawn into the coastal portion of the groundwater basin
because of oveuse of the basin by the agricultural industry and others. The result was
some coastal wells were contaminated vgigtewater intrusion(GWRS, 2012) In the
mid-1970s, the Orange County Water District (OCWD) began operating Water Factory
21, which provided purified drinking water for a series of injection wells that beaame
seawater intrusion barridn fact, Water Factory 21 was the first plant in the wtoldse
RO to purifywastavater to drinking water standar(SGWRS, 2012)As groundwater use
more than tripled, it became apparent that the size of the seawater barrier would need to
be expanded. This was the genesis of the Groundwater Replenishment, $ysibtain
new highquality water to expand the seawater intrusion barrier and to replenish the
groundwater basi(OCWD, 2012)
1.2.4.1 Program Objectives
The program objectives for Water Factory 21 and the groundwater recharge project are:
1 Take highly treated wastewater, that otherwise would be discharged into the
Pacific Ocean, anpurify it to neardistilled-quality water, thereby creating a new,
safe and reliable water supply to replenish the Orange County groundwater basin
and to prevent saater from contaminating the county's groundwater supplies.
1 Produce enough water for nearly 600,000 people.
1 Help manage the groundwater basin that provides approximately 70 percent of

northern and centr al Orange Countyds
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1.2.4.2 Water Quality

Different water characteristics are measured at different parts of the process flow

of the GWRS and summarized Table1-10. A schematic flow of the plant is presented

in the subsequent section.

Table 1-10. GWRS 2008 Average Water QualitySource: CEC Monitoring GWRS AWPF)

Parameter Units Q1 MFF  MFE ROF ROP UVP FPW OC-
44
Electrical um/cm 1660.71 NA 1677.50 1688.47 40.52 43.03 80.96 941.25
Conductivity
TDS mg/| 919.70 NA NA 962.96 19.90 19.38 40.01 564.50
Suspended Solids mg/l 6.41 6.17 2.80 NA NA NA NA NA
Turbidity NTU 2.94 NA 0.11 NA NA NA 0.18 0.11
UV Transmittance % NA NA 61.12 NA 97.75 NA 98.80 91.43
pH UNITS 7.69 7.74 7.62 7.14 6.12 590 8.22 8.28
Hardnes<aCQ mg/l 289.75 NA NA 289.92 <1 <1 22.92 264.33
Calcium mg/l 78.41 NA NA 78.99 <1 <1 8.86 63.34
Magnesium mg/| 22.83 NA NA 22.48 <1 <1 <1 24.67
Sodium mg/| 207.92 NA NA 204.33 6.26 6.23 6.18 93.46
Potassium mg/| 16.99 NA NA 16.96 0.40 041 040 4.17
Bromide mg/I NA NA NA NA NA <0.1 <0.1
Chloride mg/| 241.08 NA NA 226.58 3.04 3.68 3.62 96.16
Sulfate mg/| 226.33 NA NA 269.08 0.76 <0.5 <05 212.67
Hydrogen Peroxide mg/l NA NA NA NA NA 164 199 <0.1
BicarbonateCaCG mgl/l NA NA NA 223.92 1461 12.18 31.02 106.59
Total Nitrogen mg/l 27.94 NA NA 27.62 NA NA 1.67 0.90
Phosphate mg/l 0.79 NA NA NA NA NA <0.01 0.01
Iron po/l 247.89 NA NA 10958 1.23 1.75 7.24 1435
Manganese pa/l 47.38 NA NA 44.42 239 <1 <1
Aluminum pa/l 18.52 NA NA 13.78 3.28 344 460 173.90
Arsenic po/l 1.35 NA NA 1.26 <1 <1 <1 2.17
Barium po/l 22.92 NA NA 21.27 <1 <1 <1 99.03
Cadmium po/l <1 NA NA <1 <1 <1 <1 <1
Chromium po/l <1 NA NA <1 <1 <1 <1 <1
Copper po/l 6.78 NA NA 10.40 3.78 <1 <1 1.90
Cyanide po/l 9.73 NA NA 26.22 <5 NA <5 <5
Fluoride mg/l .83 NA NA NA 0.25 NA <0.1 041
Lead pa/l <1 NA NA <1 <1 1 <1 <1
Mercury po/l 0.33 NA NA 0.33 <0.1 <0.1 <01 <01
Nickel pa/l 8.00 NA NA 7.80 <1 <1 <1 2.23
Selenium po/l 2.39 NA NA 2.45 <1 <1 <1 2.03
Silica mg/l 21.29 NA NA 22.22 <1 <1 <1 8.27
Silver po/l <1 NA NA <1 <1 <1 <1 1
Zinc po/l 24.08 NA NA 45.83 564 181 113 243
NDMA ng/l 31.10 NA NA 26.33 12.33 <2 <2 9.50
1,4-Dioxane po/l 1.4 NA NA NA NA <1 <1 <1
Q1 Secondary Effluent (AWPF Influent) ROP Reverse Osmosis Product OC-44 Potable Water
MFF Microfiltration Feed UVP UV/AOP Product NA Not analyzed
MFE Microfiltration Effluent FPW Finished Produsater ND Not detected
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1.2.4.3 Pilot Testing Flow Diagram

As shown inFigure 1-3, microfiltration is a precursor to reverse 0SMOSIs.
Pretreatment is necessary when using RO membranes in order prevent scaling and
fouling of the membranes and especially when cleanginip 70 million gallons per day

of water as in the case of this plant.
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Figure 1-3. Schematic flow of the Ground Water Replenishment System, Orange
County, CA (Source: CEC Monitoring GWRS AWPF)

1.2.4.4 Results of Treament

Though the operational parametaf the membranesre not reported in the
literature the water treatment processes used in the GWRS are very similar to those used

in this project and in MiamDade Countylt is therefore of particular interest toaemine
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the obtained results of these componédhis.also important to note thtte final product
water of the treatment train is at Rdatect levels for all tested parameters.

Table 1-11. EDCs/PPCPSGWRS Monitoring

Parameter RDL GWRS MFF MFE ROF ROP UVF UVP

ng/l Infl. MF MF RO RO uv uv
ng/l Feed Effl. Feed Product Feed Product

ng/l ng/l ng/l ng/l ng/l ng/l
Caffeine 3 1060 886 1050 1190 5.2 6.4 ND
Carbamazepine 1 263 259 265 250 ND ND ND
Ibuprofen 1 280 254 292 352 ND ND ND
Gemfibrozil 1 802 704 678 778 ND ND ND
Triclosan 1 324 106 113 101 6.2 ND ND
Azithromycin 1 391 343 332 351 ND ND ND
Acetaminophen 5 78.4 163 205 238 15 6.0 ND
DEET 1 528 545 501 552 4.0 1.2 ND
Sulfamethoxazole 1 2130 1020 1500 1360 1.2 ND ND
Diclofenac 5 300 234 260 273 ND ND ND
Fluoxetine 5 25 23 19 21 ND ND ND
Naproxen 5l 872 652 705 780 ND ND ND
Bisphenol A 100 ND 108 ND ND ND ND ND
Estrone 1 15.8 22 24.5 ND ND ND
Testosterone 2 ND ND ND ND ND ND ND
Estriol 1 3.9 ND 1.3 2.3 ND ND ND
17aEstradiol 1 ND ND ND ND ND ND ND
17b-Estradiol 2 2.5 ND ND ND ND ND ND
Progesterone 1 ND ND ND ND ND ND ND

ND- Not Detected
Source: CEC Monitoring GWRS AWPF

1.2.4.5 Lessons Learned

Table 1-11 showsthat after irradiatingll the analytes with ultraviolet light, the
measured concentratiaverebelow the reliable detection limit (RDL). Thésiggestshat
a combined treatment process of RO membranes and UV/AOP produces effluents with
virtually no contaminants. In factom all the monitored substances only four, caffeine,
AcetaminophenDEET andSulfamethoxazolehad detectable concentrations afteing
through the RO process. This hints thatRd system alone has a removal efficiency of
99.76%consdering that the average influent concentration wasmfiband the average
effluent concentration was <ig/l. Looking atEDCs and PPCPs alone, it seethat a
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UV system is unnecessafpr most ESOCsNonetheless, hie actual effects of the
combined RGUV treatment are hard to determine from the results of the GWRS alone
due to the high efficiency of the RO membranes. Also, it is unclear whaicthal
removal efficiency of the membrane is since most outputs aredetectable. It is
therefore believ@ that in order to properly assess these treatment systems the
concentrations need to be spiked many titheg actual values.

1.2.5 Town of Davie Advanced Wastewter Treatment for Aquifer Recharge and

Indirect Potable Reuse Pilot Study (Source: Town of Davie)

The Town of Davie is expanding their water and wastewater infrastructure in
response to projected popul ation geaaodvt h.
obtain aquifer recharge credit, the existing secondary System [ WWTP will be upgraded
to achieve tertiary treatment to satisfy discharge standards set by the FDEP for
groundwater recharge and indirect potable reuse. To achieve this purpose, tiedity
AECOM to perform a pilot study to confirm the design parameters for the desired
expansion.

The pilot prograntomprisedof testing the UF and RO processes in the field and
bench scale testing the AOP using small scale representation of the armtitifiadeale
treatment process.h& AOP bench scale tests comprisddtesting and treatment of
micro-constituentdy UV process coupled with hydrogen peroxiligcro-constituentsn
the Town of Davie pilot studyclude variou€ESOCs.
1.2.5.1 Program Objectives

The primary intent of the pilot study program is that the results will serve as the
basis for the fullscale design and life cycle cost projection by performing tests that:
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1 Demonstrate the ability of commercially available advanced treatment
technologies tdreat wastewater to water quality standards for aquifer recharge
1 Demonstrate the ability of using UF process in combination with RO
technology to achieve the nutrient removal criteria for aquifer recharge
1 Characterize water quality from the UF and RO pssc
1 Simulate fultscale system operating conditions
1 Determine thenicro-constituentsemoval efficiency of UV/AOP
1.2.5.2 Water Quality
Prior to the start of the pilot study, preliminary sampling was conducted on July
20, 2010 by collecting water samples from MWBNT P 6 s h e dhk vaalytica .
results for the general characteristic of the water, pathogens, chemicals,
steroids/hormones, and pharmaceuticals and antibacterials are sumricapeedméers
of interestin Table 1-12. It is particular interesting that the concentration of
Acetaminophen is the highest among all micomstituents with 110,000 ng/l. This study
is also the only one from the four pilot stud@iscussed that provides a water quality

characterization for emerging substances of concerns.
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Table 1-12. WWTP Headworks Water Quality Characterization Summary

Parameter Units Headworks Result
GENERALCHEMISTRY
Oil and Grease mg/l 7.9
Turbidity NTU 140
TDS mg/l 360
TSS mg/l 110
Total Nitrogen mg/l 24
PATHOGENS
Enterovirus Infectious Units/ 100 L 5400 |
Cryptosporidium oocysts/ 100 L 1400 |
Giardia cysts/ 100 L 51000 |
METALS
Aluminum mg/l 0.21
Arsenic mg/l 0.004 U
Iron mg/l 6.2
Zinc mg/l 0.60
Lead mg/l 3.1
Mercury mg/l 0.06 U
STEROIDS/HORMONES
Equilenin ng/l 50U
17aEstradol ngl/l 100U
17b-Estradlol ngl/l 100U
Estriol ngl/l 210J
Estrone ngl/l 41
17aEthynyl Estradiol ngl/l 500U
Progesterone ngl/l 147
Testosterone ngl/l 49 ]
PHARMACEUTICALS AND ANTI-BACTERIALS
Azithromycin ngl/l 10J,B
Diltizaem ngl/l 120
Triclosan ngl/l 760
Triclobarban ngl/l 58 J
Tylosin ngl/l 100U
Acetaminophen ng/l 110,000
Cotinine ngl/l 1200
Ibuprofen ng/l 8500
Carbamazepine ng/l 120
Naproxen ngl/l 6700
Sulfamethoxazole ng/l 1900

B: Method blank contamination. The associated method blank contains the target at a reported leve
I: The reported value is between the laboratory MDL andatheratory PQL

J: Estimated result. Result is less than RL

U: Indicates that the compound was analyzed for but not detected at specified concentration
Source: Town of Davie
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1.2.5.3 Pilot Testing Flow Diagram

The process flow diagram for the pilot study is presemn Figure 1-4. A major
difference from the other case studies presented in this repdrat ihis process was set
up such that the efficiency between UV disgtien and UV/HO, could be compared. In
the City of Sunrise and Water Factory 21 pilot programs, only UV disinfection (without
AOP) was tested. Conversely, in the MiaDate pilot study, the UV disinfection system
was tested in conjunction with the AOP treatment suchtheabnly one sample point

was obtained for both treatments.
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Figure 1-4. Pilot Process Flow Diagran(Source: Town of Davie)
1.2.5.4 Results of Pilot Study
Somemicro-constituentsshown inTable1-13, wereobserved to pass through the
UF/RO processMicro-constituentsdetected in the RO permeate included NDMA,
Azithromycin, Equilenin Estradiot17a, lopromide, Lincomycin, @&ine, Triclocarban,

among others. A majority of thesmicro-constituentswere detected between their
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applicable laboratory practical quantitation and method detection limwitk, the
exceptions of Acetaminophen Azithromycin, Caffeine, Naproxen, NDMA,
SulfamethoxazoleTriclosar® which were detected at higher leveldowever, the AOP
treatment was able tsignificantly remove most of these# or below laboratory MDLs
and/or with 1.2 log removal or higher.

Table 1-13. Town of Davie Bench Scal@&verage Results

WWTP  WWTP RO AOP (UV/

Microconstituent  Unit Influent  Effluent Permeate H,0,) Effl.

1,4-Dioxane po/L 1.00 1.00 1.00 1.00
Acetaminophen ng/l  100000.00 25.00 22.44 -
Azithromycin ng/l 5.36 7.86 6.02 3.47
Bisphenol po/L 0.40 0.32 0.32 -
Caffeine ng/l  30500.00 1070.00 16.71 12.00
Carbamazepine ng/l 85.50 260.00 1.36 -
Cotinine ng/l  1080.00 117.00 1.47 4.10
Diltiazem ng/l 65.00 14.50 1.05 0.51
Equilenin ng/l 0.61 0.61 1.55 0.61
Estradiotl7a ng/l 7.40 0.79 2.68 0.79
Estradiot17b ng/l 1.40 1.40 1.40 -
Estriol ng/l 120.00 2.50 2.51 -
Estrone ng/l 49.00 11.05 1.10 -
Ethynyl Estradioll7a ng/l 4.60 4.60 4.61 -
Fluoxetine ng/l 9.80 9.80 9.80 -
Gemfibrozil ng/l 575.00 11.00 11.00 -
Ibuprofen ng/l  7150.00 175.00 6.33 -
lopromide ng/l 9.95 7.90 7.03 -
Lyncomycin ng/l 2.50 0.54 1.23 0.87
Naproxen ng/l  3750.00 395.00 17.14 -
NDMA ng/l 19.00 45.00 4.16 0.68
Progesterone ng/l 13.00 1.00 1.00 -
Sulfamethoxazole ng/l  1245.00 225.00 11.86 -
Testosterone ng/l 71.00 17.57 2.15 -
Triclocarban ng/l 84.00 155.00 2.21 3.33
Triclosan ng/l  1180.00 282.50 53.17 6.18
Tylosin ng/l 1.10 1.10 1.10 -

38



1.2.5.5 Lessons Learned

The RO treatment process performed consistently providing broad spectrum
removal of multiple contaminants. The analysis demonstrated that RO permeate met
standards for FDEP primary and secondary drinking water standards, disinfection by
productcriteria, and transmittanceequirements for effective UV disinfectioAlthough
several compoundw/ere observed to pass dligh the Pilot Train R@rocess none of
them were reported at detected levels passe AOP treatmentThis proves that the
combination of ROwith UV/AOP is an effective treatment train for removalnoicro-
constituents

The confirmation sampling events showed that sam@o-constituentan be
observed in the RO permeate even when they are no longer detected in the WWTP and
UF effluent. Ths implies that the presence of th@cro-constituentsmay vary in
different parts of the treatment procedsalso implies that the removal mechanism from
RO membranes is in part governed by diffusion. Particles that are adsorbed to the
membrane will evetially diffuse through it in a slow, yet continuous, process. This
would explain why substances like NDMA arfdiclosan were detected in the RO
permeate at levels higher than its reporting limit yet not present in the effluent of the
treatment plantt may also mean that the analysf the samphg was flawed.

Another lesson learned is thduring the pilot program for the Town of Davie,
heavy rain events significantly decredgbe influent water quality to the RO/UV/AOP
treatment process. This consequently alléhe performance of the advaddeeatment
processilt is therefore suggested to set up the pilot program sdhtedeedwater is kept
safe from external disturbanc&his can be done using a break tank.
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2. PILOT STUDY AT PEMBR OKE PINES

Through various studies, it has been determined that the Lower East Coast of
Florida does not have the water resources to provide for futyr@giion growthand to
sustain natural systems (SFWMD, 2000; City of Pembroke Pines,.2D1@)to this
shortcoming ofavailable water resources, a regional effort to implement water reuse
programs to attenuate the increasing water demand is curbemtty pursuedA part of
the program is to create alternative waeurcedo bridge the gap in the projected water
supply deficit. Also, considering the increasing restrictions on the Everglades system for
drinkable waterutilities are looking into groundater recharge as an alternative water
supply, the City of Pembroke Pines being among them.

The Cityof Pembroke Pine&/WTP, shown iran aerial photograph irigure2-1
(photograph also includes the pilot test equipmastlocated at 13955 Pembroke Road,
Pembroke Pines. The original WWTP was a 1.33 MGD package treatment unit
(WWTU#1) installed in 1984 to service the Century Village housing development. After
sevenphase expansions, the plant now has a treatment capacity for 9.5 MGD and two
deep injection wells rated at 9.52 MGD an82lr MGD respectivelyCity of Pembroke
Pines, 2010) The City wastewater service area is divided into twea@aswith minor
excepions. The western portion of the city (west of Flamingo Rd.) sends their
wastewater to the Pembroke Pines WWTP. Conversely, the eastern portion of the City its

wastewater to the South County Regional WWTP in Hollywood as shokigune2-2.
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In an effort to comply with the requirements of Part V of Chapte8B82 FAC, to
generate a supply of reclaimed water that can be used to evaluate the suitability of the
reclaimed water for ground water recharge, the @lityembroke Pines performed a pilot
study evaluating full treatmenfreverse osmosis membraneaihd disinfection of
wastewater by multiple processes to standards beyond that of drinking water. The study,
which used fABest Avai |l arbtvepartstpedreétmentiandg y , W
disinfection.

The pretreatment phase of the study included evaluating the performance of three
different filtration technologies: Ballasted chemical precipitation, membrane filtration
and media (sand) filtration. Theseopesses formed the pte@atment necessary for the
second phase of the styayhich included treatment via reverse osmosis and disinfection
by UV and hydrogen peroxidéA comprehensive analysis of substances found in the
wastewater treatment plant was penied by CGA with the purpose of evaluating the
pl antdés r eadi nepolutants presemtin fegdeatem irhege greliminary
results were used to specify compounds to be used to perform three spike tests, executed
by FAU, on commonly found substaxat the plantrigure 2-3 has been elaborated to
illustrate the schematic flow of the treatment components and present in the two phases

of the Pembroke Pines WWTP.
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Figure 2-3. Schematic Flow of Treatment Processes used in Pilot Study
The existing wastewater treatment plant effluent characteristics are shown in
Table2-1 for a period of five years ranging from 2005 to 2008ese values are used to

evaluate the significance of implementing advance water treatment technology.
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