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From Effluent to New Water:
Performance Evaluation
and Quality Assurance
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Abstract: As water reuse becomes increasingly important to satisfy water demand, ensuring the quality of
recycled wastewater becomes ever more vital. Pharmaceuticals (PhACs) and alkylphenol polyethoxylates
(APEOs) metabolites are two groups of chemicals that are commonly present in treated effluent and have
received attention for their demonstrated or potential biological effects. In this paper we present data on the
effects of river transport, wetland treatment, and groundwater recharge on the attenuation of these emerg-
ing chemicals. Using data from three advanced water treatment plants, we also report on the efficiency
of microfiltration, reverse osmosis and ultraviolet oxidation in removing these compounds from advanced
treated effluents. With respect to natural attenuation processes, decreases in pharmaceutical concentrations
during river transport were likely attributed to sediment sorption and chemical and biological degradation
or transformation. Wetland treatment was less efficient when compared to river transport. Groundwater
recharge appeared to be an effective removal process (> 99% attenuation) for PhACs and APEO metabo-
lites, although trace levels of the latter can travel substantial distances in the subsurface. With regards to the
engineered treatment options, reverse osmosis was capable of almost complete rejection of all PhACs and
APEO metabolites analyzed, whereas the performances of microfiltration and UV treatment were much less

efficient and consistent.

Keywords: Alkylphenol polyethoxylate metabolites - Groundwater recharge - Pharmaceuticals -
Reverse osmosis - Water reuse

Introduction

As water shortages are growing in severity
worldwide, wastewater is being more seri-
ously considered as a valuable resource.
Today, increasing fractions of wastewater
are being recycled for a range of applica-
tions, from irrigation and recreation to
potable use and medical processes requir-
ing ultrapure water. The presence of a vari-
ety of organic micropollutants such as pes-
ticides and priority pollutants in advanced
treated effluent has long been of interest
and has raised issues about the quality of re-
cycled water [1]. Concerns regarding these
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pollutants have generally been alleviated
by implementing appropriate treatment
methods to achieve regulatory water quali-
ty standards. In particular, the combination
of microfiltration (MF), reverse osmosis
(RO) and ultraviolet (UV) oxidation is in-
creasingly being used to produce high qual-
ity water from biologically treated effluent.
However, the data available are still insuf-
ficient to predict the potential for contami-
nants to pass through RO membranes and to
understand the properties that control com-
pound rejection. Natural treatment process-
es such as river transport, wetland treat-
ment, and groundwater recharge can im-
prove water quality in intentional and
incidental (i.e. river-groundwater) water
reuse applications. The natural attenuation
processes that occur in these systems are
poorly documented and therefore it is diffi-
cult to consider them as water purification
processes in water recycling schemes, al-
though notable exceptions exist [2]. The
ability and efficiency of natural processes
and treatment technologies to remove trace
levels of impurities are of utmost impor-

tance if we are to rely on water recycling as
a standard practice in the future.

Water quality research interests have re-
cently turned towards groups of contami-
nants that demonstrate biological effects
but are not all currently subject to regulato-
ry water quality limits. Two groups that be-
long in this category are endocrine disrupt-
ing chemicals (EDCs) and pharmaceutical-
ly active compounds (PhACs). Researchers
have shown that some EDCs can interfere
with the reproduction and development of
humans and other animals, even at ex-
tremely low concentrations (i.e. on the or-
der of nanograms per liter and lower) [3].
Examples of EDCs that elicit these effects
are metabolites of alkylphenol polyethoxy-
lates (APEOs), nonionic surfactants that are
found in industrial and household cleaning
products and are also used in a variety of
industries (e.g. plastics, textiles, and paper
manufacturing). These metabolites — in-
cluding alkylphenols (APs), alkylphenol
ethoxycarboxylates (APECs) and carbox-
ylated alkylphenol ethoxycarboxylates
(CAPECs) — can be produced via biotrans-
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formation of APEOs during sewage or
wastewater treatment [4]. According to a
survey conducted by United States Geolog-
ical Survey [5], APEOs and their metabo-
lites are among the most commonly detect-
ed wastewater-derived contaminants in US
surface waters. These compounds have also
been detected in advanced treated waste-
water effluents at levels commonly in the
nanograms or low micrograms per liter
range [4]. Most of the environmental data
has been obtained for APEOs, whereas
APECs and especially CAPECs have re-
ceived much less attention.

Although the occurrence of PhACs in
surface water and advanced treated efflu-
ents has been widely reported [6-8], our
knowledge of their environmental signifi-
cance is incomplete. Since PhACs are not
completely degraded in humans before be-
ing excreted, they can be found in domestic
wastewaters in their active forms along
with their metabolites [6]. PhACs in waste-
water may undergo transformations during
treatment, but analyses of effluent treated
by activated sludge, tertiary filtration and
microfiltration have shown that these com-
pounds and their metabolites are not com-
pletely removed [7]. Although PhACs have
been detected in the environment at very
low levels (i.e. at concentrations generally
less than 1 pg/l), there are concerns that
they may act synergistically and produce
chronic effects if they accumulate in higher
organisms [6][9-10].

Because the potential or demonstrated
biological effects of water containing trace
levels of PhACs and EDCs could impact
the quality of recycled water and provide
the impetus for new regulatory water qual-
ity standards, it is important to understand
how these chemicals attenuate in surface
and subsurface waters, as well as how they
can be completely removed from waste-
water effluents. This paper presents and
evaluates recent data developed in this lab-
oratory related to the natural attenuation of
these emerging contaminants during river
transport, wetland treatment, and ground-
water recharge. An evaluation of the re-
moval efficiencies for these impurities in
three water treatment systems involving
microfiltration (MF), reverse osmosis (RO)
and UV oxidation is also presented.

This study focused on various neutral
and carboxylated APEO metabolites, as
well as PhACs including carbamazepine,
gemfibrozil, ibuprofen, ketoprofen, and
naproxen. Because these emerging com-
pounds include diverse groups of chemi-
cals, may have single or multiple acidic
functional groups, and are potentially envi-
ronmentally significant at the nanograms
per liter level, more sophisticated analytical

methods were developed for their detection
and quantification. Application of such
methods to a broader range of treatment
systems and more detailed cases studies
will help to improve treatment procedures
and ensure the quality of water supplies that
contain large fractions of effluent.

Analytical Methods

The procedure used was based on solid-
phase extraction (SPE) to concentrate the
contaminants of interest, as indicated in
Fig. 1 and described in more detail else-
where [11]. After allowing water samples
(1-8 liters) to equilibrate to room tempera-
ture, the pH was adjusted to 2 using sulfu-
ric acid. The C-18 SPE cartridges (1 g) were
conditioned sequentially with 5 ml of ace-
tone, 5 ml of acetonitrile and 5 ml of dis-
tilled deionized water (pH 2). Water sam-
ples were extracted at a rate of 15 ml/min or
less. Following extraction, the cartridges
were dried for approximately 2 h under a
gentle vacuum and extracted using acetone
and acetonitrile. Extracts were concentrat-
ed to approximately 30 pl under a gentle
stream of nitrogen and divided into three
aliquots. One aliquot was derivatized to
convert carboxylic acids into propyl esters;
the second aliquot was silylated using N-
(tert-butyldimethylsilyl)-N-methyl-trifluo-
roacetamide (MTBSTFA); and the third
was analyzed without derivatization for
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neutral chemicals. Target compounds were
identified and quantified by GC-MS or GC-
MS/MS using Electron Impact (EI) ioniza-
tion. APs, APEOs, and APECs, which occur
as complex mixtures that are not completely
separated by this analytical technique, were
identified using the base peak and several
qualifier ions and quantified in the full scan
mode. PhACs and other EDCs were detect-
ed by monitoring several specific fragment
ions and quantified using the base peak.
The detection limits for this procedure
ranged from 0.5 to 1.0 ng/l and the report-
ing limit from 1.0 to 5.0 ng/l.

Results and Discussion

River Transport and Wetland
Treatment

During the dry season, the Santa Ana
River (SAR) is predominantly fed by ter-
tiary treated effluents at various locations
along its length [12]. Because SAR water is
used to replenish the groundwater basin in
Orange County, California, concerns have
been raised that wastewater impacts may
eventually degrade this vital water supply.
Water samples were collected at four loca-
tions along a wastewater-augmented sec-
tion of the SAR to examine the attenuation
of two PhACs, ibuprofen and gemfibrozil.
Details on the attenuation of other com-
pounds in the SAR are reported elsewhere
[11].

1000 ml sample
pH 2.0 (H,SO,)

T

SPE
C-18 column

I

Elution

Concentration

Neutral compounds |

| Acidic compounds |

Estrogens

Silylation

Propylation |
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Fig. 1. Schematic of analytical approach.
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Fig. 2a shows schematically the river
sampling locations (SAR-1 to SAR-4), the
treated effluent discharge points, the wet-
land inflow and outflow locations, and the
recharge area in Orange County. Fig. 2b and
2c¢ show the concentrations at four sites of
ibuprofen and gemfibrozil, respectively, as
well as the concentrations of these PhACs
in the treated effluent inputs. The composi-
tion of river water at SAR-1 is almost 100%
treated effluent. Both PhACs were detected
in all four treated effluents, and both PhAC
concentrations at SAR-4 were lower
than the corresponding concentrations at
SAR-1.

The impact of river transport on the
PhAC levels in the absence of wastewater
treatment plant inputs is illustrated by the
SAR-2 to SAR-3 interval. During the ap-
proximately seven-hour period of travel be-
tween these two points, the concentrations
of ibuprofen and gemfibrozil rapidly de-
creased by 88% and 76%, respectively.
These significant decreases were also ob-
served for the other compounds [11], and
are believed to be the result of sediment
sorption, although the roles of this and other
environmental processes (e.g. photo-,
chemical or biological degradation) cannot
be elucidated without additional data.

Despite the longer retention time in-
volved with wetland treatment (which had
amean value of 96 h [13]), this process was
less effective than river transport at reduc-
ing ibuprofen concentrations (from 17 ng/l
to 9 ng/l, or 54% removal), and was inef-
fective at reducing gemfibrozil levels.
However, because of the limited sampling
data, low target compounds concentrations
and high variability of the wetland influent,
conclusions on the effect of wetland treat-
ment should not be drawn.

Groundwater Recharge

Groundwater recharge using waste-
water effluents is increasingly being used in
arid environments to help replenish
groundwater supplies. However, there is
concern about whether any chemicals pres-
ent in wastewater effluents persist long
enough to impact drinking water supplies.
To address this concern, a groundwater
recharge facility in Mesa, Arizona has been
monitoring trace organic concentrations in
downgradient wells since 1997. The capac-
ity and operating conditions of this facility
can be found elsewhere [14-16].

Fig. 3 illustrates the distributions and
average concentrations (between 2002 and
2003) of carboxylated APEO metabolites
(i.e. APECs and CAPECsS) in the Mesa ter-
tiary effluent and three downgradient wells
(NW4, NW2, and 26U, which are located
approximately 390, 890, and 2000 m, re-
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Fig. 2. a) Schematic of the SAR flow showing the four river sampling points (SAR-1 etc., shown
as circles along the x-axis), wetland in- and outflow (shown below the x-axis as circles), and the
four different treatment plant inputs (WTP-1 etc., shown as arrows) into the river. b) Concen-
tration distribution of the PhAC ibuprofen along the river pathway during the September 2002
sampling round. c) Concentration distribution of the PhAC gemfibrozil along the river pathway

during the September 2002 sampling round.
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Fig. 3. Average concentrations of carboxylated APEO metabolites as a function of distance from
the Mesa NWWRP recharge basins. Tert - Tertiary effluent. NW2, NW4, and 26 U - downgra-

dient wells. nECs - no. of ethoxy units present in the APEO metabolite.
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spectively, from the recharge basins) be-
tween 2002 and 2003. These results are in
line with the average concentrations ob-
served since 1997 [17]. As can be seen,
the concentration of carboxylated APEO
metabolites decreases to trace levels be-
tween the recharge basins and NW4; con-
centrations thereafter remain essentially
constant. Of the metabolites detected, those
with one or two ethoxy groups (the 1ECs
and 2ECs) appear to be the most persistent.
A limitation to these results is the lack of
resolution between the recharge basins and
NW4 (more detailed information on the
attenuation of these compounds within the
first three meters of the ground surface is
presented in [16]); however, they do high-
light two questions: Are these metabolites
APECs or CAPECs, and why do low con-
centrations of carboxylated APEO metabo-
lites persist? The first question is important
with respect to determining the environ-
mental significance of these compounds
(e.g. CAPECs are likely much less estro-
genic than APECs and APs) and the second
is important for understanding the domi-
nant processes involved in the attenuation
of carboxylated APEO metabolites in the
environment and the limitations of ground-
water recharge.

Fig. 4 shows the distribution and the to-
tal concentration of pharmaceutical com-
pounds in the Mesa tertiary effluent be-
tween 2002 and 2003. Of the metabolites
detected, gemfibrozil and an ibuprofen
metabolite were detected in all samples and
naproxen and ibuprofen were detected in
three samples. It is unknown why the con-
centrations of pharmaceuticals in the terti-
ary effluent were so much higher in Octo-
ber 2002 and January 2003, than they were
in January and April 2002; the carboxylat-
ed APEO metabolites exhibited the same
trend. No pharmaceuticals were detected in
the any of the downgradient wells; how-
ever, more data are needed to ascertain
that pharmaceuticals are removed during
groundwater recharge.

Reverse Osmosis Treatment

Water quality data from three water
treatment systems were collected to inves-
tigate the ability of RO membranes to reject
PhACs and APEO metabolites from ad-
vanced treated effluents (Table). The three
sites vary in size and combination of treat-
ment steps; however, all three use
polyamide RO membranes. Sites 1 and 2
are full-scale water treatment plants that
employ RO and UV, with MF preceding RO
treatment at Site 1. Site 3 is a pilot-scale
system that employs MF and RO. Since ef-
fluent samples were collected from various
points within each treatment system, the re-
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Fig. 4. Pharmaceutical distribution and concentrations in the Mesa tertiary effluent. Total con-
centration of PhACs is displayed above bars. The order of individual PhACs in legend reflects

the order displayed in chart from left to right.

jection capabilities of the treatment tech-
nologies can be compared.

Data from Sites 2 and 3 indicate that mi-
crofiltration does not consistently or effec-
tively reject the selected suite of organic
compounds. At Site 2, the rejection per-
centages were 12.5% for carboxylated
APEO metabolites (which refers to both
APECs and CAPECs), 33% for ibuprofen
(the only pharmaceutical detected) and
45% to 74% for neutral APEO metabolites
(neutrals). Despite the complete rejection
of some neutrals at Site 3, microfiltration
failed to effectively remove carboxylated
APEO metabolites (74% rejection) or phar-
maceuticals (ranging from 15% for gemfi-
brozil up to 80% for naproxen). The appar-
ent complete removal of NBBS may be an
artifact of its low concentration in the influ-
ent water.

In contrast to microfiltration, reverse
osmosis with polyamide membranes at
Sites 1, 2, and 3 was capable of consistent-
ly achieving almost 100% rejection of all
neutrals, carboxylated APEO metabolites
and pharmaceuticals analyzed. This finding
is consistent with the RO rejection data
presented by Reinhard et al. [18] for one
full-scale and two pilot-scale advanced
water treatment systems (Table). The two
pilot plant systems were equipped with
polyamide membranes and exhibited simi-
lar rejection efficiencies for neutrals
(95-98%) and carboxylated APEO metabo-
lites (96-99%). As shown in the Table, the
cellulose acetate membrane used in the full-
scale plant was consistently less effective at
rejecting trace organics relative to the
polyamide membranes. Although the rejec-

tion ranges for the polyamide membranes
used in the 1986 study [18] are very high
they are slightly lower than the near com-
plete removals observed at Sites 1, 2 and 3,
which suggests that polyamide membrane
rejection capabilities have improved over
the last 15 years.

The results from the 1986 investigation
foreshadowed the efficient rejection of se-
lect pharmaceuticals by polyamide mem-
branes, with the almost complete rejection
of clofibric acid (a PhAC) by both pilot-
scale systems. The near complete rejection
of pharmaceuticals has also been reported
by others [7] at a full-scale water treatment
plant in Scottsdale, Arizona. As shown in
the Table, none of the PhACs evaluated in
the Scottsdale study was detected in the ef-
fluent after treatment by microfiltration and
reverse osmosis using polyamide mem-
branes.

The rejection of organic compounds by
RO membranes has been studied extensive-
ly [19-22] and is influenced by the physical
and chemical properties of the rejected
molecules and of the membrane itself. For
the chemicals included in this study, steric
hindrance likely plays a role in the rejection
of both the neutral and charged compounds
due to their large (and in some cases
branched) structures [19]. Sorption of or-
ganics to the hydrophobic parts of the RO
membrane is another possible retention
mechanism [22]. Charge repulsion is an-
other factor that influences the rejection of
acidic compounds, such as carboxylated
APEO metabolites and some pharmaceuti-
cals. A large fraction of these molecules are
negatively charged at pH levels above their
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Table. Summary of removal data for APEOs, APECS and pharmaceuticals by seven advanced water treatment systems.

Site 3 (pilot-scal Scottsdale, AZ OCWD
) ite ilot-scale
Site 1 (full-scale plant) * Site 2 (full-scale plant) syftem) (full-scale plant) | gyjj scale RO | Lime-RO pilot | Lime-RO pilot
Compound ° plant a4 plant System 1 | plant System 2
Post- Post- Post-  Post-  Post- Post-  Post- Post- Post- Post- Post-
Influent RODC RO/UV Influent MF RO uv Influent ME RO Influent Influent Influent Influent RO
Neutrals [ g/L]
NP/OP 1.45 n.d. n.d. 0.076 0.02 n.d. n.d. 1 0.21 0 - - - - - - -
APIEO 3.0 n.d. n.d. 1.76 0.71 n.d n.d. 6.7 0 0 - 3.1 2.7 57 0.18 57 0.16
AP2EO 0.49 n.d. nd. n.d. 0.26 n.d n.d. 2 0 0 - 6.2 1.6 10 0.18 10 0.47
AP3EO nd. n.d. n.d. n.d. nd. n.d n.d. 0.13 0 0 - - - - - -
Total APEOs 3.5 n.d. n.d. 1.76 0.96 n.d n.d. 8.9 0 0 - 9.3 43 15.7 0.36 15.7 0.63
APECs [ g/L] ©
APIEC 82 n.d. 0.012 88 77 n.d. n.d. - 13 1.6 12 0.38 12 0.13
AP2EC 35 0.005 0.002 n.d. n.d. n.d. n.d. - 11 23 10 0.38 10 0.34
AP3EC 3.2 n.d. n.d. n.d. n.d. n.d. n.d. - - - - 2.8 <0.05 24 <0.05 24 <0.05
Total APECs 120 0.005 0.014 88 77 n.d. n.d. 186 48 0.17 26.8 3.9 244 0.76 24.4 0.47
PhACs [ g/L]
Clofibric Acid - -- - = = = = = = = n.d. n.d. 7.4 0.82 6.4 <0.05 6.4 nd.
Ibuprofen 0.25 n.d. n.d. 0.06 0.04 n.d. n.d. 34 2 0.005 | 0.040 n.d. = = = = = =
OH-Ibuprofen 2.7 n.d. n.d. - - - - 24.1 8.4  0.008 - -- - -
Gemfibrozil 0.75 n.d. n.d. n.d. n.d. n.d. n.d. 0.82 0.7 0.003 | 0.065 n.d. - -- -
Ketoprofen n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.035 n.d. - - -
Naproxen 0.07 n.d. n.d. n.d. n.d. n.d. n.d. 83 1.7 0.009 | 0.115 n.d. - - -
Carbamazepine n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. | 0.445 n.d.
NBBS - - - - - - - 0002 nd  nd - - E E - -
Legend PhACs = pharmaceutically active compounds b Data from reference [71
APEC = alkylphenol ethoxycarboxylate RO  =reverse 0sSmosis ¢ Data from reference [18]
AP(1/2/3)EC = alkylphenol (mono/di/tri)ethoxycarboxylate - 3 S
(1/273) yp ( ) Y Y UV =ultraviolet radiation 4 The full-scale plant at OCWD used cellulose
APEO = alkylphenol ethoxylate _ lvzed d X
- = not analyzed or not reporte acetate RO membranes during the 1986 study.
AP(1/2/3)EO = alkylphenol (mono/di/tri) ethoxylate
All other systems represented in the table used
DC = decarbonation
; ; Notes polyamide RO membranes.
MF = microfiltration
. “ Site 1 data are presented as average values of two ¢ Sum of APECs and carboxylated APECs
NBBS = n-butyl benzenesulfonamide (CAPECS)
q . S
ND. P samples. A concentration equal to half of the detection
NP/OP = nonylphenol/octylphenol limit was used for n.d. values when determining
OCWD = Orange County Water District (California) averages.

respective pKa values and thus will be re-
pelled by the polyamide membrane surface,
which is negatively charged above pH 5
[21]. Given that the pH for the three sites
monitored for this study was generally
between 6 and 7, it is likely that significant
fractions of the acidic compounds were
present in their dissociated, anionic states.
Based on data from Sites 1 and 2, the ef-
ficacy of UV treatment in removing trace
organics is unclear. The complete rejection
of all tested compounds by RO treatment at
Site 2 precluded an evaluation of UV treat-
ment for that system. However, Site 1 data
suggest that UV may not be an effective
way to remove residual carboxylated
APEO metabolites following RO treatment.
Metabolites having one or two ethoxy units
(AP1EC and AP2EC) were detected in UV-
treated effluent at 0.004 and 0.012 pg/1, re-
spectively. Due to the relatively low con-
centrations of carboxylated APEO metabo-

lites detected, additional experimentation
is required to determine if UV oxidation
can effectively treat trace levels of organics.

Conclusions

Several studies have been conducted to
ascertain the removal of organic residuals
from wastewater effluents that are intended
for potable or non-potable reuse. The set
of organic contaminants studied included
PhACs and a number of wastewater indica-
tor compounds called alkylphenol poly-
ethoxylate (APEO) metabolites. Carbox-
ylated APEO metabolites were the predom-
inant contaminant class in effluents, and
were present consistently at concentrations
higher than 1 pg/l. Natural attenuation of of
two PhACs (ibuprofen and gemfibrozil)
was found to be effective; after river and
wetland flow, the concentrations of the tar-

get compounds at the location where water
is captured for recharge (SAR-4) were low-
er than the levels in secondary (activated
sludge) and tertiary (advanced) treated ef-
fluents. Sorption of the organic compounds
is thought to be an important removal
mechanism, although other processes such
as photo-, chemical- and biological degra-
dation or transformation may also be factors.
Additional data is required to understand
the methods of river transport attenuation
for these two chemicals. Wetland treatment
over an average residence time of 96 h pro-
duced a smaller decrease in ibuprofen con-
centrations (54%) than river transport
(88%), and did not lead to any decrease in
gemfibrozil concentrations. Groundwater
recharge was found to be an effective re-
moval process. In water with several
months of residence time, PhACs were not
detected and carboxylated APEO metabo-
lites were detected only at trace levels.
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With respect to the engineered treat-
ment options evaluated, microfiltration
did not consistently or effectively reject the
selected suite of organic compounds. How-
ever, reverse 0smosis using polyamide
membranes was capable of consistently
achieving almost 100% rejection of all tar-
get compounds. Results were inconclusive
with respect to the elimination of trace
organics using UV oxidation. Finally, it
should be noted that the results presented
herein applies only to the specific sites de-
scribed, and should not be extrapolated
without further verification of the data.
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