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s the advancement of analytical techniques
has enabled identification and quantification
of chemicals at lower concentrations, the
widespread presence of pharmaceuticals and
personal care products (PPCPs) and endocrinedisrupting chemicals (EDCs) in wastewater
treatment plant effluent has been demonstrated.
Most metropolitan wastewater treatment
facilities in the United States utilize secondary
treatment, specifically an activated sludge
process, to prevent negative effects of treated
effluent to receiving waters. Although the
activated sludge process was never specifically
intended to remove such trace organics as EDCs
and PPCPs, studies performed at bench scale
and in small facilities have demonstrated that
a critical minimum solids retention time (SRT)
can achieve good reduction of many EDCs and
pharmaceuticals.
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The objective of the study described here
was to investigate the benefit of extended SRTs
on 20 PPCPs commonly found in the influent
to full-scale facilities in the United States. The
selected plants operate at SRTs ranging from
0.5 to 30 days, with flow capacities ranging from
5 mgd (19,000 m3/d) to more than 300 mgd (1.1
million m3/d). Samples also were collected from
pilot membrane bioreactors (MBRs) in operation
at two of the full-scale facilities.
Extended SRTs promote the growth of a more
diverse biological community that is probably
able to degrade xenobiotic compounds more
efficiently due to co-metabolic effects. It has
been reported that increasing the SRT has a
beneficial effect on the removal of trace organic
compounds and that compound-specific critical
SRT values, where a high percentage of removal
is achieved, can be defined.
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Development of SRT performance data may
prove valuable in defining optimum operational
parameters for existing wastewater treatment
plants (WWTPs) and in the design of future
installations, from the perspective of PPCP
removal. This study will help utilities address
growing public concerns about PPCPs more
effectively by identifying process performance
characteristics for these compounds. The data
collected for the target parameters in this study
will help identify those compounds resistant to
removal and define critical SRT values where
good removal is achieved.

Why It Matters
A l t h o u g h c o n t a m i n a t i o n f ro m t h e s e
chemicals may originate from nonpoint sources,
a significant fraction comes from municipal
WWTPs, which act as persistent point sources of
EDCs and PPCPs. Trace concentrations of these
chemicals have been observed in conventional
secondary and tertiary wastewater discharges
in the United States and abroad.

Studies supporting the theory that some
EDCs and PPCPs can mimic the activity of
natural endocrine hormones have existed
for more than 70 years, and selected target
compounds are suspected causative agents
of reported episodes of disruption in wildlife
reproductive health. Future regulations could
add PPCP and EDC compounds to the regulatory
list if sufficient occurrence, as well as data on
health and environmental effects, justify their
inclusion.
Such pollutants pose a complex problem for
two main reasons. First, their effects are likely
to occur at trace concentrations — possibly
at lower than parts per billion levels. Second,
their presence in effluent from municipal
WWTPs is mostly due to unregulated activities
of individuals, rather than regulated industrial
discharges. Consequently, understanding the
ability of conventional wastewater treatment
plants to prevent the passage of these
compounds into the environment has become
a critical concern.

Table 1. Description of Participating Treatment Facilities
Facility

Primary
treatment

Secondary
treatment

Secondary
aeration

MLSS
(mg/L)

SRT (days)

Filters

Disinfection

A

Polymer
Ferric

High-purity oxygen activated
sludge

Pure oxygen

1300–
2600

0.5–1.5

None

None

B

No
chemicals

MLE
Nitrification/
denitrification

Diffused air

1800–
2000

3–5

Deep bed1

Chlorine

C

No
chemicals

Activated
Sludge

Diffused air

2000–
3000

4–6

Deep bed1

UV

D

No
chemicals

Nitrification/
denitrification

Diffused air

2500–
3000

7–20

Granular
MF/RO

Chlorine

E

None

Nitrification/
denitrification

Diffused air

2100

11–16

None

UV

F

None

Extended
aeration
Nitrification/
denitrification

Surface Air

4000

20–30

Deep bed2

UV

MBR No.
12,3

n/a

Nitrification/
denitrification

n/a

14,000

14

n/a

n/a

MBR No.
24,5

n/a

n/a

n/a

11,500

15

n/a

n/a

Granular media.
Utilizes flat sheet membranes.
3
Located at plant E.
4
Utilizes free-end hollow fiber membranes.
5
Located at a facility not listed above.
MLSS = mixed liquor suspended solids.
MLE = Modified Ludzack Ettinger Process.
UV = ultraviolet.
MF/RO = microfiltration/reverse osmosis.
1
2

78

W E & T • www. wef. o r g / ma g a z i n e

©2006 Water Environment Federation

All rights reserved

How the Study Was Done
The unit processes and secondary operating
characteristics of the six participating full-scale
facilities and two pilot MBRs are provided in
Table 1 (p. 78), and the sampling locations
for each participant facility are listed in
Table 2 (below). One MBR was equipped with
submerged, flat-sheet membranes arranged in
cassettes (Kubota Submerged Membrane Unit),
and the other consisted of submerged, free-end
hollow fiber membranes (Koch/Puron™). Both
were operated in accordance with vendorspecified conditions for at least two SRT cycles
prior to sample collection. Samples were
collected from the majority of these facilities
during three discrete sampling events.
The samples were collected as 24-hour timeweighted composites during typical facility
operations, using three project-dedicated,
temperature-controlled Glacier  composite
samplers manufactured by Teledyne ISCO
(Lincoln, Neb.). Granular media filtration effluent
samples also were collected at facilities D and
F, and microfiltration–reverse osmosis effluent
samples were collected at Facility F using the
dedicated facility sampler.
Samples were collected following the
application of any chemical disinfectant
applied at the sampling location. The sampling
equipment and all associated sampling materials
were subject to three rounds of chemical
cleaning with acetone and hexane prior to
initiating the sampling process.
Handling of all equipment was performed
only while wearing powder-free nitrile gloves
that were replaced with new gloves at the start
of each sampling event.
Each composite sample had a total volume
of approximately 10 L, from which 2 L were

transferred to amber glass sample bottles with
Teflon-lined caps and shipped overnight on
ice for PPCP analysis to Dynaflow Inc. (Jessup,
MD). Samples were processed using solidphase extraction, followed by analysis with a
Perkin Elmer (Wellesley, Mass.) Clarus 500 gas
chromatograph–mass spectrometer.
The remaining sample volume was sent to
Applied P&CH Laboratories (Chino, Calif.), a
certified laboratory, for analysis of conventional
constituents (total suspended solids, volatile
suspended solids, total Kjeldahl nitrogen,
nitrate–nitrogen, nitrite–nitrogen, and ammonia–
nitrogen). These data were utilized only when
onsite plant data for the parameters were
unavailable.
At each sampling event, one blank and one
duplicate split sample were collected and
shipped for analysis. The blank consisted of
running sufficient laboratory-grade distilled
water through one of the sampling devices prior
to sample collection at each sampling event. This
water was then transferred to a separate amber
glass bottle and shipped with the rest of the
samples for analysis. The duplicate split-sample
location was randomly rotated during sampling
events at each facility. No corrections were made
to the sample data based on the results obtained
for the blank and split samples.

What Was Found
Chemicals were sorted into one of three
categories, or bins — infrequent, variable, and
frequent — according to how often they were
detected in the secondary process influent. Table
3 (p. 80) describes the categories and includes
a list of the chemicals detected, as well as 50th
percentile concentrations for each chemical. (The
50th percentile is a value greater than 50% of

Table 2. Sampling Locations at Participating Treatment Facilities
Primary
effluent

Secondary
effluent

A

X

X

B

X

X

C

X

X

X

X

Facility

Raw
influent

D
E

X

X

F

X

X

Membrane
bioreactor No. 1

X

X

Membrane
bioreactor No. 2
1

X

Tertiary
effluent1

Reverse osmosis
effluent

X

X

X

X

Samples of disinfected effluent were included when disinfection was applied.
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the values attained within a given set.) Overall,
60% of the target compounds occurred frequently,
20% occurred sporadically, and the remaining 20%
occurred infrequently. There was no correlation
between frequency of occurrence and the
compound octanol-water partition coefficient
(Kow), an empirical measurement of an organic
chemical’s likelihood of partitioning out of the
aqueous phase onto particulates.
The percentage removal (P) of each compound
through secondary treatment was calculated
using the equation below.

into bins on the basis of observed percentage
removals are provided in Table 4 (p. 81). The data
revealed that secondary treatment removed 55%
of the compounds well, 15% moderately well, and
30% poorly. There was no consistent correlation
between removal performance and compound
Kow values, indicating that biodegradation was
effective in reducing some low Kow compounds
not amenable to adsorption, and that solids
adsorption was not sufficient in completely
removing some compounds with high Kow
values.

Critical SRT Values

P = [(Influent – Effluent) ÷ (Influent)] × 100
(1)
On a few occasions, the effluent concentration
was greater than the influent concentration, and
this difference sometimes exceeded the relative
percentage difference observed for the split
samples. This may occur because of desorption
from reactor biosolids or matrix-influenced
differences in the analytical method’s precision or
accuracy. Whenever this occurred, the percentage
removal was considered to be zero.
The definitions of treatment performance
classifications and assignment of compounds

Plots of the percentage removal of each target
compound versus the SRT of the secondary
treatment process were used to define a critical
SRT 80 , the minimum SRT value needed to
consistently observe compound removal greater
than 80%.
For the eleven compounds categorized under
the “well removed” bin classification, the SRT80
was less than 5 days, with the exception of
benzophenone, which had an SRT80 of 13 days.
Only one of the three compounds categorized
under the “moderate removal” bin classification
had sufficient data to enable determination of

Table 3. Compound Occurrence Bin Assignment and 50th Percentile Concentration
Occurrence
bin name

Bin assignment
criteria

Compounds

50th percentile
value (ng/L)

Infrequent

Detected in < 25%
of the observations

TCEP
Octylphenol
Methyl-3-phenylpropionate
Triphenylphosphate

ND
ND
ND
ND

Variable

Detected between
40% and 70% of the
observations

DEET
Ethyl-3-phenylpropionate
BHA
Musk ketone

120
26
ND
70

Detected in > 75%
of the observations

Chloroxylenol
Benzyl salicylate
Galaxolide
Triclosan
Benzophenone
Octylmethoxycinnamate
Oxybenzone
Butylbenzylphthalate
Caffeine
Methylparaben
3-phenylproprionate
Ibuprofen

Frequent

520
450
1900
5200
940
1400
1900
2000
1900
3000
205,000
6300

TCEP = tris(2-carboxyethyl)phosphine hydrochloride.
DEET = N,N-diethly-3-methylbenzamide.
BHA = Butylated hydroxyanisole.
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SRT80 values to be calculated. Triclosan required
an SRT80 value of 10 days.
The compounds in the “poor removal” bin
classification showed the most pronounced
dependence upon SRT. Musk ketone, galaxolide,
tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), and N,N-diethly-3-methylbenzamide
(DEET) had SRT80 values in excess of 15 days.
The wide variation in removal observed for these
compounds at an SRT of 30 days could not be
attributed to any apparent differences in plant
operations. The good removals were all attained
during an Oct. 5 sampling event, and the poor
removals were all attained during Nov. 12 or Jan.
9 sampling events. A seasonal influence is not
supported by the difference in plant daily effluent
discharge temperatures on these days, but
additional data are needed to better understand
this variation in removal at high SRTs.

Membrane Process Results
MBR No. 2 was run in parallel with the Plant E
activated sludge process using identical influent.
Due to the high SRT values of the MBR and the
plant (approximately 11 to 15 days), only the
four compounds with demonstrated SRT80 values
in excess of 15 days would be expected to have

sufficient levels remaining in the secondary
effluent to allow a comparison of percentage
removals. Of these compounds, only DEET and
galaxolide were detected in the influent during
one sampling event.
Although the data are limited, the results
demonstrate the comparability of performance,
with 67% removal of galaxolide for Plant E and 68%
removal for the MBR. DEET was reduced below the
method detection limit for both Plant E and the MBR.
This confirms the expectation that ultrafiltration
MBR membranes do not provide an additional
benefit of removing PPCP compounds by sieving,
as the PPCP molecules are more than 100 times
smaller than the pore size of the membranes.

Tertiary Filtration
Whenever PPCP compounds were still detected
after secondary treatment, further treatment with
media filtration was rarely effective in providing
additional removal. Only six out of 30 observations
demonstrated positive removals greater than 25%.
These occurred as single events for chloroxylenol
(42%), methylparaben (>97%), DEET (26%), musk
ketone (>55%), oxybenzone (>68%), and triclosan
(67%). Half of these positive removals occurred
during the second sampling event for Plant F, and

Table 4. Compound Removal Bin Assignment
Removal bin name

Excellent removal

Moderate removal

Poor removal

Median percent removal

Compounds

X > 80%

Methyl-3-phenylpropionate1
Caffeine
Ibuprofen
Oxybenzone
Chloroxylenol
Methylparaben
Benzyl salicylate
3-Phenylpropionate
Butylbenzyl phthalate
Octylmethoxycinnamate
Benzopheone

50% < X < 80%

Octylphenol1
Ethyl-3-phenylproprionate
Triclosan

X< 50%

TCEP1
Triphenylphosphate1
BHA
DEET
Musk ketone
Galaxolide

Treatment classification of compounds in this bin is limited by insufficient data, as they were seldom detected in the influent.
TCEP = tris(2-carboxyethyl)phosphine hydrochloride.
DEET = N,N-diethly-3-methylbenzamide.
BHA = Butylated hydroxyanisole.
1
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Table 5. Distribution of Target PPCP Compounds into Occurrence and Treatment Performance Bins
Treatment
occurrence

Excellent removal

Moderate removal

Poor removal

Infrequent1

Methyl-3-phenylpropionate

Octylphenol

TCEP
Triphenylphosphate

Ethyl-3-phenylpropionate

BHA
DEET
Musk ketone

Variable

Frequent

Caffeine
Ibuprofen
Oxybenzone
Chloroxylenol Methylparaben
Benzyl salicylate
3-Phenylpropionate
Butylbenzyl phthalate
Octylmethoxycinnamate

Triclosan
Benzophenone2

Galaxolide

Treatment classification of compounds in this bin is limited by insufficient data, as they were seldom detected
in the influent.
2
Although benzophenone is classified under “excellent removal” based on median removal >80%, it was moved to “moderate
removal” because it required a much higher SRT80 than the other “excellent removal” compounds.
TCEP = tris(2-carboxyethyl)phosphine hydrochloride.
DEET = N,N-diethly-3-methylbenzamide.
BHA = Butylated hydroxyanisole.
1

the other half occurred for the first sampling event
of Plant D.
Since the PPCP compounds were only measured
in the aqueous phase of the filter influent and
filter effluent samples, the demonstration that
media filtration contributed little or no removal
of these compounds is expected. Reverse osmosis
treatment, however, was effective in removing any
remaining aqueous phase compounds to less than
detectable levels.

The Bottom Line
Table 5 (above) summarizes the results
generated from the analysis of influent and
effluent samples from the six full-scale secondary
treatment facilities and two pilot MBR reactors.
The results characterize the 20 target PPCP
compounds into nine categories of occurrence
and ease of removal through secondary treatment.
Other major conclusions include the following:
• Half of the 20 PPCP target compounds
showed frequent occurrence in secondary
influent but also were well removed
(>80%) at a critical SRT80 of less than 5
days. These compounds were caffeine,
ibuprofen, oxybenzone, chloroxylenol,
methylparaben, benzyl salicylate, 3phenylpropionate, butylbenzyl phthalate,
and octylmethoxycinnamate.
• The most problematic compounds are those
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that occurred frequently but demonstrated
low removals until a much higher critical
SRT80 value was provided. Compounds that
occurred frequently and required a critical
SRT80 value of at least 25 days were the
fragrances musk ketone and galaxolide.
Triclosan and benzophenone, while also
frequently detected, exhibited a lower
critical SRT80 value, in the vicinity of 10 to
15 days. Insufficient data were available to
characterize the critical SRT80 for DEET and
BHA, but it was in excess of 5 days.
• Better removal was not observed for a
pilot MBR operated in parallel with a
conventional activated sludge system or
for an activated sludge system operated at
longer hydraulic retention times. While little
additional removal of target compounds was
evident for media filters, microfiltration and
reverse osmosis were effective in reducing
any remaining target compounds below
detection limits.
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