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Pesticide removal through wastewater and advanced
treatment: full-scale sampling and bench-scale testing
J. D. Kenny, B. D. Webber, E. W. Howe and R. B. Holden

ABSTRACT
Dieldrin and DDx removal through wastewater treatment, ozonation, and microﬁltration was
assessed for a water reuse project for groundwater replenishment in Monterey, California, USA.
Full-scale sampling was conducted at the wastewater treatment plant, and physical wastewater
treatment processes, ozonation, and microﬁltration were tested at the bench scale. Removals
observed through wastewater treatment, ozonation, and microﬁltration were 84%, 44% to 63%, and
97% to 98%, respectively, for dieldrin, and 93%, 36% to 48%, and 92% to 94% for DDx. These were
sufﬁcient to meet California Ocean Plan water quality objectives after wastewater treatment alone.
Levels in the secondary efﬂuent, ahead of ozonation, microﬁltration, reverse osmosis and advanced
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oxidation in the advanced water puriﬁcation facility, met drinking water standards. Removal of
dieldrin and DDx through wastewater treatment occurred by physical treatment processes; removal
through the full-scale wastewater treatment plant, which included biological and physical treatment
processes, matched removal through the physical bench-scale wastewater treatment processes.
Dieldrin and DDx removal correlated with removal of volatile suspended solids, suggesting that
volatile suspended solids could be used as an indicator for pesticide removal through wastewater
treatment. Dieldrin and DDx concentrations were highest in the solids contact process, where
biomass is accumulated for carbon removal.
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INTRODUCTION
Efﬂuents of wastewater treatment plants can contain constituents that affect human and aquatic health. Among
these are two legacy pesticides, dieldrin and DDx, which
are of interest for both environmental discharge and potable
water consumption. The goals of this study were (1) to quantify the removal of dieldrin and DDx through Monterey One
Water’s (MIW) Regional Treatment Plant (RTP) as well as
bench-scale wastewater treatment, ozonation, and membrane ﬁltration, (2) to compare the efﬂuent levels to
environmental and potable benchmarks, and (3) to elucidate
treatment mechanisms and monitoring surrogates.
Pending reductions in allowable Carmel River water
diversions are spurring the development of new potable
water supplies on the Monterey peninsula, in California,
USA. The Monterey Peninsula Water Management District
(MPWMD) and the Monterey Regional Water Pollution
Control Agency (MRWPCA) are developing the Pure
doi: 10.2166/wst.2017.586
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Water Monterey (PWM) project, a water reuse project for
groundwater replenishment, to help address the water shortage. The project includes diversion of additional waters to
the RTP, which produces both secondary-treated wastewater
and tertiary-treated wastewater. A portion of the secondary
efﬂuent will be diverted to the Advanced Water Puriﬁcation
Facility (AWPF), while the remaining secondary efﬂuent will
be treated at the Salinas Valley Reclamation Plant (SVRP)
for non-potable recycled water, or discharged into Monterey
Bay through the ocean outfall.
The RTP has a design capacity of 77.8 cubic metres per
minute (m3/min), and the AWPF design capacity is 10.5 m3/
min. The main components of the RTP and AWPF treatment
train are the following:

•

RTP: screening, primary clariﬁcation, trickling ﬁlters/
solids contact, and secondary clariﬁcation;
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AWPF: chloramination, ozonation, microﬁltration (MF),
reverse osmosis (RO), an advanced oxidation process
(AOP), and product water stabilization.

The additional raw water sources diverted to the RTP
collection system will include agricultural wash water and
industrial wastewater from the Salinas Industrial Wastewater Treatment Facility (SIWTF), agricultural tile
drainage and runoff waters from the Blanco Drain and Reclamation Ditch, and stormwater from the city of Salinas.
Source water monitoring was conducted from July 2013 to
June 2014 to characterize the new source waters (Nellor
Environmental Associates et al. ). Two legacy pesticides,
dieldrin and 4,40 dichlorodiphenyldichloroethylene (DDE),
were detected in the Blanco Drain.
Both dieldrin and DDx (sum of 2,40 dichlorodiphenyl
trichloroethane (DDT), 4,40 DDT, 2,40 DDE, 4,40 DDE,
2,40 dichlorodiphenyldichloroethane (DDD), and 4,40 DDD)
have water quality objectives in the California Ocean Plan
(COP) (State Water Resources Control Board ). The
AWPF will produce an RO concentrate that will be discharged through the ocean outfall, along with varying
quantities of secondary-treated wastewater. The concentrations of dieldrin and DDx in the secondary efﬂuent and
the RO concentrate are of concern due to the potential to
exceed COP water-quality objectives. Modeling of the
AWPF RO concentrate and secondary efﬂuent discharge
suggests that removals of 61% to 78% and 58% to 71% for dieldrin and DDx, respectively, would be required through the
RTP and/or ozone in order for discharges to comply with
the COP objectives (Trussell Technologies , ).
The removal of dieldrin and DDx through trickling
ﬁlter/solids contact wastewater treatment plants has not previously been studied. Removals of 37% to 62% of dieldrin
have been observed through primary clariﬁcation (Gutierrez
et al. ); dieldrin, DDE, and DDT have been detected in
primary sludge, mixed-liquor solids, and/or digested sludge
(Dobbs et al. ; Clarke & Porter ; Clarke et al.
); removals of 30% to 64% for dieldrin and 3% to 65%
for DDE were observed through a pilot-scale activated
sludge plant (Buisson et al. ); removals of 77% and
83% for dieldrin and 4,40 DDT, 4,40 DDE, and 4,40 DDD
were observed through a full-scale conventional activated
sludge wastewater treatment plant (Katsoyiannis &
Samara ); and removals of 75% to 81% of dieldrin
were observed through wastewater treatment plants with
nitriﬁed activated sludge, two-stage high purity oxygen
and chemically enhanced primary treatment, ﬁve-stage
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Bardenpho, a nitrifying oxidation ditch, and nitrifying
sequencing batch reactors (USEPA ).
Ozonation studies in drinking water have shown
removals of dieldrin and DDx from 10% to 90% and
5–79%, respectively (Ormad et al. , ; Westerhoff
et al. ; Synder et al. , a); however, the removal
of dieldrin and DDx through ozonation in secondary efﬂuents has not been characterized. Removals of more than
85% for DDT have been observed through membrane ﬁltration in a secondary efﬂuent spiked with DDT (Synder
et al. b), but studies quantifying the removal of ambient
dieldrin and DDx in secondary efﬂuents have not previously
been conducted.
Low levels of dieldrin and DDx biodegradation during
wastewater treatment have been reported (Saleh et al.
; Katsoyiannis & Samara ) and negligible removal
through biodegradation is expected compared to removal
through sorption and physical separation (Meakins et al.
; Byrns ; Katsoyiannis et al. ; Buttiglieri &
Knepper ; Margot et al. ); however, limited data
are available on the mechanism of removal through wastewater treatment plants.
This study reports on (1) removal of ambient dieldrin
and DDx through a full-scale trickling ﬁlter/solids contact
wastewater treatment process, (2) removal through physical
wastewater treatment processes at the bench scale, which
elucidates the relative importance of biodegradation
compared to sorption and physical separation in the
removal of dieldrin and DDx through wastewater treatment,
and (3) removal of dieldrin and DDx through bench-scale
ozonation and membrane ﬁltration. Removal through wastewater treatment and membrane ﬁltration is also compared to
removal of other constituents, in order to identify surrogates
that can be monitored in place of monitoring the pesticides.

METHODS
Testing included the following major components: (1) RTP
sampling, (2) RTP bench testing, and (3) AWPF bench testing. Bench testing was conducted on the following blends
of grab samples from the RTP and the Blanco Drain, in
order to simulate treatment with the new source water
through the RTP: (1) primary inﬂuent mixture: primary
inﬂuent sample and Blanco Drain sample, (2) solids contact
efﬂuent mixture: solids contact efﬂuent sample and ﬁltered
Blanco Drain sample, and (3) secondary efﬂuent (AWPF
inﬂuent) mixture: secondary efﬂuent sample and ﬁltered
Blanco Drain sample.
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The ﬁltered Blanco Drain sample was produced by serially ﬁltering the Blanco Drain sample through a 100micrometre (μm) hydrophilic nylon net ﬁlter (Millipore), a
45-μm hydrophobic polypropylene ﬁlter (Millipore), and a
10-μm hydrophobic polypropylene ﬁlter (Steriltech), to
simulate RTP treatment. The mixtures contained 12%
Blanco Drain water, which was the maximum contribution
projected for the RTP source water blends.
Samples from the RTP and the Blanco Drain were collected on February 9, 2016. Samples were collected with a
pump and tubing, which were ﬂushed prior to ﬁlling
sample vials. The suction end of the tubing was submerged
in the process. All samples were stored in 1-L amber glass
bottles. Samples were chilled to 6  C on ice and shipped
overnight to the laboratories where the dieldrin and DDx
analytical analyses and bench-scale testing were performed,
or retained for volatile suspended solids (VSS) analysis at
the RTP laboratory. The sampling locations are shown in
Figure 1.
Bench-scale ﬁltration was used to mimic primary clariﬁcation, secondary clariﬁcation, and membrane ﬁltration
treatment. For primary and secondary clariﬁcation, the
samples were serially ﬁltered through the 100-μm ﬁlter, the
45-μm ﬁlter, and the 10-μm ﬁlter. To mimic membrane ﬁltration, either a 0.7-μm glass ﬁber ﬁlter or the 10-μm ﬁlter
was used to pre-ﬁlter the samples, followed by a 0.45-μm
hydrophilic nitrocellulose membrane (Pall) as another preﬁlter, and then by a 0.1-μm hydrophilic polyethersulfone
membrane ﬁlter (Steriltech).

Figure 1
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Bench-scale ozone testing was conducted at the Trussell
Technologies, Inc. laboratory using the solution ozone test
(SOT), based on procedures developed by Rakness ().
The stock ozone solution concentration was measured
using Standard Methods 4500-O3 B Indigo Colorimetric
Method (APHA/AWWA/WEF ). Indigo solution was
prepared on the day of testing and the ultraviolet absorbance
(UVA) at 600 nm was checked to ensure indigo quality.
Dieldrin and DDx were analyzed by Environmental Protection Agency (USEPA) method 1699 (USEPA ), with
dieldrin and DDx congener minimum quantiﬁcation limits
of 30 picogram per litre (pg/L) when no interferences are
present, and method detection limits (MDLs) ranging from
1 to 5 pg/L. Dieldrin and DDx analysis was conducted by
Vista Analytical Laboratories. VSS was measured using
Standard Method 2540 E: Fixed and Volatile Solids Ignited
at 550  C (APHA/AWWA/WEF ).

RESULTS AND DISCUSSION
RTP removals
Dieldrin and DDx were measured in the samples collected
from the RTP, allowing for determination of ambient dieldrin
and DDx removal (Figure 2). Removals of 84% and 93% were
observed for dieldrin and DDx, respectively, which are
greater than the required removals for COP compliance.

Process ﬂow schematic of the Regional Treatment Plant, the Advanced Water Puriﬁcation Facility, and the future source waters, with sampling locations indicated.
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Dieldrin and DDx concentrations were correlated with VSS
concentrations through the RTP (Figure 3), which suggests
that VSS may be used as a surrogate for dieldrin and DDx
removal. DDx and dieldrin have a strong afﬁnity to sorb to
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Regional Treatment Plant dieldrin and DDx sampling results.

Relationship between RTP removals and VSS

Figure 3

Water Science & Technology

organics due to their nonpolar structure, minimal hydrogen
bonding, and relatively high molecular weight, with log octanol-water partition coefﬁcients of 5.4 to 6.9 (SRC ). VSS
is comprised of organic matter, such as biological matter in
the trickling ﬁlter/solids contact, and the correlation
suggests that dieldrin and DDx sorb to VSS.

Relationship between volatile suspended solids and dieldrin and DDx in the Regional Treatment Plant.
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Dieldrin and DDx concentrations are higher in the
solids contact process where a reserve of biological mass
is grown and stored to meet carbon removal and solids
retention time (SRT) targets. Subsequent clariﬁcation and
wasting of waste activated sludge (WAS) removes biological
mass, including dieldrin and DDx sorbed to the organic
mass. Given the apparent relationship between dieldrin
and DDx and VSS, the removal of dieldrin and DDx
through wastewater treatment appears to be dependent on
secondary clariﬁcation removal efﬁciency.

Wastewater treatment bench-scale testing
The removal of dieldrin and DDx through bench-scale testing of RTP physical treatment processes is shown in
Figure 4. The bench-scale removals matched those observed
through the RTP, suggesting that biodegradation in the
wastewater treatment plant was negligible and that the
removal occurs through physical wastewater treatment processes. Concentrations in the primary inﬂuent mixture were
already lower than the World Health Organization (WHO)
dieldrin and DDx drinking water guidelines of 30,000 and
1,000,000 pg/L, respectively. After treatment through the
RTP, secondary efﬂuent dieldrin concentrations were
below the California State Water Resources Control Board
Division of Drinking Water (DDW) Archived Advisory
Level (AAL) for drinking water of 2,000 pg/L.

Figure 4

|

Removal of dieldrin and DDx through wastewater bench-scale testing.
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In order to account for the effect of accumulating dieldrin
and DDx from the Blanco Drain through the solids contact
process, the measured Blanco Drain concentrations were
adjusted by the degree of dieldrin and DDx accumulation
that was observed during RTP sampling. Removals observed
through ﬁltration of the solids contact efﬂuent mixture were
applied to the adjusted solids contact efﬂuent mixture to
develop the estimate of the secondary efﬂuent concentrations.
Solution ozone testing
Removals of 44–63% and 36% to 48% were observed
through bench-scale ozonation for dieldrin and DDx,
respectively, with higher levels of removal observed with
higher ozone doses. The impact of ozone to total organic
carbon (TOC) ratios (O3:TOC), accounting for immediate
nitrite demand, on dieldrin and DDx removal is shown in
Figure 5. The relationship between removal and O3:TOC
ratio was linear under the ranges tested; however, it appears
that there may have been an initial rapid removal of dieldrin
and DDx at lower ozone doses, prior to the linear range, as
the lines ﬁtted to the data do not intersect the origin.
Microﬁltration bench-scale testing
The results from membrane ﬁltration of selected ozonated
mixtures are shown in Figure 6. Removals of 97% to 98%
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Figure 5

|

Impact of ozone to total organic carbon ratio on dieldrin and DDx removal in the Blanco Drain-Regional Treatment Plant efﬂuent mixture.

Figure 6

|

Dieldrin and DDx removal through membrane ﬁltration of the Blanco Drain-Regional Treatment Plant efﬂuent mixture.

and 92–94% were observed for dieldrin and DDx,
respectively.
Dieldrin and DDx sorbed to organics and particulates
that are captured on the MF membrane will be returned to
the RTP headworks during regular backwashes, chemical
washes, and clean-in-places (CIP) events. This recycling of
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waste backwash water slightly increases the concentrations
of dieldrin and DDx in the RTP inﬂuent and may marginally
increase concentrations in RTP efﬂuent; however, the overall removal of dieldrin and DDx is projected to increase, as
recycling increases the amount of dieldrin and DDx
removed through the RTP and the ozone system.
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The removal of dieldrin through various size ﬁlters for
different water qualities is shown in Figure 7. The data exhibit a log-linear relationship between ﬁlter size and removal
for waters relatively low in solids and/or for ﬁlter sizes of
0.7 μm or less.

Figure 7

|

Dieldrin removal through ﬁltration as a function of ﬁlter size and water quality.

Figure 8

|

10-μm ﬁlter removal of dieldrin as a function of volatile suspended solids.
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The data displayed in Figure 7 also suggest that removal was
dependent on another variable besides ﬁlter size for samples
with relatively high concentrations of solids when ﬁltering
through the 10-μm ﬁlter. Figure 8 shows that more removal
was observed for samples with higher solids concentrations.
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Summary of dieldrin and DDx removals observed through full-scale sampling and bench-scale testing

Removal
Process

Test

Dieldrin

DDx

RTP

Full-scale sampling

84%

93%

RTP

Bench-scale (RTP-Blanco blend)

84%

93%

Ozone

Bench-scale (RTP-Blanco blend)

44%–63%

36%–48%

Membrane ﬁltration

Bench-scale (RTP-Blanco blend)

97%–98%

92%–94%

CONCLUSIONS
A summary of removals observed through full-scale
sampling of the RTP and bench-scale testing is shown in
Table 1.
The following conclusions can be drawn from the
sampling and bench-scale testing:

•
•
•

•

•
•

Signiﬁcant dieldrin and DDx removal occurred
through the RTP, ozonation, and ﬁltration, and
removals were similar to those reported in previous
studies.
Removal through the RTP alone was sufﬁcient to meet
COP objectives, while removal through ozonation and
MF offer additional layers of redundancy and robustness
for COP compliance.
Primary inﬂuent dieldrin and DDx concentrations were
already below WHO drinking water guidelines, and treatment through the RTP reduced secondary efﬂuent
dieldrin concentrations to below DDW’s AAL for drinking water, while removal through ozonation, MF, RO,
and advanced oxidation, prior to aquifer treatment, will
provide additional layers of protection for the PWM
product water.
Bench-scale wastewater treatment dieldrin and DDx
removals matched removals observed during full-scale
sampling of the RTP, indicating negligible biodegradation
of dieldrin and DDx through wastewater treatment, with
removal occurring through physical wastewater treatment processes.
Dieldrin and DDx concentrations through the RTP correlated with VSS concentrations, suggesting that VSS
could be used as an indicator of dieldrin and DDx
removal.
Dieldrin and DDx removal related to ﬁlter size for ﬁlters
of 0.7 μm or less, whereas dieldrin and DDx removal
through 10-μm ﬁlters correlated with unﬁltered VSS
concentrations.
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