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Stormwater Filtration using Recycled PET Carpet Media

obtained upstream of the wattle, downstream immediately after the flow began, after two
minutes, and after 18 minutes. The COD concentration in the samples was determined by NCL.

A final set of two experiments were conducted to investigate the presence of two per- and
polyfluoroalkyl substances (PFAS), Perfluorooctanoic (PFOA) and Perfluorooctanesulfonic acid
(PFOS), in the leachate from RPC shreds and pad. While outside of the initial project scope, the
testing was suggested by the client towards the end of the study. In the first experiment,
separate samples of RPC shred and pad were soaked for eight days in distilled water and the
leachate was sampled for PFOA and PFOS. The second experiment was designed to simulate
the situation of a new RPC media filter experiencing its first runoff event. In this experiment, 8-L
of distilled water was poured through RPC shred and pad contained in a colander and again the
leachate was sampled for PFOA and PFOS. Leaching experiments are summarized in Table 1.

Figure 2 RPC pad in distilled water on the first day of soaking (left). RPC pad wattle in the flume
(right).
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Table 1 Summary of Leaching Experiments

Experiment Length of Experiment | Material Tested Constituents Analyzed
oil and grease, metals,

Soaked in distilled . nutrients, VOCs,

water 4 days Strip of RPC pad 4 ity ‘EC, TSS, and
COD

Sequential soak in .

distilled water 7 days Strip of RPC pad BOD and COD

Flow-through - initial 2 mlqutes RPC wattle COD

18 minutes

Flow-through — 2 minutes

drained after first : RPC wattle COD

un 18 minutes

Soaked in distilled RPC shred

water 8 days RPC pad PFOA/PFOS

Pour through with . RPC shred

distilled water 2 minutes RPC pad PFOA/PFOS

Combined Field Site and Laboratory Filtration Experiments

A publically-owned boat repair and storage facility and a privately-owned rural parcel were
identified as field test sites for pilot applications of RPC pad to treat stormwater. The layout and
stormwater characteristics of the each site determined the stormwater treatment measures
implemented and the methods used to evaluate the effectiveness of those measures. RPC pad
was used in flat sheet flow-through, flat sheet flow-over, and rolled sheet (wattle) flow-through
applications. The effectiveness of the measures were evaluated by visual observations,
collecting samples pre and post treatment in the field, and collecting pre treatment samples in
the field followed by laboratory experiments approximating post treatment conditions. The boat
repair yard had the greatest opportunity for implementing treatment measures and the facility
and experimental procedures implemented at this site are described in detail in the section
below. A brief section describing the experimental procedure implemented at the privately-
owned rural parcel follows in the subsequent section.

Fields Landing Boat Yard

The Fields Landing Boat Yard is owned and operated by the Humboldt Bay Harbor, Recreation
and Conservation District (HBHRCD). The boat yard is an open air storage facility located in the
South Bay of Humboldt Bay in close proximity to the harbor entrance (Figure 3). The facility
accommodates boat storage and maintenance year round for recreational and commercial
vessels up to 100 feet in length. There is an indoor facility on site that can accommodate boats
up to 80 feet in length, however most boat maintenance and repair work is done in the 3.75 acre
(15,000 m?) asphalt paved open yard (Figure 4) (HBHRCD 2019).
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Figure 3 Location of Fields Landing Boat Yard.
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Figure 4 Layout of the experimental site at the Humboldt Bay Harbor, Recreation, and
Conservation District Fields Landing Boat Yard. Primary cleaning and maintenance areas are
highlighted as well as the drop inlet where most the boat yard runoff collects. (Photo courtesy of

Google Earth).

Given the proximity to Humboldt Bay, the HBHRCD has a Stormwater Pollution Prevention Plan
(SWPPP) to treat both wash water from boat cleaning activities and the stormwater runoff from
the site. Most of the paved area drains to the stormwater drop inlet (DI) shown in Figure 4.
There are three main measures used to control and treat runoff. Drop clothes are placed under
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the boats during washing and maintenance to retain larger solids (Figure 5). Boat wash water is
collected at the drop inlet and pretreated on site before being transported off site for final
treatment and disposal (Figure 6). During precipitation events, water entering the DI is
discharged into the drainage ditch and then into Humboldt Bay. Some portions of the facility
however drain directly to either the drainage ditch or Humboldt Bay, so wattles are placed
around the perimeter of the paved portion of the site to retain windblown solids onsite and filter
water running off the site (Figure 7).

"__ Al

Figure 5 Drop cloth used as ground cover below boat washing and maintenance areas.
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Figure 6 Drop inlet that drains runoff from paved surfaces at the Fields Landing Boat Yard. Note
the old straw wattles around the secondary drain to the left.

Figure 7 Straw wattles used to control stormwater and wash water runoff from the Fields

Landing Boat Yard.
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RPC media was substituted for the existing material used in all three stormwater control
measures. RPC pad material was used to replace the landscape fabric drop cloths placed under
the boats during boat maintenance (Figure 8). The RPC drop cloths are thicker than the
previous fabric and have a rougher surface to collect and trap dust and particulates. They also
have the potential to provide additional biological treatment given the higher surface area.

Figure 8 RPC material used as ground cover below boat washing and maintenance areas.

A layer of the RPC pad material was placed in the drop inlet (Figure 4, Figure 6Error!
Reference source not found.) to filter water as it drained from the paved surfaces and before it
was either discharged (stormwater) or collected for treatment (wash water). The filter was
replaced periodically.

Wattles containing RPC pad material were assembled and used to replace 1,300 feet (396
meters) of straw wattles around the perimeter of the paved site (Figure 9). The 6-ft wide RPC
pad material was cut into 6-ft long pieces, rolled up, and placed in durable poly mesh netting.
The wattles were secured in place with zip ties and surveyor spikes (Figure 10).

10
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Figure 9 Fields Landing Site Layout showing location of wattle placement. (Photo courtesy of
Google Earth).
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Figure 10 Wattles filled with RPC media along perimeter fence of Fields Landing Boat Yard.

The RPC stormwater filter measures were installed in September of 2018 and remained in use
through June 2019. Stormwater and wash water samples were collected at various areas on
site including at the drop inlet and directly from the ground surface (Figure 11). The samples
collected from the ground surface were obtained using a small hand-operated pump (Figure 12).

Due to difficulties in collecting representative samples post treatment, water samples were
collected and analyzed to characterize the quality of the runoff associated with the runoff from
storm events as well as the water quality from specific site activities such as boat washing
(Table 2).

12
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Figure 11 Sample locations at Fields Landing Boat Yard. (Photo courtesy of Google Earth).
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Figure 12 Sample pump used to pull water from ground surface.

Table 2 Sample collection at Fields Landing Boat Yard

Sample Date | Sample Location Sample Description

11/7/2018 Directly under boat Boat wash water directly off boat

11/7/2018 Asphalt prior to drop inlet Boat wash water running off pad and ~ 8 feet
of asphalt

3/22/2019 Various locations (6) Site runoff sample during storm event

4/5/2019 Various locations (7) Site runoff sample during storm event

5/3/2019 Directly under boat Boat wash water directly off boat

5/3/2019 Asphalt prior to drop inlet Boat wash water running off pad and ~ 20 feet
of asphalt

Laboratory RPC Filtration

The boat wash water sample collected in May 2019 was brought back to the Humboldt State
University lab to determine the effectiveness of the filtration measures on site. Four post
treatment samples were prepared where each sample was filtered through one to four layers of
RPC pad material (Figure 13).

14
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Figure 13 Experimental set-up for the pour through experiment.

The constituents identified for sampling and analysis were consistent with requirements
identified in the site SWPPP (SHN 2019) and included those listed in Table 3. State certified
analytical labs determined the value of the water quality constituents and characteristics for
each sample.

Table 3 Constituents analyzed in laboratory and field filtration samples.

Metals aluminum, copper, iron, zinc
Other parameters pH, oil & grease, TSS

For two events, it was possible to evaluate the effectiveness of treatment measures directly
from field samples. Water samples were collected during two different events when boats were
being washed. The water dripping directly off the boat during washing was collected and
represented a pre treatment sample and water running off the RPC pad below the boat was
collected and represented a post treatment sample.

Privately owned rural parcel

The second field site was at a privately-owned unpaved facility with stormwater runoff
constituents typical for construction and land uses in the rural Pacific Northwest. At this site, two
existing bioswales were lined with the RPC pad and RPC media wattles were placed at the end

15
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of the swale prior to a small sediment pond (Figure 14). A pre treatment sample was collected
upstream of a channel lined with the carpet pad. The post treatment sample was collected
downstream of the lined channel and wattle installation (Figure 14). Samples were collected
during two storm events that occurred on December 14, 2018 and January 31, 2019. The same
constituents listed in Table 3 were analyzed with the exception of copper and aluminum.

16
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Summary of Experimental Results

Results from the analysis of the samples collected from the experiments described in the
previous section are presented. The results are organized as 1) laboratory leaching and flow-
through experiments excluding those for PFAS, 2) characterization of the Fields Landing Boat
Yard runoff, 3) laboratory filtration experiments with field samples representative of typical boat
wash water runoff, 4) laboratory analyses of field samples collected pre and post stormwater
treatment, 5) visual characterization of durability of the RPC material under field conditions and
6) laboratory leaching and flow-through experiments specifically for PFAS.

Laboratory Leaching and Flow-Through Experiments (excepting PFAS)
The results from the first leaching experiment where the carpet pad was left to soak for four
days at room temperature showed that with the exception of COD and magnesium, all
constituents included in the California NPDES general permit for stormwater discharges from
industrial activities had values less than the corresponding NAL for that constituent, and many
cases less than the method detection limit (MDL) (Table 4). A few constituents such as mercury
that do have NALs were not included in the constituents tested because previous results of a
similar experiment by Finney et al. (2016) showed they were not present in RPC pad leachate.
Table 4 also includes the concentration and mass per unit mass of RPC pad for additional
constituents examined that were detected in the leachate. With the exception of COD and
magnesium, the results from this experiment suggest that leachate from RPC pad used for
stormwater treatment is unlikely to be responsible for permit violations. The concentration of
COD and magnesium in the leachate was substantially above the NAL value (480 mg/l and 1.8
mg/l vs. 120 mg/l and 0.064 mg/l respectively), but in an actual field application, the leachate
would be much more dilute and the pulse of COD and magnesium may be primarily associated
with the first flush of the material. The concentration of zinc in the leachate was 0.2 mg/lI which
is close to the worst case NAL value of 0.26 mg/l, but the leachate concentration should be
significantly lower in an actual field application.

The second leaching experiment was conducted to determine whether the BOD and COD in the
leachate from subsequent soakings would be significantly reduced following an initial soaking.
An 80% decrease in COD and a 70% decrease in BOD resulted from one soak and drain cycle
of the RPC pad material (Table 5). The small difference in concentrations between filtered and
unfiltered leachate samples indicates that most of COD and BOD is soluble which suggests that
a continued reduction in concentrations would likely result from additional soak/drain cycles.

17
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Table 4 Analyte values in RPC pad leachate compared to NAL for the California NPDES
general permit for stormwater discharges from industrial activities.

Analyte Units Result | Detection | NAL?! mass/mass

Limit RPC pad
(mg/kg)

Acetone pg/L 11 0.9 0.15

Aluminum mg/L 0.12 0.02 0.75 1.62

Ammonia as N mg/L 15 0.1 2.14 20.3

Antimony mg/I 0.23 0.006 3.11

Arsenic mg/L ND 0.004 0.15

Barium mg/I 0.0052 | 0.001 0.07

BOD mg/L 30

Cadmium mg/L ND 0.001 0.0053**

COD mg/| 480 9 120 6480.

Chloride mg/I 31 1 419.

Chromium mg/I ND 0.004

Cobalt mg/| 0.0044 | 0.002 0.06

Copper mg/L ND 0.014 0.0332**

Cyanide mg/L 0.022

Iron mg/L 0.12 0.05 1 1.62

Lead mg/L ND 0.02 0.262**

Magnesium mg/L 1.8 0.03 0.064 24.3

Manganese mg/I 0.031 0.006 0.42

Mercury mg/L 0.0014

Methyl ethyl ketone Mg/l 3 0.7 0.04

Nickel mg/| ND 0.003 1.02**

Nitrate as N mg/L as N | ND 0.04 0.68

Oil & Grease (HEM) mg/L 2.8 1.4 15 37.8

Phosphorus, Total mg/LasP | 1.73 0.1 2 23.6

Selenium mg/L ND 0.008 0.005

Silver mg/L ND 0.004 0.0183**

Sodium mg/| 54 0.4 720.

Specific Conductance (EC) | umhos/cm | 400 1

Sulfate as SOq mg/I 44 2 594,

Total Suspended Solids mg/L 22 0.3 100 297.

Turbidity NTU 12 0.05

Zinc mg/L 0.2 0.008 0.26** 2.70

**The NAL is the highest value used by U.S. EPA based on a hardness table

! California State Water Resources Control Board (2014)
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Table 5 COD and BOD concentrations in filtered and unfiltered samples from a unrinsed (“First

pass”) and rinsed (“Second pass”) RPC pad sample.

Sample BOD (mg/L) | COD (mg/L)
First Pass 110 420
Filtered
Second Pass 38 88
First Pass 120 430
Unfiltered
Second Pass 39 100

The flow-through wattle experiment was designed to determine the magnitude of leaching of
COD from RPC pad under simulated field conditions. Although it was impossible to determine
the fraction of flow that passed through compared to under or over the wattle, it was clear that
there was some flow through the wattle. The concentration of COD in all samples downstream
of the wattle constructed with RPC pad was below the detection limit of 5 mg/I.

The first two leaching experiments suggest that for the constituents examined, there would only
be a concern about the significant contribution of COD, magnesium and possibly zinc from the
RPC pad. The concentration of COD in the initial soaking leachate was above the NAL 120 mg/I
value of the California NPDES general permit for stormwater discharges from industrial activities
(Table 4), but less than the NAL in the second soak/drain cycle, and was not detected in the
flow-through experiments. These results suggest there will likely be no significant contributions
of COD, magnesium, and zinc from RPC pad in a typical stormwater treatment application.

Characterization of Fields Landing Boat Yard Stormwater Runoff

Collecting stormwater samples post treatment at the Fields Landing Boat Yard was difficult, so
the potential benefit of RPC media filtration was estimated using laboratory filtration results once
typical stormwater runoff quality was known. Runoff was collected at four different points during
two precipitation events. In some cases, two samples were collected at a site and the results
averaged for that storm. Constituents included in the analysis included those specific to the
SWPPP for the facility along with a few additional ones of interest.

The results from the two storms were averaged and compared (where appropriate) to the NAL
for the facility (Table 6). The concentrations from the Ramp site were generally much lower than
the other sample sites. This site has a small drainage area devoid of any stored boats, and the
material responsible for the constituents measured would either be small solids blown to that
area of the yard, or dripping from boats as they are hauled out of the water (Figure 11). The
East fence sample site drainage area is the small adjacent parking area, the roof of the large
adjacent metal building, and overflow from the area surrounding the DI sample point. The
concentrations of the measured constituents at this site were nearly all higher than the Ramp
site, but lower than the remaining two sites (North fence and DI).

Given the characteristics of their drainage areas, it is not surprising that the concentrations at
the North fence and DI site were the highest of the sample sites, and with the exception of
aluminum, higher than the applicable NAL. The North fence drainage area included a large
number of old boats in long term storage, mostly in poor repair and many waiting to be
salvaged. The area also has a large assortment of uncovered metal debris that is heavily
oxidized. The DI drainage area includes the boat washing and maintenance area and a portion
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of the metal roofed buildings. A considerable reduction in copper, iron and zinc concentrations
would be required at these two sites to reduce the values below the NALs. For example, at the
DI site, a 98%, 43%, and 72% reduction in the observed values would be required to reach the
NAL values for copper, iron and zinc, respectfully. This high level of removal may be difficult to
meet with simple filtration since a significant fraction of the metals appear to be in the dissolved
state. The dissolved fraction for copper ranged from 25% to 50%, and for zinc it ranged from
66% to 78% (Table 6).

Table 6 Average stormwater quality for Fields Landing Boat Yard compared to NAL

Constituent N:é?iec})rrllc DI North East Ramp
Limits Fence | Fence

Al (mgl) 0.75 0.57 |0.63 0.60 0.083
Cu (mgll) 0.033 235 [0.77 0.25 0.055
Cu dissolved (mg/l) 0.61 0.023
Fe (mg/l) 1.0 1.74 | 275 1.25 0.15
Zn (mg/l) 0.26 094 |0.31 0.13 0.18
Zn dissolved (mg/l) 0.62 0.14
0&G (mg/l) 15 57 |44 4.1
TSS (mg/l) 100 37 23 45 2.4

Laboratory Filtration Experiments with Boat Wash Water Runoff

To estimate the performance of the RPC pad for treating runoff from boat washing activities at
the Fields Landing Boat Yard, a sample of water dripping directly off the boat while it was being
cleaned was taken. The concentration of the constituents measured was much higher (several
orders of magnitude) than that of the stormwater from the facility (Table 7). Most of the metal
appears to be in the particulate form, with the dissolved fraction of copper and zinc being 3%
and less than 1% respectively.

A single layer of RPC pad removed over 70% of the copper and zinc from the wash water, and
increasing the number of layers of mat resulted in a small, but increasing fractional removal
(Figure 15). With four layers of the pad used as a filter, over 80% of the copper and zinc were
removed from the wash water runoff. The removal rates for the other metals tested started
much lower, at 7% and 17% for aluminum and iron respectively when filtering through a single
layer of the pad (Figure 15). However, the increase in percent removal for those metals was
higher than for copper and zinc as the number of layers of pad increased. With four layers of the
pad used as a filter, over 50% of the aluminum and 60% of the iron were removed from the
wash water runoff.

20
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The removal of TSS does not correspond to the removal rates of copper and zinc (Figure 15).
Since these two metals are the largest mass fraction of the metals examined, it is clear that
there are additional components of the wash water runoff that contribute to the solids load
besides the metals examined. The rate of removal and the change in the rate for aluminum and
iron as the number of layers of pad increased closely mirrors the removal of TSS suggesting
that the particle sizes of the remaining solids components are similar to that of those two metals
particles.

The relatively high rate of removal of copper and zinc with just a single layer of the RPC pad
suggests that those metals are contained in larger sized solids that are easily filtered. The RPC
pad filters appeared to have little impact on the dissolved cooper and zinc (Figure 16, Figure
17). This result may indicate the RPC pad is only suitable for the removal of runoff constituents
that are either in a particulate form or are sorbed onto a filterable particle.

Table 7 Characteristics of boat wash water sample used for filtration experiment

Constituent | Al | cu | Cu Fe Zn AL TSS
dissolved dissolved

Concentration

(mg/l) 10 170 5.8 18 59 0.4 840
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Figure 15 Fractional removal of boat wash runoff constituents by layers of RPC pad.
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Figure 16 Relationship between the number of RPC pad layers used and the effluent total and
dissolved copper concentration of filtered boat wash water runoff.
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Figure 17 Relationship between the number of RPC pad layers used and the effluent total and
dissolved zinc concentration of filtered boat wash water runoff.
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Field Samples Collected Pre and Post Runoff Treatment

Fields samples of runoff were collected pre and post treatment with RPC pad at both the Fields
Landing Boat Yard and the privately-owned rural site. The boat yard sample was collected on
5/3/2019 from a boat that was being cleaned. The boat was on jack stands and the entire area
under the boat was covered by a single layer of RPC pad. The pre treatment wash water runoff
was collected as it dripped directly off the boat. Post treatment runoff was collected after the
water traveled through the pad and then over approximately 30 feet of asphalt. While there was
no effect on oil and grease and dissolved metals, the removal rates for total metals and TSS
were impressive. Removal rates from the RPC pad treatment ranged from 62% for aluminum
and iron to 92% for zinc (Table 8) which is greater than observed by four layers of the pad
material in the laboratory filtration experiment on the same wash water runoff (Figure 15).

Table 8 Boat wash water runoff quality pre and post RPC pad treatment

Constituent Was_h water Runoff Fraction
leaving boat | from pad Removed
Al (mg/l) 10 3.8 0.62
Cu (mg/l) 170 28 0.83
Cu dissolved (mg/l) 5.8 8.5 -
Fe (mg/l) 18 6.8 0.62
Zn (mg/l) 59 4.8 0.92
Zn dissolved (mg/l) 0.4 2 -
O&G (mg/l) 4 4.2 -
TSS (mg/l) 840 280 0.67
pH 7.3 7.5

Pre and post treatment stormwater runoff samples were also collected during two rainfall events
from the privately-owned rural parcel. The pre treatment samples were collected in a bioswale
just upstream of the point where the channel was lined with RPC pad, and the post treatment
sample was collected just downstream of the 45-foot long lined section and a RPC wattle. The
combination of these two treatment measures was very effective for TSS, COD, iron and zinc.
During the first event, removal rates ranged from 59% for iron and zinc, to 69% for COD. In the
second runoff event, solids were at a much higher concentration and the TSS removal rate was
75%, while the removal rate for the other constituents was just slightly less than observed
during the first sample event. Photos taken of the channel after the second sample event clearly
show significant sediment deposition on the RPC pad which may be largely responsible for the
TSS and total metals removal (Figure 18).
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Table 9 Stormwater runoff quality pre and post RPC pad lined channel and wattle treatment

12/14/2018 4/5/2019
Before After . Before After .
. Fraction Fraction
Constituent control control removed control control removed
(mall) (mgll) (mall) (mall)
TSS 1,400 450 0.68 9,200 2,300 0.75
0&G ND ND ND 5
COD 710 220 0.69 1,000 390 0.61
Fe 140 58 0.59 720 320 0.56
Zn 0.32 0.13 0.59 1.7 0.79 0.54

Figure 18 RPC lined channel and wattle after a significant storm event

Visual Characterization of RPC Material Durability under Field Conditions
For this project, RPC pads were used as drop cloths under boats while they were being cleaned
and maintained, as a sheet filter in a drop inlet, as a lining for stormwater bioswales, and rolled
up as stormwater control wattle. As drop cloths, the pad was used for a single boat cleaning and
then discarded due to the heavy accumulation of solids typically scrubbed off the boat. While
the pads were saturated with water and received heavy foot traffic during use, there was little
evidence of any substantial tearing or degradation prior to their disposal. The sheet of RPC pad
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placed in the stormwater DI as a filter at the boat yard was replaced several times per month
depending on amount of solids that had accumulated on the pad. Again, there was no evidence
of any degradation of the pad prior to being replaced.

The RPC pad in the wattles installed at both the boat yard and the privately-owned rural facility
in August 2018 appears to be in nearly perfect condition in June 2019 after spending nine
months out in the sun and rain, and the wattles should be able to be used for several more
years (Figure 19). Previous experience at both of these locations indicates a typical useful
lifespan of straw wattles to be a single wet season. The RPC pad used to line the bioswale at
the privately-owned rural facility did suffer some damage during the 9 months it was out in the
weather. The primary damage is due to solids deposition and weeds growing up through small
holes made in the pad during installation (Figure 19, Figure 20). However, the pad could be
used another year prior to disposal.

PFAS Laboratory Leaching and Flow-Through Experiment Results

The experiments for PFOS and PFOA suggested by CARE near the end of this study indicate
that detectable concentrations of these constituents are leaching from RPC products into water
under both soaking and flow-through conditions (Table 10). Nearly all of the concentrations
observed exceeded the USEPA drinking water health advisory value of 0.07 ug/l for both
compounds (USEPA 2016a, USEPA 2016b). These results indicate further analysis of the rate
and duration of PFOA and PFOS leaching from RPC under actual field conditions must be
conducted before the suitability of this material for use in stormwater treatment can be
determined.

Table 10 Summary of Leaching Experiments for PFOS/PFOA

Perfluorooctanesulfonic acid | Perfluorooctanoic acid

Material Experimental Leachate Per unit Leachate Per unit
conditions concentration mass of concentration | mass of
(Mall) carpet (Mgll) carpet
material material
(ng/kg) (ng/kg)
RPC Shred | 8 day soak in
9L water 0.58 6.4 0.48 5.3
RPC Shred | 8L water
poured over 0.081 2.2 0.14 3.8
material
RPC pad 8 day soak in
8.9L water 0.63 7.6 0.57 6.9
RPC pad 8L water
poured over 0.029 0.3 0.11 1.2
material
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Figure 19 Debris covered RPC wattle installed at the privately

use (top)

and shaken off (bottom).
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Figure 20 Silt covered RPC pad with weeds growing through small holes.
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Summary and Conclusion

The experiments conducted during this project yield insights into the potential effectiveness of
RPC media in stormwater treatment applications. An evaluation of the RPC media was
conducted under a range of conditions and applications that included laboratory experiments
simulating worst case scenarios for leaching, laboratory filtration experiments using water
samples collected from pilot field sites, and analysis of pre and post treatment of stormwater
collected directly from pilot sites.

Laboratory leaching experiments indicate that COD, magnesium, and to a lesser extent zinc
may leach off the RPC material under extreme conditions in high enough concentrations to lead
to potential violations of typical stormwater permit limits. Extreme conditions include multiple
days of soaking and first flush type events. The laboratory experiments show significant
reductions in COD and BOD (62-80%) after the first exposure. Laboratory flow-through
experiments that mimic likely field conditions indicate non-detectable levels of COD.

Laboratory filtration experiments with boat wash water from the Fields Landing Boat Yard
indicate metals are reduced by 54-69% via filtration with RPC pad. Copper and zinc are most
effectively removed (70-80+%) and aluminum and iron are less effectively removed (< 20% with
one layer of RPC filter). Increasing the layers of RPC pad resulted in increased reduction for
aluminum and iron and with four layers over 50% of all metals tested was removed. Dissolved
metals (copper and zinc specifically) were not reduced and in some cases increased with RPC
pad filtration, however, dissolved metals are a very small fraction of the boat wash water.

Stormwater samples collected at the Fields Landing Boat Yard and analyzed for constituents
that would typically be monitored by a SWPPP indicated concentrations that are significantly
higher than the NAL. Stormwater control measures would have to reduce common metals such
as copper, iron, and zinc by 40 to 100%. Stormwater sample analysis also indicate a significant
fraction of the metals are in a dissolved state (25-78%) and thus stormwater control measures
based on filtration alone may not be enough to effectively meet NALs.

Although these results are encouraging, the results from the filtration experiments from the boat
wash water cannot be directly extrapolated to the stormwater due to differences in the water
guality. The stormwater contained lower concentrations of constituents and higher fractions of
constituents in the dissolved phase.

The RPC media applications evaluated in the field by collecting samples of sediment rich
stormwater before and after water traveled through the RPC media showed effective reductions
of 50-92% in BOD, COD, and TSS. The stormwater control measures using the RPC materials
held up well over a storm season, exhibiting little sign of degradation. The use of the RPC
materials is particularly promising in the rolled wattle form where there is a need for long term
use over multiple years rather than a single construction season. The RPC wattles have a
longer design life than wattles made from straw and do not break down to contribute to organic
loading. The RPC media is most effective for the control of BOD, COD, and TSS and
constituents such as copper and zinc that are attached to particulates.

Despite these promising results, and those of the companion study on the use of RPC shred for
wastewater treatment, additional research must be conducted before the suitability of this
material for use in storm or wastewater treatment can be determined. Based on this studies
detection of PFOA and PFOS in the water used to soak RPC in exceedance of the USEPA
drinking water heath advisory value, it is recommended that further research on the rate and
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duration of PFOA and PFOS leaching from RPC material applications be completed before the
use of RPC materials in water contact environments are implemented.
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July 11, 2018
To: Joyce Cheung, Joaquin Wright Ref. No.: 11153629
From: Jonathan Eller Tel: 512-777-5851
CC:

Subject: Microplastics from PET Carpet

1. Purpose

This memorandum was written to address questions arising from a peer review of proposed research to
study the feasibility of using polyethylene terephthalate (PET) carpet fibers in civil engineering applications.
Potential applications considered are infiltration galleries for stormwater retention and septic system leach
fields. The concern raised is that PET carpet fiber, if used in these ways, may introduce microfibers to
groundwater or soil, and be subject to current or future pollution control regulation under California law.
Specific questions that are addressed herein include:

e What are microplastics and what is the concern?

e What is the potential for PET fibers used in the proposed applications to leach microplastics to the
subsurface environment?

e What is known about the interaction of such particles with soils?

¢ Is there existing or proposed regulation in California by which the release of microparticles by this
route could be regulated?

e How are microplastics measured and treated?
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2. Microplastics: Definitions and Context

Microplastics and nanoplastics are terms used to describe plastic pollution that is very small in size. Exact
definitions vary by author, although microplastics is commonly used for particles smaller than 5 millimeters
(mm) but larger than 1 micrometer (um), while nanoplastics generally refers to plastic particles with
dimensions smaller than 1 um.12 For this report, the term microplastics will be used for both.

The initial reports of microplastics in the ocean date back to the 1970s. However a landmark 2004 article
pointing to these pollutants as a potential environmental concern accelerated research interest, and to date
there have been an estimated 600 research articles published on the topic.34 Microplastics have received
increased attention in the past decade due to numerous reports of their large-scale occurrence in a variety of
environmental media and scientific uncertainty as to their toxicological relevance.®®

Microplastics have been observed in a variety of chemical forms, including polyethylene (PE), polypropylene
(PP), polystyrene (PS), and polyethylene terephthalate (PET).® They are further categorized as being
“primary” or “secondary”.2” Primary microplastics were designed to be microscopic, and include engineered
plastic microbeads used in personal care products, industrial abrasives, drug delivery agents, and pellets or
powders. Secondary microplastics result from the breakdown of plastic products that were manufactured as
larger items. Secondary microplastics also include microfibers, which can be separated from synthetic
fabrics during machine washing. Secondary microplastics are degraded mechanically, chemically and
biologically, in myriad processes that are poorly understood.?5 Figure 1 shows example images of primary
and secondary microplastics.”
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Figure 1. Images of microplastics. A) and B) Microbeads from personal care products;
C) Secondary microplastics from degradation of larger plastic items; D)
Secondary microplastics (microfibers) from synthetic fabrics. Image
reproduced from Ref 7.

3. Public and Scientific Concern

Microplastics have been identified in every environmental compartment, including ocean water, fresh water,
soils, groundwater, fresh water, sewage sludge, wastewater effluent, drinking water, and even air.>8 As a
result, there is a growing body of evidence indicating their occurrence all up and down the aquatic food
chain. Microplastics have been found in benthic organisms, fish, birds, turtles, and whales, to name a few.5
Humans may be exposed through consumption of affected fish or shellfish, other contaminated food items
such as honey and beer drinking water, or even drinking water.®

Although plastics are generally considered chemically inert, there is some evidence that toxicity can occur at
high enough concentrations. This may occur simply due to internal gastrointestinal blockage or tissue
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abrasion, although other routes are cited.® An oft-cited concern is the ability of plastic particles to adsorb and
slowly release other molecules with toxicological relevance, such as persistant organic pollutants (POPs),
polycyclic aromatic hydrocarbons (PAHSs), endocrine disruptors and carcinogens.>10 Additionally, plastic
additives such as UV sensitizers, flame retardants, and phthalates may be released from the particles
themselves as they degrade. This “sponge” effect may be especially pronounced for smaller microplastics
(such as nanoplastics), where the surface-area-to-volume ratio is highest, and the particles have the ability
to penetrate membranes and affect internal cell function.1®

However the question of whether toxicity occurs at the concentrations found in the environment is still under
debate.1112 Studies citing adverse biological impacts of microplastics typically occur in a laboratory setting,
where organisms are intentionally exposed to large doses. To better understand actual risk, some
researchers are calling for a systematic risk analysis framework that account for realistic exposure scenarios
and known adverse effects.?

4. Microplastics from PET carpet?

No studies were found in this effort that investigated microplastic release from PET carpet fibers. However,
we can infer from previous work that PET itself can degrade, and that secondary microplastics can result
from degraded PET. By inference, the introduction of secondary microplastics is possible.

GHD’s Final Feasibility Report submitted to CARE in March 2017 included two appendices (Appendix A and
Appendix D) which discussed the potential for PET carpet fibers to degrade due to chemical or biological
processes, under what general conditions this could happen, and what contaminants could result. The
findings are briefly summarized below, with a focus on mechanisms relevant for agueous environments.

PET can hydrolyze (be broken down by water) at high or low pH, with rates that increase as the pH moves
away from 7. Hydrolysis rates also increase with temperature. Photodegradation can cause embrittlement of
PET, although sunlight exposure is unlikely given the feasible applications. As of 2015, one literature
example existed for microbiological degradation of PET, and this bacteria was found only in a landfill. In
addition to chemical and biological degradation, mechanical work can also cause erosion of PET fibers. This
could be induced by friction or even continuous flow of water. It is further expected that PET carpet fiber
(made predominantly from recycled plastic bottles) would be more sensitive to degradation, since it has a
higher surface area than bottle plastic and has already been partially degraded during recycling.

Of note are two recent reports indicating the presence of PET microplastics in a large percentage of tested
bottled water samples.'*1> This is relevant because it was asserted that the bottle manufacturing process
was the likely source of the contamination. Aside from PET, other plastics used in bottle manufacturing were
also found in the water. The particles observed in both studies were predominantly small (< 100 um). This
suggests the possibility for secondary microplastics to be introduced during the bottle recycling process
whereby PET fibers are made, although no data was found to confirm this.

It is therefore considered a possibility that secondary PET microplastics could be introduced to groundwater
and soll, resulting from either degradation of PET fibers, or by microplastics that were generated during
earlier manufacturing processes. However, the likelihood of this occurrence cannot be commented on.
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5. Behavior of Microplastics in Contact with Groundwater and Septic
Systems

If PET microplastics are introduced to groundwater, their subsequent fate is of interest. Although most
transport research focuses on marine ecosystems, there are some reports concerning mobility in
groundwater soil environments.

Physical characteristics such as the size, hydrophobicity (water solubility), density, surface charge, and are
all expected to be determining factors that influence how particles move in an agueous subsurface
environment.16 Shape is of particular interest, as fibers would more likely become entangled in the soil and
are expected to interact with soil biota differently.16 Microplastics of any shape may be embedded within soil
aggregates, providing the potential for immobilization. Aside from these insights, however, relatively little is
known about fate or potential distribution within the foodweb.

Microplastics in septic system leach fields may come in contact with solid human waste. Wastewater
treatment studies indicate that microplastics removed in treatment are partially retained in the activated
sludge stage, meaning this sludge may serve as an adsorption compartment for microplastics.”

6. CA Regulation

A search of the California Water Resources Control Board (Water Board) website” revealed no information
page on microplastics. Microplastics are sometimes grouped under the umbrella of “emerging contaminants”
by environmental NGOs and government agencies, but a review of the Water Board’s efforts regarding
monitoring of emerging contaminants makes no mention of microplastics.t

Two proposed bills, both introduced in February 2018, may provide some insight in to the state’s concern
with microplastics. Senate Bill SB 1422 would require the State Water Resources Control Board to begin
monitoring and publicly reporting the levels of microplastics in drinking water.1” Assembly Bill AB 2379 would
require all providers of fabric composed of more than 50% synthetic material to carry a label which states the
possibility of the material to shed plastic microfibers when washed. If passed, the requirements of this bill
would be effective in January 2020.18 These two bills represent examples of a regulatory approach to
contamination reduction: Occurrence monitoring and source control, respectively. A third paradigm, the
passing of effluent limitations, generally follows occurrence monitoring. This research did not find any
proposed regulation or directives that would lead to effluent limitations on microplastics under California law
in the near future.

The only federal regulation found regarding microplastics is a source-control effort. The Microbead-Free
Waters Act of 2015 prohibits the use of microbeads (a primary microplastic) in over-the-counter rinse-off

* www.waterboards.ca.gov
T See the following:
- https://www.waterboards.ca.gov/water_issues/programs/swamp/cec_aquatic/
- https://public.tableau.com/profile/swamp.oima#!/vizhome/Statewide CECMonitoringDashboard/Dashboard
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cosmetic products. The final deadline to stop the delivery of these products in to interstate commerce is July
2019.

The most restrictive regulation found globally is in Canada, where microplastics have been added to the to
that country’s list of toxic compounds, under the Canadian Environmental Protection Act.5

7. Measurement of Microplastics

The measurement of particles at these sizes with sufficient throughput is notoriously difficult. There is an
agreed-upon lack of standardization of sampling plans and analytical methodologies for the measurement of
microplastic concentration in environmental media.?4® While visual inspection may be useful for larger
particles, the issue becomes more complicated as particles decrease in size. Consequently the analytical
methods employed are highly dependent on the size of the patrticles in question. Quality control measures
are considered particularly important when measuring microplastics, for the reasons cited above and due to
the potential for contamination.® Although not discussed here, it is important also to consider sampling
techniques, which are likewise not standardized. Microplastics tend to distribute themselves non-uniformly in
media, making it difficult to collect representative samples and achieve accuracy in measurement.
Additionally, the potential for contamination is high, due to the ubiquity of plastics. Therefore standardized
sampling procedures are being developed, but are not yet widely adopted.?

A recent review by Renner et al compares different conventional and emerging analytical techniques to
measure the occurrence and concentration of microplastics in environmental media, and the information
from this article is summarized below.*

71 Visual examination

Visual examination is used in the majority of studies that cite environmental microplastics occurrence.
Samples are imaged using the naked eye, optical microscopes or electron microscopes, depending on the
size, and is suitable down to 500 um. This technique is somewhat controversial, as it often does not rely on
chemical or spectroscopic identification of plastics. There do exist protocols to avoid misidentification, but a
reference to these protocols is often left out of reports.*

7.2 FTIR and Raman Spectroscopy

Fourier-transform infrared (FTIR) and Raman spectroscopic imaging are emerging analytical techniques for
microplastics, and many studies have used this technique. FTIR and Raman both require illumination of a
sample with a focused laser of a chosen wavelength, which reveals chemical-specific information about the
sample. These techniques prevent misidentification, as chemical signatures of a sample can be compared to
standards or libraries of spectral data. Additionally, different types of plastics can be distinguished using this
technique; e.g., PET, PE, and nylon would all have different spectral profiles when imaged this way. FTIR
allows identification of plastics as small as 50 pm, and Raman reaches below 20 pm. However, some
concern has been raised about the ability for Raman lasers to damage or alter particles.
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7.3 Fluorescence and staining

Samples can also be stained with Nile Red dye and imaged using fluorescence. Nile Red fluoresces brightly
when irradiated with blue light, and has been shown to preferentially adsorb to microplastics over debris or
biological matter.'® Samples are pre-processed using density separation, where the microplastics float while
denser objects settle. This technique can image particles down to “a few micrometers”, and can accurately
distinguish plastic material from other debris. Unlike Raman and FTIR chemical signatures are not available
for definitive chemical identification, however fluorescence brightness can be used to distinguish different
plastics by their hydrophobicity (their solubility in water).41519

74 GC/MS

Gas chromatography coupled with mass spectrometry (GC/MS) is a proven and reliable method for the
identification of volatile and semi-volatile organic compounds. Although plastics have no volatility, GC/MS
can be attached to a pyrolysis or thermal extraction and desorption (TED) device to oligomerize or otherwise
increase the plastics’ volatility. While this technique permits chemical identification, there is some risk of
misinterpretation, and matrix effects may be significant. There is no size limit for detection of particles using
GC/MS, but measurement of particle sizes and particle numbers is not possible. Results are reported as
mass concentrations.*

8. Treatment

If microplastics are identified in a medium, the next question is how to remove them. Most research to-date
has focused on removal of microplastics from municipal wastewater, and much less attention has been paid
to technologies that could be employed on a smaller scale.

It is known that microplastics at least partially survive secondary municipal wastewater treatment, however
tertiary treatment (likely due to the skimming and settling treatment steps) appears to be more effective.%20
Additionally, recent research indicates that the addition of final-stage treatment steps can drastically improve
wastewater treatment plant performance.” These final-stage technologies include membrane bioreactor
(MBR), rapid sand filtration, dissolved air flotation, and discfilters. Each of these was reported to increase
microplastics removal to 40 to 99.9% by number, with the most effective being MBR. Electrocoagulation has
been demonstrated as an effective removal option for microbeads, specifically, with an optimum
performance of 99.24%.2!

For smaller-scale operations, any size-based separation technology is likely to be effective. Nanofiltration,
ultrafiltration, reverse osmosis, and even conventional filtration using filters with small average pore sizes
could be considered. However, these technologies can severely reduce flow rates, so to determine an
appropriate treatment process it is important to understand the expected particle concentration, expected
flow rates of contaminated water, and environmental factors.

Microplastics_20180711 7



9. Recommendations

This literature review highlights, among other things, uncertainty surrounding the toxicity of microplastics at
environmentally relevant concentrations, poor understanding of the fate of microplastics in groundwater
environments, and a lack of standardization in both sampling and measurement of this contaminant. It is
therefore the opinion of the author that microplastics are not likely to be regulated under California law in the
near future in such a way as to preclude the use of PET carpet fiber as filler for stormwater infiltration
galleries or septic system leach pits.

If, however, the Water Board suggests or requires that a pilot study include some quantitative understanding
of the ability for PET carpet fiber to introduce microplastic particles or fibers, there would seem to be two
options:

o A deeper literature review that uncovers research not found in this study; or

e Implementation of a microplastics research study, either as a stand-alone laboratory testing effort, or as
a part of the larger pilot tests.

If the second option is chosen, this research provides some guidance on where to begin. Firstly, given the
often-cited “ubiquity” of these materials, it is important to understand background levels of microplastics in
the environmental medium of interest, and the potential for contamination by sampling equipment or air. The
choice of analytical method would likewise be very relevant, as they each have their own benefits and
limitations. The Nile Red staining method with fluorescence imaging seems to be reasonably high-
throughput, but does not allow definitive chemical identification. Proving that any microplastics are or are not
PET would be critical, so using u-FTIR or p-Raman in a confirmatory or stand-alone capacity would add
significant experimental value. It is suggested that any research study factor in the extremes of
environmental conditions that the PET carpet could encounter, including temperature, pH, organics, high
flow rates (potential to induce mechanical damage), and that microplastic degradation be quantified in terms
of both concentration (by count or mass) and particle size distribution. Other considerations include the
potential for adhesion to soils or sewage sludge.

In the eventuality that treatment were required, this would merit a separate, thorough analysis. GHD has an
expansive network of water treatment design engineers and scientists, who specialize in targeting specific
contaminants. Although microplastics are somewhat new as a contaminant, there would be adequate
support to devise an optimal microplastics removal solution.

10. References

1. da Costa, J. P. Micro- and nanoplastics in the environment: Research and policymaking. Curr. Opin.
Environ. Sci. Heal. 1, 12-16 (2018).

2. M. Rochman, C. et al. Sources, Fate and Effects of Microplastics in the Marine Environment: Part 2 of
a Global Assessment. (2016).

3. Thompson, Richard C; Olsen, Ylva ; Mitchell, Richard P ; Davis, Anthony ; Rowland, Steven J ; John,
Anthony W G ; Mcgonigle, Daniel ; Russell, A. E. Lost at sea: where is all the plastic? Science (80-. ).

Microplastics_20180711 8



10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

20.

21.

Microplastics_20180711

304, 2004 (2004).

Renner, G., Schmidt, T. C. & Schram, J. Analytical methodologies for monitoring micro(nano)plastics:
Which are fit for purpose? Curr. Opin. Environ. Sci. Heal. 1, 55-61 (2018).

Rios Mendoza, L. M., Karapanagioti, H. & Alvarez, N. R. Micro(nanoplastics) in the marine
environment: Current knowledge and gaps. Curr. Opin. Environ. Sci. Heal. 1, 47-51 (2018).

Rochman, C. M. et al. Scientific Evidence Supports a Ban on Microbeads. Environ. Sci. Technol. 49,
10759-10761 (2015).

Talvitie, J., Mikola, A., Koistinen, A. & Setéla, O. Solutions to microplastic pollution — Removal of
microplastics from wastewater effluent with advanced wastewater treatment technologies. Water Res.
123, 401-407 (2017).

Costa, M. F., Pinto da Costa, J. & Duarte, A. C. “Sampling of micro(nano)plastics in environmental
compartments: How to define standard procedures?” Curr. Opin. Environ. Sci. Heal. 1, 36—40 (2018).

Revel, M., Chatel, A. & Mouneyrac, C. Micro(nano)plastics: A threat to human health? Curr. Opin.
Environ. Sci. Heal. 1, 17-23 (2018).

Rocha-Santos, T. A. P. Editorial overview: Micro and nano-plastics. Curr. Opin. Environ. Sci. Heal. 1,
52-54 (2018).

Koelmans, A. A. et al. Risks of Plastic Debris: Unravelling Fact, Opinion, Perception, and Belief.
Environ. Sci. Technol. 51, 11513-11519 (2017).

Ogonowski, M., Gerdes, Z. & Gorokhova, E. What we know and what we think we know about
microplastic effects — A critical perspective. Curr. Opin. Environ. Sci. Heal. 1, 41-46 (2018).

Burton, G. A. Stressor Exposures Determine Risk: So, Why Do Fellow Scientists Continue to Focus
on Superficial Microplastics Risk? Environ. Sci. Technol. 51, 13515-13516 (2017).

Schymanski, D., Goldbeck, C., Humpf, H. U. & Flrst, P. Analysis of microplastics in water by micro-
Raman spectroscopy: Release of plastic particles from different packaging into mineral water. Water
Res. 129, 154-162 (2018).

Mason, S. A., Welch, V. & Neratko, J. Synthetic polymer contamination in bottled water. Fredonia
State Univ. New York 1-17 (2018).

Rillig, M. C., Ingraffia, R. & de Souza Machado, A. A. Microplastic Incorporation into Soil in
Agroecosystems. Front. Plant Sci. 8, 8-11 (2017).

Code, G. Senate Bill. Assembly 2—-3 (2004).
Code, P. Assembly Bill. 1-2 (2012).

Maes, T., Jessop, R., Wellner, N., Haupt, K. & Mayes, A. G. A rapid-screening approach to detect
and quantify microplastics based on fluorescent tagging with Nile Red. Sci. Rep. 7, 1-10 (2017).

Carr, S. A, Liu, J. & Tesoro, A. G. Transport and fate of microplastic particles in wastewater
treatment plants. Water Res. 91, 174-182 (2016).

Perren, W., Wojtasik, A. & Cai, Q. Removal of Microbeads from Wastewater Using
Electrocoagulation. ACS Omega 3, 3357-3364 (2018).



[]

Microplastics_20180711

10



Appendix E - Degradation Proposal

GHD | Recycled Polyethylene Terephthalate (PET) Carpet (RPC) pilot studies of Civil Engineering Applications, Error! Unknown

document property name. | 30



Proposal for Professional Services:

Enzymatic Degradation of
Polyethylene Terephthalate
(PET) Carpet Fibers for
Industrial Scale Recycling
and Recovery - Phase 1

Carpet America Recovery Effort |~ [l
(CARE) =

June 4, 2018



p—
—
June 4, 2018

Bob Peoples
Executive Director
Carpet America Recovery Effort (CARE)

RE: Enzymatic Degradation of Polyethylene Terephthalate (PET) Carpet Fibers for Industrial Scale
Recycling and Recovery — Phase 1

Dear Dr. Peoples:

On behalf of GHD, Joaquin Wright and Joyce Cheung are pleased to provide you with our proposal for
professional services to assess the Enzymatic Degradation of Polyethylene Terephthalate (PET) Carpet Fibers
for Industrial Scale Recycling and Recovery — Phase 1 (Project). Scientists have recently discovered an
enzyme from a bacteria that can be harnessed to degrade PET plastics. Based on our understanding of the
research performed to-date and discussions with research experts from the National Renewable Energy
Laboratory (NREL), University of Southern Florida, and the University of Portsmouth in the UK, we believe that
this project has significant potential to not only divert PET carpet from landfills, but also create a viable market
for the recycling and recovery of PET carpet.

GHD understands the carpet recycling goals set forth by California law AB 2398 and administered by Carpet
America Recovery Effort (CARE). GHD is currently working with CARE on several feasibility and pilot studies
focused on utilizing the mechanical separation and physical properties of PET carpet for civil engineering
applications. This project, however, will offer another recycling pathway and will focus on the chemical recycling
of PET carpet, in which enzymes from bacteria will be utilized to break down PET to its building blocks.

As discussed in our proposal, our team was thoughtfully selected based on our recent and relevant experience
on similar projects and other similar clients. For this project, we are teaming with the lead authors from the
research team—NREL’s Gregg Beckham, University of Portsmouth’s John McGeehan, and Lee Woodcock from
the University of South Florida.

We have identified a 3-phase project that can potentially divert post-consumer PET carpet in landfills through
chemical recycling:

e Phase 1: Perform laboratory studies to extract enzymes, develop an efficient process to convert PET
into its building blocks, and bio-engineer enzymes for commercialization.

e Phase 2: Implement industrial scale pilot study to facilitate PET carpet recycling and recovery.

e Phase 3: Develop model for promotion of independent businesses to recycle PET carpet and divert
PET carpet from landfills.

This proposal focuses on the first phase of the project and discusses the specific issues, opportunities and
constraints of this phase. This proposal also showcases our understanding, approach and team that will make
this project a success.

Phase 1 is anticipated to be completed in a 1-year period. Phase 2 is anticipated to be performed within 3
years, and Phase 3 will be initiated after successful completion of Phases 1 and 2.

Our project approach and detailed scope of services in this proposal was developed to provide CARE with the
high quality professional services it has come to expect on projects from GHD. We are excited about this
project, and the opportunity to continue developing recycling pathways for PET carpet with you and your team.
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Project Need

1.1 Background

Polyethylene terephthalate (PET) carpet fiber is manufactured from recycled soda and water bottles
that were originally formed from pellets of PET resin. Because PET carpet is not readily or
commercially recyclable, the carpet is oftentimes transferred to landfills after it has served its useful
life.

In 2016, scientists have discovered a new enzyme derived from bacteria that can degrade PET
plastics. In April 2018, scientists and engineers inadvertently developed a more efficient enzyme that
can degrade PET more effectively; this research was published in the Proceedings of the National
Academy of Sciences (PNAS)." During the enzymatic degradation of PET, PET is broken down into
its building blocks, ethylene glycol and terephthalic acid, which are environmentally benign. This
discovery can potentially lead to a recycling solution for millions of tons of plastic bottles or post-
consumer carpet, made of PET, which could otherwise remain in the environment for hundreds of
years.

While the research has produced a viable way to chemically degrade PET to its raw materials, an
efficient and cost-effective way to apply this technology to PET carpet fiber at an industrial scale has
not yet been developed.

1.2 Goals and Objectives

GHD’s team includes the lead researchers associated with analyzing the enzymatic degradation of
PET carpet fibers for industrial scale recycling and recovery. The goal is to provide Carpet America
Recovery Effort (CARE) with an alternative to placing PET fibers from post-consumer carpet (PCC) in
landfills. Based on recent research, timely investment from CARE will allow us to take advantage of
the industrial expertise and be at the forefront of utilizing enzymes to degrade PET to its building
blocks. This would put CARE at the forefront of research and technology that will change the
landscape of PET recycling. This technology has the potential to sustainably recycle all PET carpet.

GHD understands the carpet recycling goals set forth by California law AB 2398 and administered by
CARE. GHD is currently working with CARE on several feasibility and pilot studies focused on utilizing
the mechanical separation and physical properties of PET carpet for civil engineering applications.
This project, however, will offer another recycling pathway and will focus on the chemical recycling of
PET carpet, in which enzymes from bacteria will be utilized to break down PET to its building blocks.

We have identified a 3-phase project that can potentially divert post-consumer PET carpet in landfills
through chemical recycling, as shown in Figure 1 on the next page.

This proposal focuses on the first phase of the project and discusses the specific issues, opportunities
and constraints of this phase. The project approach and scope of work for Phases 2 and 3 will be
developed after completion of Phase 1.

" Austin, Harry P, et al. Characterization and engineering of a plastic-degrading aromatic polyesterase. Proceedings of

the National Academy of Sciences (PNAS). April 2018.
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Phase 1 is anticipated to be completed in a 1-year period. Phase 2 is anticipated to be performed
within 3 years, and Phase 3 will be initiated after successful completion of Phases 1 and 2.

PHASE | PHASE Il PHASE Il

Laboratory Testing on Industrial Scale Pilot Develop Outreach Plan

Enzyme Performance Study for Enzymatic and Business Model
Degradation of PET

* Extract PET Implement industrial Identify and develop
degrading enzymes scale pilot study to outreach plan for

* Develop an efficient facilitate PET carpet potential new makets
process to convert recycling and recovery
PET into its building
blocks

* Bio-engineer
enzymes for
commercialization

Figure 1: Phases to develop enzymatic degradation of PET carpet fibers for
industrial scale recycling and recovery

2. Team Qualifications & Experience

2.1 Firm Overview

GHD is one of the world’s leading professional services companies operating in the global markets
of water, energy and resources, environment, property and buildings, and transportation. We provide
engineering, architecture, environmental and construction services to private and public sector
clients.

Established in 1928 and privately owned by our people, GHD operates across five continents — Asia,
Australia, Europe, North and South America — and the Pacific region. We employ more than 8,500
people in over 200 offices to deliver projects with high standards of safety, quality and ethics across
the entire asset value chain. Driven by a client-service led culture, we connect the knowledge, skill
and experience of our people with innovative practices, technical capabilities and robust systems to
create lasting community benefits.

GHD Inc. is registered with the California Department of Industrial Relations: #1000018754.

2.2 Project Team

GHD brings extensive, relevant project experience to assess the Enzymatic Degradation of PET
Carpet Fibers for Industrial Scale Recycling and Recovery. The selected project team has a strong
background in research and development of new products. Specifically, GHD has performed an initial
feasibility study to understand the material properties and chemical constituents of PET carpet fiber
for use in civil engineering applications. GHD is also currently implementing pilot studies with Humboldt
State University on the feasibility of utilizing PET carpet for septic system leach fields or storm water
infiltration galleries.
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Additionally, GHD is a current consultant to the California Department of Resources Recycling and
Recovery (CalRecycle), and we have reliably and continuously delivered a variety of services over the
past five years, including:

o |dentification and investigation of potential barriers and environmental impacts to using tire
derived aggregate (TDA);

e Technical assistance for TDA pilot demonstration and grant projects; and

o Research investigations for new civil engineering applications for TDA.

GHD'’s experience on the product testing and research and development of tire derived aggregate
(TDA) can be translated laterally to assess whether PET carpet fibers can be successfully recycled
and recovered through enzymatic degradation. Relevant project experience is provided in detail in
Appendix B.

For this project, we are teaming with the lead authors from the research team that published the
journal article in PNAS in April 2018:

e Gregg Beckham - National Renewable Energy Laboratory (NREL)
e John McGeehan - University of Portsmouth in UK
e Lee Woodcock - University of South Florida

This project will also engage Moving Images to document the Phase 1 research process. The
documentation will be used to develop a short video that highlights CARE's efforts to develop PET
recycling pathways.

Joaquin Wright will be the Project Manager and will be the main point of contact for CARE. His
responsibilities will include schedule and budget control, overall project management, and outreach
and education of CARE’s sustainability efforts. The project member organization chart is provided in
Figure 2. A brief description of each project team member is provided on the next page and resumes
are included in Appendix C.

Carpet America Recovery Effort
(CARE)

Principal Project Manager
Alex Culick, PE Joaquin Wright, ENV SP
GHD GHD

Laboratory Testing Program MIopmom Video Documentation

Tim Metzger
Moving Images

Gregg Beckham, PhD Project Engineoy

Joyce Cheung, PE
NREL GHD
John McGeehan, PhD Biologist
University of Portsmouth, Jenna Rais
UK GHD

H. Lee Woodcock, PhD
University of South Florida

Figure 2: Project Team Member Organization Chart
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Joaquin Wright Senior Project Manager

Humboldt State University (HSU), Environmental Resource Engineering,
2000.

Joaquin has over 16 years of experience in the Environmental Engineering
field, including extensive environmental remediation, landfill design,
regulatory compliance, and construction management experience. He is an
Adjunct Professor at HSU teaching Solid Waste Management. He is also
an expert in Tire Derived Aggregate (TDA) use, and is extensively involved
with TDA research and education in civil engineering applications through
the support of the California Department of Resources and Recovery
(CalRecycle). Joaquin is also the project manager for the feasibility and pilot
studies of utilizing PET carpet in civil engineering applications.

Alex Culick, PE Project Principal

B.S. Environmental Resources Engineering, Humboldt State University,
Arcata, CA, 1987

Alex is a Managing Principal with GHD with over 20 years of experience
specializing in, infrastructure development projects and construction
management and project implementation oversight. Currently Alex has
been providing senior level and technical quality assurance and project
reviews during design phase and prior to bidding and implementation.

Joyce Cheung, PE Civil Engineer

M.Eng. Civil and Environmental Engineering, MIT, 2014;
B.S. Engineering Science, Smith College, 2009

Joyce has over 8 years of extensive inter-discipline experience working in
the water and wastewater industry, with projects that include design and
construction administration of water treatment, collection systems,
wastewater treatment facilities, stormwater management solutions and
pump stations. Joyce was also involved with the cost-benefit assessment of
Tire Derived Aggregate (TDA) as a lightweight fill material in civil
engineering applications. She conducted field studies to determine the
density of TDA in light-rail vibration mitigation applications and bioretention
systems, and also analyzed the settlement of TDA in road embankment
applications, where she developed a settlement curve to aid engineers in
the design of TDA embankments. Joyce is also the project engineer for the
feasibility study of utilizing PET carpet in civil engineering applications.
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Jenna Rais Biologist

M.S. Environmental Management, University of San Francisco, expected
2019;

B.A Integrative Biology, University of California, Berkeley, 2005

Jenna has environmental consulting experience that includes natural and
biological resources work such as biological monitoring for special status
species during construction activities; field surveying and reconnaissance
site visits; wetland delineations; and, Geographic Information Systems
mapping. She also has experience in research of aquatic insects and
biological control.

Gregg Beckham, PhD Senior Research Fellow at the
National Renewable Energy Laboratory

PhD, Chemical Engineering, MIT, 2007;
M.S. Chemical Engineering Practice, MIT, 2004;
B.S. Chemical Engineering, Oklahoma State University, 2002

Gregg is a Senior Engineer at the National Renewable Energy Laboratory
(NREL), where he leads and works with an interdisciplinary team of
biologists, chemists, and engineers on conversion of biomass to fuels,
chemicals, and materials including metabolic engineering, fermentation,
separations, catalysis, biopolymer and carbon fiber production, and lignin
and waste valorization.

Lee Woodcock, PhD Associate Professor at University of
South Florida

Ph.D. Chemistry, University of Georgia, 2003;
B.S. Chemistry, Appalachian State University, 1998

Lee is an Associate Professor in the Department of Chemistry at the
University of South Florida. Lee’s research focuses on developing and
employing computational methodology to solve interesting problems that
exist at the interface of biophysics, medicine, and materials.

John McGeehan, PhD Professor at University of
Portsmouth, UK

Ph.D. Virology, Medical Research Council (MRC Virology Unit), Church
Street, Glasgow, UK, 1996;
B.Sc. Honours Microbiology, University of Glasgow, UK, 1993

John is a Professor of Structural Biology and Director of the Institute of
Biological & Biomedical Sciences at the University of Portsmouth in the
UK. John'’s research focuses on structure-led enzyme engineering, where
he combines X-ray crystallography with other biophysical methods such as
spectroscopy, analytical ultracentrifugation and small-angle X-ray and
neutron scattering.
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Project Understanding and Approach

PET carpet fibers are challenging to recover and recycle effectively. Mechanical approaches today
can fractionate carpet into its fiber, non-PET polymer, and inorganic components, but the resulting
PET in fiber form (commonly known as “fluff’) remains challenging to efficiently and cost effectively
recycle back to carpet or bottle-grade PET. Chemical recycling strategies have been developed, but
to-date they remain too expensive to efficiently and rapidly break down PET to building blocks, often
requiring expensive chemical catalysts that are hard to recycle and/or high excess of solvents that
are also challenging to fully recover. A chemical (or biological) recycling strategy that would be able
to break down PET, either in whole carpet or in recovered PET fibers, to building blocks that is more
cost effective than existing strategies is sorely needed and would represent a potential paradigm
change for the industry.

While it has been known for more than two decades that naturally occurring enzymes are able to
break down PET, these enzymes have not been not yet been deployed in a process context or
compared systematically on PET fibers from carpet or bottles. Furthermore, recent enzyme
discovery programs have yielded several exciting thermophilic variants of PET-degrading enzymes
that can yield significant gains in terms of efficiency.

3.1 Project Approach

The first phase of this project will primarily focus on laboratory studies facilitated by Dr. Beckham,
Dr. Woodcock and Dr. McGeehan to examine and enhance enzyme performance to degrade PET.
This phase will be implemented over a 1-year period, and will include the following milestones:

Milestone 1. Express and purify at least 25 thermophilic PET-degrading enzymes:

The first component of the project will examine metagenomic databases in collaboration with
existing partners to identify PET-degrading enzymes from thermophilic bacteria that should be able
to operate above the glass transition temperature of PET (which would increase the surface area,
and hence the rate of PET degradation). The research labs are setup to do this efficiently and
rapidly, and we can work with industrial partners if scale-up of enzyme production is required as part
of the project. To ensure success, this component of the project will be initiated with at least 75 new
enzymes in case some do not successfully express or are inactive on PET.

Milestone 2. Develop a process for enzymatic breakdown of PET fibers:

Leveraging capabilities and previous experience in process design for biomass conversion, we will
conduct enzymatic studies to convert PET into its building blocks, ethylene glycol and terephthalic
acid using the enzymes expressed in Milestone 1. We will test both whole carpet and carpet fibers
already provided by our industrial partners (e.g., Shaw Floors). The goal will be to test enzyme
performance across a range of temperatures, pH values, buffers, and with differing loads of
enzymes, normalized to the PET content. We will use agitated bioreactors at the small scale (e.g., in
an existing BioLector Pro, which allows for 24 parallel experiments to be temperature and pH
controlled) to mimic scaled-up industrial conditions. Substrate characterization will be conducted
before and after each enzyme treatment to measure the substrate turnover, with a project stretch
goal of achieving complete PET conversion in PET fluff or whole carpet of 280% in 7 days.
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Milestone 3. Initiate engineering of thermophilic enzymes using computation and structural
biology driven methods:

Using structural biology methods, directed evolution, and advanced computational approaches, we
will initiate the development of improved variants of the optimal PET-degrading enzymes identified in
Milestones 1 and 2. This is the highest-risk portion of the project, but is an important component to
continue to obtain improved enzyme variants. This work will leverage key and complementary
expertise at all three partner institutions.

3.2 Scope of Services

The following scope of work outlines the proposed steps for performing Phase 1 of this project.

Task 1 - Project Management

GHD will begin the project with a kickoff meeting with team members. The purpose of the meeting is
to review the scope, budget and schedule.

Project management services during the project will include the following: internal progress
meetings, four (4) progress meetings with CARE, one of which includes a site visit to observe the
laboratory testing facilities. GHD will prepare monthly progress reports that detail progress on scope,
schedule, and budget.

Task 1 Deliverables:

- Monthly Progress Reports with Invoices
- Progress Meeting summaries

Task 2 - Laboratory Testing

NREL, University of Portsmouth, and the University of Southern Florida will develop the laboratory
studies to examine, test, and optimize enzyme performance to degrade PET. Details for this task are
provided in the Project Approach under Section 3.1. This task is fundamental to provide the necessary
information to mimic scaled-up conditions for industrial recycling and recovery of PET. A report of the
test methods and results will be provided to GHD, which will be included as an appendix to the
Summary Report that GHD will submit to CARE under Task 3.

Task 3 - Summary Reporting and Program Development

This task includes the analysis of the laboratory test results from NREL, University of Portsmouth,
and the University of Southern Florida. GHD will summarize the findings in a draft Summary Report
for CARE to review. GHD will revise the draft report based on feedback and written comments
provided by CARE, and will then submit a final Summary Report, which will include discussions and
recommendations. GHD will also provide a PowerPoint presentation of the Phase 1 study to CARE
at the end of this project.

The Summary Report will include the following components:

1) Introduction describing the purpose and organization of the report and general background
information, including the need to develop a market for PET.

2) Presentation and evaluation of the laboratory testing results.

3) Discussion and recommendations for Phase 2 of the project.
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Task 3 Deliverables:

- Draft and Final Summary Report (electronic PDF and 3 hard copies)
- PowerPoint presentation of Pilot Study (electronic PowerPoint)

Task 4 - Video Documentation

This video will record the milestones associated with the initial laboratory testing performed on PET
carpet and would include interviews with the research team. The video will focus on the potential of
degrading PET down to its raw materials and discuss the implications that this research may have
on the post-consumer carpet recycling industry. At the same time, we will show the commitment that
CARE has towards finding safe and sustainable reuses for this problematic waste material.

This will be a 5-10 minute video that can be used for outreach and educational efforts. The video is
anticipated to take approximately 10 days of shooting and 15 days of editing.

Task 4 Deliverables:

- 5-10 minute video in MPEG format
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Closing

GHD is a global company, and a long-standing firm in California with a proven ability to deliver
comprehensive engineering services. Our team includes local and global experts that are excited at
the prospect of working with CARE to advance the goal of minimizing post-consumer PET carpet in
landfills. GHD has a record of accomplishment in developing new products (e.g. tire derived aggregate
for CalRecycle), and our approach matches your need for high quality and cost-effective services. If
you have any questions regarding the proposal, our proposed approach, or our project team, please do

not hesitate to contact us.

GHD | Enzymatic Degradation of PET Carpet Fibers for Industrial Scale Recycling and Recovery — Phase 1| Page 9



GHD is one of the

world's leading

professional services
companies operating

in the global markets

of water, energy and
resources, environment,
property and buildings, and
transportation. We provide
engineering, environmental,
and construction services to
private and public sector clients.

Joaquin Wright
Joaquin.Wright@ghd.com
707.303.4850

Joyce Cheung
Joyce.Cheung@ghd.com
510.420.3335

www.ghd.com
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