
Memorandum

To: Crescenta Valley Water District

From: Brian Heywood, PE, PMP–Project Manager
 Evelyn Chang, PE—Project Engineer

Mr. Paul Ho–CDM Smith Research and Testing Lab Manager
Dr. Charles Schaefer, PhD–CDM Smith Laboratory Technical Lead

Date: April 30, 2026

Subject: Bench-Scale Treatability Study Report for Removal of Perfluoroalkyl Acids from Water 
Collected at Crescenta Valley Water District Well 8 and Well 12 in Glendale, California

1.0 Introduction
This technical memorandum summarizes the bench-scale treatability testing to evaluate removal of perfluoroalkyl 
acids (PFAAs) from the combined source water collected from Well 8 and Well 12 in Crescenta Valley Water District 
(CVWD) in Glendale, California. Sorbents used for the bench-scale treatability testing included one commercially 
available granular activated carbon (GAC) and three anion exchange resins (AERs). The bench-scale treatability study 
was conducted at the CDM Smith Research & Testing Laboratory (RTL) in Bellevue, Washington, from November 
2025 to February 2026. The primary objectives of this study were to compare PFAA removal effectiveness in 
CVWD’s raw drinking water as a function of empty-bed volumes (EBVs) for the sorbents tested. Insights from the 
completed rapid small-scale column testing (RSSCT) will directly inform media selection and design parameters, 
supporting a robust, evidence-based framework for pilot- and full-scale implementation. 

2.0 Water Collection
Water collection was performed at CVWD Wells 8 and 12 on November 18, 2025. Approximately 510 gallons of 
combined water were collected after a mixing point in the water treatment system into 30-gallon high-density 
polyethylene (HDPE) drums. Before collection, the drums were rinsed with source water to remove any residue 
present. Following sample collection, the drums were sent to the RTL via freight shipping. During well sampling, one 
500 milliliter (mL) sample preserved in ammonium acetate was collected and submitted to Eurofins Eaton Analytical 
Pomona (Eurofins) for analysis of per- and polyfluoroalkyl substances (PFAS) via U.S. Environmental Protection 
Agency (EPA) Method 533 (target list with 25 compounds) to establish baseline PFAS conditions. Table 1 shows the 
results associated with the baseline PFAS analyses. Currently, perfluorooctanesulfonic acid (PFOS) and 
perfluorooctanoic acid (PFOA) have National Primary Drinking Water Regulations established by the EPA. PFOS and 
PFOA were detected in the source water at 1.9 nanograms per liter (ng/L) and 3.3 ng/L, respectively, which complies 
with the 4.0 ng/L maximum contaminant levels (MCLs) established in 2024 (EPA 2024). Out of the five PFAS with 
nonregulatory notification levels and reporting levels issued by the California State Water Resources Control Boards 
(PFOA, perfluorohexanoic acid [PFHxA], perfluorobutanesulfonic acid [PFBS], Perfluorohexanesulfonic acid [PFHxS], 
and PFOS), PFHxS was detected at 3.5 ng/L, which exceeds its 3.0 ng/L
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 notification level (California Water Boards 2025). Attachment 1 provides the corresponding PFAS analytical report. 

Table 1 PFAAs Detected in the Water Collected for Bench Testing

Analytes Analyte Name PFAA Concentration (ng/L)

PFBA Perfluorobutanoic acid 3.0
PFPeA Perfluoropentanoic acid 6.1
PFHxA Perfluorohexanoic acid 6.2
PFHpA Perfuoroheptanoic acid 1.9 J
PFOA Perfluorooctanoic acid 3.3
PFBS Perfluorobutanesulfonic acid 5.2
PFPeS Perfluoropentanesulfonic acid 0.86 J
PFHxS Perfluorohexanesulfonic acid 3.5
PFOS Perfluorooctanesulfonic acid 1.9 J

Note: Of the 25 compounds on the EPA 533 target analyte list, only the 9 compounds shown were above their analytical detection limits 
in the source water. PFAAs with federal MCLs that must be within compliance by 2029 are noted in bold. J flags indicate that values are 
estimates (below the 2.0 ng/L reporting limit [RL], but higher than the method detection limit [MDL]). Attachment 1 presents detailed 
analytical reports. 

Additional samples were submitted at the time of water collection and analyzed to establish baseline water quality 
parameters of total and dissolved metals (EPA Methods 200.7 and 200.8), anionic composition (EPA Method 300), 
and ammonia (EPA Method 350.1). 

Table 2 provides results of these measurements. 

Table 2 Water Quality Results–Field Measurements

Analytes Result Units

pH* 7.6 Standard units (SU)
Temperature* 22 Degrees Celsius (°C)
Chloride 87 Milligrams per liter (mg/L)
Sulfate 120 mg/L
Nitrate 8.2 mg/L as Nitrogen (N)
Nitrite <0.10 mg/L as N
Ammonia <0.030 mg/L
Iron, dissolved <0.010 mg/L
Iron, total <0.010 mg/L
Manganese, dissolved <2.0 Micrograms per liter (µg/L)
Manganese, total <2.0 µg/L
Arsenic 0.52 J µg/L

Notes: 
* pH and temperature were measured immediately at the time of water collection.
Key: <–less than

3.0 Laboratory Pretesting
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Upon receipt at the RTL, the collected water was visually inspected for particulates and sediment to determine if 
filtering was required. After visually inspecting the water, no additional filtering was deemed necessary. A PFAS 
spiking solution was prepared and submitted to Eurofins for verification. Details pertinent to PFAS spike solution 
preparation and additional pretesting activities are provided in this section.

3.1 Baseline Analysis
Grab samples collected from three drums upon receipt were analyzed at the RTL for pH, total organic carbon (TOC), 
dissolved organic carbon (DOC), alkalinity, chloride, sulfate, and nitrate. Table 3 presents the baseline results 
associated with the three grab samples. Results from water quality analysis at the RTL agree with field-collected 
analyses, indicating no change in water quality during transit. Chloride and sulfate concentrations measured at the 
RTL (via ion chromatography based on EPA Method 300) measured slightly low in comparison to the samples 
analyzed by Eurofins; however, the relative percent differences (RPDs) between RTL and Eurofins values for chloride 
and sulfate are both within 15 percent (%), which indicate that the differences between the values are not 
statistically significant. TOC and DOC were both measured at an average value of 0.49 mg/L, which shows that all 
organic carbon is present in the dissolved phase. 

Table 3 Baseline Water Quality Results–CDM Smith’s Research & Testing Laboratory in Bellevue, Washington 

Result
Analytes

Drum 1 Drum 9 Drum 17
Units

pH 7.5 7.6 7.6 SU
Temperature 21 21 21 °C
Chloride 75 75 75 mg/L
Sulfate 100 100 100 mg/L
Nitrate 7.8 7.9 7.8 mg/L as N
TOC 0.55 0.47 0.44 mg/L
DOC 0.48 0.50 0.50 mg/L
Alkalinity 140 140 130 mg/L as calcium carbonate (CaCO3)

3.2 PFAA Spiking Solution 
Because of the relatively low levels of PFAAs detected in the waters collected for bench testing (shown in Table 1) 
and to facilitate evaluation of PFAA breakthrough, the source water was spiked with PFAAs to approximately five 
times (5x) above the PFAA levels present in the baseline samples. The PFAA spiking was performed to allow for 
observations of contaminant breakthrough within a reasonable time frame under laboratory settings while still 
allowing for projection of media performance and longevity with a high degree of confidence. These increases in 
PFAS concentration are not expected to bias results, as linear PFAS adsorption isotherms have been demonstrated 
at low concentrations for carbon-rich materials (Fabregat-Palau, et al. 2022). A PFAA spiking solution was prepared 
using high-purity, analytical grade PFAAs. Following preparation, a source water sample was amended with the 
PFAA spiking solution and submitted to Eurofins for verification of the spiking concentrations and procedures. Table 
4 presents PFAA results of the spiked sample, which verify the accuracy of the spiking solution. The perc
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ent accuracy was calculated by dividing the measured value from Eurofins by the targeted 5x concentration relative 
to the baseline detections. PFPeS was also detected at a low concentration (<1.0 ng/L) in the source water; 
however, it was left out of the spiking solution because of its proximity to the MDL. All spiked compounds measured 
within 20% of the target 5x spike concentration. 

Table 4 Verification of PFAA Results in the Spiked Sample Prepared at CDM Smith’s Research & Testing Laboratory in 
Bellevue, Washington 

Analytes Baseline 
Concentration (ng/L)

Target Concentration, 
Plant Water and 5x 

Spike (ng/L)

Eurofins Verified 
Concentration (ng/L) Accuracy (%) 

PFBA 3.0 15 13.0 87%
PFPeA 6.1 31 27.0 89%
PFHxA 6.2 31 28.0 90%
PFHpA 1.9 J 9.5 9.1 96%
PFOA 3.3 17 15.0 91%
PFBS 5.2 26 24.0 92%
PFHxS 3.5 18 16.0 91%
PFOS 1.9 J 9.5 7.8 82%

Note: PFAAs with federal MCLs that must be within compliance by 2029 are noted in bold. Attachment 1 presents 
detailed analytical reports. 

4.0 Experimental Methodology
This section provides the overall experimental approach and design, column setup, materials used, and analytical 
methods employed in the execution of the column experiment.

4.1 Materials and Column Preparation
The RSSCT experimental approach was employed for column testing. Grinding the GAC and AER media to a smaller 
particle size increases the PFAA mass transfer rates to the particles, allowing for a shorter empty-bed contact time 
(EBCT) and experimental duration that would otherwise be needed to assess long-term performance of the 
unground media. RSSCTs have been widely applied for testing the removal of trace organic contaminants by GAC 
and AER using small-scale columns operated at short EBCTs. The RSSCTs, assuming constant diffusivity and 
negligible external mass transfer, are scaled to the treatment media particle size using the following relationship 
(Crittenden, et al. 1991):1F

EBCTSC

EBCTFS
=  (dSC

dFS
)2

Equation 1

where d refers to the treatment media diameter, the subscript SC refers to the small-scale column, and the 
subscript FS refers to the full-scale system. For water with relatively low organic carbon levels, such as the source 
water used in this testing, the constant diffusivity model assumed in Equation 1 likely is reasonable (Kempisty, 
2014). Grinding was performed using a blender and mortar and pestle to reduce particle size by a factor of 
approximately 3.5. Sieve analysis was used to verify the particle size reduction for each sorbent medium. Each 
ground medium was rinsed with deionized (DI) water to remove fines and was air dried before column packing.
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This study evaluated the PFAA removal effectiveness for one commercially available GAC product (ARQ CarbPure 
1240) and three commercially available AER products (Purolite Purofine PFA694E, Calgon CalRes 2301, and 
AmberLite PSR2 Plus). Attachment 2 provides the specification sheets associated with these treatment media. Glass 
columns (purchased from Econo-Column) measuring 0.7 centimeters (cm) in diameter and 10 cm in length were 
used as shown in Figure 1. Each column was equipped with a 28-micron bed support and a slip-on end cap. 
Multichannel Masterflex peristaltic pumps with PharMed peristaltic tubing and low-density polypropylene tubing 
were used to distribute and maintain the target flow rates throughout the study. All columns were prerinsed with 
methanol and DI water to remove any trace PFAA present before use.

Figure 1 Experimental Rapid Small-Scale Column Test Setup

Columns were constructed so that the 3.0 cm beds of treatment media centered within the glass columns and were 
sandwiched by 0.1-millimeter (mm) zirconia/silica beads. Control columns were filled entirely with the zirconia/silica 
beads (without any treatment media) and served to confirm that PFAA losses in the absence of treatment media 
were negligible. Following dry packing in small increments, a 
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wetted piece of glass wool was placed on top of each column to further prevent migration of the zirconia/silica 
beads or treatment media during the column testing. Before starting treatment of the source water, DI water was 
flushed through the columns in an up-flow configuration for approximately 8 hours to assess and address any 
leaking. Table 5 shows the treatment media that were evaluated in the bench-scale column testing, including the 
rationale for each selected treatment. All columns were prepared in duplicate (A and B).

Table 5 Treatment Media and Rationale

Treatment Media Rationale

Control 0.1- mm Zirconia/silica beads only Assess any PFAA losses caused by sorption on the column materials or 
tubing; operated in tandem with GAC columns

GAC ARQ CarbPure 1240 Assess PFAA treatment by the GAC product

AER Purolite Purofine PFA694E, Calgon 
CalRes 2301, AmberLite PSR2 Plus Assess PFAA treatment by each of the AER products

Once the columns were constructed, source water was spiked with PFAAs to attain the concentrations indicated in 
Table 4 and pumped upward through the columns. Column effluents were collected in 5-gallon HDPE jerricans, 
which were weighed periodically to calculate flow rates. The 30-gallon HDPE drums containing source water and 
spiked with the PFAA spiking solution were used as the influent reservoirs.

Separate GAC columns were prepared in the same manner described above to facilitate evaluation of potential pH 
increases and subsequent arsenic releases immediately following GAC operation, shown in Figure 2. Unground (i.e., 
as received from the GAC vendors) GAC and larger inner diameter (ID) (2.5 cm) columns were used for this 
experiment. Unspiked source water was used to more closely replicate field conditions. Flushing was not performed 
for these columns so that any pH excursions and corresponding arsenic mobilization immediately following start-up 
was captured. Arsenic mobilization typically occurs immediately following GAC operations. Therefore, non-RSSCT 
protocols and unground media were used to best simulate field conditions. 
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Figure 2 Experimental Setup for Unground Media

Additionally, separate AER columns (shown in Figure 2) were constructed in a similar manner to the GAC arsenic 
columns, including the use of unground (i.e., as received from the vendor) media, larger ID (2.5 cm) columns, and 
unspiked source water to evaluate the potential chloride-to-sulfate mass ratio (CSMR) changes immediately 
following treatment start-up. No initial flushing was performed for these columns to capture any potential CSMR 
changes. Nitrate was also monitored during CSMR testing to verify that AER media did not result in an increase in 
nitrate above the 10 mg/L as N MCL.

4.2 Design Details—Empty-Bed Contact Time and Flow Rates
The vendor-recommended EBCT for PFAA treatment via GAC is 10 minutes (min), whereas it is 2 min for AER. 
Following a 3.5-fold reduction in particle size, the EBCT used in the RSSCT for GAC is approximately 0.82 min (based 
on Equation 1), which corresponds to a design flow rate of approximately 1.4 mL per min (mL/min) as shown in 
Table 6. Following a 3.5-fold reduction in particle size, the EBCT used in the RSSCT for AER columns is approximately 
0.24 min (based on Equation 1), which corresponds to a design flow rate of approximately 4.7 mL/min as shown in 
Table 6.
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Table 6 Rapid Small-Scale Column Test Column Experimental Design

Control-A and 
B*

GAC-1A and 
1B

AER-1A and 
1B

AER-2A and 
2B

AER-3A and 3B

Parameters
Zirconia/ 

Silica beads

ARQ 
CarbPure 

1240

Purolite 
Purofine 
PFA694E

Calgon 
CalRes 2301

AmberLite 
PSR2 Plus

Units

Column ID 0.7 0.7 0.7 0.7 0.7 cm
GAC/AER bed length - 3 3 3 3 cm
EBV - 1.2 1.2 1.2 1.2 cm3

Particle reduction - 3.5 3.5 3.5 3.5 folds
Vendor-recommended 
EBCTs - 10 3 3 3 min

Theoretical EBCTs to 
use - 0.82 0.24 0.24 0.24 min

Design flow rate 1.4 1.4 4.7 4.7 4.7 cm3/min
Target total bed 
volumes - 100,000 150,000 150,000 150,000 bed volumes

Test duration 57 57 26 26 26 days
Volume of water 
needed 31 31 46 46 46 gallons

Notes: 
*Control column flow rates based on GAC column design parameters
A and B denote duplicate columns
cm3 = cubic centimeter

Using the recommended EBCT, the unground media columns used for arsenic mobilization and short-term CSMR 
assessment were designed according to Table 7.

Table 7 Arsenic and CSMR Assessment Column Experimental Design

GAC-1A and 1B–
Arsenic (AS)

AER-1A and 1B–
CSMR

AER-2A and 2B–
CSMR

AER-3A and 3B–
CSMR

Parameter
ARQ CarbPure 1240 Purolite Purofine 

PFA694E
Calgon CalRes 

2301
AmberLite PSR2 

Plus

Unit

Column ID 2.5 2.5 2.5 2.5 cm

GAC or AER bed length 3 3 3 3 cm

EBV 15 15 15 15 cm3

Vendor-recommended 
EBCTs 10 3 3 3 min

Design flow rate 1.5 4.9 4.9 4.9 cm3/min

Target total bed volumes 500 2,000 2,000 2,000 bed volumes

Test duration 3.4 4.2 4.2 4.2 Days
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4.3 Sampling and Analysis
Operation and sampling of the columns described in Table 6 commenced in December 2025. During the first week 
of column operation, influent pH was monitored daily. For the RSSCT columns used to assess PFAS breakthrough, 
influent samples (from the GAC influent reservoirs) and effluent samples from each column were collected for 
analysis five times over the course of the experiment. The control and GAC columns were sampled at approximately 
20,000, 40,000, and 60,000, 80,000, and 100,000 EBVs. The AER column effluents were sampled at approximately 
30,000, 60,000, 90,000, 120,000, and 150,000 EBVs. At each sampling event, the pH of the influent reservoirs and 
column effluents was measured using a calibrated pH probe at the RTL. Additionally, influent and effluent samples 
from AER columns were collected at each sampling event for monitoring of chloride, sulfate, and nitrate via ion 
chromatography at the RTL. Flow rates through each column were determined by weighing the column effluent 
containers and dividing the mass of water collected by the collection time. Influent and effluent samples were 
submitted to Eurofins for analysis of PFAAs. PFAAs were analyzed using liquid chromatography with tandem mass 
spectrometry by Eurofins in accordance with EPA Method 533 (Determination of Per- and Polyfluoroalkyl Substances 
in Drinking Water by Isotope Dilution Anion Exchange Solid Phase Extraction and Liquid Chromatography/Tandem 
Mass Spectrometry). 

Effluent samples from the arsenic GAC columns (design details described in Table 7) were collected at approximately 
50, 100, and 500 EBVs and submitted to Eurofins for arsenic analysis using EPA Method 200.8. Influent and effluent 
pH samples were monitored at the RTL at each sampling event. Similarly, effluent samples from the CSMR columns 
(design details described in Table 7) were collected at approximately 50, 100, 500, 1,000 and 2,000 EBVs. Influent 
and effluent samples were measured by the RTL for chloride, sulfate, nitrate, and pH to capture potential changes in 
the CSMR in the AER column effluent as soon as practicable. Table 8 presents a summary detailing column types 
and analyses completed at specified EBV sampling events. Attachment 1 presents all Eurofins analytical reports. 

Table 8 Summary of Column Types and Analyses Collected at Specified Empty-Bed Volumes 

Column/Media Type Column Identification Sample Points (EBVs) Analyses
20,000
40,000
60,000
80,000

Control-A and B
GAC-1A and 1B

100,000

pH
PFAAs (EPA 533)

30,000
60,000
90,000

120,000

RSSCT/Ground Media

AER-1A and 1B
AER-2A and 2B
AER-3A and 3B

150,000

pH
Chloride, Sulfate, Nitrate
PFAAs (EPA 533)

50
100GAC-1A-AS and 1B-AS
500

pH
Total Arsenic (EPA 200.8)

50
100
500

Unground Media AER-1A-CSMR and 1B-
CSMR
AER-2A-CSMR and 2B-
CSMR 1,000

pH
Chloride, Sulfate, Nitrate
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Column/Media Type Column Identification Sample Points (EBVs) Analyses
AER-2A-CSMR and 2B-
CSMR

2,000

Note: PFAAs and total arsenic analyses were conducted by Eurofins, while all other analyses were performed at the RTL.

5.0 Results
This section presents pertinent results from the source water, organized by discussion of arsenic mobilization, 
changes in CSMR, flow rates, pH, and PFAAs. 

5.1 Potential for pH Excursions and Arsenic Release Immediately Following Granular Activated 
Carbon Operations
To assess the potential for pH excursions and corresponding release of arsenic immediately following GAC operation 
using unground and unwashed media, pH and arsenic samples were collected in column effluent samples at 
approximately 50, 100, and 500 EBVs as summarized in Table 9. A slight increase in pH (from 7.7 SU in the influent 
to approximately 8.1 SU) was observed in GAC-1-AS (ARQ CarbPure 1240, unground, a bituminous coal-based GAC) 
column effluents immediately following GAC operation. This pH increase was accompanied by arsenic mobilization 
at 50 EBVs at concentrations of 4.9 and 5.9 µg/L (replicates A and B), which are below the 10 µg/L MCL for arsenic. 
Arsenic concentrations in GAC column effluents decreased to 2.1 and 2.6 µg/L (replicates A and B) at 100 EBVs and 
decreased below the reporting limit of 1.0 µg/L at 500 EBVs. The effluent pH returned to influent levels by 500 EBVs.

Table 9 pH and Total Arsenic Results of Unground Granular Activated Carbon Columns

Column ID Media EBVs
pH 

(SU)
Total Arsenic (µg/L)

0 - 0.52 J

50 7.7 -

100 7.7 -
Influent* -

500 7.7 -

50 8.0 4.9

100 7.8 2.1GAC-1A-AS ARQ CarbPure 1240

500 7.7 0.82 J

50 8.1 5.9

100 7.9 2.6GAC-1B-AS ARQ CarbPure 1240

500 7.8 0.84 J
Notes: 
A and B denote duplicate columns. J flags indicate that values are estimates (below the 2.0 ng/L reporting limit, but higher than the MDL).
*Influent arsenic was measured during baseline analyses
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5.2 Potential for pH Excursions and Chloride-to-Sulfate Mass Ratio Changes Immediately 
Following Anion Exchange Resin Operations
To assess the potential for changes in CSMR immediately following AER operation using unground and unwashed 
media, pH and anion samples were collected from column effluents at approximately 50, 100, 500, 1,000, and 2,000 
EBVs as summarized in Figure 3, Figure 4, Figure 5, and Figure 6. No column effluents exhibited a significant change 
in pH outside of the target pH range of 7.6 ± 0.5 SU (based on the pH measured during field water sample 
collection). Compared to a starting influent pH of 7.8 SU, AER-1-CSMR (Purolite Purofine PFA694E, unground) 
effluents had minor pH decreases between 7.4 SU and 7.6 SU until the 500 EBVs sampling event. AER effluent pH 
values subsequently remained steady (± 0.2 SU) near influent pH levels for the remainder of the study. AER-2-CSMR 
(Calgon CalRes 2301, unground) effluents exhibited a less pronounced decrease in pH to approximately 7.6 SU from 
50 to 500 EBVs and maintained influent pH levels (within 0.2 SU) for the remaining sampling events. AER-3-CSMR 
(DuPont AmberLite PSR2 Plus, unground) columns similarly displayed a minor drop in pH to 7.4 to 7.7 SU during the 
initial 500 EBVs before returning to influent levels.

Despite a very minimal decrease in pH in all column effluents, AER effluent chloride and sulfate concentrations were 
significantly impacted up to 500 EBVs. For all three media tested, sulfate decreased to near non-detect levels during 
the first 50 EBVs and quickly increased to influent levels by 500 EBVs. Chloride increased for all media and to a 
maximum of 200 mg/L (an increase of 120 mg/L compared to the influent) for AER-3-CSMR in the first 50 EBVs. 
Chloride concentrations were similarly elevated to 180 mg/L for AER-2-CSMR and 190 mg/L for AER-1-CSMR. 
Chloride concentrations in AER effluents returned to influent concentrations of 83 mg/L by 500 EBVs. These 
deviations from the influent CSMR of 0.74 for each AER media are visualized in Figure 7. Nitrate concentrations 
were also impacted according to Figure 6. AER-1-CSMR and AER-2-CSMR behaved similarly, with nitrate dropping to 
non-detect levels (<0.13 mg/L as N) until 100 EBVs. Nitrate returned to approximate influent concentrations of 
6.7 mg/L as N for AER-1-CSMR and AER-2-CSMR effluents by 1,000 EBVs. AER-3-CSMR effluents exhibited the largest 
suppression of nitrate levels. By 1,000 EBVs, the average nitrate concentration in AER-3-CSMR effluents was 
4.6 mg/L as N, and concentrations returned to influent levels by the final 2,000 EBVs time point. These findings 
showed that none of the treatment media caused a negative increase in nitrate concentrations above the influent 
nitrate levels. An analysis of long-term CSMR and nitrate concentrations out to 150,000 EBVs is presented in Section 
5.3.3.
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Figure 3 Short-Term pH Changes Immediately Following Start of Chloride-to-Sulfate Mass Ratio Study for Anion 
Exchange Resin Columns

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals.

Figure 4 Chloride Changes Immediately Following Start of Chloride-to-Sulfate Mass Ratio Study for Anion Exchange 
Resin Columns
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals.

Figure 5 Sulfate Changes Immediately Following Start of Chloride-to-Sulfate Mass Ratio Study for Anion Exchange Resin 
Columns

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Non-detect nitrate values 
(<0.13 mg/L as N) are plotted as the reporting limit.

Figure 6 Nitrate Changes Immediately Following Start of Chloride-to-Sulfate Mass Ratio Study for Anion Exchange Resin 
Columns 
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Non-detect sulfate values 
(<0.14 mg/L) were designated as the 0.14 mg/L reporting limit in CSMR calculations.

Figure 7 Chloride-to-Sulfate Mass Ratio Changes Immediately Following Start of Unground Anion Exchange Resin 
Columns

5.3 Flow Rate, pH, and Anions Monitoring
During operation of the small diameter columns with a 3.5-fold particle reduction (described in Table 6),  flow rate, 
pH, and anions concentrations were monitored frequently to assess the operation of the selected media. These 
parameters are discussed in the following sections.

5.3.1 Flow Rate Monitoring
As shown in Figure 8, the target design flow rates for the ground media GAC and control columns (approximately 
1.4 ± 0.14 mL/min) were maintained throughout the duration of the experiment. AER-1 (Purolite Purofine PFA694E) 
ground media columns maintained flow rates within 10% of the target flow rate (4.7 ± 0.47 mL/min) for the full 
150,000 EBVs as shown in Figure 9. AER-2A (Calgon CalRes 2301 - A) similarly maintained the target flow rate; 
however, the flow rate through AER-2B (Calgon CalRes 2301 - B) dropped out of the target flow range during the 
60,000 EBVs sampling event. The flow through column AER-2B continued to decrease despite attempts at flow rate 
adjustments and showed signs of severe channeling in the media bed at approximately 75,000 EBVs, signaling 
significant hydraulic issues. Therefore, the AER-2B column was stopped at approximately 75,000 EBVs and is only 
applicable to discussions regarding the 30,000 and 60,000 EBVs sampling events. AER-3 columns maintained the 
target flow range throughout the experiment except for one flow excursion at approximately 40,000 EBVs. At this 
instance, the flow rate through the AER-3A (DuPont AmberLite PSR2 Plus - A) column was unintentionally adjusted 
above the target flow rate to 7.3 mL/min and was corrected within 6,200 EBVs. Therefore, the replicated column 
AER-3B (DuPont AmberLite PSR2 Plus - B) was adjusted to a higher flow rate for a similar number of EBVs 
(approximately 6,200 EBVs) to account for the different total volume run through the AER-3A column. The flow 
excursions in AER-3A and AER-3B occurred after the 30,000 EBVs sampling event, and the flows were returned to 
the target flow rate 15,000 EBVs before the 60,000 E
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BVs sampling event. Therefore, the flow excursion is not expected to have any impact on PFAS samples collected 
during the 60,000 EBVs sampling event.

Figure 8 Control and Granular Activated Carbon Column Flow Rates

Note: AER-2A (Calgon CalRes 2301) demonstrated a substantial drop in flow at 75,000 EBVs. No further data was collected from this column 
as the flow rate was unable to be restored. One flow excursion to 7.3 mL/min for AER-3A and 7.9 mL/min for AER-3B is noted after the 30,000 
EBVs sampling event. The flow rates were restored to the target flow rate by 45,000 EBVs and, therefore, are not expected to have an impact 
on samples collected during subsequent sampling events.

Figure 9 Anion Exchange Resin Column Flow Rates
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5.3.2 pH Monitoring
All pH shifts in column effluents over the course of the study are documented in Figure 10 and Figure 11. The target 
pH of 7.6 ± 0.5 SU (based on the pH measured during field collection) was maintained in the influent water over the 
duration of the experiment. GAC and control effluents remained in the target pH range during the 20,000 and 
40,000 EBVs sampling events. A slight pH excursion to approximately 8.2 SU and 8.4 SU was observed in control 
effluents at the 60,000 and 80,000 EBVs sampling events, respectively. GAC effluents minimally exceeded the target 
pH range from 60,000 EBVs to the final sampling event. Despite column effluents exceeding the target pH range, the 
change in pH compared to the influent is insignificant (<0.4 SU) and is not expected to impact results and 
recommendations. Effluent pH values for all AER columns remained within the target pH range for the duration of 
the experiment.

Note: GAC and control column effluents slightly exceeded the target pH range of 7.6 ± 0.5 SU from 60,000 
through 100,000 EBVs. The difference between influent and effluent pH values is insignificant (<0.4 SU) and, 
therefore, is not expected to impact results.

Figure 10 Long-Term pH Changes for Granular Activated Carbon and Control Columns
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Note: AER-2A (Calgon CalRes 2301 - A) demonstrated substantial hydraulic issues at 75,000 EBVs. No further data was collected from this 
column as the flow rate was unable to be restored.

Figure 11 Long-Term pH Changes for Anion Exchange Resin Columns

5.3.3 Long-Term Anion Concentrations
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distribution system’s corrosion control characteristics. Section 5.2 examines the short-term CSMR trends using 
unground media within the first 2,000 EBVs following column start-up. However, this section reviews the long-term 
CSMR trend and nitrate concentrations with ground media over the course of the study. Figure 12, Figure 13, and 
Figure 14 provide a visual representation of chloride, sulfate, and nitrate concentrations for AER columns through 
150,000 EBVs in comparison to the influent.
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Column AER-2A was 
stopped at 75,000 EBVs; therefore, no error bars are present for Calgon CalRes 2301 for the final three time points.

Figure 12 Long-Term Chloride Changes in Anion Exchange Resin Columns

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Column AER-2A was 
stopped at the 75,000 EBVs; therefore, no error bars are present for Calgon CalRes 2301 for the final three time points.

Figure 13 Long-Term Sulfate Changes in Anion Exchange Resin Columns
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Column AER-2A was 
stopped 75,000 EBVs; therefore, no error bars are present for Calgon CalRes 2301 for the final three time points.

Figure 14 Long-Term Nitrate Changes in Anion Exchange Resin Columns

AER-1 and AER-3 effluents remained consistent with the influent concentrations for both chloride and sulfate 
throughout the experiment, indicating no long-term effects on CSMR from the media and no impact from the 
experimental system. In all five sampling events, chloride and sulfate effluent concentrations maintained average 
values of 84 and 120 mg/L, respectively. As a result, the CSMR remained consistent in column effluents between 
0.71 and 0.75 for the full 150,000 EBVs. Nitrate similarly was constant in the influent, AER-1, and AER-3 column 
effluents at an average of 7.0 mg/L as N, which confirms that AER treatment is not likely to result in nitrate 
increases above the 10 mg/L as N MCL. Chloride and sulfate also remained stable in AER-2 effluents at average 
values of 76 and 100 mg/L, which is slightly lower than concentrations observed in the influent and other media 
effluents. Despite these slight differences, the AER-2 effluent CSMR values were congruent with influent CSMR 
values and remained between 0.73 and 0.75 for the duration of the experiment.

5.4 PFAAs
This section discusses the PFAA removal effectiveness associated with the source water under the different 
treatment conditions presented in Table 5. Results from replicate columns within each test condition are presented 
as average values with error bars showing the 95% confidence intervals. Non-detect values were plotted as 10% of 
the laboratory-specific reporting limits. When applicable, laboratory reporting limits are denoted on the figures with 
a red line. Any value above the detection limit yet below the reporting limit is considered an estimate. Attachment 
3 summarizes all PFAA data. The eight PFAAs detected in the source water during collection and spiked in 
accordance with Table 4 are graphically depicted and included in the following discussion. 
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5.4.1 Influent and Controls
Figure 15 depicts influent PFAA concentrations at each GAC sampling event. Influent concentrations remained 
consistent for all compounds. While there were slight variations in influent concentrations over the duration of the 
study, the RPD between the result at each sampling event and the targeted spiked value was no greater than 20% 
for any compound. The only exception was PFOS at 80,000 EBVs, which had an RPD of 24% compared to the 
targeted spike value of 7.8 ng/L. While influent samples were collected concurrently with GAC sampling events to 
capture influent concentrations over a longer experimental duration, these values also reflect expected influent 
concentrations for AER columns.

 
Note: EBV collection points are noted in the legend. The 2.0 ng/L reporting limit is plotted in red.

Figure 15 PFAA Influent Concentrations

Figure 16 depicts changes in C/C0,average, the ratio between the PFAA concentrations in the control column effluents 
and those in the average influent across all sampling events, for all five sampling events. Based on these results, no 
significant changes in C/C0,average were observed over the course of the bench-scale study. C/C0,average values varied by 
less than 15% over time from the expected 1.0 value, verifying that PFAA removal caused by any component of the 
experimental system (e.g., column walls, zirconia/silica beads, pump tubing) was negligible. The small error bars 
(less than ± 15%) presented in Figure 16 are indicative of the high level of reproducibility between the two duplicate 
columns. 
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Note: Average results of duplicate columns are shown for the control columns with error bars representing the 95% confidence intervals. EBV 
collection points are noted in the legend.

Figure 16 PFAA Results in Control Columns

5.4.2 Granular Activated Carbon
Figure 17 and Figure 18 summarize and Attachment 3 tabulates PFAA removal observed during the bench-scale 
study using the GAC product (ARQ CarbPure 1240). GAC-1 performance is represented both in terms of effluent 
PFAA concentration and C/C0,average to describe breakthrough of PFAAs over time. An increasing C/C0,average value 
shows that the detected PFAS concentration in the effluent is increasing and is approaching the influent 
concentration. As is typical of PFAA adsorption, shorter-chained PFAAs broke through faster than longer-chained 
counterparts because of their lower hydrophobicity and affinity for GAC. For example, PFPeA broke through 
columns faster than longer-chained perfluorinated carboxylates such as PFOA. Additionally, faster breakthroughs 
were observed with the perfluorinated carboxylates than the perfluorinated sulfonates of similar perfluorinated 
carbon chain length. For example, PFHpA broke through columns faster than PFHxS. 

No breakthrough of PFOA above the reporting limit was observed until the final 100,000 EBVs time point, at which 
only 15% breakthrough was observed. Similarly, PFOS did not exhibit any breakthrough above the 2.0 ng/L reporting 
limit over the duration of the experiment. 
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. EBV collection points are 
noted in the legend. Column performance is expressed in terms of effluent concentration with the 2.0 ng/L reporting limit plotted in red. 

Figure 17 PFAA Concentrations in GAC-1 Column Effluents

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. EBV collection points are 
noted in the legend. Column performance is expressed in terms of C/C0,average with the normalized reporting limit (analytical reporting limit 
2.0 ng/L divided by the average influent concentration for each compound) noted for each compound in red.

Figure 18 PFAA Breakthrough in GAC-1 Columns
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5.4.3 Anion Exchange Resin
Figure 19 through Figure 24 summarize and Attachment 3 tabulates PFAA removal observed during the bench-scale 
study using the AER-1 (Purolite Purofine PF649E), AER-2 (Calgon CalRes 2301), and AER-3 (DuPont AmberLite PSR2 
Plus) media. Each AER medium exhibited similar PFAS treatment trends. As expected, shorter-chained PFAAs broke 
through faster than the longer-chained counterparts. Additionally, faster breakthroughs were observed with the 
perfluorinated carboxylates than the perfluorinated sulfonates of similar carbon chain length. For example, 
measurable breakthrough (43%) was observed for PFHpA in AER-1 column effluents by the 150,000 EBVs sampling 
event, whereas no detectable breakthrough of PFHxS was observed. 

All media treated PFOA effectively with very minimal breakthrough observed by 150,000 EBVs. For AER-1 and AER-
3, no PFOA was observed in the effluents above the 2.0 ng/L reporting limit. For the AER-2 column effluents, PFOA 
was detected in estimated concentrations (above the MDL but below the RL) at 90,000 and 120,000 EBVs and had 
measurable breakthrough of 16% by 150,000 EBVs. PFOS exhibited no measurable breakthrough for AER-1, AER-2, 
and AER-3. PFOS was detected in AER-1 and AER-3 column effluents above the reporting limit at 60,000 EBVs; 
however, this is believed to be an anomalous measurement based on the non-detect values observed in all 
subsequent sampling events.

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. EBV collection points are 
noted in the legend. Column performance is expressed in terms of effluent concentration with the 2.0 ng/L reporting limit plotted in red.

Figure 19 PFAA Concentrations in AER-1 Column Effluents
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. EBV collection points are 
noted in the legend. Column performance is expressed in terms of C/C0,average with the normalized reporting limit (analytical reporting limit 
2.0 ng/L divided by the average influent concentration for each compound) noted for each compound in red.
Figure 20 PFAA Breakthrough in AER-1 Column Effluents

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Column AER-2A was 
terminated after 60,000 EBVs because of hydraulic issues. EBV collection points are noted in the legend. Column performance is expressed in 
terms of effluent concentration with the 2.0 ng/L reporting limit plotted in red.

Figure 21 PFAA Concentrations in AER-2 Column Effluents
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. Column AER-2A was 
terminated after 60,000 EBVs because of hydraulic issues. EBV collection points are noted in the legend. Column performance is expressed in 
terms of C/C0,average with the normalized reporting limit (analytical reporting limit 2.0 ng/L divided by the average influent concentration for 
each compound) noted for each compound in red.

Figure 22 PFAA Breakthrough in AER-2 Column Effluents

Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. EBV collection points are 
noted in the legend. Column performance is expressed in terms of effluent concentration with the 2.0 ng/L reporting limit plotted in red. 

Figure 23 PFAA Concentrations in AER-3 Column Effluents
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Note: Average results of duplicate columns are shown with error bars representing the 95% confidence intervals. EBV collection points are 
noted in the legend. Column performance is expressed in terms of C/C0,average with the normalized reporting limit (analytical reporting limit 
2.0 ng/L divided by the average influent concentration for each compound) noted for each compound in red.
Figure 24 PFAA Breakthrough in AER-3 Column Effluents

6.0 Conclusions
Results in this technical memorandum indicate the following: 

▬ Evaluation of the source water demonstrated that PFAAs can be effectively treated using GAC-1 (ARQ 
CarbPure 1240). Approximately 15% PFOA breakthrough was observed by 100,000 EBVs, with no 
measurable breakthrough of PFOS.

▬ Evaluation of the source water demonstrated that PFAAs can be effectively treated using AER-1 (Purolite 
Purofine PFA694E), AER-2 (Calgon CalRes 2301), and AER-3 (DuPont AmberLite PSR2 Plus). Calgon CalRes 
2301 exhibited PFOA breakthrough of 16% at the 150,000 EBVs sampling event, whereas the other 
products had no breakthrough of PFOA at the same time point. All products performed similarly with 
respect to PFOS treatment; no breakthrough of PFOS was observed for any product throughout the 
duration of the experiment.

▬ As is typically observed with adsorption technologies, short-chained compounds were not treated as 
effectively as long-chained counterparts. In addition, perfluorinated sulfonates were treated more 
effectively than the corresponding perfluorinated carboxylates. These trends were observed for all 
treatment media tested that had measurable PFAA breakthrough.
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▬ No significant pH change and some arsenic mobilization (2.1 to 5.9 µg/L) was observed in GAC-1-AS column 
effluent samples collected at 50 and 100 EBVs, but arsenic detections remained below the 10 µg/L MCL. All 
arsenic mobilization was mitigated to levels under the 1.0 µg/L reporting limit by 500 EBVs. While all 
arsenic concentrations remained below the 10 µg/L MCL, monitoring of pH and arsenic immediately 
following commencement of operation should be considered if GAC is selected for pilot- or full-scale 
implementation. 

▬ No significant changes in pH and transient changes in CSMR were observed in unground AER-1-CSMR, AER-
2-CSMR, and AER-3-CSMR columns from start-up up to 2,000 EBVs. For all three treatment media, a 210% 
to 240% increase in chloride and a 98% to 99% decrease in sulfate were observed at 50 EBVs. For all three 
AER media, chloride and sulfate concentrations returned to influent levels by 500 EBVs. The CSMR 
experiment also revealed that all three AER media have an impact on nitrate concentrations immediately 
following column start-up. Nitrate concentrations in column effluents dropped to non-detect levels 
(<0.13 mg/L as N) for all column effluents during the first 100 EBVs. AER-1-CSMR and AER-2-CSMR nitrate 
concentrations returned to influent concentrations by 1,000 EBVs, whereas AER-3-CSMR nitrate 
concentrations remained suppressed until 2,000 EBVs. Close monitoring of pH and CSMR changes following 
commencement of operation should be considered if any AER product is selected for pilot- or full-scale 
implementation. In particular, AER-3 exhibited the highest increase of chloride (120 mg/L above the 
influent level).

▬ Except for the aforementioned short-term arsenic release in GAC-1 effluents and CSMR impacts in AER-1, 
AER-2, and AER-3, no other monitored water-quality parameters exhibited adverse changes because 
of treatment using the evaluated products. 

7.0 Considerations for Pilot- and Full-Scale Treatment
This bench-scale study provided an assessment of the relative effectiveness of one commercially available GAC 
product and three AER products for the removal of the PFAAs identified in the combined Well 8 and Well 12 source 
water. Specifically, results provided an estimate of the percentage removal of individual PFAA compounds as a 
function of EBVs. Of the detected PFAAs in the source water, PFOA and PFOS are of United States federal regulatory 
concern, with a current MCL of 4.0 ng/L for both PFOA and PFOS. PFOA is expected to break through faster than 
PFOS. Therefore, PFOA will likely be the driver for media change-out. This section summarizes the considerations for 
pilot- and full-scale treatment of the plant’s water with respect to PFOA breakthrough.

Using data that meets the criteria outlined below, the data can be applied in the linearized Thomas model with 
appropriate scaling factors (as described in Schaefer et al. [2019, 2020]), and media longevity at the bench-scale can 
be predicted.

▬ The reported concentration is above the analytical limit of detection.

▬ The calculated C/C0 value is less than 85%.

▬ The reported concentration is increasing in each subsequent sampling event. 

▬ Estimated values (indicated by a J flag in Attachment 3) were used if the value at the following sampling 
event was above the reporting limit.
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The predicted media longevity presented below needs to be considered within the context of a life cycle analysis 
to determine the most appropriate approach to PFAA mitigation. While the relative treatment effectiveness can 
be scaled up with a reasonable level of confidence, particularly when comparing the treatment conditions tested, it 
is recognized that some uncertainty can arise in the absolute treatment effectiveness (i.e., percentage PFAA 
removal versus EBVs) because of scaling. It is also recognized that changes in geochemistry and/or the PFAA levels 
present could potentially impact performance. 

Estimated media longevity projections with respect to PFOA breakthrough for the GAC-1 (ARQ CarbPure 1240) are 
shown in Figure 25. Trendlines represent the linearized Thomas model, while vertical lines indicate projected 
breakthrough points. For AER treatment media, only AER-2 (Calgon CalRes 2301) had a detection of PFOA above the 
2.0 ng/L reporting limit. Therefore, out of the AERs tested, a projected breakthrough plot is generated for Calgon 
CalRes 2301 in Figure 26. For AER-2, there is only a single data point for PFOA above the RL. To linearly project 
(using the Thomas model) 25% PFOA breakthrough in Figure 26, the average slope obtained for PFHxA and PFHpA 
was used to extrapolate the simulated PFOA breakthrough through the detection above the RL.Error! Reference 
source not found. Thus, the estimated 25% PFOA breakthrough should be viewed as a screening estimate only. 

Note: Linear regressions represent application of the Thomas model.

Figure 25 Projected PFAA Breakthrough Using GAC-1
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Note: Linear regressions represent application of the Thomas model.

Figure 26 Projected PFAA Breakthrough Using AER-2

Because of the lack of PFOA breakthrough observed for Purolite Purofine PFA649E (AER-1) and DuPont AmberLite 
PSR2 Plus (AER-3), no reasonable estimates for PFOA breakthrough can be determined for these products. However, 
the lack of PFOA breakthrough indicates that 25% breakthrough will likely occur at a larger number of EBVs 
compared to AER-2. Applying the linearized Thomas model with appropriate scaling factors (as described in 
Schaefer et al. [2019, 2020]), predicted breakthroughs for PFOA for unground media (full-scale estimates) are 
summarized in Table 10. 

Table 10 Predicted 25% Breakthrough of PFOA in Ground and Unground Products Tested

Projected 25% PFOA Breakthrough (EBVs)Column ID Media

RSSCT Full Scale

GAC-1 ARQ CarbPure 1240 112,000 65,900

AER-1 Purolite Purofine PFA694E >168,000 >98,900

AER-2 Calgon CalRes 2301 168,000 98,900

AER-3 DuPont AmberLite PSR2 Plus >168,000 >98,900
Key: >–greater than

PFOA, a perfluorinated carboxylate, was detected in the source water at concentrations nearing the federal MCL. 
Shorter-chained perfluorinated carboxylates, such as PFHxA and PFHpA, will break through faster than PFOA 
because of the lower hydrophobicity. Therefore, more frequent media change-out will be required if PFHxA 
becomes regulated by EPA in the future.
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    

    

     


















 

     

   


    
    

    


 

     

   




 

     

   




 

      

   


    


 

     

   




 

     

   















 


 

      

 

  

    


 


   



 

 





 

 





     


 


     



 

 



 



 

 





      


 


   



 

 





 
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 

















 


     



 

 



 



 

 






 


   



 

 





 

 






 


 

      

 

  




 


 

      

 

  

    


 


   



 

 





 

 





     


 


     



 

 



 



 

 





      


 


   



 

 





 

 





      













 


 

      

 

  


 


   



 

 





 

 






 


     



 

 



 



 

 






 


   



 

 





 

 






 


 

      

 

  




 


 

      

 

  


 


   



 

 





 

 

















 


     



 

 



 



 

 






 


    



 

 





 

 






 


    



 

 





 

 






 


    



 

 













 

 






 


      



 

 











 



 

 


















     
   

   

   

   

   



     
   

   

   

   

   





     
   

   

   

   

   



     
   

   

   

   

   



     
   

   

   



     
    

    

   

   

   

   



     
    

    














     
   

   

   

   





     
   

   

   

   

   

   

   

   






 


 




    



 

 













 

      

     

      

      

     

      

      

      










 





   
   

   




   
  










  
  

  

  

  

  

  
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

  

















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
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 




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 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

     

    

    

     

    

    

    




    


















 

      

   




     


     


     


     


     

     

      
     


     
     

      


     
     

     
     


     


     


     


     


     


     


     
     


      



       

  

      

      

      

      

      

      

      

      

      

      

















       

  

      

      

      

      













         

       

       





       

       

       

         

       

       





       

       

       















































 
 

 




      

 

  

     


     


     


     

     

     

     

     

     

     

     

     

     

     

     


     

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

     


     

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

     

     


     

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      

      

      

      

      

      

      

      

      

      

      


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
 
 
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      

      

      


 
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



  



 

 





 

 









    




    




    




    

     




    

     




    

     

     




    

     




    

     




    




    




    




    




    




    




    

     




    













 
 




  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 





   



 

 





 

 









     




    




    




    

     




     

     




    

     

     




    

     




    

      













 
 




  



 

 





 

 








    




    




    




    




    




    

     




    




     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     
   

   

   

   


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
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   



 

 













 

      


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
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   
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




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 



  

















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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

    

    

    

    

    

    

    





    


















 

      

   





     



     



     



     


     

     

     

     



     

     

     



     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

















       

  

      

      

      

      













         

       

       





       

       

       

         

       

       





       

       

       















































 
 

 





      

 

  

     



     



     



     

     

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      













 
 

      

 





  

      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











     





    





     





    

      





    

      





    

     

     





    

     





    

     













 
 





  



 

 





 

 









    





    





    





     





     





    

     





     





     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     

   

   

   

   



     

    

    

    

    






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



   



 

 
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









 







 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

     

    

 





 





       

 

     

    

 





 





       

 

    

    
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    

 





 





       

 

    

     

     

    

    

 





 





       

 

    

     

     

    

    


















 

      

   


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

     



     



     

     

     

     

     

     

     

      



      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      







 

      

   





     



     



     



     

     

     

     

     

     

     

      


      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     



     

     

     

     



     

     

     



     

     

     

     



     



     



     



     


















 

      

   





     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     


     

     

     

     


     

     

     


















 

      

   



     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     


















 

      

   





     


     

     

     

     



     

     

     



     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      
















 

      

   





     



     



     



     

     

     

      

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      


      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     

     



     



     



     



     



     


















 

      

   





     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     
















 

      

   





     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      













         

       

       





       

       



       

       



       

       

       

       

       

       

       

         

       

       





       

       



       

       



       

       

       

       

       

       

       















































 
 

 





      

 

  

     



     



     
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 

      

 





  

      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











    





     





    





    

      





    

      





    

      

      





    

     





     

     













 
 





  



 

 





 

 









    





    





     





    





     





     

     





     





     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     

   

   

   

   

   

   

   

   

   

   

   

   



     

    

    

    

    

    

    

    

    

    

    

    

    






 


 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      






 


 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      










 





   

   

   










  

  

  














 


     

     

     

     

     

     

     

     

     

     









 



  

















































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








 



 





 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


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



 





 





       

 

    

    

 





 





       

 

    

    

 





 


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



 





       

 

    

     

     

    

    

 





 





       

 

    

     

     

    

    

 





 





       

 

    

     

     

    

    

 





 





       

 

     

    

    

 





 





       

 

    

     

    

    


















 

      

   





     



     



     



     

     

     

     

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      







 

      

   





     



     



     



     

     

     

     

     

     

     

      


     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     



     

     

     

     



     

     

     



     

     

     

     



     



     



     



     


















 

      

   





     



     

      


      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     


     

     

     

     


     

     

     


















 

      

   



     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     


















 

      

   





     


     

     

     

     



     

     

     



     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      
















 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      







 

      

   





     



     



     



     

     

     

     

     

     

     

      


      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     

     



     



     



     



     



     


















 

      

   





     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     
















 

      

   





     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

      
















 

      

   



     

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

       

      

      

      

      

      

      

      

      

      

      

      

      

      

      
















 

      

   





     



     



     



     

     

     

      

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      
















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       

       

       

       

       

       

       

       

       























































 
 

 





      

 

  

     



     



     



     

     

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      













 
 

      

 





  

      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











     





     





    





    

     





    

     





    

     

     





    

     





    

     













 
 





  



 

 





 

 









    





    





    





     





     





    

     





    





     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 

 





      

 

  

     



     



     



     













 
 

 

       

 

  

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      













 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    





    

   





 

 

   

   

   

   

   













 
 

   





 

 

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











     





    





     





     

     





     

      





     

     

      





    

     





    

      





    





    





    





     





     













 
 





   



 

 





 

 









    

      





     





     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 

 





      

 

  

     



     



     



     

     

     

     

     

     

     

     

     

     













 
 

 

       

 

  

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      


 
 







  



 

 





 

 











    





    













 
 





  



 

 





 

 









    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    





    

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   













 
 

   





 

 

   

   


 
 







   



 

 





 

 











     





    





    





     

     





    

     





    

     

     





    

     





    

     





    





    





    





    





     





     





    

      





    





     












   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     

   

   

   

   

   



     

   

   

   

   

   

   

   

   

   

   



     

    

    

    

    

    



     

   

   

   

   

   



     

    

    

    

    

    



     

    

    

    

    

    

    














     

    

    

    

    






 


 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      
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









 

      










 





   

   

   










  

  

  














 


     

     

     

     

     

     

     

     

     

     

     

     









 



  






















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


















 





       

 

    

    

    





    

 





 





       

 

     

    

    

 





 





       

 

    

    

     

     

    

    

 





 





       

 

    

     

     

    

    

 





 





       

 

    

    

     

    

    

    

 





 





       

 












 





 





       

 

 





 





       

 

 





 





       

 

 





 





       

 

 





 





       

 


















 

      

   





     



     



     



     


     

     

     

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      

      







 

      

   





     



     



     



     



     

     

     

     

     

     

      


     

     

     

     



     



      



     



     



     



     



     

     



     



       

  

















       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

       

   






     



     



     



     



     

     

     

     



     

     

     



     

     

     

     



     



     



     


















 

      

   





     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     



     

     

     

     



     

     
















 

      

   





     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     


















 

      

   





     



     


     

     

     

     


     

     

     



     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

















       

  







 

      

   





     



     



     



     

     

     

     

     

     

     

      


     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

















       

  

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



      


     

     

     

     

     

     

      



      

     

     

     



     



     



     



     



     



     


















 

      

   



     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     

     


















 

      

   





     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



      


     

     
















 

      

   



     

     

     

      


     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      
















 

     

   









 

     

   









 

     

   









 

     

   









 

      

   









 

      

   















         

       

       





       

       



       

       



       

       

       

       

       

       

       

         

       

       





       

       



       

       



       

       

       

       

       

       

       















































 
 

 





      

 

  

     



     



     



     

     

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      













 
 

      

 





  

      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











     





    





     





     

      





     

      





     

      

      





     

      





    

      













 
 





   



 

 





 

 









    





    





     





    





     





     

      





     





     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   




 


 

      

 

  













 


   



 

 





 

 






 


     



 

 



 



 

 






 


   



 

 





 

 


















     

   

   

   

   

   

   

   

   

   

   

   

   



     

    

    

    

    

    

    

    

    

    

    

    

    





     

   

   

   
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




 





   

   

   










  

  

  

  

  
















 


     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     









 



  



























































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






 






 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

    

    

    

    

    

    




    

    




    

 





 





       

 

     

     

    

     

     

    




    

    




    

 





 





       

 

    

     

    

     

     

    




    

    




    

 





 





       

 

    

    

    

    

    












 





 





       

 

    




    




    

 





 





       

 

    

    

    

    

    

    

    




    




    


















 

      

   




     


     


     


     


     

     

     
     


     
     

     


     
     

     
     


     


      


     


     


     


     


     
     


      



       

  

      

      

      

      

      

      

      

      

      

      

















       

  

      

      

      

      







 

      

   




     


     


     


     


     

     

      
      


     
     

      


      
     

     
     


     


      


     


     


     


     


     
     


      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   




     


     


     


     


     

     

     
      


     
     

      


      
     

     
     


     


      


     


















 

      

   




     


     


     
     


      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   




     


     


     


     


     

     

     
     


     
     
















 

      

   



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
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      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   




     

















 

      

   




     


     


     

     

     
     


     
     

     


     
     

     
     


     


     


     


     


     


     


     
      


      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

















       

  













         

       

       





       

       

       


       


       

       

       

         

       

       





       

       

       


       


       

       

       















































 
 

 




      

 

  

     


     


     


     

     

     

     

     

     

     

     

     

     

     

     


     


     


     


     


     


     


     

     


     


      

 





  

      

      

      

      

      

      

      

      

      

      

      













 
 

      

 





  

      

      

      


 
 





  



 

 





 

 









    




    




    




    

     




    

     




    

     

     




    

     




    

     




    




    




    




    




    




    




    

     




    













 
 




  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 





  



 

 





 

 









    




    




    




    

     




    

     




    

     

     




    

     




    

     













 
 




   



 

 





 

 








    




    




    




    




    




    

     




    




     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     
   

   

   

   

   

   

   

   



     
    

    
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




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

 
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










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      
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 
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










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


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
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
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   
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
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

  
  

  














 


     

     

     

     

     

     









 



  



































































 







 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

    

    

    

    

    

    

    





    

 





 





       

 

    

     

    

     

    

    

    





    

 





 





       

 

    

     

    

     

    

    

    





    

 





 





       

 

    

    

    

    

    

    

    





    












 





 





       

 

    

    

    

    

    

    

    





    





    


















 

      

   





     



     



     



     


     

     

     

     



     

     

     



     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

















       

  

      

      

      

      







 

      

   





     



     



     



     



     

     

     

      



     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     



     

     

     

      



     

     

      



     

     

     

     



     



     



     


















 

      

   





     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     



     

     

     

     



     

     
















 

      

   





     

     

     

     



     



     



     



     



     



     



     

     



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     


















 

      

   





     



     


     

     

     

     


     

     

     



     

     

     

     



     



     



     



     



     



     



     

      



      



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

















       

  













         

       

       





       



       



       



       



       

       

       

         

       

       





       



       



       



       



       

       

       















































 
 

 





      

 

  

     



     



     



     

     

     

     
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     
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
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
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     


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      

      

      

      

      

      

      
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      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







  



 

 





 

 











    





     





    





    

     





    

      





    

     

     





    

     





    

     













 
 





  



 

 





 

 









    





    





    





    





    





    

     





    





    

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   









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

   



 

 













 

      










 





   

   

   










  

  

  














 


     

     

     

     

     

     









 



  




































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     

    

    

 





 





       

 

     

    

    

 





 





       

 

     

     

    

    

 





 





       

 

    

    

     

    

    

 





 





       

 

     

    

    

     

    

    












 





 





       

 

     

    

    

 





 





       

 

     

     

     

    

     

     

     

    

    


















 

      

   





     



     



     



     

     

     

     

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      







 

      

   





     



     



     



     

     

     

     

     

     

     

      


      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

     

     

      

     

      



     

     

     

     



     



     



     



     



     


















 

      

   





     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

     

     

      

     

      



      

     

     
















 

      

   





     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     
















 

      

   



      

     

     

     

     



      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      
















 

      

   





     



     



     



     

     

     

      

      



     

     

     



      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      

      







 

      

   





     



     



     



     

     

     

     

     

     

     

      



     

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

      

      


      

      



     

     

      



      

      


     

     



     



     



     


















 

      

   





     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      













         

       

       





       

       

       

       

       

       

       

       

       

       

       

       

       

         

       

       





       

       

       

       

       

       

       

       

       

       

       

       

       















































 
 

 





      

 

  

     



     



     



     

     

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      













 
 

      

 





  

      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











    





    





     





    

     





    

     





    

      

     





    

     





    

     













 
 





  



 

 





 

 









    





    





    





     





     





     

     





     





    

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 

 





      

 

  

     



     



     



     













 
 

 

       

 

  

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 





  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      









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
 
 







  


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



 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    
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

    





    





    





    

     





    





    

   





 

 

   

   

   

   

   


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




 
 

   





 

 

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











     





     





     





     

      





     

      





     

     

     





     

      





    

      





    





    





    





     





     













 
 





   



 

 





 

 









     

      





     





     

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   






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











 

      

 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      

 




   



 

 













 

      






 


 




   



 

 













 

      

 




   



 

 













 

      










 





   

   

   










  

  

  














 


     

     

     

     

     

     

     

     

     









 



  




































































 







 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

    

     

     

    

    

 





 





       

 

    

     

     

    

    

 





 





       

 

    

     

     

    

    

 





 





       

 

    

     

     

    

    


















 

      

   





     



     



     



     

     

     

     

     

     

     

      



      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      







 

      

   





     



     



     



     

     

     

     

     

     

     

      


      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

















       

  

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     

     



     



     



     



     



     


















 

      

   





     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      







 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     
















 

      

   





     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      













         

       

       





       

       

       

       

       

       

         

       

       





       

       

       

       

       

       















































 
 

 





      

 

  

     



     



     



     

     

     

     

     
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      

      
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 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







   



 

 





 

 











     





    





    





    

     





    

     





    

     

     





    

     





    

     













 
 





  



 

 





 

 









    





    





    





     





     





    

     





     





    

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     
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   

   

   










  

  

  














 


     

     

     

     

     









 



  




































































 







 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 












 





 





       

 

    

     

     

    

    


















 

      

   





     



     



     



     

     

     

      

     

     

     

      



      

     

     

     



     



     



     



     



     



     



     

     



     



       

  

      

      

      

      

      

      

      

      

      

      

      

      

















       

  

      

      













         

       

       





       

       

       

         

       

       





       

       

       















































 
 

 





      

 

  

     



     



     



     

     

     

     

     

     

     

     

     

     

     

     



     



     



     



     



     



     



     

     



     



      

 




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      

      

      

      

      

      

      

      

      

      

      


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

  

      

      

      


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     





    





    





    





    





    





    





    

     





    













 
 





  



 

 





 

 





   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   


 
 







  



 

 





 

 











    





    





    





    

     





    

     





    

     

     





    

     





    

     













 
 





  



 

 





 

 









    





    





    





    





     





     

     





    





    

   





 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   














     

   

   

   

   



     

    

    

    

    






 


 




   



 

 













 

      










 





   

   

   










  

  

  














 


     

     









 



  








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Attachment 2–Treatment Media Specifications 
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SALES SPECIFICATION SHEET 

CalRes ™ 2301 
Strong Base Anion Exchange Resin 

Resin Type: Strong Base Anion 
Structure: Macroporous 
Ionic Form: Chloride 

Specification
Test Min Max Calgon Carbon Test Method 

Wet Volume Capacity, meq/ml 0.51  ASTM D 2187 Method M Mod 

Water Retention Capacity, % 48 60 ASTM D 2187 Method B Mod 

Whole Bead, % 95   

US Sieve Series, % on 16 mesh  3 ASTM D 2187 Method D Mod 

US Sieve Series, %  thru 45 mesh  5 ASTM D 2187 Method D Mod 
    
Manufacturing Point of Origin:   Product manufactured in the USA. 
    
Min Required Approvals:   ANSI/NSF-61 Compliant. California Department of 

Health Services Approval / Acceptance. 

This product is Made to Order. Calgon Carbon Corporation’s ion exchange products are 
continuously being improved. Therefore, changes may have taken place since this 
publication has gone to press.









Attachment 3–Summary of PFAS Analytical Results



Crescenta Valley Water District
April 30, 2026

Table A Crescenta Valley PFAAs Data Summary

Media Sample EBV PFBA (ng/L) PFPeA (ng/L) PFHxA (ng/L) PFHpA (ng/L) PFOA (ng/L) PFBS (ng/L) PFHxS (ng/L) PFOS (ng/L)

GAC-Influent 20,000 12 26 27 9.4 14 23 16 8.3

GAC-Influent 40,000 11 25 26 8.6 14 22 15 8.9

GAC-Influent 60,000 11 27 28 8.6 15 22 15 9.5

GAC-Influent 80,000 12 26 29 8.4 14 22 16 9.9

-

GAC-Influent 100,000 12 27 29 8.4 16 25 17 8.9

Control-A 20,000 11 27 28 9.3 15 24 16 7.8

Control-A 40,000 11 25 26 8.9 15 23 15 8.2

Control-A 60,000 12 27 27 8.9 15 23 16 8.9

Control-A 80,000 11 26 27 8.6 14 23 15 9.7

Control-A 100,000 11 27 29 8.7 15 23 16 7.9

Control-B 20,000 12 28 28 9.3 15 24 16 7.8

Control-B 40,000 11 25 27 8.6 15 22 15 8.9

Control-B 60,000 11 26 27 8.7 15 23 15 8.6

Control-B 80,000 11 27 27 9.5 15 22 15 9.6

Zirconia/Silica Beads

Control-B 100,000 12 27 29 9.1 16 24 17 8.8



Crescenta Valley Water District
April 30, 2026

Media Sample EBV PFBA (ng/L) PFPeA (ng/L) PFHxA (ng/L) PFHpA (ng/L) PFOA (ng/L) PFBS (ng/L) PFHxS (ng/L) PFOS (ng/L)

GAC-1A 20,000 16 <2.0 <2.0 <2.0 0.73 J <2.0 <2.0 1.9 J

GAC-1A 40,000 12 22 <2.0 <2.0 <2.0 <2.0 <2.0 0.88 J

GAC-1A 60,000 11 44 15 <2.0 <2.0 8.3 <2.0 0.63 J

GAC-1A 80,000 11 36 35 1.8 J 0.63 J 25 0.46 J 0.49 J

GAC-1A 100,000 11 32 42 6.5 2.4 36 1.9 J 0.61 J

GAC-1B 20,000 16 <2.0 <2.0 <2.0 0.76 J <2.0 <2.0 1.9 J

GAC-1B 40,000 12 22 <2.0 <2.0 <2.0 <2.0 <2.0 0.98 J

GAC-1B 60,000 12 43 15 <2.0 <2.0 9.4 <2.0 0.67 J

GAC-1B 80,000 12 35 33 2.1 0.59 J 26 0.4 J 0.78 J

ARQ CarbPure 1240

GAC-1B 100,000 12 32 43 6.6 2.3 34 1.9 J 0.72 J

AER-1A 30,000 11 26 3.0 <2.0 <2.0 <2.0 <2.0 0.80 J

AER-1A 60,000 12 27 15 0.51 J 0.48 J <2.0 <2.0 2.2

AER-1A 90,000 12 29 24 1.0 J <2.0 <2.0 <2.0 1.1 J

AER-1A 120,000 12 27 31 1.9 J 0.58 J <2.0 <2.0 1.1 J

AER-1A 150,000 12 27 30 3.6 0.89 J <2.0 <2.0 0.87 J

AER-1B 30,000 12 25 2.9 <2.0 0.49 J <2.0 <2.0 0.60 J

AER-1B 60,000 12 28 17 0.48 J 0.46 J <2.0 0.32 J 2.4

AER-1B 90,000 12 27 24 1.0 J 0.42 J <2.0 <2.0 1.0 J

AER-1B 120,000 11 24 26 2.1 0.67 J <2.0 <2.0 0.94 J

Purolite Purofine PFA694E

AER-1B 150,000 11 27 29 3.8 0.65 J <2.0 <2.0 0.48 J



Crescenta Valley Water District
April 30, 2026

Media Sample EBV PFBA (ng/L) PFPeA (ng/L) PFHxA (ng/L) PFHpA (ng/L) PFOA (ng/L) PFBS (ng/L) PFHxS (ng/L) PFOS (ng/L)

AER-2A 30,000 11 21 2.6 <2.0 <2.0 <2.0 <2.0 0.52 J

AER-2A 60,000 12 29 13 0.44 J 0.45 J <2.0 <2.0 0.63 J

AER-2A 90,000 NA NA NA NA NA NA NA NA

AER-2A 120,000 NA NA NA NA NA NA NA NA

AER-2A 150,000 NA NA NA NA NA NA NA NA

AER-2B 30,000 12 21 3.0 <2.0 <2.0 <2.0 <2.0 0.82 J

AER-2B 60,000 11 26 10 0.41 J <2.0 <2.0 <2.0 1.2 J

AER-2B 90,000 12 28 25 1.8 J 1.3 J <2.0 <2.0 0.84 J

AER-2B 120,000 12 27 28 2.8 1.5 J 0.56 J <2.0 0.45 J

Calgon CalRes 2301

AER-2B 150,000 12 26 29 4.0 2.4 0.80 J <2.0 0.70 J

AER-3A 30,000 12 11 0.80 J <2.0 <2.0 <2.0 <2.0 0.78 J

AER-3A 60,000 11 22 6.4 <2.0 <2.0 <2.0 <2.0 1.1 J

AER-3A 90,000 12 26 11 0.67 J 0.46 J <2.0 <2.0 1.0 J

AER-3A 120,000 11 26 15 1.2 J 0.75 J <2.0 <2.0 1.1 J

AER-3A 150,000 12 29 22 1.6 J 0.89 J <2.0 <2.0 0.96 J

AER-3B 30,000 12 9.6 0.79 J <2.0 0.46 J <2.0 <2.0 0.99 J

AER-3B 60,000 12 23 6.7 0.58 J 0.84 J <2.0 0.33 J 1.9 J

AER-3B 90,000 12 27 11 0.82 J 0.62 J <2.0 <2.0 1.1 J

AER-3B 120,000 11 25 15 1.1 J 0.99 J <2.0 <2.0 0.87 J

DuPont AmberLite PSR2 Plus

AER-3B 150,000 12 28 21 1.7 J 0.94 J <2.0 <2.0 0.57 J
Notes:
A and B denote experimental replicates.
J = greater than analytical detection limit but less than reporting limit
NA = not analyzed
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