— BUREAU OF —
RECLAMATION

Adsorption of Organic
Micropollutants by Activated
Carbon and Biochar

Science and Technology Program
Research and Development Office
Final Report No. ST-2021-19192

U.S,] Department of the Interior August 18, 2020






Form Approved
REPORT DOCUMENTATION PAGE oM 5

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and
reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services,
Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty
for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
September 19, 2022 Research October 2018 — December 2021
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Occurrence of Organic Micropollutants in the San Juan River in Northwest New WBS: RR4888FARD1900301

Mexico and their Removal during Drinking Water Treatment WOID: FA989

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

1541 (S&T)
6. AUTHOR(S) 5d. PROJECT NUMBER
Anthony Kennedy, Ph.D., P.E., Civil Engineer ST-2021-19192
Miguel Arias-Paic, Ph.D., P.E., Civil Engineer 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT NUMBER
US Bureau of Reclamation

Denver Federal Center Building 67
6™ Ave & Kipling St

Denver CO 80225

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Science and Technology Program Reclamation

Research and Development Office

Bureau of Reclamation 11. SPONSOR/MONITOR'S REPORT NUMBER(S)

U.S. Department of the Interior
Denver Federal Center
PO Box 25007, Denver, CO 80225-0007

12. DISTRIBUTION/AVAILABILITY STATEMENT
Final Report may be downloaded from https://www.usbr.gov/research/projects/index.html

13. SUPPLEMENTARY NOTES

14. ABSTRACT

A novel powdered ash-treated pine biochar (PATB) was compared to powdered activated carbon (PAC) for the removal of dissolved organic
matter (DOM) and organic micropollutants (OMPs) from deionized water (DI), a raw surface water (SW), and a treated wastewater (WW).
PATB performance (capacity and kinetics) was the primary focus under realistic water treatment adsorbent doses (<200 mg/L) and contact
times (<120 minutes). For the removal of DOM, iohexol (IOH), sucralose (SUC), and sulfamethoxazole, PAC consistently outperformed
PATB. For the more readily adsorbable OMPs carbamazepine, cotinine, DEET, and theobromine, removal by the two adsorbents was
comparable. Dose response and kinetic results for each adsorbent between SW and WW for DOM, IOH, and SUC were similar as their initial
dissolved organic carbon concentrations were diluted to the same range: 2.0 to 2.2 mg/L. SUC was found to have a higher affinity for PATB in
DI, but ultimate removal was still limited by its lower specific surface area compared to PAC (~500 vs ~1,000 m2/g). Additional investigations
included combined adsorbent treatment and projecting batch results to fixed bed breakthrough curves for hypothetical full-scale granular
activated carbon and granular ash-treated biochar adsorbers using both the homogeneous surface diffusion model and pore and surface
diffusion model.

15. SUBJECT TERMS
biochar, activated carbon, organic micropollutants, water treatment

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON

OF ABSTRACT OF PAGES
a. REPORT b. ABSTRACT THIS PAGE 19b. TELEPHONE NUMBER (Include area code)
U U U

(Rev. 8/98)
Prescribed by ANSI Std. Z39.18




Mission Statements

The Department of the Interior conserves and manages the Nation’s
natural resources and cultural heritage for the benefit and enjoyment
of the American people, provides scientific and other information
about natural resources and natural hazards to address societal
challenges and create opportunities for the American people, and
honors the Nation’s trust responsibilities or special commitments to
American Indians, Alaska Natives, and affiliated island communities
to help them prosper.

The mission of the Bureau of Reclamation is to manage, develop, and
protect water and related resources in an environmentally and
economically sound manner in the interest of the American public.

Disclaimer

Information in this report may not be used for advertising or
promotional purposes. The data and findings should not be construed
as an endorsement of any product or firm by the Bureau of
Reclamation, Department of Interior, or Federal Government. The
products evaluated in the report were evaluated for purposes specific
to the Bureau of Reclamation mission. Reclamation gives no
warranties or guarantees, expressed or implied, for the products
evaluated in this report, including merchantability or fitness for a
particular purpose.

Acknowledgements

The Science and Technology Program, Bureau of Reclamation,
sponsored this research. The authors would like to thank Leadville
Mine Drainage Tunnel staff and plant manager, Jenelle Stefanic;
Alejandro Caicedo for slag samples; Matt Bentley for biochar samples;
City of Lawton staff; Great Plains Technology Center staff; Garver
staff; Nathan Kuhnert and Collins Balcombe from the Oklahoma-
Texas Area Office.



Occurrence of Organic Micropollutants in the
San Juan River in Northwest New Mexico and
their Removal during Drinking Water Treatment

Interim Report No. ST-2021-19192

prepared by

Technical Service Center

Water Treatment Group

Anthony Kennedy, Ph.D., P.E., Civil Engineer
Miguel Arias-Paic, Ph.D., P.E., Civil Engineer






Peer Review

Bureau of Reclamation
Research and Development Office
Science and Technology Program

Digitally signed by Miguel Arias-

Miguel Arias- o3t pe

H Date: 2023.01.09 08:14:10
Paic, P.E. -

Prepared by: Miguel Arias-Paic (signed for Anthony Kennedy, Ph.D., P.E.)
Civil Engineer

Digitally signed by LEAH FLINT

L EAH F LI NT Date: 2023.01.06 14:22:57

-07'00

Peer Reviewed by: Leah Flint, P.E.
Civil Engineer

“This information is distributed solely for the purpose of pre-dissemination peer review under
applicable information quality guidelines. It has not been formally disseminated by the Bureau of
Reclamation. It does not represent and should not be construed to represent Reclamation’s
determination or policy.”






Executive Summary

A novel powdered ash-treated pine biochar (PATB) was compared to powdered activated carbon
(PAC) for the removal of dissolved organic matter (DOM) and organic micropollutants (OMPs)
from deionized water (DI), a raw surface water (SW), and a treated wastewater (WW). PATB
performance (capacity and kinetics) was the primary focus under realistic water treatment
adsorbent doses (<200 mg/L) and contact times (<120 minutes). For the removal of DOM,
iohexol (IOH), sucralose (SUC), and sulfamethoxazole, PAC consistently outperformed PATB.
For the more readily adsorbable OMPs carbamazepine, cotinine, DEET, and theobromine,
removal by the two adsorbents was comparable. Dose response and kinetic results for each
adsorbent between SW and WW for DOM, IOH, and SUC were similar as their initial dissolved
organic carbon concentrations were diluted to the same range: 2.0 to 2.2 mg/L. SUC was found
to have a higher affinity for PATB in DI, but ultimate removal was still limited by its lower
specific surface area compared to PAC (~500 vs ~1,000 m2/g). Additional investigations
included combined adsorbent treatment and projecting batch results to fixed bed breakthrough
curves for hypothetical full-scale granular activated carbon and granular ash-treated biochar
adsorbers using both the homogeneous surface diffusion model and pore and surface diffusion
model. Journal of Environmental Engineering pre-proof manuscript is attached in the Appendix
A.
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Abstract

A novel powdered ash-treated pine biochar (PATB) was compared to powdered activated carbon
(PAC) for the removal of dissolved organic matter (DOM) and organic micropollutants (OMPs)
from deionized water (DI), a raw surface water (SW), and a treated wastewater (WW). PATB
performance (capacity and kinetics) was the primary focus under realistic water treatment
adsorbent doses (<200 mg/L) and contact times (<120 minutes). For the removal of DOM,
iohexol (IOH), sucralose (SUC), and sulfamethoxazole, PAC consistently outperformed PATB.
For the more readily adsorbable OMPs carbamazepine, cotinine, DEET, and theobromine,
removal by the two adsorbents was comparable. Dose response and kinetic results for each
adsorbent between SW and WW for DOM, IOH, and SUC were similar as their initial dissolved
organic carbon concentrations were diluted to the same range: 2.0 to 2.2 mg/L. SUC was found
to have a higher affinity for PATB in DI, but ultimate removal was still limited by its lower
specific surface area compared to PAC (~500 vs ~1,000 m?/g). Additional investigations
included combined adsorbent treatment and projecting batch results to fixed bed breakthrough
curves for hypothetical full-scale granular activated carbon and granular ash-treated biochar
adsorbers using both the homogeneous surface diffusion model and pore and surface diffusion
model.
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Introduction

Organic micropollutants (OMPs), even at low concentrations (ng/L to pg/L), pose potential risks
to public health and the environment, for which the commercially available granular and
powdered activated carbon (GAC and PAC, respectively) are effective at removing them from
drinking water and wastewater (Westerhoff et al. 2005, Summers et al. 2011, Crittenden et al.
2012, Kennedy et al. 2015, Zietzschmann et al. 2016). Alternative adsorbents to GAC/PAC have
recently been developed for OMP adsorption in water, including porous B-cyclodextrin polymers
(Ling et al. 2020) and biomass-based biochar. Biochar is produced from the primarily anoxic,
although sometimes semi-oxic, pyrolysis of any number of biomass sources (e.g., pine) and has
become an attractive alternative to GAC/PAC because of waste material reuse, carbon
sequestration, and generally low production costs (Thompson et al. 2016, Moreira et al. 2017).

Significant advancements have been made in biochar production conditions that create high
specific (internal) surface areas that increase both OMP access to, and removal within,
micropores (<2 nm diameter) and mesopores (2 to 50 nm diameter) (Mohan et al. 2014, Ahmed
et al. 2016, Shimabuku et al. 2016, Xiao et al. 2018, Kearns et al. 2019, Bentley and Summers
2020). For example, several high-temperature co-pyrolysis thermal air activation (CPTA)
biochars have been shown to outperform conventional anoxic pyrolysis (CAP) biochars by
roughly an order of magnitude for the removal of the herbicides 2,4-D and simazine (SIM) from
surface water (Kearns et al. 2019). That increase was enough to significantly close the gap in
equilibrium solid phase concentrations (g.) between CPTA biochars and GAC/PAC. Others have
also found post-pyrolysis thermal air oxidation (PPAO) to greatly increase biochar surface area
and subsequent adsorption of the two herbicides atrazine and prometon, in addition to the
hormone estriol (Xiao et al. 2018). Extended pyrolysis times from hours to days at temperatures
ranging from 350 to 850°C have also been observed to close the gap between pine biochar and
PAC for the removal of the antibiotic sulfamethoxazole (SUL) (Shimabuku et al. 2016). In some
cases, biochars produced at much lower temperatures (250°C) have resulted in increases in SUL
adsorption capacity (Lian et al. 2016). Recently, Bentley and Summers (2020) produced an
effective biochar by using a relatively simple approach of presoaking the pine feedstock in a
solution of ash from the same material, followed by CAP in a muffle furnace at 800°C for 2
hours. This approach yielded a pine biochar that was comparable to PAC for 2,4-D and SUL
removal (approximately factor of two difference in dose), primarily by increasing total surface
area from 420 m?/g to 510 m?/g and expanding OMP access to micropores by increasing
mesopore surface area. To this point, biochar surface area appears to have plateaued at this upper
limit range compared to ~700 to 1,000 m*/g for GAC/PAC (Mohan et al. 2014, Shimabuku et al.
2016, Xiao et al. 2018, Kearns et al. 2019).

A primary goal of these biochar advancements has been to achieve GAC/PAC performance for
the removal OMPs, especially in terms of adsorbent cost per mass of OMP removed.
Comparisons between the two adsorbents are usually performed for many different biochars
instead of in-depth investigations for a single representative or best performing biochar, and are
typically limited to isotherms or contact times greater those practiced in water treatment (Ahmed
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et al. 2016, Shimabuku et al. 2016, Inyang and Dickenson 2017, Xiao et al. 2018, Kearns et al.
2019, Bentley and Summers 2020). Most studies also tend to focus on OMP removal and effects
of competitive adsorption with DOM, as opposed to examining DOM removal itself, as
measured by the surrogates of dissolved organic carbon (DOC) and ultraviolet absorbance at

254 nm (UV A2s4). Though isotherms, typically the Freundlich isotherm (g=KrC!"), are useful
for characterizing adsorbents including comparisons, they are not representative of PAC
applications because isotherms are, by definition, based on thermodynamic equilibrium.
Certainly for GAC, and likely the same for fixed bed biochar adsorbers, the Freundlich capacity
(KFr) and intensity (//n) parameters obtained from isotherm testing cannot reliably predict OMP
breakthrough profiles for real waters using adsorption modeling software (Jarvie et al. 2005,
Magnuson and Speth 2005, Summers et al. 2011). In response, biochar adsorption of OMPs in
fixed-bed scenarios has been explicitly tested but remains limited compared to GAC studies
because of their effort-intensive nature (Inyang and Dickenson 2017, Kearns et al. 2020a, Kearns
et al. 2020b). Direct kinetic comparisons between biochar and GAC/PAC, either OMP removal
over PAC-representative contact times or quantification of OMP surface or pore diffusion
coefficients (Dsor Dp, respectively), have also been limited (Inyang and Dickenson 2017, Kearns
et al. 2020a, Kearns et al. 2020b).

Given the current state of biochar research for water treatment, a maturation point has been
reached where more realistic and focused treatability studies are necessary to establish
practicality and inform areas for future biochar research, including whether biochar is better
suited to PAC- or GAC-type applications (i.e., batch or fixed bed reactors). Therefore, the main
objective of this study was to evaluate the performance of an optimized biochar relative to PAC
for the removal of a range of OMPs and background DOM. Considering the ash-treated pine
biochar from Bentley and Summers (2020) is (1) a relatively new biochar, (2) representative of
other pine biochars (e.g., surface area, OMP removal, etc.), and (3) relatively straightforward to
produce, this study sought to apply it as a barometer of biochar feasibility as an adsorbent in
water treatment. Specifically, this study investigated and directly compared ash-treated pine
biochar and PAC under realistic water treatment scenarios (e.g., doses, contact times) for the (1)
removal of DOM, as measured by DOC and UV A2s4, (2) removal of seven environmentally
relevant OMPs, (3) kinetics of DOM and OMP removal, and (4) extension of batch testing
results to fixed bed breakthrough predictions using adsorption models. Testing was performed in
deionized water (DI), a surface water (SW), and a wastewater (WW), the latter two at the same
initial DOC (DOCo) concentration.
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Materials and Methods

Waters

Average raw water quality parameters and initial OMP concentrations (Co) are shown in Table 1
for the three different waters tested. DI with very low DOCo concentrations (<0.1 mg/L), zero
initial UV A2s4 (UV A2s4,0), below detection OMPs, and high resistance (>16 MQ-cm) was
obtained on-demand through treating Denver, Colorado, tap water using a commercial GAC and
mixed ion exchange resin system (Evoqua Water Technologies LLC, Pennsylvania). Prior to
testing DI alone, it was buffered to a pH of approximately 8.6 using sodium bicarbonate
(NaHCO3) (S25533, Fisher Scientific, Massachusetts) to match the pH and alkalinity of the other
two test waters more closely. Raw SW was collected from the San Juan River near Farmington,
New Mexico, three separate times in opaque, 20 L high-density polyethylene (HDPE) carboys
and shipped to Denver, Colorado. Unlike much of the San Juan River in the western US, the
corridor near Farmington is anthropogenically impacted by municipal, industrial, and agricultural
activities, and as such, contains some level of background OMPs. Treated WW following a four-
stage Bardenpho activated sludge process for full nitrification/enhanced denitrification and
ultraviolet disinfection was collected from the City of Boulder, Colorado, Water Resource
Recovery Facility in opaque, 20 L HDPE carboys. Both SW and WW were stored in a
refrigerator at 4°C before testing within one week of collection.

To normalize for the effect of DOC concentration on OMP adsorption and thereby isolate
intrinsic DOM effects, if any, SW and WW were diluted to the same DOCo concentrations of
approximately 2.0 to 2.2 mg/L, shown in Table 1, using unbuffered DI. Before dilution, average
SW and WW DOCy concentrations were 3.4+1.1 and 8.8+1.3 mg/L, respectively. Sucralose
(SUC) was added to target concentrations of 1,000 to 2,000 ng/L from a 100 mg/L stock
solution, made using a 98% powder (AAJ6673618, Fisher Scientific) to ensure its presence. For
reference, raw water SUC concentrations before spiking ranged from ~200 to 2,000 ng/L, not
known until testing was completed. All other OMPs were present at the concentrations shown in
Table 1 at the time of raw water sampling and did not substantially change during water storage
other than from dilutions with DI. Specific UV Azss (SUV A2s4) values, which are a simple
measure of DOM character (e.g., aromaticity), for diluted SW (2.2 to 2.6 L/mg/m) were within
typical drinking water supply ranges (2.0 to 4.0 L/mg/m) and indicate a mixture of aliphatic and
aromatic DOM constituents (Edzwald and Tobiason 2011). The diluted WW SUV A2s4 value of
1.7 L/mg/m was lower than the common raw water supply range, indicating higher aliphatic
DOM character and lower molar mass DOM (Kennedy and Summers 2015). DOM of this
character is typical for a complex mixture of the original drinking water DOM, effluent organic
matter (EfOM), and OMPs from wastewater treatment plants with nitrification/denitrification
processes (Krasner et al. 2009). For target OMP adsorption to GAC/PAC, the presence of both
low molar mass DOM and many OMPs unique to EfOM can result in increased competition and
reductions in OMP adsorption capacity compared to naturally occurring DOM (Kennedy and
Summers 2015, Shimabuku et al. 2016, Zietzschmann et al. 2016).
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Adsorbents

PAC was prepared by manually grinding and sieving small batches of a commercial bituminous
based GAC (Norit 1240 GAC, Cabot Corporation, Massachusetts) to less than US standard mesh
size 200 with a particle diameter (dp) cutoff of 0.075 mm. A commercial bituminous coal based
GAC was chosen instead of a commercial bituminous coal or wood based PAC because (1) it
was assumed to be as effective, if not slightly more effective, as bituminous coal based PAC for
the removal of DOM/OMP (Kearns et al. 2019), (2) it is widely used in fixed bed adsorbers for
the removal of DOM/OMPs (Summers et al. 2011), and (3) it is more relevant than PAC for
extending batch results to modeling fixed bed adsorbers with the same GAC. For data analysis
and modeling, PAC surface area, bulk or hypothetical bed density (p»), and particle density (pp)
values were assumed to be 1,080 m%/g, 450 kg/m?, and 750 kg/m?, respectively, the latter
assuming a bulk or hypothetical bed porosity (e») of 0.4 (Summers et al. 2011, Crittenden et al.
2012, Kennedy et al. 2015, Bentley and Summers 2020). Ash-treated biochar was produced from
pelletized pine (Confluence Energy, Colorado) according to the methods outlined in Bentley and
Summers (2020). Powdered ash-treated biochar (PATB) was prepared in the same fashion as
PAC. For data analysis and modeling, PATB surface area, p», and p, values were assumed to be
510 m%/g, 200 kg/m?, and 330 kg/m?, respectively, the latter assuming an &» of 0.4 (Bentley 2020,
Bentley and Summers 2020). Adsorbent slurries using unbuffered DI with concentrations of 20
g/L were made and stored in 250 mL amber glass bottles.

Batch Testing

All experiments were performed using a programmable six-jar jar tester (PB-900, Phipps & Bird,
Inc., Virginia) filled with 1.0 L of DI, SW, or WW. Adsorbents were added to test waters during
an initial rapid mix phase (1 minute, 300 rpm) from plastic syringes that were filled from the
continuously mixed stock slurries. Doses and mixing times were purposefully targeted to match
typical water treatment scenarios (Summers et al. 2011, Crittenden et al. 2012). For dose
response testing, waters were mixed with doses of 10, 50, 100, and 200 mg/L for 60 minutes at
60 rpm, representative of flocculation mixing intensity. Dose response jars with doses of 10 and
50 mg/L were duplicated. For kinetic testing, waters were mixed with a dose of 50 mg/L for 120
minutes at 60 rpm, with samples taken at 10, 30, 60 (from dose response testing), and 120
minutes. For combined treatment (CT) testing, waters were mixed with (1) PAC only at 10 mg/L,
(2) PAC at 10 mg/L plus PATB 50 mg/L, and (3) PAC at 10 mg/L plus PATB at 100 mg/L for
60 minutes at 60 rpm. All jars for kinetic and CT were duplicated. Raw water was sampled
before adsorbent addition and mixing. Treated water was sampled immediately at the end of the
targeted mixing time. All water samples were filtered through 0.45 um Nylon membrane filters
(EW-15945-27, Cole-Parmer, Illinois) using a filter holder and peristaltic pump into 500 mL
amber glass bottles, subsequently split among the various analyses (Table 1).
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Water Quality Analysis

Alkalinity was measured using a digital titrator with sulfuric acid according to Method 8023
(Hach, Colorado). DOC was measured in duplicate for each jar according to Standard Method
5310C on a laboratory analyzer (M5310C, Suez, France) (APHA et al. 2017). pH and
temperature were measured using a gel-filled electrode (Intellical PHC101, Hach) and portable
multi-meter (HQ40d, Hach). UV A2s4 was measured in duplicate for each jar according to
Standard Method 5910 on a laboratory spectrophotometer (DR6000, Hach) (APHA et al. 2017).

To concentrate OMPs prior to analysis, 200 mL of raw or treated water sample was processed
through solid phase extraction (SPE) cartridges (Oasis HLB Plus Short Cartridge, Waters
Corporation, Massachusetts) using a piston metering pump at a flow rate of approximately 10
mL/min. Prior to this loading, SPE cartridges were conditioned with 5 mL of methanol (CH3OH)
(BDH1135-4LP, VWR International, LLC, Pennsylvania) followed by 10 mL of high-
performance liquid chromatography (HPLC) grade water (WX0008-1, MilliporeSigma,
Massachusetts) using a plastic syringe. After processing raw or treated water, SPE cartridges
were rinsed with an additional 10 mL of HPLC grade water. At the Arid Land Agricultural
Research Center (USDA ARS, Maricopa, Arizona), OMP-loaded SPE cartridges were eluted
with 3 mL of acetonitrile (CH3CN) (A996-1, Fisher Scientific) and 3 mL of methanol at 1
mL/min, evaporated under nitrogen gas (N2), and reconstituted in a 1 mL 10% acetonitrile
solution. OMPs were then measured using a HPLC-tandem mass spectrometry (HPLC/MS-MS)
system (Acquity UPLC System, Waters Corporation), equipped with an electrospray ionization
source in positive/negative mode, and converted to concentrations using calibration curves.

Assuming 100% elution of OMPs from SPE cartridges and a concentration factor of 200, the
method reporting limit (MRL) for carbamazepine (CAR), cotinine (COT), DEET (DEE), and
SUL was 1 ng/L. The MRL for iohexol (IOH) and theobromine (THE) was 2 ng/L, while the
MRL for SUC was 10 ng/L. These seven OMPs, shown with several relevant properties in Table
2, were chosen based on detection in a previous San Juan River treatability study
(Arcadis/Malcolm Pirnie 2013) and while they covered a wide range of observed adsorbabilities
on both GAC/PAC and biochars (Summers et al. 2014, Kennedy et al. 2015, Bentley and
Summers 2020, Kearns et al. 2020a, Kearns et al. 2020b), it was decided before any testing that
most of this study would focus specifically on the neutral OMPs IOH and SUC. The decision to
focus on IOH and SUC was based on their (1) ubiquity in wastewater-impacted waters, (2)
weaker adsorbability on GAC/PAC compared to other OMPs, and (3) indicator potential for the
presence and removal of other OMPs (Westerhoff et al. 2005, Oppenheimer et al. 2011, Kennedy
et al. 2015, Thompson and Dickenson 2020). These criteria as they relate to Westerhoff et al.
(2005) and Kennedy et al. (2015) pertain to the OMP iopromide (IOP), also an X-ray contrast
agent and similar to IOH in terms of its properties shown in Table 2.
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Adsorption Modeling

Adsorption modeling software was used to investigate OMP adsorption onto PAC and PATB.
Initially, kinetic data at doses of 50 mg/L were fit using the homogeneous surface diffusion
model (HSDM) (FAST 2.1) (Sperlich et al. 2008). Specific modeling assumptions were (1) OMP
adsorption would follow the Freundlich isotherm, (2) d» was 0.038 mm (half of 0.075 mm), (3)
film diffusion coefficient (ky) was calculated using the Gnielinski correlation (Crittenden et al.
2012), and (4) 1/n was equal to 1.0, a reasonable assumption for OMP adsorption in the presence
of background DOM (Corwin and Summers 2011, Summers et al. 2014). Adoption of the last
assumption also implied normalized OMP concentrations, or final concentration (C) divided by
Co (C/Cv), were independent of Cy for concentrations in the ng/L to low pg/L range (Corwin and
Summers 2011, Summers et al. 2011, Shimabuku et al. 2016, Zietzschmann et al. 2016). HSDM-
generated curves were iteratively fit to kinetic data by adjusting Ds and Kr to minimize residuals.

Following kinetic data curve fitting, the HSDM-determined Ds and Kr were used to project
hypothetical full-scale granular activated carbon (GAC) and granular ash-treated biochar
(GATB) IOH and SUC breakthrough curves using the pore and surface diffusion model (PSDM)
(AdDesignS, Michigan Technological University, Michigan). The PSDM was used for
projecting breakthrough curves instead of the HSDM because the model includes pore diffusion,
which in fixed beds becomes increasingly important with operation time as DOM fouls
adsorbent surfaces and limits surface diffusion (Jarvie et al. 2005, Corwin and Summers

2011, Summers et al. 2014, Kennedy and Summers 2015). PSDM assumptions for hypothetical
GAC/GATB adsorbers were (1) dp was 0.92 mm (12x40 US standard mesh), (2) empty bed
contact time (EBCT) was 7 minutes, and (3) tortuosity (z), or labyrinth factor, was equal to 1.0, a
maximum pore diffusion flux value appropriate for OMPs in GAC absorbers (Summers et al.
2014). Ds values were assumed to be independent of d, in that they would be the same for either
a dp 0f 0.038 mm or 0.92 mm, a reasonable assumption at early OMP breakthrough (C/Co<10%)
(Crittenden et al. 2012, Summers et al. 2014, Kearns et al. 2020b). Early OMP breakthrough is
also emphasized herein because low OMP concentrations in treated water are typically the goal.

OMP breakthrough curves were generated using this approach because consistent HSDM and
PSDM predictions using Kr and 1/n values, obtained either from isotherm testing or empirical
fouling relationships, have remained elusive (Jarvie et al. 2005, Magnuson and Speth 2005,
Corwin and Summers 2011, Summers et al. 2011). This approach follows the aforementioned
studies in that instead of reducing Kr as function of deliberate DOM preloading, operation time,
DOM type, and/or OMP type, Kr would inherently be reduced because of the short contact time
(120 minutes) relative to isotherm or longer-term dose response testing (>6 days) (Summers et
al. 2011, Crittenden et al. 2012, Shimabuku et al. 2016, Bentley and Summers 2020). Data would
also be generated by testing with the actual water and background DOM, an advantage as their
effects on OMP adsorption are system specific. Therefore, the combination of jar testing, HSDM
kinetic curve fitting, and PSDM breakthrough projections represents a simplified approach for
obtaining more accurate full-scale OMP breakthrough curves. This combination can specifically
target early OMP breakthrough and avoid the need for resource- and time-intensive pilot-scale or
rapid small-scale column test (RSSCT) studies.
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Results and Discussion

Dissolved Organic Matter Removal

Dose response curves after a mixing time of 60 minutes for DOC and UV A2s4 are shown in Figs.
la and 1c, respectively, for SW and WW. Results from all three batches of SW were averaged
because removal differences between them were minor, represented by the error bars. Removal
increased with dose, with better removal of UV A2s4 compared to DOC as expected (Summers et
al. 2011), but the maximum removal using PATB was only 26% (SW) and 35% (WW) for DOC
and UV Aas4, respectively, at a dose of 200 mg/L. At the same dose, removal using PAC was
77% (SW) and 91% (WW) for DOC and UV Azs4, respectively, markedly higher than 10 to 50%
DOC removal using PAC at the more typical doses of 10 to 50 mg/L (Campos et al. 2000).
While DOC and UV Azs4 removal at the lowest doses of 10 mg/L. were similar (5% to 25%), the
gap between PAC and PATB grew dramatically with increasing dose. Projecting removals at a
PATB dose of 200 mg/L onto PAC curves indicates a factor of approximately 10 between the
adsorbents, where a PAC dose of 20 mg/L would achieve the same DOC and UV Azs4 removal.
Lower DOM removal by PATB could be expected given the ~50% lower surface area compared
to PAC, but this cannot solely explain the factor of 10 difference in dose. Size exclusion is
expected to limit DOM adsorption to carbonaceous adsorbents with internal microporous
structures (Summers et al. 2011, Kennedy and Summers 2015), so it may be that SW and WW
DOM were unable access the same fraction of internal surface area in PATB as in PAC.
Differences between SW and WW DOM removal (and therefore DOM solid phase
concentrations (gpom) because DOCo concentrations were the same) for each adsorbent were
minimal, despite known differences in character between naturally occurring DOM and EfOM
(e.g., molar mass distribution, aromaticity, etc.). The exception was UV Azs4 removal using PAC,
attributable to the considerably lower WW UV A2s40 of 0.034 cm™! compared to the SW range of
0.048 to 0.058 cm’! (table 1).

Kinetic curves at doses of 50 mg/L for DOC and UV Azs4 removal are shown in Fig. 1b and 1d,
respectively, for SW and WW. At this dose, PAC increasingly outperformed PATB with
increasing mixing time. A more revealing comparison between the two adsorbents by
normalizing kinetics curves to removal at 120 minutes was not possible due to limited and
variable DOM removal by PATB. As with any process using high surface area adsorbents, it
takes time for adsorbates, in this case DOM, to diffuse into the internal pore structure and
eventually attach to the surface. Beyond the 10-minute sample, DOM removal did not
meaningfully increase using PATB in either water, suggesting the diffusion path length in
PATB, or extent of internal pore structure accessible by DOM, was less extensive than PAC.
This is consistent with the previous hypothesis concerning adsorbent surface area and dose factor
differences between PAC and PATB in relation to Fig. 1a, confirming a deficient internal pore
structure (i.e., less accessible by DOM) of PATB relative to PAC. Results in Fig. 1b and 1d also
highlight that PATB contact times do not need to be much longer than 10 minutes for DOM
adsorption capacity exhaustion at least for doses near 50 mg/L, potentially reducing reactor size
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depending on the treatment scenario. Similar to dose response testing, differences between SW
and WW DOM removal using both adsorbents were minimal except for UV A2s4 using PAC due
to the lower UV A2s4,.

Organic Micropollutant Removal

Normalized OMP concentrations after a mixing time of 60 minutes and dose of 50 mg/L for SW
and WW are shown in Figs. 2a and 2b, respectively. Though OMP removal was evaluated at a
range of doses, 50 mg/L data were chosen for comparison because the dose (1) is within typical
PAC ranges, albeit at the higher end (Summers et al. 2011, Crittenden et al. 2012), (2) was
effective for both adsorbents, (3) was duplicated during dose response testing, (4) corresponds to
kinetic testing, and (5) simplifies the presentation of seven OMPs for two adsorbents and two
waters. As with DOM, OMP results from the three SWs were averaged because of their similar
removal represented by the error bars in Fig. 2. Some variability could be attributed to
differences in SW pH, which was not held constant for each water (Table 1). Small increases in
removal, averaged across the target OMPs IOH and SUC at doses of 50 mg/L, were observed
with increases in pH from 8.0 to 8.8 (Table 1), specifically 9+4% for PAC and 6+2% for PATB.
An increase in OMP removal with an increase in pH is consistent with an expected decrease in
DOM adsorption, and by extension competition with OMPs, as DOM is rendered more
hydrophilic with the deprotonation of carboxylic and phenolic functional groups (Newcombe
1994, Summers et al. 2011). The adsorption of negatively charged DOM at mg DOC/g adsorbent
concentrations and the pH range in this study (7.5 to 8.8) likely also changed the initial adsorbent
surface charge from net positive (PAC pHpz: 9.7, PATB pHpz: 9.0) (Bentley and Summers
2020) to net negative (Newcombe 1994), altering DOM and OMP adsorption behaviors with
increasing contact time. While pH can affect DOM and OMP adsorption, differences in the
presence of DOM were likely minimal for the one pH unit range in this study, especially in
relation to the study focus: adsorbent based OMP removal differences.

As shown in Fig. 2a, DEE and THE removal by PAC and PATB were statistically the same at
the 95% confidence level using one-way ANOVA, while IOH and SUC removal were
significantly higher for PAC at the 95% confidence level. The other three OMPs were not
present in SW at high enough concentrations to confidently quantify breakthrough behavior.
Higher removals of IOH and SUC were unexpected considering the reasons for why they were
chosen as target OMPs. OMP adsorbability in SW, as defined by the extent of removal, followed
SUC>IOH>DEE>THE for PAC and THE>DEE>IOH>SUC for PATB, also confirmed to be
similar for both adsorbents at a dose of 10 mg/L. These orders are, interestingly, complete
opposites of each other and mostly inconsistent with previous findings that correlated increased
adsorbability to increased OMP hydrophobicity as measured by the pH-dependent octanol-water
partition coefficient (log D) (Table 2) (Magnuson and Speth 2005, Westerhoff et al. 2005,
Kennedy et al. 2015, Hale et al. 2016). By contrast, the order for PAC is more consistent with
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previous findings that correlated increased GAC adsorbability to increased OMP molar volume
(table 2) (Crittenden et al 2012, Kennedy et al. 2015). An opposing case could be made for the
PATB order, in that the smaller molar volumes of DEE and THE allowed them greater access to
the more limited internal microporous structure of PATB.

Overall OMP removal trends in WW, shown in Fig. 2b, were similar to SW. On average for the
four OMPs present in both waters, OMP removal was 70+16% (SW-PAC), 71+25% (WW-
PAC), 38423% (SW-PATB), and 34+£31% (WW-PATB). Similar average OMP removal
between SW and WW supports the earlier expectation that the impact of the small pH range in
this study would be minimal. CAR and COT followed the trend of DEE and THE from Fig. 2a,
exhibiting statistically insignificant differences in removal between PAC and PATB. SUL, an
anionic OMP frequently observed to be weakly adsorbing (Shimabuku et al. 2016, Kearns et al.
2020a), unexpectedly followed the trend of IOH and SUC from Fig. 2a with significantly greater
removal using PAC. Conversely for PATB, SUL followed the initially expected trend of IOH
and SUC from Fig. 2a with minimal removal. OMP adsorbability in WW followed
SUC>SUL>IOH>CAR>COT>DEE>THE for PAC and EE>CAR>THE>COT>SUL>SUC>IOH
for PATB, again nearly opposite for the two adsorbents. For comparison, Westerhoff et al.
(2005) observed an adsorbability order of CAR>DEE>SUL>IOP in four different waters at a
PAC dose of 5 mg/L and 4-hour contact time, more aligned with the order observed for PATB in
SW and WW. As with SW, adsorbability order was checked at a dose of 10 mg/L and was found
to be similar for both adsorbents following the PATB trend at 50 mg/L, indicating adsorbability
can also be a function of dose.

Different OMP adsorbabilities observed for both SW and WW could be expected because the
two adsorbent surfaces were different in the extent of graphitic carbon development, internal
surface area, internal microporous structure, surface hydrogen to carbon molar ratios

(i.e., hydrophilicity and aromaticity), and surface oxygen/nitrogen to carbon molar ratios

(i.e., functionality) (Hale et al. 2016, Shimabuku et al. 2016, Kearns et al. 2019, Bentley and
Summers 2020). In addition to adsorbent properties, pH, and dose, OMP adsorption to
carbonaceous adsorbents is simultaneously a function of other variables including OMP
properties, reactor configuration, and perhaps most importantly, competition with DOM. In
terms of DOM, gpowm values based on DOC and adsorbent mass (mg DOC/g adsorbent) were
18£1.6 (SW-PAC), 16+£5.2 (WW-PAC), 5.5+1.8 (SW-PATB), and 2.9+2.4 (WW-PATB) after a
mixing time of 60 minutes and dose of 50 mg/L. gpom values based on DOC and adsorbent
surface area (ug DOC/m? adsorbent) were 16£1.5 (SW-PAC), 15+4.8 (WW-PAC), 11+3.5
(SW-PATB), and 5.6+4.6 (WW-PATB) under the same conditions. Consistently higher gposm on
PAC compared to PATB (and higher gpom in SW compared to WW) could have proven
detrimental to OMP adsorption depending on OMP adsorbability, increasing the relative
effectiveness of PATB for the removal of DEE, for example. Nonetheless, without evaluating
each OMP individually in buffered DI for each adsorbent, it is difficult to explain the opposing
adsorbabilities observed between PAC and PATB in Fig. 2. These results highlight that while
PATB was inferior to PAC for DOM removal as shown in Fig. 1, PATB was equivalent to PAC
for the removal of certain OMPs as shown in Fig. 2.
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To further evaluate the effects of background DOM and specifically SUC affinity for the
adsorbent surface, average SUC solid phase concentrations (gsuc) on PAC and PATB after

60 minutes of mixing time were compared between DI, SW, and WW, shown in Fig. 3. As
shown in Fig. 3a, gsuc values based on adsorbent mass (ng SUC/mg adsorbent) were consistently
higher for PAC than PATB in all three waters. In fact, the presence of SW or WW DOM resulted
in near constant gsuc values independent of PATB dose, as opposed to the steady decline of gsuc
values observed with increasing PAC dose. It could be extrapolated that gsuc, in the presence of
DOM, would be the same for both adsorbents only at very high and excessive doses (>200
mg/L), essentially allowing PATB to overcome the fouling effects of DOM. Without the
presence of DOM, absolute differences in gsuc (dose>50 mg/L) between PAC and PATB were
smaller in DI than SW and WW. These results indicate DOM fouling had a greater negative
effect on PATB than PAC, at least for the adsorption of SUC, likely because of the lower surface
area and less extensive internal microporous structure. Accordingly, DOM removal prior to
targeted OMP removal is arguably more important for PATB compared to PAC, but the
presumably lower cost of PATB would have to be weighed against the increased pretreatment
cost.

If gsuc values were based on adsorbent surface area (ng SUC/m? adsorbent) as opposed to
adsorbent mass, results were somewhat different as shown in Fig. 3b. While Fig. 3b results
generally reflect Fig. 3a trends for SW and WW, gsuc values based on surface area were
consistently higher on PATB compared to PAC in DI. Similar results were also observed by
Kearns et al. (2019) for the removal of the 2,4-D from surface water based on CPTA biochar and
GAC/PAC isotherms. Higher gsuc values in DI based on surface area indicates a greater affinity
for the surface, suggesting that if PATB surface area could be significantly increased above ~500
m?/g without negatively affecting this affinity, PATB may outperform PAC for OMP removal.
For example, alkaline modifications prepared under oxygen or nitrogen gas flow have been
shown to produce very high surface area biochars (~1,100 to 1,400 m?/g), although such
alterations would certainly change surface chemistry (Ahmed et al. 2016). This conclusion of
higher affinity for PATB also stems from analysis with SUC, a relatively difficult OMP for
PATB to remove (Fig. 2). In this case, a higher surface area PATB may further outperform PAC
for OMPs more easily removed by PATB (e.g., DEE). Ultimately, if increasing PATB surface
area without impacting OMP affinity is feasible, the production costs and environmental impacts
would likely increase, which would have to be weighed against the same for PAC.

Combined Treatment

CT using both adsorbents was investigated to reduce the PAC dose and potentially treatment
costs. Based on the opposing OMP adsorbabilities observed between PAC and PATB (Fig. 2),
CT could harness synergistic effects between the two adsorbents for the removal of a wider array
of OMPs. CT results are shown in Figs. 4a and 4b for SW and WW, respectively, for UV Aasa,
IOH, and SUC. UV A2s4 was chosen for the comparison because it has proven to be a
conservative and easily measured surrogate for OMP removal, albeit with system specific
relationships (Bentley 2020, Kearns et al. 2020a). In SW, the successive addition of PATB
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increased removal of the three chosen parameters to a higher degree than either PAC alone at

10 mg/L or PATB alone at 50 or 100 mg/L. These increases in removal were statistically
significant at the 95% confidence level using Tukey’s method for UV Azs4 and SUC, but not for
IOH. The least amount of change with increasing PATB dose was observed with UV A2s4, for
which removal significantly increased from 13% (0 mg/L PATB) to 20% (50 mg/L PATB) to
27% (100 mg/L PATB) in Fig. 4a. By comparison based on interpolating data in Fig. 1, 20 and
27% UV Azsa removal would require PAC doses of approximately 15 and 25 mg/L, respectively,
50 and 150% increases from 10 mg/L. Results for WW shown in Fig. 4b were analogous but
progressive removal of IOH and SUC was less dramatic compared to SW, albeit significant for
all constituents at the 95% confidence level. Therefore, depending on adsorbent and sludge
processing costs, CT may prove useful for decreasing PAC dose and cost while targeting a wider
range of OMP removal. In future studies, it is likely worth investigating the sequential addition
order of the adsorbents as PAC is clearly more effective at removing DOM and mitigating DOM
fouling as it pertains to OMP adsorption (Figs. 1 and 3).

lohexol and Sucralose Adsorption and Modeling

IOH and SUC adsorption was further analyzed and modeled using the HSDM and PSDM,
despite their unexpected differences in adsorbability order using PAC and PATB. Normalized
IOH and SUC concentrations are shown as a function of dose in Figs. 5a and 5Sc, respectively. As
shown in Fig. 2, IOH and SUC were well removed at, and beyond, a PAC dose of 50 mg/L,
while removal with PATB consistently lagged. Even at a PATB dose of 200 mg/L, IOH removal
was only 38% (SW) and 17% (WW). Higher removal of SUC was observed using PATB at 200
mg/L, but still only reached 47% (SW) and 36% (WW). Removal in SW and WW using PAC
were either indistinguishable (Fig. 5a for IOH) or slightly favored WW (Fig. 5c for SUC), while
removal using PATB was worse in WW for all data points. EfOM could have led to increased
competition for a specific and limited number of adsorption sites, more limited than PAC, and
therefore relatively worse removal using PATB. Fittingly, increased competition could be
mitigated with CT as opposed to solely increasing the PATB dose. For example, at a PATB dose

of 100 mg/L, SUC removal was only 11% in WW as shown in Fig. 5c. However, by adding PAC
at 10 mg/L, SUC was removal was 58% as shown in Fig. 4b. It should be noted the same
comparison for IOH was not performed because of the difference in removal from WW at a PAC
dose of 10 mg/L between tests associated with data in Fig. 4b (37%) and Fig. 5a (10%).

Normalized IOH and SUC concentrations as a function of mixing time at a dose of 50 mg/L are
shown in Figs. 5b and 5d, respectively, along with fitted HSDM curves. In both cases and like
DOM removal in Fig. 1, OMP uptake kinetics were longer for PAC compared to PATB in terms
of absolute increases in removals, increasing from approximately 70% at 10 minutes to >90% at
120 minutes. For PATB, removal increased from less than 10% at 10 minutes to 18% at the most
for IOH in SW after 120 minutes (Fig. 5b). Bentley and Summers (2020) did observe more
removal of 2,4-D using PATB in progressing from 3 hours (~40%) to 7 days (~60%), in addition
to slower 2,4-D adsorption kinetics on PAC than PATB. Specifically, adsorption kinetics on
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PAC were 1.4 (SW-SUC) to 2.5 (SW-IOH) times slower than on PATB based on Dy values
shown in Table 3. An exception was SUC in WW, where adsorption kinetics on PAC were 1.4
times faster than on PATB. Consistently higher gpom on PAC compared to PATB may have been
a cause for overall slower OMP adsorption kinetics by limiting OMP surface diffusion (Jarvie et
al. 2005, Corwin and Summers 2011, Summers et al. 2014, Kennedy and Summers 2015). As
expected, based on the data shown in Fig. 5, all PATB Krvalues ((mg OMP/mg adsorbent)(L/mg
OMP)/"), shown in Table 3, were considerably smaller compared to PAC by factors of 35 (SW-
IOH), 48 (SW-SUC), 166 (WW-IOH), and 139 (WW-SUC). Again, much larger differences in
Kr values for WW indicate PATB adsorption capacity was potentially more negatively affected
by the more competitive nature of EfOM (Shimabuku et al. 2016, Zietzschmann et al. 2016,
Bentley 2020).

PSDM breakthrough curves for IOH and SUC are shown in Figs. 6a and 6b, respectively, and
reflect the results in Fig. 5, that WW caused faster OMP breakthrough for GATB and the
opposite for GAC. Considering there were no full-scale data to validate GAC breakthrough
curves, they were compared to bed volumes to 10% OMP breakthrough (BV10%), calculated
using the predictive model from Kennedy et al. (2015). Predicted BV10% values are shown for
each OMP in Table 2 and Fig. 6. Though SW and WW were not coagulated as the model
assumes, BVio% values for raw and coagulated waters at the same DOCo concentration should be
similar (Kennedy and Summers 2015). BV1o% values can also be considered analogous to the
anticipated absorbability on GAC/PAC, with the order of
EE>CAR>COT>SUC>THE>SUL>IOH shown in Table 2, closer to the initially expected SW
and WW trends observed for PATB (Fig. 2).

Predicted BVio% values in relation to the PSDM curves in Fig. 6 suggests the approach presented
herein has merit, at least for early OMP breakthrough and should be investigated in future
research. The lateral position of GAC breakthrough curves in Fig. 6, which represents adsorption
capacity (integrated area above the curve), was partially a function of the relatively high 50 mg/L
PAC dose. For high levels of OMP removal (>90%), PAC doses should theoretically be higher
than GAC use rates (UR=p»/BV) (Crittenden et al. 2012), in which case choosing a more typical
PAC dose of 5 to 10 mg/L. may have generated breakthrough curves that underpredicted IOH and
SUC adsorption capacity. For example, SUC removal was approximately 88% in SW at a PAC
dose of 50 mg/L (Fig. 2a) while 12% breakthrough in Fig. 6b corresponds to a GAC UR of

19 mg/L, within weakly to moderately adsorbing OMP bins proposed in Kennedy et al. (2015).
Then again, Kearns et al. (2020a) observed the opposite trend for both GAC and several
biochars, in that fixed bed URs were consistently higher than batch URs for 90% removal of
2,4-D, SUL, and SIM.

Such a scenario, where generated breakthrough curves could underpredict IOH and SUC
adsorption capacity, may have been the case for GATB breakthrough curves because high levels
of IOH and SUC removal were not achieved at a PATB dose of 50 mg/L (Fig. 2). However,
without full-scale data, it was assumed the approach could be extended to GATB as other GAC
modeling methods have been extended to biochar (Kearns et al. 2020b). PSDM-generated GATB
breakthrough curves in Fig. 6 demonstrate that at least for weakly adsorbing OMPs on PATB,
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GATB URs would be much higher than GAC URs, by a factor of 38 to 264 (Table 3). IOH and
SUC PSDM BV 0% values shown in Table 3 ranged from 50 to 190 for GATB compared to
16,000 to 40,000 for GAC. As with PATB, this large difference highlights the greater importance
of DOM removal for GATB compared to GAC. Kearns et al. (2020b) also observed significant
pilot-scale breakthrough within hundreds of bed volumes for 11 OMPs using hardwood biochar,
implying the GATB breakthrough curves in Fig. 6 and PSDM BV values in Table 3 are likely
representative of full-scale performance. GAC and GATB URs could be reduced by operating
several absorbers in parallel or series (Summers et al. 2011, Crittenden et al. 2012), but such
analysis was beyond the scope of this study. A less optimistic interpretation for GATB is that
given the low BV1o% values shown in Fig. 6 and Table 3, which correlate to higher GATB URs,
higher replacement frequencies, and do not fully consider the detrimental effects of DOM
preloading/fouling deeper in the bed, is that PATB is likely a more promising approach for the
removal of OMPs. As previously stated, PATB doses would theoretically be higher than GATB
URs for high levels of OMP removal and would therefore represent higher adsorbent costs.
However, GATB capital investment (e.g., filter boxes or pressure vessels, piping, valving) in
addition to high GATB replacement frequencies would likely be more undesirable than the
simplicity of dosing PATB.

Given this prospect of using GATB alone and the observed benefits of CT for PAC and PATB
(Fig. 4), hypothetical CT (GAC/GATB) adsorber breakthrough curves were also projected at a 7-
minute EBCT and are shown in Fig. 6. Unlike the approach for PAC/PATB, which was to reduce
PAC dose, the approach for GAC/GATB was to reduce the high GATB URs shown in Fig. 6 and
Table 3. These CT breakthrough curves were based on the CT data shown in Fig. 4 for PAC and
PATB doses of 10 and 50 mg/L, respectively, and therefore assumed a bed consisting of 83%
GATB and 17% GAC by mass, with the same &» of 0.4 and weighted averages for p» (240 kg/m?)
and pp (400 kg/m?). Dy values were taken as the average of SW or WW D values from PAC and
PATB HSDM fits (Fig. 5 and Table 3). Kr values were not obtained using the HSDM because
CT kinetic tests were not performed. Instead, IOH and SUC KFr values were obtained by equating
g from the Freundlich isotherm (//n=1.0) to ¢ from a CT mass balance and solving for Kr, a
method demonstrated previously by Corwin and Summers (2011). However, as a check on the
method, Kr values were also calculated for IOH and SUC in all dose response tests at doses of 50
mg/L because they were the most analogous to CT dose response testing. These Kr values were
found to be lower than IOH and SUC HSDM KF values (Table 3) by a factor of 3.7+1.2 and
2.7£1.2, respectively. Therefore, IOH and SUC Kr values for CT adsorber projections based on
the Freundlich/mass balance method were increased by these respective factors prior to their
input into the PSDM. All the same parameters that were given for GAC and GATB adsorbers are
also shown for the hypothetical CT adsorber in Table 3. CT Kr values were greater than GATB
Kr values by factors of 2.6 (SW-IOH), 16 (WW-IOH), 5.0 (SW-SUC), and 11 (WW-SUC),
indicating greater benefits for treating WW, also shown by the breakthrough curves in Fig. 6. As
expected based on the GAC/GATB mass ratio and CT Kr values in Table 3, CT breakthrough
curves fell between GAC and GATB breakthrough curves, with BVio% values (Table 3) for IOH
and SUC ranging from 620 to 1,000, a significant improvement over GATB alone in terms of
reducing GATB URs. Specifically, UR values dropped from a range of 1,050 to 4,000 mg/L for
GATB alone, to 240 to 390 mg/L for CT, of which 83% would be attributable to GATB and
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17% to GAC. Overall, these results demonstrate CT adsorbers with high GATB to GAC mass
ratios could reduce URs and replacement frequencies relative to using GATB alone. Future
research could also investigate a CT adsorber concept, or perhaps the addition of PAC at low
doses(<10 mg/L) prior to GATB adsorbers.

Conclusions

For the OMPs of CAR, COT, DEE, and THE, removal between PAC and PATB was the same at
a dose of 50 mg/L in SW and WW. For DOM (DOC and UV A2s4) and the more weakly
adsorbing indicator OMPs of IOH and SUC (and SUL), PAC consistently and significantly
outperformed PATB over a range of realistic doses and contact times in SW and WW. IOH and
SUC removal by PAC was nearly indistinguishable between SW and WW, but for PATB, EfOM
had a noticeably negative impact on OMP adsorption capacity. In the absence of DOM in DI,
adsorbent gsuc values on a mass basis were comparable (dose>50 mg/L), however on a surface
area basis, PATB gsuc values were higher, indicating the lack of surface area limits PATB from
matching or exceeding PAC performance, not necessarily the surface chemistry. A synergy
between PAC and PATB, or CT, was found and has potential to achieve enhanced removal of
DOM and a wider range of OMPs at potentially lower treatment costs. Future research could
evaluate whether PAC and PATB sequential addition order can improve OMP removal. For
fixed bed treatment scenarios and related predictions, high dose PAC/PATB jar testing in
combination with HSDM and PSDM modeling has potential to predict full-scale GAC/GATB
adsorber breakthrough of OMPs, including CT, but needs further investigation and validation in
future research. Even without full-scale breakthrough data, this method revealed the application
of PATB for OMP removal is more realistic compared to GATB, not because the adsorbent UR
would be lower, but because the GATB replacement frequency would be unsustainable.
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Fig. 1. Normalized DOC concentration as a function of (a) adsorbent dose and (b) mixing time
and normalized UV Azs4 as a function of (c) adsorbent dose and (d) mixing time. Mixing time
was 60 minutes for dose response testing. Adsorbent dose was 50 mg/L for kinetic testing. Error
bars represent the standard deviation of tests for all waters (SW) or duplicate jars (WW at doses
of 10 and 50 mg/L only).
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standard deviation of tests for all waters (SW) or duplicate jars (DI and WW at doses of 10 and
50 mg/L only). Note: the extent of error bars that cover values less than one are not shown.
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Fig. 6. Hypothetical GAC, GATB, and CT breakthrough curves (7-minute EBCT) for (a) [OH
and (b) SUC in SW and WW generated using the PSDM. GAC BV10% prediction (@) error bars
represent the standard error (SE) of the model (Kennedy et al. 2015).
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General OMP Concentrations (Cp)
Water Alkalinity DOC pH UVAasy SUVAs4 CAR COT DEE IOH suc! SUL
(mg/L as CaCO3) (mg/L) (su) (cm™) (L/mg/m) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
DI (on-demand) 60+5 0.05+0.01  8.6+0.1  0.000+0.000 0.0+0.0 - - - - 3,400£520 -
SW (June 2020) 8343 2.240.2 8.0£0.1  0.058+0.004 2.6+0.2 0.9+0.5 1.3£13 55432 23+09 1,200+£95 0.4+0.1
SW (July 2020) 58+3 2.2+0.1 8.1+0.1  0.058+0.001 2.6+0.0 23421 2.6+1.6 22«11  4.54+0.7 810+31 0.9+0.2
SW (October 2020) 5845 2.240.1 8.8+0.0  0.048+0.003 2.240.1 8.0+29 1.9+14 19+13 18+1.4 1,020+56 1.1£0.1
WW (November 2020) 3743 2.0+0.1 7.5£0.1  0.034+0.001 1.7+0.0 25+3.9 6.1£1.1 1779  69+15 2,200£190 59+5.3
'SUC was spiked to every water targeting 1,000 to 2,000 ng/L in addition to existing concentrations.
Table 2. Relevant OMP properties and GAC BVioy predictions using the model from Kennedy et al. (2015).
107
OMP Type (]?él;fnég)' (at 1}?1%118).0)2 M?gla/l:nl(\:{;lss M(()iirﬁ\//rzclﬁ)m ) (chargeglt(;H gop S
Carbamazepine (CAR) anticonvulsant 42 (21-84) 1.89 236.3 186.5 13.94 (0) 1.90 1.81
Cotinine (COT) nicotine metabolite 35 (20-60) 0.07 176.2 153.6 4.72 (0) 149 139
DEET (DEE) insect repellent 52 (27-100) 242 191.3 194.0 -1.37 (0) 1.40  1.68
Iohexol (IOH) X-ray contrast agent 12 (4-30) -2.92 821.1 373.1 11.35 (0) 5.00 4.02
Sucralose (SUC) artificial sweetener 32 (16-66) 0.23 397.6 234.7 12.52 (0) 230 242
Sulfamethoxazole (SUL)  antibiotic 25 (14-46) -0.96 2533 173.1 581 (-) 223 172
Theobromine (THE) plant alkaloid 28 (17-46) -1.06 180.2 112.0 9.90 (0) 1.60 1.22

ISE-standard error.>ACS (2021).3Abraham polarity/polarizability (Ulrich et al. 2017).*Abraham McGowan molecular volume (Ulrich et al. 2017).

Table 3. IOH and SUC modeling parameters for batch (HSDM for PAC and PATB at 50 mg/L, d,=0.038 mm) and fixed bed (PSDM for
GAC, GATB, and CT at 7-minute EBCT, d,=0.92 mm) scenarios.

Water- IOH suc
Adsorbent D, D, K7 ks PSDM BV gy, D, D, K7 kr PSDM BV,
(m?/s) (m?/s) (mg/mg)(L/mg)"" (m/s) (UR in mg/L) (m?/s) (m?/s) (mg/mg)(L/mg)"" (m/s) (UR in mg/
SW-PAC - 3.2x101 0.45 1.4x107 - - 6.5x10-1¢ 0.41 1.6x102 -
SW-PATB - 7.9x101° 0.013 1.4x102 - - 9.1x10°!¢ 0.0085 1.6x1072 -
SW-GAC 4.1x10"°  32x106 0.45 9.9x10¢ 16,000 (28)  53x10'°  6.5x10°6 0.41 1.2x10° 21,000 (21
SW-GATB 4.1x10"°  7.9x106 0.013 9.9x10¢ 190 (1,050)  53x10'°  9.1x10¢ 0.0085 1.2x10°% 150 (1,30(
SW-CT 4.1x10°  5.6x1076 0.034 9.9x10° 620 (390) 5.3x10710  7.8x10°'¢ 0.042 1.2x10°% 930 (260
WW-PAC - 2.9x10°'¢ 0.58 1.4x107 - - 1.1x10°' 0.57 1.6x10 -
WW-PATB - 6.1x1016 0.0035 1.4x107 - - 8.1x10-1¢ 0.0041 1.6x102 -
WW-GAC 4.1x10"°  2.9x106 0.58 9.9x10®  22,000(20)  53x10"°  1.1x107S 0.57 1.2x10° 40,000 (11
WW-GATB  4.1x10"°  6.1x10°'¢ 0.0035 9.9x10°¢ 50 (4,000) 5.3x10°  8.1x10°16 0.0041 1.2x10° 70 (2,900
WW-CT 4.1x101°  4.5x1076 0.056 9.9x10¢  1,000(240)  53x10'°  9.6x10°¢ 0.045 1.2x10°% 1,000 24(

'1/n=1.0 for all modeling.?Values correspond to breakthrough curves in Figure 6.
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