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ABSTRACT

lon exchange sorbents embedded with metal oxide nandgsutan have high
affinity and high capacity to simultaneously remove mlétbxygenated anion
contaminants from drinking water. This research pursuedaisythe question, “Can
synthesis methods of nano-composite sorbents be inghtoviecrease sustainability and
feasibility to remove hexavalent chromium and arsemultaneously from groundwater
compared to existing sorbents?” Preliminary nano-compasitbents outperformed
existing sorbents in equilibrium tests, but struggled ik@dded applications and at low
influent concentrations. The synthesis process has tailored for weak base anion
exchange (WBAX) while comparing titanium dioxide againsh ingydroxide
nanoparticles (Ti-WBAX and Fe-WBAX, respectively). leasing metal precursor
concentration increased the metal content of theemesorbents, but pollutant removal
performance and usable surface area declined due to pore blackbhganoparticle
agglomeration. An acid-post rinse was required for FeAW/B restore chromium
removal capacity. Anticipatory life cycle assessmdentiified critical design constraints
to improve environmental and human health performancenlikemizing oven heating
time, improving pollutant removal capacity, and efficigmdusing metal precursor
solution. The life cycle environmental impact of Ti-WRAvas lower than Fe-WBAX as
well as a mixed bed of WBAX and granular ferric hydroxidedibstudied categories. A
separate life cycle assessment found the total nunfiloanoer and non-cancer cases
prevented by drinking safer water outweighed those crégteshnufacture and use of
water treatment materials and energy. However, tiesattnelocated who bore the health
risk, concentrated it in a sub-population, and changegdrihmary manifestation from



cancer to non-cancer disease. This tradeoff was panmigtigated by avoiding use of pH
control chemicals. When properly synthesized, Fe-WBAHY Ti-WBAX sorbents
maintained chromium removal capacity while significaimiyreasing arsenic removal
capacity compared to the parent resin. The hybrid sodesfdirmance was demonstrated
in packed beds using a challenging water matrix and low potilutduent conditions.
Breakthrough curves hint that the hexavalent chromiuranved by anion exchange
and the arsenic is removed by metal oxide sorption. @ver@ hybrid nano-sorbent
synthesis methods increased sustainability, improved ocharacteristics, and

increased simultaneous removal of chromium and arsendrifikking water.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
IDENTIFYING THE NEED FOR SIMULTANEOUS TREATMENT

An easily overseen dirt road lined with saguaro cactdssage brush cuts
through the Sonoran Desert about an hour south ofridhdeends in a small, quiet
community that has about 10 sporadically placed housesorhmunity water comes
from a single well that pumps into a pneumatic tank foragfe and pressure.
Hypochlorite is added for disinfection, but no further tmeent is provided before
distribution. This town is typical of many very smalirdking water systems throughout
the state of Arizona and the nation. The Environmdpttalection Agency (EPA) defines
very small drinking water systems as serving between 25 anges(le, and estimates
that 84% of water utilities fall into this categoryhéke systems face unique challenges
due to their size, which is why they account for 79% lafnalximum contaminant level
(MCL) violations, including 87% of all arsenic MCL violatis (Impellitteri et al. 2007).
Despite the challenges, they serve people who aredtially entitled to a clean water
supply.

Challenges for water treatment in small systemsSmall systems face
challenges that current treatment technologies doduyeas because of limited access to
resources such as capital and operational experteemGnities must therefore try to
meet multiple treatment goals with only few resouiesilable. Few customers means
there is limited capital and therefore difficult tboad installation of multiple treatment
processes to address multiple treatment goals. Atzcesster must be less than 2.5% of
total income to be considered affordable (Baird 2010) and mignifcapital expenditure
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by the utility may cause rates to exceed this threshold.example, 500 people with an
American average income of $52,250 per year (Noss 2014) coulébtieevaly afford a
maximum utility operational cost of $653,000 per year, includimgrtized capital
spending. Without economy of scale resultant from faiggde equipment purchases, this
is very difficult to attain. Additionally, with low opational budget comes limited access
to and ability to pay for expert operators.

Traditional approaches to simultaneous pollutant remaediraited in their
applicability for small systems, indicating new teclugis need to be developed.
Sorption vessels with beds of mixed media or differe@tlia in series are limited in their
pollutant removal capacity as only a fraction of thebeat material is working for any
given pollutant. Regeneration of such a system regjaost and operational effort to
separate the media, apply a mixed regeneration solamointo remix the bed. Reverse
osmosis is effective at removing multiple contaminglpiiss is extremely energy
intensive, often involves pre-treatment, and fouls qyiockuiring operator attention.
Coagulation processes require precise dosing, createsresadyals that may be difficult
to handle in remote locations, and is operationatnsive. It is clear that current
technology does not address the needs of small sy&iesimultaneous removal of
drinking water pollutants.

The main water quality concern for small systemsasganic contaminants that
pose chronic exposure problems such as chromium, arserate niluoride, and
perchlorate. This is because 95% of very small systemsatepen groundwater, 60% of
which have no additional treatment beyond disinfectiopéllitteri et al. 2007). The
disinfection mitigates acute health risks stemming foacterial and viral contaminants,
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but does not address inorganic contaminants. This redeatdes on two prevalent
inorganic groundwater pollutants: hexavalent chromium (Oy@&hd arsenic (As).
Cr(VI) is an oxidized metal that is under enhanced mangaand toxicology review by
the EPA (USEPA 2010a, Register 2012). California recentlgteda public health goal
of 0.02 ug/L for Cr(VI), treating it as a possible ingestethan carcinogen, with an
enforceable MCL of 10 pg/L (CCR 2014). Cr(VI) is more soludild more toxic than its
trivalent form, and one of the leading treatment teldgies is anion exchange
(Brandhuber et al. 2004b). As went through similar regatatithen its MCL was
lowered to 10 pg/L in 2006. It has a variety of humaneilta including cancer of the
bladder, lungs, and skin (USEPA 2010b). Treatment processedimgcadsorption to
iron (Westerhoff et al. 2005) have been extensively studut many small systems still
struggle to comply. For example, one utility authorgywang small systems in Arizona
reported 36% of service locations averaged 10 to 32 pg/L of 2816 (TOUA 2010).
These two inorganic contaminants are the focus of thag/stue to current regulatory
relevance, MCL violation frequency by small systemspmon occurrence in
groundwater, and similar divalent oxygenated anionic stgikl iranges relevant to
drinking water.

Opportunities to improve water treatment technology for smallsystems.The
solution to providing small communities safe drinking wadarot to downsize
traditional water treatment methods, but create noveldigms specifically designed to
meet their needs. Instead of multiple processes ggdrfor individual pollutant
removal, a single process that removes multiple pollsteoncurrently would be simple
to operate, as illustrated in Figure 1.1. This approacheziurce cost and complexity,
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which is necessary due to lack of specialized personnel amalafunding base. Such a
process may not be concerned with optimizing the rehadweach pollutant as much as

having a single step treatment that can meet multipértrent goals.
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Treats Treats ) Arsenic
Arsenic Chromium Vs &
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—

Figure 1.1 A single process that can remove multiple potitgaconcurrently
may be more simple to operate for small drinkingavaystems, and use less material
with a smaller environmental footprint compareanrtoltiple processes optimized for
individual pollutant removal.



Sorption processes have potential to remove each adehgfied inorganic
contaminants and may be delivered in simple to use araceepéartridges. The cost of
sorbent is lower than the salary required for an exgyeerator with a complicated
process. Regeneration may not be necessary ifititg ptefers to simply replace a
single sorbent cartridge when indicated. Sorbents deegoire sensitive chemical
dosing or mixing. They do not generate continuous wastarsl. Sorbents such as
weak base anion exchange resins (WBAX) and metal oxXi3x) have shown high
capacity and affinity for the target pollutants (Mc@uat al. 2007, Westerhoff et al.
2005). Hybrids of the other materials have shown profaoissimultaneous removal of
multiple pollutants (Elton et al. 2013, Hristovski et2008b). An opportunity now exists
to develop a new nano-enabled hybrid sorbent using MOx and WBHO&-WBAX)
for the simultaneous treatment of the target pollstant

This research develops the science and technologypmifaoprocesses for
simultaneous removal of inorganic pollutants by nano-edabjferid sorbents. The focus
is on inorganic pollutants due to their occurrence and tgxitigroundwater. The
context is small drinking water systems due to the disptopal health risk people
served by these systems face. It is novel since it desaimultaneous removal of
multiple pollutants instead of viewing multiple constitieeas competitive. The broader
impact is to develop water treatment technology and sfgetnderstanding to influence
how decision makers and technology developers carnheintwork, and disseminate
the research results for widespread benefit to humalthheThis impetus is illustrated in

Figure 1.2.



BARRIERS OPPORTUNITIES

Small systems must

— meet multiple treatment — Sorbents are simple to
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goals
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Figure 1.2.The impetus for developing sustainable hybrid nano-sorlsetds
address the barriers and take advantage of the opporuhgieexist for treating
drinking water in small systems.



RESEARCH OBJECTIVE

The objective of the research was to address the atargrquestionCan
synthesis methods of hybrid nano-sorbents be improved to increase sustgiaabili
feasibility to remove multiple inorganic contaminants simultaneousty firoundwater
compared to existing sorbents?

Answers to the overarching question were sought through comglacliterature
review, performing extensive original research, and syizihgsthe findings. The
literature review is included in chapter 2. Original resle@addressing the hypotheses is

in chapters 3-8. Chapter 9 synthesizes the findings to sgithre overarching question.

RESEARCH QUESTIONS AND HYPOTHESES

This research addressed five research questions that gasad seven research
hypotheses. Each question and the correlated hypotheséiasdrated in Figure 1.3.
Each box represents a research question and the catientshe associated hypotheses
with each question. The arrows demonstrate how theeaago the questions help
inform other answers, and the interconnectednessof #il. The justification and
approach to testing each one are then briefly descriBatisequently, each question then
has a dedicated chapter (chapters 3-8) presenting reset@mdted to test the associated
hypotheses, and the important findings. Each researghechs ultimately intended to

become a journal manuscript.



l‘l!EUlllC)lb J. 11
environmental impact of
titanium hybrid sorbent is
lower than iron hybrid
sorbent.

Hypothesis 6. Treating
groundwater reduces
total health risk,
justifying sorbent
synthesis and use risks.

chromium.

losing ability to sorb ‘ |

Figure 1.3.Each heading is a research project, correlatimpeodissertation
chapter and a future journal manuscript. Subhegdane research hypotheses that are
explored within that project. Arrows indicate heach project informs the others.



Question 1: Can hybrid sorbents recover phosphate from miabial biofuel
residual? The initial work investigated if a hybrid sorbent is bet@mployed in a
removal or a recovery paradigm compared to a traditisorbent. It studied whether the
hybrid sorbent can remove a target oxygenated anion anavabi can subsequently
release it for reuse. The target oxyanion was phosghate it is a limited nutrient that
can be beneficially reused for microbial biostock growthwas hypothesized that:

1. A hybrid iron nanoparticle embedded strong base anion exchange resin
has higher sorption capacity for phosphate from microbial biofuel

residual compared to a strong base anion exchange resin, but releases
less for reuse.

Column testing was conducted for the nano-iron embeddeathsbase anion
exchange resin and a traditional strong base anion exchesigeboth of which had
been used for phosphate removal. Both deionized wateshatldnging oxidized
organic matrix were tested to compare the mass of pha@spbdied and released by
regeneration. This demonstrated that hybrid sorbenis &et good sorbents for
removal of oxygenated anions from challenging water oedri

This question and a preliminary form of the associatedtehavere used as a
masters thesis. After further collaboration and egfient it was published in a peer
reviewed scientific journal (Gifford et al. 2015). It is peated in this dissertation as
chapter 3 to document its development and presentightdf the other research
projects and how it supports the overarching research question

Question 2: Can Existing Sorbents Simultaneously Remove Arserand
Chromium? Using sorbents that are already commercially availaiblapter 4 identified
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if multiple goal treatment was already feasiblefarew technologies needed to be
developed. It was hypothesized:
2. Current market-available drinking water treatment sorbents have a
high affinity and capacity to remove either arsenate or hexavalent
chromium, but very low capacity to remove both oxo-anions
simultaneously.

Multiple commercially available sorbents were sedd¢cisuch as metal oxides that
are currently considered leading technologies for Astrtment, and weak base anion
exchange resins that are considered leading technolo@y f@moval. The sorption
capacity and affinity to remove both pollutants simdiausly was tested. The effects of
water testing matrix and pollutant concentration weeatified, which enables
development of an equilibrium testing protocol to scr@any sorbents. Further
verification was obtained through column testing. ricben to compare quantitatively the
performance of the various sorbents, a novel rankiatesn was developed that weighs
sorption capacity for simultaneous removal. This quatnté index was used throughout
the research to compare sorbents.

Question 3: Can Hybrid Synthesis be Tailored for WBAX?ron hydroxide
and titanium dioxide nanoparticles have been formed unvgthin strong base anion
exchange and granular activated carbon for simultanemosval of various pollutants
(Sarkar et al. 2012, Zhao et al. 2011). This is usually adesivag by soaking the
sorbent in strong metal precursor solution, then forrthegmetal nanoparticle with heat
hydrolysis or a strong base precipitation. Hybrid@ativith metal nanoparticles has
been only sparsely employed in WBAX. WBAX is a leadireptment for hexavalent
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chromium due to its selectivity for the chromate maledu low concentrations and very
long run life in column operation (Brandhuber et al. 20AVBAX differs from strong
base anion exchange because the functional grouprsaayt@mine instead of a
guartenary amine, it typically has a smaller average giameter, and has highest
pollutant removal efficiency in a lower pH range. Itsdgypothesized that:
3. Increasing metal precursor concentration increases the pollutant
removal performance of hybrid MOx-WBAX.
4. Embedding WBAX resins with iron or titanium oxide nanopatrticles
adds the ability to sorb arsenate with only small (<10%) decrease in the
ion exchange capacity for chromate.

Chapter 5 explored tailoring the hybridization processN&AX. The
concentration of the metal precursor solution was itambto the characteristics of the
final sorbent. A high metal content provided a higlwercentration gradient to drive the
metal deeper into the parent resin pores, as well agdpoba higher mass of metal
available for precipitation. However, excess metatent may have blocked access to
ion exchange sites through surface coating or pore clggtiins reducing both surface
area and removal capacity. It was sought to maximizeichgbrbent pollutant removal
capacity by identifying the precursor concentration thirzed having metal available
and avoided clogging pores. It also established a basisfolucting sustainability
analysis, making them more accessible for small @rintvater systems.

Three different weak base anion exchange resins thaioanmonly used for
treatment of groundwater pollutants were used in thelmet@particle impregnation in
conjunction with various metal precursor concentratiding impregnated resins were
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then characterized for surface area and pore sizébdighn using nitrogen gas
deposition, metal content using acid digestion and gravicreatalysis, and metal
hydroxide form using XRD. Surface area analysis of iomamnge resins required
developing a new protocol because the resin could melta@iaghse the pores during
heat drying. The same impregnation and characterizat@ihods were employed on a
macroporous strong base anion exchange resin as altortompare results of
impregnation efficacy to existing literature. This ingmation and characterization
determined if pollutants targeted by weak base anion exchasige could be included
in simultaneous treatment, if the weak base anionamgdresins could withstand the
synthesis protocol, and how/if the synthesis protocol image been adapted.

Basic performance testing was evaluated to establiginufitaneous removal was
additive or competitive. This as done by developing &aitherms at the relevant
contaminant/foulant/sorbent ratios under conditiorsviaait to groundwater treatment. It
was tested in lab synthesized groundwater and alsceial &vorld well water to
demonstrate to utilities the real world application. fEbed adsorber tests and packed
bed column tests were conducted to capture the sorptietids and bed life duration.
These determined if the synthesis indeed augmented renapadity for a second
pollutant or diminished the original target pollutant remaagdacity. Results established
if simultaneous removal of pollutants must be competitir if co-treatment may be
additive or even synergistic.

Question 4: Can the life cycle impacts of using hybrid sodnts be reduced?

If metal nanoparticle impregnated resins are to become yadelpted, the
environmental and human health impacts of their manufactise, and disposal should
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be considered. Chapters 6 presents life cycle assetsshiba iron impregnated and the
titanium impregnated sorbents to determine impacts inuuelimbodied energy, carbon
footprint, and human toxicity. The system boundarjuthed resin synthesis (including
raw material extraction and chemical production), resi (normalized to removal
capacity and ability to be regenerated), and resin disfiosalding hazardous waste
handling). This was benchmarked to the environmental immddhe current
technology and to not treating the water at all. Chaptgesents a life cycle assessment
focusing specifically on the human health impacts aasedwith wellhead treatment by
comparing the embedded risks associated with producing and usitrgené materials
to the benefits of drinking treated water. It was hypo#eesthat:

5. The life cycle environmental impact of titanium impregnated WBAX

lower than iron impregnated WBAX.

6. Removal of hexavalent chromium and arsenic from groundwater

reduces the total public health risk, justifying the risk assumedadgluri

sorbent synthesis and disposal.

Testing was accomplished following LCA methods, using thpasessment data
from Ecolnvent database, and present results in tefiMRACI environmental impact
categories. The results of these analyses jusiffide produced resins could be
employed in a single use cartridge or needed to be regemenad reused multiple times
to justify the environmental impact of synthesis. Opporiesio decrease the
environmental impact of their life cycle were identifi@tbreasing the overall

sustainability of the nano-enabled sorbents. Condudtisgahalysis before and during
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the development of the synthesis protocol maximized pperunity to incorporate the
results into the final product.
Question 5: Can MOx-WBAX remove hexavalent chromium and arsen

from water in challenging flow through conditions, and if so wiat is the removal
mechanism?The next question addressed in Chapter 8 focused on vettihgngpllutant
removal performance of the created hybrid sorbent. Timigating test was to
demonstrate the ability of the new sorbents to meeathiblenge previously identified,
including removing pollutant from a challenging water matnipacked bed flow
through mode with minimal operational intervention.sItwlumn testing also hoped to
elucidate mechanistic understanding of how the hybrid stslsemove pollutants, which
in turn perhaps informed how they may be regenerateskid@is studies speculate that
Cr(VI) is reduced to Cr(lll) on the surface of WBAX basa visual observations show
the spent resin takes on a green color charactesisswlid Cr(l1l) (McGuire et al. 2007).
The mechanism of removal for arsenic removal and formshnm removal is important
to understand in order to maximize performance and informcom@ng limitations
hybrid resins may have. One limitation with WBAX and M@/BAX is that it
unknown how they can be regenerated. This research hgpetthie

7. During treatment of co-occuring pollutants using MOx-WBAX, the

hexavalent chromium is removed by anion exchange and the arsenic is

removed by metal oxide sorption.

Understanding the pollutant removal mechanism and unlockengliifity to

regenerate the sorbents built upon knowledge gained fraimgt@s previous chapters,

15



since observing competitive removal capacity could inditla¢ same mechanism is at

work for the two pollutants but additive removal would eade different mechanisms.
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CHAPTER 2
LITERATURE REVIEW
An ongoing critical review of published literature and pasgplications is vital
to the proposed research endeavor. Its purpose is tothapeoposed research in the
context of other work being conducted, and to identify gapsiowledge that will aid in

developing the research hypotheses.

1.0 POLLUTANTS OF CONCERN

1.1 Hexavalent chromium.Chromium (Cr) is a metallic element that is tastsl
and odorless. It occurs naturally in rocks and dirts lised industrially for making steel
and alloys, chrome plating, pigments, and leather awbvpreservatives.(USEPA 2013)

Cr in water is found primarily in two oxidation stat&clweitzer and Pesterfield
2010). Under oxidized conditions it exists as hexavalbramium (Cr(V1)). Cr (VI)
can be a monovalent anion, HGIQor a divalent anion, Ct, with predominance
switching at the pKa of 6.4. These forms have a yelloarange color. Under reduced
conditions, Cr exists in a trivalent form (Cr(lI1))t can be cationic, &, or uncharged as
Cr,O3 with pKa of 4.0. The GO; form is only sparingly soluble. Cr(lll) forms have a
green color.

Cr(VI) has long been known to be a human carcinogedman-carcinogenic
toxin through inhalation exposure (USEPA 1998a). The culy8&EPA toxicology
report also reported a non-carcinogenic health hazard bgxgasure reference dose
(RD) of 3x10° mg/kg-day. However it reports “no data suggested that Cr(VI) is
carcinogenic by the oral route of exposure.” The caganic and non-carcinogenic
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toxicology associated with oral exposure are currerigdrevised and the updated
report has been released for public comment (USEPA 2010ag.dfaft version
generally finds increased health risk. The non-carcinedefid is reduced to 9x10
mg/kg-day. Chronic oral exposure to Cr(VI) is connected to@agestinal effects
including oral ulcers, diarrhea, abdominal pain, and vomiting.identified as “likely to
be carcinogenic to humans” by chronic oral exposure. pftygosed slope factor is 0.5
(mg/kg-day), which is equivalent to a unit risk of 1.4x1(ppb)* using standard
assumptions for body mass, water intake, and lifespéais is due to observations of
neoplasms in the small intestines of mice and tumnaitse oral cavity of rats exposed to
high doses of Cr(VI). The mutagenicity of Cr(VI) is tight to be mediated through the
generation of highly reactive chromium intermedialiks, Cr(IV) and Cr(V), formed
during the intracellular reduction of Cr(VI) to Cr(lll).

National occurrence of Cr(VI) is being investigated as piithe USEPA
Unregulated Contaminant Monitoring Rule (UCMR) 3 (USEPA 20159¢)is monitoring
will take place through 2016, but results reported as of U215 were downloaded
and analyzed to produce Figure 2.1. It shows that 19% oftienwide utilities
participating in UCMRS3 have greater than 1 ppb Cr(VI) inrthe water source, and 30%
have total Cr above 1 ppb. Nationally, 2% of utiliti@sd greater than 10 ppb Cr(VI). If
only systems that use groundwater are considered, 4%rofékceed 10 ppb Cr(VI)
influent. This is consistent with findings that geadly Cr(VI1) is more prevalent in
groundwater sources, and Cr(lll) is more prevalent ifasarwater sources where it has
been reduced by natural organic matter (Frey et al. 2004, iMeNal. 2012). If only
small systems that serve less than 10,000 people are idclwety similar occurrence
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patterns are observed as the total occurrence. Fanagst1% have greater than 10ppb
Cr(VI1). However most small systems are exempt frc@MR3 monitoring (as

evidenced by the fact that small systems comprise 4%edbtal reporting systems, but
nationally comprise 93% of all systems (Impellitteraet2007)) and thus the sample size
is much smaller and may not be representative. ntatied that Cr(lll) can be oxidized to
Cr(VI) in water distribution from interaction withsinfectants (Lindsay et al. 2012). A
previous occurrence survey found the highest level of GifMiource water was 53 ppb

(Frey et al. 2004).
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Figure 2.1 UCMR3 Chromium Occurrence. Percent of wateitigtdl that report
a raw water level of total Cr (hollow boxes) and\@) (patterned boxes) greater than
certain thresholds. Total data is further split byprimarily use groundwater sources,
and by systems that serve less than 10,000 pedg@lta analyzed August 2015, but
UCMR3 monitoring will be continued through 2016.
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Cr is federally regulated in drinking water at a maximumtaminant level
(MCL) of 100 ppb of total Cr (USEPA 2013). This regulatiobesng reviewed and may
possibly be lowered in the near future after UCMR3 momigpand updated toxicology
reporting are finalized. The state of California hasmdgedopted an MCL of 10 ppb
Cr(VI) (CCR 2014). This regulation was issued in April 2014 eowpliance
monitoring started in July 2014.

Multiple analysis methods to determine total Cr or Cy@=Aist (McNeill et al.
2012). Two primary methods will be used in this researahdfre available at ASU. The
first is by inductively coupled plasma mass spectrometlywiing EPA standard method
200.8 (USEPA 1994). This method has method detection lirBitO&f pug/L for total Cr.
Second, Cr(VI) is determined using ion chromatography fatesohe anion then
measured spectrally by reacting with 1,5-diphenylcarbazideottupe a pink color
following EPA standard method 218.7 (USEPA). This methaoahaethod detection
limit of 0.018 pg/L Cr(VI).

There are three primary methods of treating chromiumater: sorption with
weak base anion exchange (WBAX), sorption with stragglanion exchange (SBAX),
and reducing Cr(VI) to Cr(lll) followed by coagulation anitk&ition (RCF). Many
extensive reviews of these treatment options have feieiished (Blute et al. 2012,
Brandhuber et al. 2004b, Malaviya and Singh 2011, McGuiaé 2007, Mohan and
Pittman 2006, Najm et al. 2014, Owlad et al. 2009).

WBAX has a very high affinity for Cr(VI) and a verygh removal capacity.

Both bench scale and pilot scale column tests have rrated long run times up to
100,000 to 300,000 bed volumes before breakthrough (McGuire2&i0al, Najm et al.
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2014). In order to achieve maximum sorption capacity WIBAX, the influent water
must be acidified to pH 6 (Brandhuber et al. 2004b, McGuiet 2007). WBAX is a
single pass sorbent, meaning it is unknown how to regenérand is disposed of after a
single exhaustion. Hazardous waste classificatiosp@ft sorbent indicate it is not
TCLP or RCRA waste, but may be STLC and TTLC wastgniNa al. 2014). Uranium
is often sorbed by WBAX with one study indicating it n@gssify as TENORM (Najm
et al. 2014) and another indicating it would not (McGuirale2007). The difficulty in
regenerating the spent sorbent is because Cr(VI) is rédader(lll) after sorption to
WBAX as confirmed by XANES (McGuire et al. 2007), causing itake on a green
color.

Treatment of Cr(VI) using SBAX is another common texdbgy. Compared to
WBAX, the SBAX resins generally have much lower affirfar Cr(VI) showing greater
competition from nitrate and sulfate. Generally, SBAX0 has a much lower capacity
than WBAX, with bench scale and pilot scale coluests only lasting 10,000 to 15,000
bed volumes (Brandhuber et al. 2004b, Najm et al. 2014anlbe regenerated and
reused multiple times by a strong salt solution (Naj&l.e2014). It is generally the
cheapest treatment option for Cr(VI) compared to WBAREF, with possible costs
ranging from $0.66-0.81 per 1,000 gallons for large systems and $6p@&161,000
gallons for small systems (Najm et al. 2014).

Several other novel methods of Cr(VI) treatment Haaen proposed. Removal
can be achieved by sorption to carbon-based sorbett@swactivated carbon (Mohan
and Pittman 2006), wheat bran (Nameni et al. 2008), and ioztfied biochar (Liu et al.
2010). Removal by sorption to natural materials is reganguding weathered basalt
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andesite (Shah et al. 2009) or clino-pyrrhotite (Lu €2@D6). Reduction of Cr(VI) to
Cr(lll) can also be achieved by zero-valent iron feta by sorption to iron coated sand
(Mak et al. 2011a), by zero-valent magnesium (Lee @04l3), by zero-valent iron
nanoparticles (Singh et al. 2012), and by glow dischaiaga generated by a platinum
anode (Wang and Jiang 2008).

1.2 Arsenic.Arsenic (As) is a naturally occurring element in rodal, water,
air, animals, and plants (USEPA 2012). Industrially itsed for hardening copper and
lead alloys, glass manufacturing to decolorize, legiheservative, pesticides, and in
wood preservative. Over 90% of domestic use is for thedwpoeservative chromate
copper arsenate (USEPA 2010b), but use is being phased out.

As in water is colorless, tasteless, and odorlesevit@mental aqueous
conditions. It can be found primarily in one of two @tidn states. It is most often
pentavalent arsenic (As(V)), but under very reduced acqueowd#ions can be trivalent
(As(l11)). As(V) can be associated with the divalanion HAsQ? or the monovalent
anion HAsO," . The pKa between these two species is 6.8 (SchwaitzePesterfield
2010).

Inorganic As is classified as “carcinogenic to humardiere is vast
epidemiological evidence associating it with cancekof, bladder, kidney, lung, liver,
and prostate. Mode of Action has not been establishedioes involve mutagenisis,
and is thought to be connected to the highly reactive miggabmnomethylarsonous
acid (MMA(II)) (USEPA 2010b). The EPA IRIS toxicologitstudy reports a drinking
water Unit Risk of 0.00005 (ppb) equivalent to an oral slope factor of 1.5 (mg/kg/day)
(29). An updated draft of the IRIS study was released in 204 @eamerally found
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increased cancer risk. Drinking water unit risk increasét@®073 (ppbJ, equivalent to
oral slope factor of 25.7 (mg/kg/dayjUSEPA 2010b).

As is also associated with a variety of non-cancendnuhealth maladies.
Chronic exposure symptoms include hyperpigmentation, kesatmgining eyes, leg
swelling, liver fibrosis, and lung disease (30). Acute expofads to dry mouth,
dysphasia, projectile vomiting, profuse diarrhea (Choarad 007). This is why As has
historically been used as a poison, tied to 237 murders imamhgluring the 9century
(Hempel 2013). Even Napoleon Bonaparte’s death has bearapddo be the result of
accidental or intentional arsenic poisoning (Parascar&fiild). For these reasons the
EPA IRIS study from 1998 reported human non-cancer toxititgfarence dose of
0.0003 mg/kg/day. The non-cancer toxicity reference dose wasngethan the 2010
update (USEPA 2010b).

Food is typically the highest exposure to As. Many comifoods contain 20-
140 ppb As (USEPA 2010b). The predominant dietary source &f geafood, followed
by rice, mushrooms, and cereal (ATSDR 2007). High leviedsjoeous arsenic exposure
are typically associated with groundwater (USEPA 2012)is Asund naturally in soil,
particularly in the western US (USEPA 2010b). 12% ofasigfwater sources in the
central US and 12% of groundwater sources in the west@recoldtain >20ppb As.
(USEPA 2010b). Globally, the highest exposures are it B&wyal, Bangladesh, and
Chile, where up to 12% of the population manifests advefsetgf Other countries with
high exposures include Taiwan, Mexico, China, and the US®d@6g et al. 2007).

Due to its frequent occurrence and toxicity, As has a regylémit by USEPA
and recommended limit by WHO of 10 ppb. The complianceliheafbr this total As
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USEPA limit was January 2006 (USEPA 2012). However, martgsigsare still non-
compliant, with 67% of noncompliant systems serving teas 500 people (McGavisk et
al. 2013).

The most common treatment technology for removing A&@Mm water is
sorption, which works well at low ppb levels. The mostnmon adsorbents include are
hydrous ferrous oxide and granular ferric hydroxide. Repadegtion capacity includes
280 (Westerhoff et al. 2005), 402 (Lipps et al. 2010), 2362 (Baalg 2011), and 3902
HgAs/g (Speitel Jr. et al. 2010). No pretreatment is redyudned the packed bed has
simple operation. Other less common sorbents that heen tested include activated
carbon, activated alumna, and zeolites. Novel, lost adsorbents that may have
application in the developing world include coconut husle lngsk, and sawdust
(Choong et al. 2007). All of these adsorbents exhibitidersble competition from
silica and sulfate. They are generally consideredeingg, but periodic backwashing to
restore flow rate from filtered particulates can actdor 2-10% of production water.
Solid resin can be disposed in a hazardous waste landi¢ilivated alumina (AA) can be
regenerated using caustic and neutralization by acid. Tgeseeation process produces
a dissolved AA/As sludge.

Other As treatment methods include coagulation/flocculatitembranes, and
precipitation. For coagulation/flocculation, the mostmmon coagulant is alum followed
by chlorine disinfection. This requires a 6-8:1 ratio A& (Choong et al. 2007).
Sulfate or chloride followed by sand filtration can digoused. Membranes must be
nanofiltration (0.001-0.003 um pores) or reverse osmosis (0100J%ores) for arsenic
removal. Pre-oxidation or pre-coagulation must be fmethembranes with larger
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pores. This technology exhibits little interferena@nirsource water composition and no
preference for As(lll) or As(V), indicating removalthrough size exclusion and not
charge interaction (Choong et al. 2007). As with all im&me processes, it exhibits very
high energy and cost demand, has high water loss, and pradimallenging residual.
Reject water containing high As and high TDS is often stibgedisposal requirements.
These challenges can be mitigated if co-treatmeathar pollutants is needed. Removal
using precipitation can be achieved. Alum requires théo/e oxidized and at a low
pH, with the residuals remaining in the clarifier. kechloride or ferric sulfate is simple
and versatile, but works best at high As (ppm) As leveime softening can contribute
to some As removal, but also requires oxidized As andpldwsuch that it is only viable

if soft water is required anyway (Choong et al. 2007)any case, the precipitated solids
require hazardous waste disposal.

1.3 Co-Occurrence of hexavalent chromium and arsenicThis dissertation
seeks to develop the science and understanding of sinalabeatment of both
chromium and arsenic, and verification that co-occueesxists is vital to the possible
implementation of the findings. These two contamisane found to co-occur in at least
three places: natural groundwater, anthropogenically pdligteundwater, and within
distribution system scale.

Groundwater to serve as a drinking water source is a@ssenario for co-
occurrence of As and Cr. Data from a co-occurrence ggr@yndhuber et al. 2004b) has
been plotted and included as Figure 2.2. The bar-and-wlukkershows, for a given
total Cr or Cr(VI) level, the minimum, lower quartil@edian, upper quartile and
maximum level of As. It shows that the quality of grdwater supplies containing
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elevated levels of total Cr is not appreciably differfemin that of supplies containing
little or no total chromium (Brandhuber et al. 2004bherefore, given that one pollutant
IS present in groundwater, co-occurrence is no moressilikely to occur than in any
other source. However, there is higher levels of Asmdbin groundwaters that contain
high levels of Cr(VI). The median concentration &f @4 pg/L) in waters with more
than 5 pg/L of Cr(VI) is significantly higher than thpper quartile concentration of As

(8.6 pg/L) for waters with less than 5 pg/L of Cr(VI).
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Figure 2.2.Co-Occurrence of As and Cr. The minimum, lowerrtjlea median,
upper quartile and maximum level of As are groupecbrding to the total Cr or Cr(VI)
level for groundwaters. New graphic from publisiteda (Brandhuber et al. 2004b).
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In contrast, a separate study conducted by a utility compasguthern
California found that high As levels were not corredanath or against high Cr(VI)
levels (ARCADIS 2013). Of 106 wells maintained by the Cob@héalley Water
District, 39 have Cr(VI) between 5-10 pg/L. Of thos€8%) also have high levels of As
(7.9-15.8 pg/L). Of the 37 wells with more than 10 pg/ICofVl), 3 (8%) wells have
high levels of As (2.5-11.9 pg/L). When the two studiesaken together, occurrence
of As may or may not be more likely to co-occur witi(M)s but it may be concluded
that presence of one contaminant does not precludenpeeséthe other.

Another location where co-occurrence can occur @thropogenically
contaminated groundwaters. After lead, Cr and As areuvbienost common metals
found at superfund sites (USEPA 1996). The two pollutarnts baen found together in
over 200 of the 1,000 federally designated contaminant aileaatment in such a
scenario would likely be pump-and treat with high levélsaih contaminant and very
amenable to packed bed reactors that have high throughputti@neniergy demand.

A third scenario with observed co-occurrence is frorridigtion pipe corrosion.
Scale sampled from inside many water distribution pipesfotagl to contain 13 pg/g of
As and 7.3 pg/g of Cr on average (0.7 to 206 pg/g As, 1.4 to 118 pgldGind 96
percentiles respectively) (Peng 2012). Such solids candsesesl into water with such
events as change in water alkalinity, or flow reaédaie to pipe looping, demand
changes, or fire hydrant flow. Systems that changemsources, or small systems

where small demand changes can drastically alter flaienpa are at particular risk.
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2.0 HYBRID SORBENTS

For the purposes of this review, hybrid sorbents are deéisanedia composed of
two materials that each adsorb pollutants from watéerature also refers to them as
nano-composite sorbents. Hybrid sorbents in whichnoaierial is present as
nanoparticles within the porous structure of the otheroaamaterial are of particular
interest. The two materials may have differentnéfés for different pollutants, and
therefore give the hybrid sorbent unique properties and abiliti

These unique properties make hybrid sorbents preferabletawetard sorbents
for simultaneous removal of pollutants. Standard inomgranular sorbents like MO
exhibit a number of operational challenges including lowsma} strength of aggregates
leading to pressure increases, channeling, and poor hydrauli¢Mioller 2008).
Standard anion exchange sorbents can exhibit high coropdtitim other anions such as
nitrate (Smith 2010) or sulfate (Cumbal and Sengupta 2005hpdaticles themselves
can have high sorption capacity due to high surface amtare very difficult to remove
from water after dosing.

Hybrid sorbents overcome many of these challengés. pdlymeric parent resin
provides high mechanical strength for use in packed begsovides a fixed surface to
which the nanoparticles may attach, taking advantatjeeafhigh sorption capacity
without being lost into the bulk solution. This is adiua synergistic relationship as
Donnan exclusion provides a higher pollutant concentratithin the pores and hybrid
resin therefore has higher capacity than the parsim (E€umbal and Sengupta 2005).
The hybrid resin can exhibit high removal capacity for petlutants on a single sorbent
(Cumbal and Sengupta 2005, Elton et al. 2013, Hristovski 20@8b), maintaining the
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ability to remove the same pollutant as the parent msmroent and adding ability to
also remove another.

Anion exchange resin will be reviewed as a potential oxawterial, then iron
hydroxides and titanium dioxide will be reviewed as potenaabparticle material.

2.1 lon exchange sorbentsA variety of porous materials can be used as the
macromaterial for a hybrid sorbent. lon exchangennesof particular interest as it has
been widely applied for treatment of both As and CricA body of literature exists for
ion exchange resin, and only a basic review for fundamhentderstanding is presented
here.

An ion exchange sorbent is characterized by an eleéatiwsharge than is
neutralized by a weakly held ion of the opposite charganbignic bond. This ion can be
displaced by another ion that is more preferable dueherenaterial or aqueous
properties. The two broad classes of ion exchangenae exchange, that have a
positive surface charge and exchange anions, and caticangie;that has a negative
surface charge to exchange cations (MWH 2005). This redeusés on anion exchange
as both As and Cr exist as anions in the aqueous corwdfanterest.

A number of natural materials exhibit ion exchange pt@serincluding some
clays such as clinoptilolite. It has been speculdtechih 1958) that this phenomenon
contributed to the miracle of making salt water frefsbrdeing stored in clay jugs as
recorded in the Bible. Modern day ion exchange sostea synthetic, composed of
polymer backbone that is held together by a cross-linkingt agehthen functionalized.
The polymer is often polystyrene or polysulphone, eitti@vhich create straight chains
of inert material. The most common cross-linking agendivinyloenzene (DVB). The
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cross-linker makes connections between different clzaidsn different parts of the
chain, giving it three-dimensional structural rigidity. eTdimount of cross-linking agent
used therefore strongly influences properties of theltrieg resin including pore
structure, surface area, and degree of hydration. Resirhigh cross linking creates a
gel-type resin with very small pores. Less crosstigldareates microreticular resin, and
even less creates a macroreticular resin (Kunin 1958¢. pore structure in turn
influences final charge density and molecular sizeusich, and therefore can be
optimized for selectivity/affinity for specific adsate.

Recipes for synthesizing resin are as numerous asithban of commercial
resins available. Most follow the pattern of creatirggass-linked skeleton, then adding
functional groups. One is reviewed here as an examg@aioh exchanger (Kunin 1958).
Styrene-DVB copolymer is made with 400 mL water and pedlssng agent like
carboxymethyl cellulose, 90 g of styrene, 10g of DVB, and llgnfoyl peroxide. The
mixture is heated at 90°C for one to two hours, theariesiemoved from solution, and
dried at 125°C for 2 hours. The copolymer is next chloroytated. 50 g of copolymer
is mixed with 100 g of chloromethyl ether in 115 mL petroletineileand 30 g of
anhydrous aluminum chloride to catalyze. It is then driel2&fC for 2 hours.
Functionalization is then accomplished by immersinglis mL benzene, saturating with
either trimethylamine or dimethylamine gas, and drying at 50f@ feours (Kunin
1958).

The two malin types of anion exchange resin are stoasg anion exchange
(SBAX) and weak base anion exchange (WBAX). SBAX igtlsgsized using the
trimethylamine gas, which produces a quarternary amine @unadtgroup. This
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counterion held by this functional group easily dissosiatea broad range of pH.
WBAX is synthesized using dimethylamine gas that producemarteamine functional
group. The electron pair associated with the nitrogeha amine group is more tightly
held, and only takes on a positive charge at a depressedpH (<

2.2 Iron hydroxide nanopatrticles in hybrid sorbents. Two synthesis methods
and one patent for creating iron nanoparticles insidgdnes structure of anion
exchange resin are reviewed. First, permanganate oxidizess which then
precipitates as iron (hydr)oxide (Hristovski et al. 2008[@)g of a perchlorate-selective
SBAX resin are soaked in 800 mL of either 1.3% or 2.5% KMsution. The soaked
resin is rinsed then reacted with 800 mL of either 11% or E&S§ for 15 or 45
minutes. It is then rinsed to remove excess protons anghipeiee. Iron nanoparticles are
amorphous ferric (hydr)oxide. The hybrid sorbent is founcetalide to remove both
perchlorate and arsenic from water. The formulatiomgusigher permanganate and
higher iron precursor solutions were found to produce hifye metal content
(Hristovski et al. 2008b).

In the second method, ferric is precipitated under akkalonditions (Hristovski
et al. 2008b). 50 mL of SBAX resin is soaked in 200 mL @lg;e¢hen rinsed. It is then
soaked in a 10% NaOH solution for 30 minutes. It is rineeteutralize pH and remove
excess precipitate, then the entire process is rapedte hybrid sorbent is found to be
able to remove both the anion originally targeted by thenpé&BAX resin as well as
arsenic. This method resulted in high metal contentwkae evenly distributed across
the resin cross section. It is concluded that palBAXScharacterized by high porosity
is more amenable to being embedded with iron nanopartictesdski et al. 2008b).

33



Comparing these two methods, the permanganate method is umthaéthe
resin is soaked in the precipitation solution first dremetal solution second. This
might have the effect of precipitating the nanoparici®re superficially since the metal
would not have time to permeate deep into the pores be&factirg. That could be why
the nanoparticles were more evenly distributed througesin depth via the hydroxide
methods. The hydroxide method is unique in that the sgistpeocess is repeated, likely
giving more opportunity for precipitation. The second aonwith metal solution would
be able to use the nanoparticles formed in the finstamb as seeds, and may therefore
form larger particles than would otherwise be possible.

A patent for synthesizing iron nanopatrticles inside ani@haxge resin is
reviewed (Moller 2008). It claims to apply to any type of gype of anion exchange
sorbent, including gel or macroporous, as well as TypeAXSEB Type 2 SBAX or
WBAX. The resin is soaked in 7 to 50% weight by voluroe salt solution for 0.5to 8
hours, then rinsed and filtered. It is then exposed to 80120% base solution for 15 to
60 minutes and rinsed. This process can be repeated as ribedduhally rinsed with
5% NaCl and sparged with G@ reduce pH. It is found that increased precursor
concentration increased resultant metal contentsiri.réwo cycles of 21% precursor
made a final hybrid sorbent with 128 mgFe/g, whereas twesyt 28.5% precursor
made 206 mgFe/g. Shortening precursor contact time from 60esitauéd5 or 30
minutes did not reduce final metal content. It is claret As removal capacity
increases with iron content (Moller 2008).

Three critiques of this patent are offered. It is cidrthat the process works on
any type of anion exchange material, however it wapadormed nor tested on WBAX.
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Functional groups on WBAX are fundamentally differdvdttthose of SBAX and may
react differently to the process, meaning that broadslaicross all types of anion
exchange should be verified. Next, the patent clainappdy to any type of metal for
creating nanoparticles including iron, titanium, and oth&vile the use of iron is
demonstrated, no attempt to demonstrate other metakdis. nTitanium does not
precipitate when exposed to a strong base the sam&amegoes, indicating a different
synthesis process would be preferred. Last, it is conclind&d\s capacity increases
with increased metal content. However this is onjyl@ed up to a 50% precursor
solution concentration, and it is unknown if this treodtinues indefinitely.

Various studies have shed light on important operatiomaditions for iron
nanoparticle embedded hybrid sorbents. It is found thatfevenhybrid sorbent, the
adsorption of Cr, As, and phosphorus could be inhibited by pcesof bicarbonate,
silicon, nitrate (Smith 2010), and sulfate (Cumbal and Seag2@@5). In packed bed
column configuration, longer hybrid sorbent life is obsérat lower pH (Cumbal and
Sengupta 2005). Comparing the As removal capacity of thetgariem exchange resin
to the iron hybrid sorbent it was used to make, the paogbent had only small amounts
of As removal capacity (Cumbal and Sengupta 2005). Evesrtiadl capacity was
limited by competition with sulfate, and the As effluenhcentration exceeded the
influent concentration after breakthrough as new wilfissplaces previously sorbed As.

Important insights to the removal mechanism for irobesded hybrid resin have
been made. One study has observed that double andayipteequilibrium surface
complexation models for iron hydroxide adsorption do notirately predict pollutant
removal by nanocomposite sorbents at high counterincesdrations (Smith 2010).
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This suggests that more than only sorption to the mataparticles contributes to As
removal. A model that could accurately predict remex@lld need to include anion
exchange as well as metal oxide sorption. Another statdrthat hybrid sorbent in
packed bed column tests showed an increased capacity femasal after operational
interruption (Cumbal and Sengupta 2005). This suggests thabsagolimited by
intraparticle diffusion. Adequate contact time is #fere required to fully access the
sorbent capacity found on nanoparticles deep inside potes.study also quantified the
benefits of the Donnan co-ion exclusion effect for lylsorbents. The parent anion
exchange sorbent has fixed positive charges on the suftiateannot diffuse into the
bulk solution. This draws increased negative chargestesttlting in 100-times higher
concentration of anions within the resin than inlibék solution (Cumbal and Sengupta
2005). This applies to both the original counter-anion aedaitget anion. This high
concentration provides a high energy gradient that fealigh sorption capacity of both
the anion exchange and metal nanoparticle sorbenisithier excludes other positive
charges from entering, resulting in 100-times lower cotmaéon of cations in the water
within the pores than in the bulk. That is why no compet from cationic species is
observed.

2.3 Titanium dioxide nanoparticles in hybrid sorbents. Titanium materials can
be used in a number of applications for the treatmedtioking water. For instance,
titanium dioxide can photocatalyze organic-As and As{tdIAs(V), which is much then
much easier to treat (Guan et al. 2012). This review foausése use of titanium
dioxide as a sorbent, and particularly as a nanopaeml@edded inside an ion exchange
resin. It has previously been observed that sorptidimr@moval of As by TiQis

36



enhanced when combined with other sorbents like GAC, adiadtienina, rare earth
oxides, or even polyethylene terephthalate bottles (Guain2012). Combination with
WBAX seems to be unexplored.

Titanium dioxide can be found in one of three minerahfa anatase, brookite,
and rutile. Amorphous TiQss the absence of a clearly abundant form. Rigtithe most
abundant TiQ polymorph in nature (Dadachov 2006). If being obtained cowiaiby;
Hombikat TiQ is an anatase form with a point of zero charge of Gliese have a
smaller particle size with higher surface area compiar&kgussa Tig) which contains
a combination of both anatase and rutile and a highet pbaero charge of 6.9 PZC.
(Dutta et al. 2004) At pH 9, sorption of As(V) onto Hombicatl Fruendlich isotherm
parameters of K=16+3, n=3.1+0.4, withHR.94. Sorption onto Degussa was
K=1.8+0.7, n=2.5+0.4, with 0.90. (Dutta et al. 2004) This infers a higher sorption
capacity by the purely anatase Hombikat.

When synthesizing TiO2 nanoparticles, conditions carob&alled to prefer one
mineral form over another. Generally anatase andkiieooan be formed at lower
hydrolysis temperatures, and rutile is formed with higaeperatures and longer heating
times. In fact, anatase was formed after 10 minutbsating in 250°C, but transitioned
to rutile after 6 hours. (Kolen'ko et al. 2003). Anothedsgtfound that hydrolysis
temperatures below 600°C result in porous anatase. Higimgetatures result in solid
rutile with concomitant drop in pore volume and surface. (Ismagilov et al. 2009).
However, an increase in temperature and heating dutts®also resulted in increased

anatase crystal size (Guan et al. 2012, Kolen'ko et al. 200@&xefore, if large anatase
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particles are desired, the heating time and temperatwsebalbalanced to grow the
crystals but avoid transformation to solid rutile.

Synthesis methods to create hydrous titanium dioxide nandesmusually
involve the hydrolysis and/or precipitations of saltsheating or addition of sodium
hydroxides. For example, a solution of TiOSfan be thermostated at 120°C for 8 hours
to create a TiQpowder (Kolen'ko et al. 2003). Many methods exist for forninage
particles inside other sorbents using various precursopasitions and hydrolysis
conditions exist and can be found elsewhere (Ismagii@l. 2009). Two methods are
reviewed as examples of temperature hydrolysis and chiemyielysis. One patent
will also be reviewed.

As an example of a heating hydrolysis method, one stuaksstO0 mL of SBAX
in a 100% w/v solution of TIOSO4 for either 5 or 60 minutéhe soaked resin was or
was not decanted, then heated for 24 hours at 80°C. Hténesis it was regenerated
with 5% sodium chloride and repeatedly rinsed (Elton &(dl3). Decanting was found
to lower the final sorbent metal content by 1 — 3%. ld_ifference was observed
between the contact times. Nanoparticles were letw® and 90 nanometers in
diameter and largely amorphous, but tend toward anatédse € al. 2013).

In another study used as an example of chemical hydrohetisod, 21 grams of
resin were soaked in a solution of titanium ethoxid®TiHs), for 15 minutes. It was
then refluxed in a 200 mL solution of 1M ammonium hydroxidéQgC for 5 hours. It
was then rinsed and dried at 65°C (Balaji and Matsunaga 2a0&as found that this
process increased the Ti content from O to 3.5%. Howeato reduced the surface
area from 574 to 209%y. This is attributed to pore blockage for pores 300-600 A in
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diameter (Balaji and Matsunaga 2002). XPS analysis stimv$he Ti is present in a +4
oxidation state consistent with TiOIn column testing, 1 g of hybrid sorbent with 1
mgAs/L influent a flowrate of 0.5 mL/min broke through fs(V) nearly immediately.
The poor performance is attributed to short contact (Badaji and Matsunaga 2002).

Comparing the two hydrolysis methods, it is interpretetttiechemical
hydrolysis largely takes place on the superficial resucture and not down into the
pores, leading to low metal content, pore blockage, agallew pollutant removal
capacity. This lends preference to temperature driven lygiggrocedures.

At least one very general patent exists in this redtrolaims to cover making
TiO, as a powder, grain, or coating for the purpose of sorlmpgnarganic water
contaminant in a vessel of any size (Dadachov 2006).piduess soaks GAC in a
precursor solution, filters, then heats at 110°C forrs¢Vveurs. The process can possibly
be repeated if desired (Dadachov 2006). It claims to prodpowder precipitated in
aqueous solution. This powder is stated to have a surlesa®f290 rfig, a pore
volume of 0.36 critg, and use 30% of the Ti provided in the precursor solution
(Dadachov 2006). Though the patent broadly claims to warlrfg sorbent, it does not
mention and does not demonstrate applicability to embeddiitp iMgBAX. It broadly
claims to work for removal of any pollutant but does nohalestrate effectiveness for As
or for Cr removal, let alone both pollutants at once.

In almost all studies of TiOnanoparticles, higher surface area leads to higher
pollutant sorption capacity (Dutta et al. 2004, Guan et al. 20lb2yeased sorption
capacity is also coordinated with decreased crystall{@yan et al. 2012). Arsenic
forms bidentate inner sphere complexes when sorbed tostii@ces (Guan et al. 2012).
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Low pH is preferred for sorption of As onto BiOSorption capacity of Ti®
nanoparticles decreases with increasing pH (Guan et al..2Ub2)isoelectric point of
TiO, is between 6 and 6.7, so at low pH it takes on a postikface charge. This is
favorable to attract anionic As (Balaji and Matsunaga 200#al2t al. 2004). In
contrast, As(lll) sorbs better at high pH (Dutta e@04). As(V) is removed best at pH
below 5, and As(lll) is removed preferentially at pHvieeen 5 and 10 (Balaji and
Matsunaga 2002). However, in the presence of competing dikiersslicate, phosphate,
sulfate, bicarbonate, and NOM, most sorbents exhibihigfigest As sorption capacity
near neutral pH. Competing constituents inevitably rethie@verall capacity though
(Guan et al. 2012). Non-competing cations such ds&al Md* may enhance As
sorption onto TiQ (Guan et al. 2012). In bottle testing, equilibrium isevlaed within 4

hours (Balaji and Matsunaga 2002).

3.0 LIFE CYCLE ASSESSMENT

Life cycle assessment is a critical tool for thisdigation in exploring the human
health impacts of Cr and As water treatment as agethaximizing the environmental
performance of the developed hybrid sorbent. This seetiplores previous
sustainability analysis of drinking water in order tabssh critical assumptions and
comparative results.

3.1 Energy embedded in water supply Water related energy use in the United
States is at least 521 million MWh annually. This equatd3% of national electricity
demand. Over 85% of this demand is for pumping into theymieed distribution
system (Plappally and Lienhard 2012). This energy use rasalsbon footprint of 290
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million metric tons annually, which is 5% of all natidearbon emissions (Griffiths-
Sattenspiel and Wilson 2009). This is higher than the b&oleage, for which 7% of
electricity is used for production and distribution ohétthg water and treating
wastewater (Plappally and Lienhard 2012). This speaks tagher per capita use of
water by residents of the United States. In fact, Wé@ines the average water
requirement for human survival to be 0.0028day/capita (0.66 gal/day/capita), but
residential areas in the US use 0.3%daw/capita (92 gal/day/capita) (Plappally and
Lienhard 2012).

Nationally, 63% of drinking water is supplied from surfacgev sources (Hutson
et al. 2004). Embedded energy in drinking water from susater sources varies
widely according to plant size and the required treatpetesses. The national average
energy consumption for surface water treatment and sigpplp79 kWh/m (Plappally
and Lienhard 2012), but this average includes many small systélmminimal
treatment and small distribution areas. More stanulaadment plants have been
observed to use 0.37 kWHh/igBurton 1996), or 0.11 to 0.66 kWhirfArpke and Hutzler
2006). Complex drinking water treatment might have embeddenl Ljg\Wh/n?

(Crettaz et al. 1999). For a large surface water usétying 1 million people producing
250 billion liters per year (180 MGD), embedded energy of 1.5 kWivas observed
which produces 390 kg Ge2q (Stokes and Horvath 2011).

Groundwater is the primary water source for 37% of pubditewsystems
(Hutson et al. 2004). One study of a 20 MGD groundwater plast0u48 kWh/m for
well pumping, chlorination, and distribution pumping (Efiiet al. 2003). Similar
variability observed in surface water's embedded eneeggnding on plant size and
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treatment would also be expected for groundwater treati@eotndwater pumping
energy required to lift, provide outlet pressure, overcpipe friction, and account for
pump efficiency can be estimated as 0.004 to 0.006 kWMhémmeter of well depth
(Plappally and Lienhard 2012).

For comparison, wastewater treatment can vary fr@&h KWh/n? for lagoons to
0.77 kWh/ni for extended aeration (Arpke and Hutzler 2006, Cantwell 8082). A
biological filter WWTP use 56% less energy and produces &9#érfairborn toxins than
an activated sludge WWTP (Emmerson et al. 1995).

Desalination uses twice as much energy and producesdsiceich emissions
than importing water. It uses five times more energly %8 times more emissions than
recycling water (Stokes and Horvath 2006).

3.2 Critical processes in water supply.Energy is the main resource expended
during each stage of water use, and assumptions abouy em&rgre critical to
assessing environmental impacts (Arpke and Hutzler 2006). Stdiyi nearly all water
related life cycle assessments report results md@&f embodied energy.

The largest amount of energy spent in the domestic wrbéar cycle is in the use
phase, nearly all of which is associated with watatihg (Plappally and Lienhard
2012). Energy demand during the use phase is 6.3 to 36 kWh/m3,isvB¥H to 97%
of energy compared to treatment and disposal (Arpke andad@06). Reducing hot
water use by 20% would save 4.4 billion gallons of water, 41omiM\Wh of energy,
and 38.3 million metric tons of emitted €@er year in heating energy. It would also
reduce energy use in water supply and treatment by didrmMWh and 5.6 million
metric tons CQper year (Griffiths-Sattenspiel and Wilson 2009).
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When only looking at the water supply, studies found tiaehergy demand is
dominated (85%) by pumping to pressurize the distribution sydenton 1996,
Plappally and Lienhard 2012) but may be as low as 37% (Stoké$oamdth 2011).
System operation used 56% to 90% (Stokes and Horvath 2006) qiR#t%viceanu et
al. 2007) of total energy demand and production. On-site pgnipiresponsible for 60%
of the operational burden (Racoviceanu et al. 2007).

Comparatively, treatment may contribute 42% (Stokes amddth 2011) or 44%
(Crettaz et al. 1999). Water supply contributes 21% (Stoleesliarvath 2011) to 38%
(Crettaz et al. 1999).

Consumption of treatment products and chemical produdiganerally found to
be small, contributing 6% to 10% of total impacts (Arpke antzldr 2006, Crettaz et al.
1999, Racoviceanu et al. 2007, Tarantini and Federica 2001). Howeeestudy found
energy used by material production for treatment chemiodbe as high as 37%.
Manufacturing treatment chemicals is the largest (7&%b) of that material production
(Stokes and Horvath 2011).

The construction and disposal phases of water treatiaalities are found to
range from negligible when compared to the operatistagle (Raluy et al. 2005), up to
4% to 9% of total environmental impact (Stokes and Hor28@6). When only looking
at the construction materials, the materials usec(asi¢he iron) contributed more
impact than the manufacture (such as processing into a(Pipehison et al. 1999).
Maintenance may cause 5-36% of total environmental imp8tik€s and Horvath

2006)
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3.3 Energy demand of individual treatment processesEnvironmental impact
studies of individual treatment processes, products, andichlsrare sparse, but some
exist. Studies that do exist report results in termendfedded energy in the finished
water. This has the fallacy of hiding variation basediasage.

Ozone uses 0.03 to 0.15 kWH/(&lliott et al. 2003).

Microfiltration uses 0.18 kWh/f(Elliott et al. 2003).

Surface water chlorination uses 0.000021 to 0.00053 kWi@noundwater
chlorination uses 0.002 kWh?rtBurton 1996). Another study found chlorine treatment
has an average embedded energy of 0.003 kMo schwitz 1995).

Alum treatment has an average embedded energy of 0.04 kWKrfoswitz
1995). Alum (aluminum sulfate) is made by reacting bauxitk sulfuric acid,
producing very low toxicity and little waste products.

Lime treatment has an average embedded energy of 0.42 R\wmschwitz
1995). Lime (CaO) is produced by heating limestone to driv€ Off

Energy consumption associated with utilization of polsgrfer coagulation
ranges from 0.4 to 0.7 kWh/n(Tripathi 2007).

Energy associated with removal of industrial pollusaartd anthropogenic
materials, which require advanced treatment proceisaesjot been evaluated (Plappally

and Lienhard 2012).

4.0 RESEARCH NEEDS
After detailed review of the existing body of knowledge rdgay this topic, a
few knowledge gaps and research needs can be identified.

44



Metal (hydr)oxide nanoparticle precipitation into weakebasion exchange resin
has not been explored. This has been done on manypattet materials, including
strong base anion exchange, activated carbon, and naiineahls. WBAX differs from
other sorbents in that its tertiary amine is a uniquetiomal group, it has different pore
structure and pore size distribution, is functional ima&ue pH range, and has high
selectivity with high capacity for Cr(V1).

A clear correlation between synthesis procedures foetal oxide nanoparticle
embedded WBAX and the resultant sorbent characterisgsherefore not been
explored either. The effects of variables such aslmpetaursor concentration and
hydrolysis time on resultant metal content and suré@ea and pollutant removal
efficiency is unknown.

It has not been proven what the mechanism for renafv@i(V1) on the surface
of WBAX is. It has been shown that Cr(VI) is ultitaly reduced to Cr(lll), but it is
unknown how this happens, whether it happens beforeesrsaitption, what the electron
donor/reducing agent is, and whether the ion exchangeduaattiroup becomes
available again after the Cr(lll) precipitates.

No studies were found that use life cycle assessmémioton treatment
technology selection. Only few use LCA to descrileetteatment technology at all, with
most focusing on the water supply or distribution. Alnadkstudies use energy demand
as the final reported result, meaning there is opportunitydli@e environmental
impacts of water treatment beyond just energy usestiities were found that evaluate
ion exchange resins, and only few that include other stslseich as activated carbon.
There is a good understanding of other chemicals like.alFurther opportunity exists to
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explore the embodied energy in a groundwater use intezatbeyond only chlorination

IS required.
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CHAPTER 3
PHOSPHORUS RECOVERY FROM MICROBIAL BIOFUEL RESIDUAUSING
MICROWAVE PEROXIDE DIGESTION AND ANION EXCHANGE

ABSTRACT

Sustainable production of microalgae for biofuel requirésient phosphorus (P)
utilization, which is a limited resource and vital forlggd food security. This research
tracks the fate of P through biofuel production and invessgateecovery from the
biomass using the cyanobacteri@ynechocystisp. PCC 6803. Our results show that
Synechocystisontained 1.4% P dry weight. After crude lipids wereasted (e.g., for
biofuel processing), 92% of the intracellular P remaindtierresidual biomass,
indicating phospholipids comprised only a small percentégellular P. We estimate a
majority of the P is primarily associated with nuclaeds. Advanced oxidation using
hydrogen peroxide and microwave heating released 92% oflthiaicP into
orthophosphate. We then recovered the orthophospbatetlie digestion matrix using
two different types of anion exchange resins. One megregnated with iron
nanoparticles adsorbed 98% of the influent P through 20 Hacdhes, but only released
23% during regeneration. A strong-base anion exchangeadsimbed 87% of the
influent P through 20 bed volumes and released 50% of it igg@meration. This
recovered P subsequently supported growtBymiechocystisThis proof-of-concept

recovery process reduced P demand of biofuel microalgae by 54%.
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1. INTRODUCTION

There is an urgent need to find energy replacementsdsil fuels, whose
combustion releases known and suspected human carcireogegseenhouse gases into
the atmosphere. One promising alternative is biofuel,whiovides renewable energy
with net greenhouse gas emissions significantly lowaan tossil fuel (Batan et al. 2010).
Biofuel derived from microalgae offers several advgesaover biofuel from terrestrial
plants: it does not compete with food crops for aradié,| it can be continuously
harvested, and it provides a much higher areal yield (Rittr2@08, Schenk et al. 2008).

Microalgae biofuel production requires several inputs, inolgidvater, sunlight,
carbon dioxide, and nutrients — particularly nitrogen (W) phosphorus (P)During
lipid extraction from microalgae biomass for liquid fyetsost of the N and P are
discarded, requiring new nutrients for subsequent growthul&mnicroalgae become a
significant replacement for fossil fuel in the futureg tequirements for biomass growth
would create a huge nutrient demand, rivaling that of agui@i({Erisman et al. 2010).
Thus, capturing and recycling nutrients represents a signifapportunity for making
large-scale cultivation of microalgae more sustainablaréns et al. 2010).

Nutrient recycling is particularly essential for P. idalN, which can be fixed

from the atmosphere through the Haber-Bosch method @tal. 2012), P is mined from

Abbreviations:ATP, adenosine triphosphate, DI, deionized water; EB&ipty bed
contact time; FAME, fatty acid methyl esters; HAX, highenion exchange; ortho-RQ
orthophosphate; P, phosphorus; PG, phosphatidylglycerdlXS&rong base anion
exchange.
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ore that has finite stocks. World reserves of acbiesB are estimated as 65,000 million
metric tons (USGS 2011), and these are non-renewable @rglbstitutable. Depletion
of economically affordable P may bring about interralarises due to the essential role
of P fertilizer for global food production (Cordell et 2009). Farmers in developing
countries could be disproportionately harmed (Childesed. @011). Sustainable
microbial biofuel production demands efficient nutrient ofiog to prevent biofuel from
becoming an enormous P demand competing with food production.

This research develops a proof-of-concept process focdegy from
microalgae after extraction of lipids. The researbjective is to track P through biofuel
production and then recover P from residual biomassensable form by using
advanced oxidation to release the P for efficient iatharge capture. The reusable form
provides bioavailable P that supports microalgae growth.

We selected the cyanobacteria for this work becausait excellent candidate
for future utilization in large-scale biomass cultivatiparticularly when energy
efficiency in biosynthesis of fatty acids is crucial (fféis et al. 2013). Specifically we
useSynechocystisp. PCC 6803, which is a prokaryotic autotroph, Gram negato/e a
able to withstand a wide range of environmental conditidmgids in the form of
diacylglycerols are available in an extensive networthgiakoid membranes (van de
Meene et al. 2006, Vermaas 2001). It may be geneticallypulated for specific traits
favorable for biofuel production such as high lipid cont{®termaas 1996) because the

entire genome has been sequenced (Kaneko et al. 1996).
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1.1. P Recovery

To recover P from microbial biomass we first releagmnic-bound P as
inorganic orthophosphate (ortho-BQ This is necessary to improve the efficiency of
the subsequent capture since ortho Pi® more reactive. It also mitigates heterotrophic
contamination of the biomass culture, which can ocder &ng run periods or with
accumulation of inactive cells (Mata et al. 2010). Sgbesetly, we selectively capture
the ortho-PQ" from the liquid in a usable form. This is necessarigatate and purify
the ortho-P@", allowing accurate and controlled dosing into the aqueowstiymedia
during reuse. It also concentrates the ortheR®lution to minimize handling or
hauling. This subsection gives the impetus for the tolgres we selected to
accomplish those goals.

Many P-recovery methods are available (de-Bashan arithB2904, Morse et
al. 1998, Rittmann et al. 2011). We selected an advancediorig@bcess using
hydrogen peroxide and microwave heating to release orgdracrRhe residual
biomass. Advanced oxidation creates hydroxyl free radicatsate highly effective for
attacking organic matter to release ortha;P(iao et al. 2005). This transformation
may involve oxidation and hydrolysis reactions. While @yrbe possible to find
technologies that are less energy-intensive, suchzasmatic hydrolysis or microbial
fuel cells (Rittmann et al. 2011), or that do not diluteliognass with additional liquid
such as supercritical carbon dioxide (Blocher et al. 204 ,a8d Zimmerman 2011),
advanced oxidation demonstrates the principle for relgddy’.

We capture ortho-P§ using ion exchange since it recovers a liquid concentrat
that is preferable for nutrient reuse during aquatic migesaproduction. Other common
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recovery techniques such as aluminum adsorption or gnpracipitation (de-Bashan
and Bashan 2004) produce complex or low solubility solids hwvimay be better suited
for agricultural application. We evaluated two anion-exgaaresins having distinctly
different properties. The first was a hybrid anion exge resin (HAX) impregnated
with iron (hydr)oxide nanoparticles (Layne RT, Layne Gbnsen). Itis reported to
have a high sorption capacity and selectivity for ortf3P(Sengupta 2013) and the
ability to release a high concentration orthozP€blution upon regeneration (Blaney et
al. 2007, Midorikawa et al. 2008). The second was a type-Aigshase anion exchange
resin (SBAX) with quaternary amine functional groupshioode ion form (21K-XLT,
Dowex). It has a general anion-exchange capacity cddudvalents/L. It has previously
been used for uranium (Stucker et al. 2011) and chromium-{Ra&ak et al. 2005)
removal, but has yet to be tested for phosphate recovery

While the individual P recovery technologies employethis study are not novel
by themselves, their usage together such that the P desple entire use and reuse
cycle is. It is also the first study we know of to lgppese technologies in the context of
microbial biofuel production. Thus this study serves as aflfafleconcept that proposes

an approach and can inform future optimization.

1.2. Microbial P

To focus the recovery efforts properly, this subsectgiimates where P in
Synechocystis located based on literature review. Others have tios for several
marine microalgae (Geider and La Roche 2002, Sterner and2BB2) but not
specifically forSynechocystisBiochemical fractions in cells can vary basedyoowth
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conditions (Sheng et al. 2011a) but this provides clues forstaaeling the fate of P
after lipid processing. Figure 3.1 summarizes the expémtaton of P in a
Synechocystisell. P may be located within adenosine triphosp&i®], lipids, and
nucleic acid. The following three paragraphs individuallglyzre them.

ATP contains over 18% P by weight168:sNs013Ps), but comprises less than 30
Kg per g of cell mass. P associated with ATP is thezed g per g of the cell mass,
which is a negligible contributor of the total cell Phe diphosphate form ADP and
monophosphate form AMP are smaller fractions of thlenc&ss with less incorporated P
and are also negligible contributors of cellular &tage.

The P content associated with lipid is a functiotheffraction of lipid that is
phospholipid and the fraction of phospholipid that isTRe predominant phospholipid
head within cyanobacteria is phosphatidylglycerol (PG)ckvisg the only phospholipid
associated with thylakoid membranesSynechocystisp. PCC 6803 (Hajime and Murata
2007). PG has an elemental composition ¢#:g0;0P. The most prevalent fatty acid
chain inSynechocystis C16:0, or palmitic acid (Sheng et al. 2011b), which has an
elemental composition ofigH3,0,. Assuming that all phospholipids within
Synechocystiare the diacylglycerol PG with two palmitic acid maikss, the overall
elemental formula for a phospholipid molecule igHGsO14P. That means phospholipid
is approximately 3.8% P by weight. PG-based lipids comppgeoximately 14% of all
lipids in Synechocysti€Sakurai et al. 2006), and lipids represent approximately 10% of
the biological makeup of the overall cell (Shastri aratdhn 2005). Combining these
estimates gives the theoretical amount of P assatiaith lipid inSynechocystisp. PCC
6803 as 0.05% of the total cell weight, or 2% of the totthRce A genetically altered
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high lipid strain containing 50% crude lipids could then havéigh as 0.3% of the total
cell weight be P associated with lipid. For thissag we do not expect much P in the
lipids.

We estimate the P content associated with DNA and BNéomparing its
biological composition with its elemental compositid®ynechocystisp. PCC 6803 is
approximately 3% DNA and 17% RNA by weight (Shastri and Moi2205). DNA and
RNA are 10% P by weight (Sterner and Elser 2002). Thereassociated with DNA
comprises 0.3% of the total cell weight, and P assocwithdRNA is 1.7% of the total
cell weight. This is respectively 15% and 83% of the toddular P. We consequently
expect that most of the cellular P will be in nucleced. This was also observed in other
studies on lake bacteria where P associated with RNAvasaad a majority of the total

cell P (Elser et al. 2003, Geider and La Roche 2002).

2. MATERIALS AND METHODS
2.1. Strain, Growth Conditions, and Biomass Production

We grewSynechocystisp. PCC 6803 in BG-11 growth media (Rippka et al.
1979) modified to have five times the normal amount ophate (added as;KPOy)
(Kim et al. 2010) in a bench-top photobioreactor in semtinaous growth mode. We
separated biomass from the growth medium by means affagation at 1,500 g for 20
min in 50-mL plastic tubes. We resuspended the cell peltetmM sodium bicarbonate
(Sigma-Aldrich) to rinse away residual medium. We régeaentrifuging and rinsing
two times before freeze-drying the final pellet (LabcoRoeezone 6) for 2 days at 0.013
mbar and -50°C in order to obtain an accurate starting eightv(Sheng et al. 2011b).
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We collected enough biomass to perform all lipid extractind P recovery experiments

at least in duplicate.

2.2. Lipid Extraction and Transesterification

We extracted lipids from the freeze-dried biomass us$iad-blch Method (Folch
et al. 1957) using a 2:1 (V:V) mixture of chloroform (Mallincllt) and methanol (Fisher
Scientific), since it has a high extraction efficigrior Synechocystiipids (Sheng et al.
2011b). We ground a 300-mg (all weights given as dry wesggtiple with agate mortar
and pestle, suspended it in 60 mL of Folch solvent, amdglé on a shaker table at 175
rpm for 2 days. We filtered the suspension with asgider filter (Whatman GF/B) and
then a 0.2-um polytetrafluoroethylene filter (Whatmahhe biomass retained on both
filters was the primary residual, and the filtrate eam¢d the extracted crude lipid. For
samples undergoing transesterification, we evaporagesiilrent from the crude lipid
under N gas to avoid oxidation of lipids. For samples wheréunther lipid processing
was necessary, we evaporated the solvent by heatingtqtate.

We transesterified the crude lipid (Sheng et al. 2011b)dding 1 mL of
methanolic hydrochloric acid (Supelco) and heating the naxtuan 85°C water bath for
2 h. After cooling the mixture to room temperature, we addednL of deionized (DI)
water and 1 mL of hexane, shook the mixture by hand fa;, 88d allowed the phases to
separate. We repeated all transesterification stepadditional times, and then pooled
all the hexane. The extracted hexane contained tlyeafaitt methyl esters (FAME), and

the remaining water contained the secondary residual.
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For experiments tracking the fate of P, we analyzead Bbfor each biomass,
primary residual, crude lipid, secondary residual, and ¢stesfied FAME (at least

duplicate samples).

2.3. Advanced Oxidation

We scraped primary residual from the dried filters and addedsD mL (giving
3.6 gVSS/L) of 30% ultrapure 4, solution (JT Baker Ultrex II) diluted 1:10. We let
this mixture stand for 1 hr of pre-digestion under fumeeheentilation. We digested the
mixtures in a microwave (CEM MARS XPress) at 400 W bypiagn the temperature up
to 170°C over 10 min and then holding at 170°C for 10 min pdraue3\W846-3015
(USEPA 2008). Others have observed the highest fracfiBrrelease by this peroxide
dose and microwave heating temperature (Liao et al. 2005¢ \&taad. 2006), and future
work may explore varying other conditions to optimizeelRase. We employed high-
pressure microwave vessels to avoid breakage that theatebf gas evolution could
cause. We analyzed duplicate samples before and aitlation for total P and ortho-

PO’

2.4. Phosphate Separation

We did preliminary investigation of the P separation capadieach of the two
anion exchange resins by placing 3.5 g of fresh resin inram.iBner diameter glass
column, giving a bed depth of 3.0 cm. We supported the watdirglass beads to ensure
even flow distribution. We flushed 100 mL of DI watkraugh the column and allowed
air bubbles to escape. Then, we pumped a solution of rasicodibdium phosphate
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(Mallinkrodt ACS grade) in DI water (concentration 80 mgRhrough the column at
3.2 mL/min to give an empty bed contact time (EBCT) of apipnately 2 min (loading
rate of 4.4 mgP/s/g resin). We periodically took efflusanples for P analysis, and
continued the experiment until the effluent P conceintmastabilized near the influent P
concentration. We then desorbed the P using a strgegegtion solution at a pump
rate of 0.5 mL/min (EBCT of approximately 10 min) until é#ffluent P concentration
stabilized at nearly zero. The strong regeneratiartisol used for the HAX resin was
0.1 N potassium hydroxide (EMD), and for the SBAX resis @d N sodium chloride
(Sigma Aldrich). We later varied influent P concentnat EBCT, P loading rate,
influent pH, and elute contact time in order to optinde@&mn operation.

We then tested each resin with biomass after advangedtion by pumping the
60 mL of digested sample through 2.0 g of fresh resin havimed depth of 1.7 cm. The
flow rate was 1.4 mL/min, giving an EBCT of approximat2lgnin. We collected the
effluent and pumped it through the column two more titnemnsure complete capture of
phosphate onto the resin. We then recovered retaitiea-BO> by removing the resin
from the column and placing it in 33 mL (11 bed volumes)rofrg regeneration
solution, which was heated on a 95°C hot plate, shakét#for and then decanted.
Elution and decanting were repeated two times, and therekaiations were pooled so
that the serial batch elution mimicked a continualiyeti tank mixer (CSTM) in series
(n =3). We analyzed the total volume of 100 mL (33 bedmek) for pH, total P, and
ortho-PQ>.

We obtained the total mass of P sorbed to each resiarbyning the difference
between the influent concentration and the effluententmation for each sample
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multiplied by the volume treated in the time segmerggabove the curve times flow

rate).

2.5. Phosphorus Reuse

As a confirmatory experiment, recovered P solution ugesl to culture wild-type
Synechocystisp. PCC 6803 cells. We diluted the recovered P solutién to
concentration prescribed by standard BG-11, spiked the ath@nis to standard levels,
then added additional bicarbonate to compensate for leati@ein small samples. We
inoculated plastic tubes containing 20 mL of the growthianadth freshSynechocystis
cells in duplicate. We placed these on a shake table aodstant light conditions for

one week, and regularly monitored optical density by alasmdat 730 nm.

2.6. Phosphorus Analysis

We determined ortho-P® colorimetrically with a spectrophotometer (HACH
DR5000) using the PhosVer 3 Method (HACH), which is equivde8tandard
Methods4500-P.E (Miner 2006). It directs to add reagent powder to 5 rmaraple and
give 2 min of reaction time, then measure resul&38tnm.

We assayed total P by persulfate digesttaridard Method500-P.B.5) (Miner
2006) followed by inductively coupled plasma optical emissjpgctrometry (ICP-OES).
To do this we suspended samples in 50 mL DI water plus @frobncentrated sulfuric
acid (JT Baker ultrapure). We then added 0.4 mg of ammonausulfate (Malinckrodt)

to each sample. We autoclaved the sample for 30 naipegssure of 1.05 kg/érand a
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temperature of 122°C. We measured total P by ICP-OES (ohe&a#6300) at a

wavelength of 213.6 nm.

3. RESULTS & DISCUSSION
3.1. Fate of P through lipid extraction

Freeze driedynechocystisp. PCC 6803 biomass contained 1.39%+0.28% total
P by dry mass. (All weights given by dry weight. + aades half standard deviation.)
This is consistent with previous findings that P is 1.5%rg cell mass (Kim et al. 2010).
In lipid-extracted biomass samples, primary residualasnoed 1.50%=0.36% total P by
dry mass. Figure 3.2 summarizes the fate of P throughdixiraction normalized to 100
mg of total P in the starting biomass. The primarydresicontained 92+4.3 mg total P.
Crude lipid contained 7.3+4.2 mg total P. For transestesianples, total P in the
FAME was 0.5+£0.1 mg total P. Total P in the secondargduasivas 9.5+5.3 mg. Thus,
nearly all of the starting organic P was in the printassidual after lipid extraction. Of
the small amount in the crude lipids, nearly all ofdéswn the secondary residual.
Essentially no P (<1% of the starting P) was in thadesterified FAME.

These findings support our expectation that nucleic adheiprimary storage of
total cell P, with only small amounts stored in phospliddip P associated with
phospholipid partitions to the crude lipid during extractiohilevP associated with
nucleic acid remains in the primary residual. This ergléhe large fraction of P found
experimentally in the primary residual. The observeceg®e in P content from dry cells
to primary residual (1.39+£0.28% to 1.50+£0.36%) was not statistsiglhificant, but any
increase would demonstrate the disproportional storagenofiéh-lipid structures. The
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92+4% of P found experimentally in the residual correlatdsthe expected 98% P
associated with nucleic acid. We attribute the snrmatlant of P found in the fatty acids

to impurities from incomplete partitioning and analyticargin of error.

3.2. Oxidation of Organic P to Release Ortho,£20

Since only small amounts of the starting P were éncttude lipid and subsequent
lipid processing, the primary residual became the fomuB frecovery. Prior to treatment
with H,O, and microwave heating, this primary residual contained 82¢ total P with
0.2 mg of it as ortho-Pg. After H,O, and microwave treatment, samples contained
90+12 mg total P, including 75+6 mg as ortho;POTherefore, KO, oxidation
recovered 106+17% of the total P (analytical error accdantgecovery over 100%) and

released most of it as ortho-FQwhich was the objective.

3.3. Recovery of Ortho-B® by Resins from DI Water

Figure 3.3A shows the ability of the two resins to absbib DI water. Both
resins were able to capture nearly all of the influenp® 30 bed volumes. At this
point, the capacity of the resins was 5.0 mgP/g resin &whgP/g resin for the HAX
and SBAX resins, respectively. The HAX resin then begaharp breakthrough and
reached complete saturation near 80 bed volumes. TAX 88in began a gradual
breakthrough, reaching 50% saturation around 200 bed volum@&%ndaturation
around 500 bed volumes. At the end of the experimentsjAberesin sorbed a total
mass of 38 mg of P, giving a sorption capacity of 11 mgPig, r@sd the SBAX resin
sorbed a total mass of 140 mg of P, giving a sorption capacit mgP/g resin.
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Both resins released all of the P that would be elutddmiihe first 20 bed
volumes of regeneration. They did not release anyiadditP with 10 additional bed
volumes of regeneration (Figure 3.3B). The fastestafdReelution for the SBAX resin
occurred around 5 bed volumes, and around 8 bed volumédsefeiAX resin. A total of
19 mg of P was eluted from the HAX resin, or 51% of thtaltsorbed P was recovered.
A total of 167 mg of P was eluted from the SBAX resinl D% of the total sorbed was
recovered (the lack of mass-balance closure was dualgieal error from high dilution
required for analysis of concentrated elute). The ptHe@HAX elute containing the
recovered P was 12, and of the SBAX elute it was 6.

The HAX resin had higher selectivity for P as demonstiéy the lower amount
of P in the column effluent, the sharp breakthrough curea/gg a short saturation
zone, and the higher sorption capacity. We therefquea it to have a higher rate of P
capture in solutions with competing constituents like thdiped biomass. However, 0.1
N KOH did not efficiently recover the sorbed P. Whiite iron nanoparticles lead to
higher sorption capacity than SBAX, they apparently enadhore difficult to desorb the
P. Poor recovery might indicate that at least patt@sorbed P was irreversibly
adsorbed by the impregnated iron (hydr)oxide nanoparticleadhstfesorbed entirely by
anion exchange. Our result differs from previous studid¢sstiaved that 80-90% of the
P could be released by elution from the HAX resin (Magtial. 2009, Sengupta 2013)
using 0.5-1.0 N NaOH plus 0.4 N NaCl. Differences with tipseious studies include
different influent matrices, not using combined NaCl an@Nalutes or in as strong
doses, and lower resin contact time. We avoided stratgent doses so the recaptured
P would not be in such a high saline or high pH matrikithaould be unsuitable for
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subsequent microbial growth. Since elution of the SBAsthravith 0.1 N NaCl showed
the best recovery, we focused our subsequent ion-exelvenids on it.

In order to improve performance with the SBAX resie, varied column
operation parameters to improve the P capture and rel€asd> capture, a steep
breakthrough curve is desired so that all of the P isuoaghtuntil the inception of
breakthrough, at which time the column is stopped and resgede The SBAX
breakthrough curve could be made steeper by lowering theuigdaading rate. Figure
3.4 shows results for a SBAX column receiving 100 mgP/luéft in DI water with an
EBCT of 20 min (instead of 2 min) and a lower hydraulic ingaate of 3 BV/hr
(instead of 30 BV/hr). Consequently, the resin captatieartho-PQ* for 200 BV
before exhibiting a steep and desirable breakthrough curvs.gawe a sorption capacity
of 35.6 mgP/g resin. For P regeneration, slower eluidM/hr) gave 99% recovery of
the loaded P within 4 BVs. This allowed us to achieve aro®8Dkuficrease in P
concentration in the regenerant. Additional testsa(dat shown) indicated greater
ortho-PQ* exchange capacity at pH 5 instead of 8. This effort almstiow that each
step in this proof-of-concept P-recovery sequence coulgtimined to obtain desired

performance outcomes.

3.4. Recovery of Ortho-R® by Resins from Oxidized Biomass

We pumped oxidized primary residual through the ion exchamigenas with
enough resin so the influent did not exceed 20 bed volumassure complete capture of
the P. The HAX column effluent contained 1.7+0.3 mg otiPod the 72+0.9 mgP
influent, indicating 98% P capture on the resin. Adietion, 16.7+0.0 mg P was in the

61



100 mL elute. Of this, 14.9+0.1 mg was orthosPOThe pH of the pooled elute was
12.4+0.5. Overall, the HAX resin recovered 23%=0.2% ofrifleant P to the
regeneration solution.

The SBAX column effluent contained 20.9+7.6 mg of P out of I(BmgP
influent, indicating 81% of the P sorbed to the resifterfelution, 54.4+8.9 mg of P was
in the 100 mL elute. Of this, 53.0+8.2 mg was ortha®PCrhe pH of the pooled elute
was 6.6+0.1. Overall, the SBAX resin recovered 50%z=5%einfluent P to the
regeneration solution.

Both resins were only able to recover about half ashrRuehen loaded from
oxidized biomass as opposed to when loaded from DI watAX went from 51% to
23%, and SBAX went from 119% to 50%. Previous studies have ladsoved lower
recovery from complex solutions like sludge liquor thamf synthetic solutions (Bottini
and Rizzo 2012). In addition to ortho-FQthe solutions from the oxidized biomass also
contained residual organic matter (after oxidation 15 mgt®f®0 mg P was still
organic-bound) and other anions (bicarbonate, carbondfeEesand nitrate) that were
probably also exchanged by the resins. Additionally, tHeant pH for DI tests was 5,
but for influent oxidized biomass it was over 6. HavingpgHeapproach the second
deprotonation for ortho-P® (pKa» = 7.2) during loading shifted a small fraction of its
speciation away from the single chargd®By to the double charged HF® This may
have reduced ortho-Rbadsorption capacity because each kf@kes up two anion-
exchange sites. This effect would be even stronger diegeneration due to the higher
pH (12 for the HAX) of the elute when almost all of trtho-PQ* would be present as
HPO In the case of the HAX resin, this competitiondaion exchange sites may
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have forced more ortho-ROto be sorbed to the iron (hydr)oxide nanoparticles which

could form inner sphere complexes with stronger bondmlgless elution.

3.5. P Recovery and Reuse

Figure 3.5 summarizes results for each process step avéhnall recovery
process using the SBAX resin. The lipid extractiofiutaa oxidation, and nutrient
isolation steps were, respectively, able to recover,4¥%%, and 50% (using SBAX) of
the starting P. The overall process recovered 54%eddtdrting intracellular P into a
pure and concentrated nutrient solution. This yield islainto other systems designed
for complete P recovery (Blocher et al. 2012) and shbaftsnutrient reuse in the context
of microalgae biofuel production is viable.

The recovered solution had an ortho;2@oncentration of 10.6 mgPI/L,
compared to 5.4 mgP/L required in standard BG-11. We alasured 0.95 mg NO
N/L and 1.5 mg S@-S/L, compared to 247 and 9.8 mg/L required for BG-11,
respectively, demonstrating the selectivity of the résirP.

The P solution recovered from the SBAX supported cyanebagrowth. The
optical density increased from 0.12 initially to 0.55 afiee day and to 1.11 after one
week. This correlates to specific growth rates of 1y4 dever one day and 0.7 day
over one week. For comparison, the optical densitii@Eame cell culture grown in a
BG-11 solution without any P went from 0.12 initially to Odifter one day and 0.10
after one week, corresponding to specific growth rat@s26 day* after one day and -
0.06 day after one week. The nearly ten-fold increase indmfisity over one week in
the solution containing recovered P confirms that tbevered P was available for
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cyanobacteria uptake. It also demonstrates that we ticba@cover any substances that
would inhibit reuse, such as harmful heavy metals or rabakidant. These rates are
comparable to growth rates previously observed&iorechocystigsing BG-11 (Kim et
al. 2010) albeit in a different reactor configuration.

We recommend future work improving P release methods déinata-recover
other valuable products produced by cyanobacteria, like otieemts, proteins, or
ethanol (Wijffels et al. 2013). We further recommend mnprg P capture efficiency,
reducing the overall cost, energy, and chemical fodtpfithe process, and
demonstrating recovery on full-scale. Other future wamkdld compare the effectiveness
of growing microalgae on recovered P compared to othere®ofd® with complete

controls.

4. CONCLUSIONS
Efficient P recycling in microbial biofuel production wide essential to
preventing competition between food and energy systdm&s work demonstrates:
After lipid processing, over 90% of the P remained inréséduals. Most cellular
P is in nucleic acids, with very little in phosphodipi
Advanced oxidation transformed over 80% of that organid’useful and
recoverable ortho-Pg.
While HAX resin showed higher affinity for ortho-g0 the SBAX resin released
the ortho-PGQ” more completely.
Both resins recovered less P from oxidized biomassftbanP spiked DI water,

likely due to interference with residual organics or coimgebxyanions.
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Figure 3.0 Graphical Abstract
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Figure 3.1 The estimated location of P within SynechocyspisPCC 6803
shown on the right determined by the elemental (Kiral. 2010) and biological (Shastri
and Morgan 2005) composition shown on the leftl nimbers given are percent by
weight of the total biomass (left) or total P i thiomass (right). A majority of cellular
P is in RNA, and only small amounts are in lipidshus, almost all P is in the primary
residuals after lipid extraction, not in the ligdtract.
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Figure 3.2 The fate of 100 mg of starting P through thedlipxtraction process.
Most of the P remained with the biomass in the primesidual, although some was
associated with the crude lipid remains in the sdaoy residual. The FAME only
contained about 1% of the starting P.
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Figure 3.3 Performance of an iron hydr(oxide) impregnatedmexchange
(HAX) resin (squares) and a strong-base anion exgh§SBAX) resin (diamonds) for
recovering phosphate from DI water. (A) Uptakebbsphate by fresh resin in column
test. Uses hydraulic loading rate of 30 BV/hrjratial P concentration of 80 mgP/L, and
influent pH 5. (B) Desorption of phosphate frorsineby 0.1 N KOH for HAX or 0.1 N
NaCl for SBAX with hydraulic loading rate of 6 BM¥/mormalized to mass of P sorbed.
The HAX resin shows higher affinity for P duringrption, but the SBAX releases more
P upon elution.
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Figure 3.4 Enhanced P recovery from DI water on SBAX resinnproving
operating conditions. (A) Uptake of phosphatereglf resin in column test. Uses
hydraulic loading rate of 3 BV/hr, an initial P a@mtration of 100 mgP/L, and influent
pH 8. (B) Desorption of phosphate from resin By NaCl at a hydraulic loading rate of
2 BV/hr, normalized to mass P sorbed. The steegkbhrough after a long bed run is
optimal for P recovery, and subsequent elutiorew bed volumes gives an 80-fold
increase in P concentration.
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Figure 3.5 Process step vields of total P and ortha Pfor 100 mg starting P
through the P-recovery process using advanced tioidand SBAX. Nearly all cellular
P was found in the primary residual after lipidragtion. Advanced oxidation
transformed a majority of the P to recoverable Bewkficial ortho-P¢y. SBAX resin
could then sorb and elute a concentrated nutr@atisn. The overall tested P-recovery
process could capture more than 50% of the staRimga beneficial form.
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CHAPTER 4
NANO-ENABLED SORBENTS OUTPERFORM TRADITIONAL SORBERNs FOR

SIMULTANEOUS HEXAVALENT CHROMIUM AND ARSENIC REMOVAL

ABSTRACT
This work demonstrated nanotechnology can reduce multipilaminants of

health concern, resulting in groundwater treated tdkohgnwater standards. Many
municipal and private well are treated to meet arseni@Asegulations, and new
regulations for hexavalent chromium (Cr(VI)) are spossible. Rather than adding
costly capital infrastructure, we explored sorbents’itgiiib remove both oxo-anions
simultaneously. We compared removal efficiency of traaial metal (hydr)oxide
sorbents and weak base anion exchange (WBAX) resins figaims-enabled sorbents
with iron or titanium nanoparticles embedded inside thieymstructure of an anion
exchange resin. To our knowledge, this is the first useetdilfit nanoparticles
embedded in WBAX for simultaneous contaminant treatner&boratory batch and
column tests, metal (hydr)oxide sorbents demonstratechlffigity for As(V) but
exhibited low capacity to remove Cr(VI). WBAX resins hadhsoability to sorb both
Cr(VI) and As(V), but competing anions lowered their sorptapacity. The nano-
enabled sorbents demonstrated high ability to remove Laf\d As(V) simultaneously
despite competition and were able to remove both potlifantwice as long in column
mode as the traditional sorbents. To quantitativelit smmbents’ ability to remove

multiple pollutants, we developed a Simultaneous Remoapa ity scoring tool.
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1. INTRODUCTION

Recent advancements in nanotechnology have enabled tramesmlmortunities
for environmental protection and pollution mitigation. Apptions employing
nanotechnology toward providing clean drinking water inclsigtion, disinfection, and
photocatalytic reduction of pollutants that benefit froigh surface area to mass ratio
(Qu et al. 2013). The small size of nanoparticles allwentto be embedded inside of the
porous structure of other materials, such as nano-s&eevalent iron in polymers (Du
et al. 2013), nano-scale metal (hydr)oxides inside of biogthaet al. 2015), chitosan
(Yamani et al. 2012), or activated carbon (Sandoval €0all). The porous and
composite nature of such hybrid sorbents may provide a doetidnality, which has a
useful application in groundwater treatment.

Groundwater serves as the primary water source for 9afénking water
systems in the United States (US), over 60% of which geono treatment beyond
disinfection (Impellitteri et al. 2007). Groundwater oftamtains mixtures of inorganic
pollutants including chromium, arsenic, nitrate, and fluor&l@on exchange resins
embedded with metallic nanoparticles may be able to mmeusly treat multiple
inorganic pollutants, as has been demonstrated for argedinitrate (Elton et al. 2013)
as well as arsenic and perchlorate (Hristovski et al. 2008l study explored using
these hybrid anion exchange (HAX) sorbents for simabas treatment of chromium
(Cr(VI)) and arsenate (As(V)), which co-occur in oxetizgroundwaters throughout the
southwest US and elsewhere.

Removing chromium from drinking water is becoming vital. @hium in
groundwater is primarily found in hexavalent form as aldivaanion (Schweitzer and
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Pesterfield 2010) at concentrations of up to 50 pg/L (Freak €004). It is part of the
Unregulated Contaminant Monitoring Rule 3 (Federal Reg¥i#&2) and is undergoing a
Human Health and Carcinogenicity Risk Assessment (USEHFPAa). The US
Environmental Protection Agency (USEPA) regulates totadrmhum in drinking water
at 100 pg/L, and California recently set a 10 pg/L maximamaminant level (MCL)
for Cr(VI) with only 11 weeks between regulatory notifioa and start of enforcement
(CCR 2014). Compliance costs in one California systenegpected to increase monthly
water fees by $30 to $50 per household (CVWD 2014).

Arsenic is a known human carcinogen in drinking wateruwartterwent a similar
review process in 2006 that lowered its federal MCL fromugQ to 10 pg/L (USEPA
2010b). However, many systems are still non-complianarfeenic; 67% of the non-
compliant systems serve fewer than 500 people (McGavisk 2013), indicating a
disproportionate risk to customers served by small syst&reenic exists in a
pentavalent oxidation state within a divalent anion idized groundwater (Schweitzer
and Pesterfield 2010) and is easily oxidized from As(l1IAs¢V) by free chlorine.

As occurs in more than 27% of community groundwater sounatsnally, and
5% exceed 10 pg/L (USEPA 2000). Cr(VI) occurs in more than @léommunity
groundwater sources nationally, and 4% exceed 10 pug/L (AZBP5b). Because
Cr(VI1) and As(V) are common groundwater pollutants, coso@nce is possible. A
national co-occurrence study found that groundwater comggtotal or hexavalent
chromium was just as likely as any other groundwateotwain arsenic. Of 29 sampled
groundwater sites with Cr(VI) above 5 pg/L, the meanraagimum levels of As(V)
were 16.7 and 60 pg/L, respectively (Brandhuber et al. 2004b).
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Leading treatment technologies for Cr(VI) include strbage anion exchange
(SBAX) or weak base anion exchange (WBAX) resins and rextut trivalent
chromium followed by coagulation and filtration (Brandder et al. 2004b, McGuire et
al. 2007). As(V) treatment technologies are well docunteatel include sorption to
metal (hydr)oxide sorbents (MO), anion exchange, or ialum and ferric hydroxide
precipitates (Lin and Wu 2001, Mohan and Pittman 2007, Wedtathal. 2005).
Treatment of each individual pollutant has been studhedit remains ill-defined if any
of these technologies can simultaneously treat fdr Bs{V) and Cr(VI1). This study
focused on sorbents because they are common treaeuobntques for both pollutants,
can be delivered in a single easy to operate cartradgkemay be the cheapest treatment
option if disposal is available (Najm 2013). Simultanetweatment using these
traditional sorbents was compared to the nano-enablbdrgsr

There is a need to compare sorbents’ ability to renmawigiple pollutants.
Sorbent removal capacity is often expressed in terraguwfibrium sorption capacityj,
but this quantity only communicates the capacity for oriegjamt. Comparative
capacities for multiple pollutants are often expressea $glectivity coefficient or
separation factor {; however, this only communicates relative preferearanot
absolute capacity. Therefore this study proposed a nelysantol that includes both
absolute and relative capacity to be used to quantify stsrbaming the highest ability to
treat multiple pollutants.

The goal of this study was to compare ability of curreatgilable sorbents to
nano-enabled hybrid sorbents to remove Cr(VI) and As@fdrinking water.
Performance was initially based on equilibrium bagsgtihg. The effect of co-occurring
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constituents was explored by comparing removal capac#éysimple lab grade water to a
challenging groundwater matrix. A technique for quantitatieelgnparing sorbents for
simultaneous removal was developed, and the best penfpsarbents in equilibrium

tests were evaluated in column tests.

2. MATERIALS & METHODS

2.1. Selection of Traditional and Nano-Enabled SorbentSeven traditional
sorbents and three nano-enabled sorbents were inclutlad study as described in
Table 4.1. The traditional sorbents included four commdyaahilable MO sorbents
that are widely used for As(V) treatment and three cerorally available WBAX resins

that are widely used for Cr(VI) treatment.
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Table 4.1 Description of sorbents included in this study for euvaduneof

simultaneous Cr(VI) and As(V) removal capacity.
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The three nano-enabled sorbents include a commeraiaijable sorbent
marketed for As(V) removal that is reported to have (for)oxide nanoparticles
embedded inside a SBAX resin (HAX1). Two additional nandleabhybrid sorbents
were synthesized for this study using protocols previouslyloeee for SBAX and
applied to chromate-selective WBAX. At the time of siedy design, literature review
showed that this study was the first to embed MO natofes in WBAX for
simultaneous treatment of Cr(VI) and As(V). Adding nambglas to another sorbent
was intended to create a sorbent with dual functionadids(V) and Cr(VI) removal
capacity. HAX2 has iron (hydr)oxide nanoparticles precipdan-situ within WBAX1
(Hristovski et al. 2008b). Briefly, WBAX1 was soaked i@ Fe solution, then the
nanoparticles were precipitated in a 1N NaOH soluto, finally the anion exchange
sites were converted to the @rm using 5% NaCl. HAX3 has titanium dioxide
nanoparticles precipitated in-situ within WBAX3 (Eltona¢t2013). Briefly, the
WBAX3 was soaked in a 10% TiOg®olution and decanted, then the nanoparticles
were precipitated by oven hydrolysis at 80°C for 24 hours.

Besides those synthesized for this study, all sorbents wged as received, and
masses reported were not adjusted for water conteity VWeight had been used in this
analysis, removal capacities (mass of pollutant rechgez mass of sorbent) of sorbents
with high water content would increase more drasticaiypared to those with low
water content.

2.2. Laboratory Pseudo-Equilibrium and Packed Bed Testing.aboratory
experiments were carried out in one of three watericest First, deionized water (DI)
was fortified with 0.1 mM HC®@ for pH buffering capacity. Second, simulated
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groundwater (SG) (NSFI/AN 2007) was prepared including 20 mg/k, 3&D mg/L
HCOs, 50 mg/L SG%, 8.8 mg/L NQ", 1.0 mg/L F, 0.12 mg/L PG, and 71 mg/L Cl
Third, a real groundwater (GW) from a southern Califoutibity that operates primarily
on groundwater was included to verify performance. Thed®Wained 15 mg/L Si, 2
mg/L NOs, 24 mg/L SG%, 200 mg/L total dissolved solids, and 130 mg/L HCO
Experiments in each matrix were conducted at pH 7.5-8.5amtixture of equal molar
concentrations of Cr(VI) and As(V). Sorbent perfornaimcreal groundwater was
expected to fall somewhere between that demonstrat@dand in SG.

Initial screening of all sorbents was performed by pseuddiagum batch
testing. This was completed by spiking 50 mL of DI, SG, ¥f @ith 0.2 mM, 0.04 mM,
or 0.01 mM Cr(VI) and As(V). Samples were then doset Wdtween 375 and 1,500
mg/L of sorbent. Samples were agitated on a shake tabb days before being filtered
with a 0.45 um nylon membrane, preserved with 1% nitric aetrefrigeration, and
analyzed within 14 days. Kinetic sampling showed no changgqueous concentration
between four hours and one day, inferring that equilbrsinould well be reached within

six days. Batch data were fit with Fruendlich isothefBquation 1),

(1)
where K ((mmol/g)(L/mmo}™ and 1/n (dimensionless) are fitted parameters based on
best-fit lines through experimental data,(@M) is the equilibrium pollutant
concentration, and.dmmol/g) is sorption capacity.

Two sets of continuous flow column tests with selecbents were conducted
representing simple and challenging conditions. Firtcen inner diameter glass column

was packed with glass beads, glass wool, and 6 g of sohbiunent DI water was
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spiked to 150 uM pollutant (8 mg/L Cr(VI) and 12 mg/L As(V)p&t 7.9. It was
pumped through the column at 4.3 mL/min, giving an empty bathcttime (EBCT) of
2 minutes and hydraulic loading rate of 3.3 m/hr. High patlutancentration and simple
background matrix make this a favorable condition for sdrperfiormance. In the
second condition, a 2.5 cm inner diameter glass coluittnl& g of sorbent was used.
Influent SG was spiked with 2 uM pollutant (100 pg/L Cr(Milal40 pg/L As(V)) at a
pH of 7.7. It was pumped through the column at a rate ofl4fhm, giving an EBCT of
30 s and hydraulic loading rate of 5.5 m/hr. A complex bakgst matrix and short
EBCT make this condition more challenging for sorbenfoperance. In both cases,
effluent samples were taken, preserved with 1% nitiet @aed refrigeration, and
analyzed within 14 days.

2.3 Ranking Simultaneous RemovalA new method to quantify sorbents with
the highest capacity to treat multiple pollutants wa®lbged and shown in Equation 2.

(2)

The Simultaneous Removal Capacity (SRC) is a quamétaiol used to assess and rank
the capacity of sorbents to simultaneous remove melltiphtaminants under the same
experimental conditions. It has units equivalent to thessel to express the removal
capacity and a high score indicates high performance.

The first term (Combined Capacity) is an average ofeh@val capacities for
the individual pollutants as calculated in Equation 3, whjeandq, are the sorbent

removal capacities for each pollutant.

1T E S (3)
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The mathematical form of Combined Capacity is equivalethe Pythagorean Theorem
and represents a ‘distance’ from zero capacity. This &ssigns higher scores to
sorbents with greater pollutant removal capacity.

The second term is a weighting factor that is a funatibremoval capacity ratio
for two pollutants. This term assigns higher scorestbents with similar removal
capacity for both pollutants over sorbents with prefeaéremoval capacity. It ranges
from 1 to O, giving 1 to sorbents with equal capacity fmthipollutants and 0 to sorbents
with zero capacity for either pollutant. This is shawikEquation 4. Its mathematical
form was selected subject to the described constraitiiewt empirical or mechanistic

basis.

%&'(%) *+( . 200 )

-/
For example, the weighting factor is 0.8 for a sorléttt two times the capacity for one
pollutant over the other. It is 0.2 for a sorbent withtienes capacity for one over the
other. The value of this weighting factor as a functbremoval capacity ratio for each

pollutant is illustrated in Figure 4.1.
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Figure 4.1 Distribution of weighting factor for computing 8RThe factor gives
full score to sorbents that remove both pollutagsally and penalizes the score for
sorbents that preferentially remove only one patitit
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Overall, sorbents with high capacity for one pollutamd low capacity for the
other, or sorbents with an equal but low capacity for pollutants, will result in a low
SRC. Only sorbents with a high capacity for both poliigavill result in a high SRC.

2.4. Contaminant Analysis.Total chromium and total arsenic were analyzed
using inductively coupled plasma optical emission speapmsfThemo iICAP6300) with
a quantification limit of 20 pg/L. Cr(VI) from pilot taeg was analyzed using ion
chromatography (Dionex ICS) with post column derivitia (USEPA 2011). Nitrate
from pilot testing was analyzed using the dimethylpherethiod for spectrophotometer

(HACH DR5000).

3. RESULTS & DISCUSSION

3.1. Comparing Sorbents’ As(V) and Cr(VI) Removal CapacityThe goal of
developing sorption isotherms from batch reactor datatwvacreen sorbents, select
sorbents for column testing, and rank their abilityiboutaneously remove both
pollutants. Figure 4.2 illustrates typical results wittefl isotherms for three sorbents
(MO1, WBAX1, and HAX1) to compare performance of traditios@bents to a nano-
enabled sorbent. Figure 4.2 also shows results for eabérg in DI and SG waters to
represent best-case and worst-case scenarios. Talépdrs isotherm parameters for
all tested sorbents, pollutants, and water matrices.

The MO sorbents all demonstrated a greater capaci#sios) than for Cr(VI) in
DI, SG, and GW. Low 1/n values (0.21-0.29) were determinedd@v)An MO1, MO2,
and MO3, indicating favorable energetics and high remduétyeat low concentrations.
MO4 demonstrated the highest K value for As(V), but surésea may have contributed
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to this since it was the only powdered sorbent. Very lovakies (0.02—-0.24
(mmol/g)(L/mmol}’") were observed for Cr(VI) in all MOs, indicating alstmegligible
Cr(VI) removal at all concentrations. Unexpectedtg temoval capacity for As(V)
increased for all MO sorbents in SG matrix over thevBter matrix. This demonstrates
affinity for As(V) despite presence of competing couastitts. This is likely because
As(V) sorption is typically diffusion limited (Wegtsoff et al. 2005), and the higher ionic
strength of the SG compressed the stagnant double l&yeCiTVI) removal capacity
decreased in SG compared with DI. For example, MO2 isl®®ved no statistically

significant difference in Cr(VI) levels from raw wate treated water.
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Figure 4.2 Equilibrium isotherms for arsenic (As(V), square syrapahd
chromium (Cr(V1), diamond symbols) in buffered deionizeater (DI, open symbols) or
simulated groundwater (SG, filled symbols) for sorbent818)1, B) WBAX1, and C)
HAXL1. Initial pollutant concentration ranged from 0.01-0.2 naMd final pH was 7.5—
8.5.
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Simulated Real Ground
Deionized Water
Groundwater Water
Sorbent | Pollutant| K 1/n R K 1/n R K 1/n R
MOL Cr(Vl) |0.021 0.218 0.863|0.017 0.574 <0.5 0 0 0
As(V) |0.250 0.293 0.969|0.341 0.188 0.909(0.216 0.196 0.910
02 Cr(VvVl) [0.031 0.511 0.907] O 0 0
M
As(V) |0.501 0.214 0.969| 0.558 0.265 0.966
Cr(Vl) 0.072 0.359 0.9910.013 0.327 <0.5
MO3
As(V) |0.149 0.224 0.874|0.405 0.320 0.948
o Cr(Vl) [0.245 0.510 0.867|0.315 0.647 0.853
MO4
As(V) 235 0.827 0.671| 1.38 0.335 <0.5
WBAX1 Cr(Vl) | 2.06 0.3800.652] 1.00 0.356 <0.5| 6.38 0.5740.526
As(V) | 2.40 0.475 0.661| 2.07 0.974 0.819(0.833 0.442 0.953
Cr(vVl) | 1.80 0.5760.941| 2.27 1.06 0.993
WBAX2
As(V) |0.320 0.487 0.904(0.165 0.937 0.979
Cr(Vl) | 1.39 0.461 <0.5| 1.63 0.6580.795
WBAX3
As(V) |0.721 0.751 0.730[{0.739 1.36 0.984
HAX1 Cr(Vl) [0.594 0.394 0.927|0.526 0.738 0.998| 0.568 0.598 0.999
As(V) |0.168 0.096 0.610[{0.120 0.157 0.895(0.123 0.153 0.992
HAX2 Cr(Vl) | 1.64 1.31 0.8750.836 0.879 0.963
As(V) |0.182 0.788 0.778/0.123 0.536 0.858
Cr(VI) 0.233 0.347 0.696
HAX3
As(V) 0.039 0.185 <0.5

Table 4.2 Fruendlich isotherm parameters. Equilibrium testsevparformed for
seven traditional sorbents (MO and WBAX) and threeoramabled hybrid sorbents
(HAX) in buffered deionized water, simulated groundwated, @neal groundwater from
southern California. Each matrix was spiked withranal equimolar concentration of
0.01-0.2 mM chromium (Cr(VI)) and arsenic (As(V)). The FRdleh isotherm fitting

parameters 1/n and K (in (mmol/g)(L/mrHtﬂT)) are shown. Blank values were not tested.

Zero values indicate no observable removal.
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The WBAX resins all demonstrated a higher capacity f¢¥than for As(V) in
all water matrices (i.e., the Cr(VI) capacity casded from Equation 1 was higher based
on the observed K and 1/n values in the concentratiogeraf interest). Generally,
WBAX had lower K values for As(V) than those for Ci(Wut did show some ability to
remove both pollutants. The 1/n values (0.35-1.1) for Cn{dhe higher for the WBAX
resins than those observed in the MOs. The 1/n valué8-<1.4) for As(V) were slightly
higher than Cr(VI) indicating less favorable binding ge¢ics and lower removal
capacity at lower concentrations. Removal capadiieboth Cr(VI) and As(V)
decreased in SG compared to DI water matrices, indicatimer ions (sulfate, nitrate, or
carbonate, e.g.) compete for ion exchange binding sisgstdeaffinity for Cr(VI).

The hybrid sorbents show preliminary promise for simeiaus removal of both
pollutants. The low 1/n values (0.10-0.54) for As(V) shovefalle sorption, similar to
the MO behavior for As(V). The 1/n values (0.35-1.3) for H#&Xhoval of Cr(VI) are
very close to those for WBAX. The removal capaaitytiybrid sorbents remains similar
to WBAX for Cr(VI) and similar to MO for As(V). This pbhaps indicates that the
removal mechanism includes both anion exchange and sotptibe nanoparticles.

Scatter in isotherm data is expected for sorbentshthat very little capacity for a
pollutant, as demonstrated by MO1 for Cr(VI) in SG (Figh@A, R < 0.5). This is an
artifact of log scale exaggerating small differendds\a capacities (e.g., below 0.01
mmol/g), even if due only to normal analytical variabibiyd not true pollutant removal.
The observed scatter reinforces the conclusion of partyent performance for that
pollutant under those conditions. Scatter in data is@served at low final pollutant
concentrations that approach the method quantificatioih df 0.15 uM, as demonstrated
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by WBAX1 for Cr(VI) in DI (Figure 4.2B, R= 0.65). Although data are scattered, nearly
all pollutant was removed, therefore reinforcing thergjreorbent performance for that
pollutant under those conditions.

Table 4.3 shows the SRCs and quantitatively comparesothents’ ability to
remove both pollutants. HAX3 had the highest abilityréat both contaminants (SRC =
23 umol/g) followed by MO4 and HAX1 (SRC = 11 umol/g). HAX3 does have the
highest absolute removal capacity for either pollutiut,scored the highest SRC
because it had capacity for both pollutants and a sicalaacity for both. WBAX1 had
the highest capacity for Cr(VI1) but received only a mode&RC of 10 pmol/g because
it has only a small capacity for As(V). This is ats@e for MO2, which had the highest
As(V) capacity but very little for Cr(VI) and scored &pl/g. WBAX3, MO1, and
WBAX2 had the lowest SRC (less than 1 pumol/g) due to lbsolte removal capacities

and different capacities for the two pollutants.
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Acr(v Jas(v) SRC
(umol/g) (umol/g) (umol/g)
HAX3 27.0 12.4 22.5
MO4 5.7 172.1 11.3
HAX1 5.4 45.2 10.6
WBAX1 109.4 4.9 9.7
HAX2 3.5 4.4 5.5
MO3 1.7 55.4 3.4
MO2 1.4 107.5 2.8
WBAX2 3.1 0.5 1.0
MO1 0.5 106.0 1.0
WBAX3 27.3 0.2 0.3

Table 4.3 Sorbents ranking based on SRC from sorption capacitgr(q)
Ce~2uM. The Simultaneous Removal Capacity (SRC) quanigtoompares the
simultaneous removal of two pollutants with a high edodicating a high capacity for
both pollutants.
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Figure 4.3 shows calculated removal capacity of each isofdaeCr(VI) plotted
against that for As(V). This was done using the isothemarpeters in SG at equilibrium
concentration (¢ of 2uM (100 pg/L Cr(VI) and 144 pg/L As(V)) using Equation 1.
Sorbents plotted along the diagonal dashed line have equicaplacity for removing
both pollutants with those closest to the origin hguittle capacity to remove either
pollutant in the conditions tested and those in theitggg having high capacity for both
pollutants. Sorbents in the top left have high capdoityAs(V) with little capacity for

Cr(VI), and visa-versa for the bottom right corner.
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Figure 4.3 Sorbent equilibrium removal capacity. The equilin capacity for
each sorbent and each pollutant is calculated &bserved isotherm fitting parameters in
SG at an equilibrium pollutant concentration of 2piD&shed line indicates equimolar
capacity for both pollutants. Symbol size is prajpoal to SRC. Sorbents above the line
demonstrate high arsenic capacity but little chromcapacity and the opposite for
sorbents below the line. Sorbents closest to tliedemonstrate high simultaneous
pollutant removal capacity.
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Figure 4.3 illustrates that MO sorbents preferentia@iyiove As(V) while
WBAX resins preferentially sorb Cr(VI). MO4 demonstsatbe highest As(V) removal
capacity, and WBAX1 demonstrates the highest Cr(VI) rethcapacity. The three
nano-enabled HAX sorbents are the closest to the edpriine, demonstrating the
capacity to remove similar amounts of both oxo-anidhss suggests they employ
different and non-competing sorption mechanisms.

These examples illustrate how the SRC can be useshkosorbents’ ability to
remove multiple contaminants taking into account bbdolite removal capacity as well
as affinity for both pollutants. Visualizing the resutidhigure 4.3 clarifies the purpose of
the two terms in the SRC calculation (Equation 2). fiiseterm is an average of the
removal capacities for the individual pollutants caltedaas a distance from the origin in
Figure 4.3. The second term is a weighting that can beliisdas proximity to the 1:1
line in Figure 4.3.

3.2. Lab Column Testing of Sorbents with High SRCThe goal of packed bed
tests was to validate batch testing results, screaumtsineous removal potential, and
evaluate potential to run in more lengthy pilot tests.

Figure 4.4 shows the first set of column testing resotsIAX1. HAX1 was
used in lieu of HAX3 since larger volumes of sorbent veasaglable. The test conditions
(high pollutant concentration, simple matrix, long EBC&present a best-case scenario
to verify simultaneous removal by nano-enabled sorbewtsip&te removal of both
pollutants occurred during the first 350 BV, verifying the dtameous removal potential.
At 725 BV, the column had removed 474 pmol of Cr(VI) and 368ljohAs(V), as
calculated from the area above the respective brealghrcurves. This is equivalent to a
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removal capacity of 155 umol/g for Cr(VI) and 120 pmol/gAs(V). The As(V) broke
through first even though equilibrium testing predicted adrigapacity for As(V). This
was observed previously for other sorbates (Sandoval20Hl) and demonstrates mass
transport plays an important role in sorbent performaBorbent removal capacity can
therefore be controlled by proper selection of cortiawt to avoid preferential sorption
of solutes with higher diffusivity (liquid diffusivity ofl,AsO, is 0.905*10 cnf/s, and

of CrO% is 1.132*10 cnf/s (Haynes et al. 2015-2016)).

These HAX1 column test results demonstrated that simedias removal is
possible as this nano-enabled sorbent demonstrated highitgapaemove both
pollutants. Based on the pH and equimolar concentratimbl,pollutants are expected to
exist in aqueous solution as divalent oxyanions in equabatsnOn a sorbent with
equal affinity for both sorbates the pollutants wouldupy the same number of ion
exchange sites and would break through simultaneously. Howbeedissimilar
breakthrough curves indicate different sorbate affinitiesss transport, or sorption

mechanisms (ion exchange and sorption to iron nanopajtigkre in effect.
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Figure 4.4 Pollutant breakthrough curves for As(V) and Cy(bY iron
nanoparticle embedded HAX1 in packed bed columnindsuffered deionized water
(DI) water matrix at pH 7.9 with 2 min EBCT andlugnt pollutant concentrations of
150 mM (8 mg/L Cr(VI) and 12 mg/L As(V)).
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Figure 4.5 shows dynamic column testing results for MO1AWB and iron
nanoparticle embedded HAX1 under more challenging conditiong( pollutant
concentration, more complex matrix, and shorter EBCThese sorbents were selected
due to their high SRC in batch mode. MO1 was used in lietheir MO sorbents despite
a lower SRC because pelletized sorbents are easi@rkowith in packed bed columns.
This short contact time demonstrates sorbent prefefencae or both pollutants and

confirms the SRC is an indicator for column perfornganc
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Figure 4.5 Pollutant breakthrough curves for sorbents iedibed. A) MO1, B)
WBAX1, and C) iron nanoparticle embedded HAX1 wirsted in simulated
groundwater (SG) at pH 7.7 and 30 sec EBCT anditalipollutant concentration of 2
UM (100 pg/L Cr(VI) and 140 pg/L As(V)).
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HAX1 and WBAX1 were able to remove some of both polligahtough 2000
bed volumes (BV), while Cr(VI) broke through for MO1 akhammediately. MO1 and
HAX1 both demonstrated a slow lagging removal of As(V)X1Aand WBAX1 both
had a sharply shaped breakthroughs for Cr(VI), with HAXEhéeng exhaustion around
2,000 BV and WBAX1 reaching exhaustion around 6,000 BV. Therdfweaano-
enabled sorbent did not have the same affinity for Oré¥d its removal capacity was
limited by competition with other constituents. The appial@ss in capacity from HAX1
to WBAX1 is because the parent resin for HAX1 is a nitsalective SBAX, which is
much more sensitive to influent nitrate and sulfate condpi@réhe chromium selective
WBAX. However the fact that the HAX1 breakthrough cuimeAs(V) was similar to
that of MOL1 for As(V), and its curve for Cr(VI) wagsrsiar shape to that of WBAX1 for
Cr(VI) demonstrates that separate and non-competing asonpéchanisms are
present. We hypothesized that the hybrid nano-enabled$@datinued to remove
Cr(VI) by anion exchange, and removed As(V) by sorptiotihé metal nanoparticles.
This verfies the potential for nano-enabled hybrid sorldentemove both pollutants
simultaneously.

WBAX1 had a removal capacity of 6.2 pumol/g for Cr(VI) &8 umol/g for
As(V) calculated from the area above the curve namedlto sorbent mass. HAX1 had a
removal capacity of 1.6 pmol/g for Cr(VI) and 20 pmol/gA=(V). MO1 had a removal
capacity of 0.23 umol/g for Cr(VI) and 18 umol/g for As(Vhese column capacities
are all smaller (6%—78%) than those observed in batchl@gun testing, but are
consistent with the preferences shown between tbgblutants. Inserting the column
capacities into Equation 2 gives an SRC of 6.5 pumol/gMBAX1, 3.2 umol/g for
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HAX1, and 0.46 pmol/g for MO1. While HAX1 SRC ranked slightigher than
WBAX1 in batch tests, the WBAX1 ranked higher in this oatutest that had lower
pollutant concentration.

This change in rank demonstrates the necessity to pecfolumn testing to
determine sorbent performance. However, batch testiagralid way to screen through
many sorbents given the decreased time, monitoring, abdrganass often required to
perform it compared to column testing. Using the SR&gsantitative and justifiable
way to screen which sorbents to advance to colummggstnderstanding it does not
predict column performance. Furthermore, these col@smlis demonstrate that though
nano-enabled sorbents have great potential to remokiplepollutants simultaneously,
perhaps more development is called for to outperformtivadi sorbents in challenging
conditions.

Next it was briefly explored if the iron (hydr)oxide mgoarticles in the hybrid
sorbents could leach into the finished water, therebinggsossible health risks. Effluent
samples from the HAX1 packed bed column test were arthfpreotal Fe using ICP-
OES. All samples were below detection limit (20 pg/his suggested that high iron

leaching did not occur in the conditions described overdperation period.

4. CONCLUSIONS
Traditional MO and WBAX sorbents have more favorabiellnig energy and
higher removal capacity for one pollutant with littEpacity to treat another pollutant for

an extended duration.
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Metal nanoparticle embedded ion exchange media showed pbtenti
simultaneous removal, especially at elevated pollutamtentrations. These hybrid
sorbents demonstrated a higher total pollutant removatitgphan traditional sorbents
even though they had lower capacity for each individuaupait. Breakthrough curves
of these nano-enabled sorbents suggest Cr(VI) removatipapenilar to WBAX and
As(V) removal capacity similar to MO. This indicatesiltiple removal mechanisms are
present and that they do not interfere with each offhes.is likely Cr(VI) removal by
anion exchange and As(V) removal by metal nanoparticiatisn.

However, because some ability to remove both pollstasais lost in challenging
column conditions, further development of nano-enablédess is still required. Their
potential for high removal capacity of multiple pollutaimdicates that they should
continue to be developed and may eventually outperfomhtioaal sorbents in even the
most challenging water matrix conditions.

Because As(V) sorption is typically diffusion limateproviding circumstances
that compress the stagnant double layer (for exampigher ionic strength matrix) may
increase As(V) removal. However, the competition frathrer ions will reduce Cr(VI)
removal.

When treating both Cr(VI) and As(V) by packed bed treatpaequate contact
time must be selected such that both pollutants hawssto binding sites. Because
As(V) has a lower diffusivity than Cr(VI), inadequat@ae will favor Cr(VI) removal.

The proposed SRC equation can be used as a tool to quagiytedink the ability
of various sorbents to co-treat mixtures of pollutantsngainto account both removal
capacity and pollutant affinity. Because performance iatband column mode may
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differ, it quantitatively screens many sorbents to $ehexhighest performing to advance

to more time-intensive testing.
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CHAPTER 5
SYNTHESIS OF IRON HYDROXIDE OR TITANIUM DIOXIDE NANDPARTICLES
IN WEAK BASE ANION EXCHANGE RESINS FOR THE SIMULTAEROUS
REMOVAL OF HEXAVALENT CHROMIUM AND ARSENIC

ABSTRACT

Nano-composite sorbents have metal nanopatrticles ittedeorous structure of
larger sorbents, giving a dual functionality to removstiple pollutants from drinking
water. Previous studies have developed synthesis procsssgsa single metal with
strong base anion exchange, sand, or activated carb@ns®mong the first papers to
tailor the nano-composite synthesis procedure for waa& bnion exchange, which has
superior selectivity for some oxo-anions like hexavatdinbmium. We demonstrate that
selection of variables during the synthesis processeinfies subsequent characteristics
and sorption capacity of the final sorbent, and requinsideration of the unique
properties of weak base anion exchange resin. This iagthe first papers to directly
synthesize and compare iron and titanium nanoparticléseosame parent resin, either
of which add arsenic removal capacity to the sorbenteXgore a concentration of
metal precursor solution that leads to sorbent with p@lutant removal performance,
and find that excessive metal content is detrimentsbtbent pore size distribution and
pollutant removal performance. We find that an acid risgequired to re-functionalize
tertiary amine functional groups on the weak base aniohnagge resin after exposure to
a basic solution during creation of iron nanopartidfés.find that oven heating time

during titanium nano-composite synthesis may be signtfica@duced from that
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proposed by previous studies without severe impacts toatbastics or pollutant

removal capacity.

1. INTRODUCTION

Metallic nanoparticles made of sorptive material hagh lcapacity for pollutant
removal from water due to high surface area, but disglenanoparticle slurries are
energy intensive to remove from water after use (Detttd. 2004). Instead, the
nanoparticles can be enmeshed in porous scaffoldingwtesduch as sand (Yamani et
al. 2012), non-polar resin (Balaji and Matsunaga 2002), iohaage (Cumbal and
Sengupta 2005), or activated carbon (Guan et al. 2012). Thestractare provides
structural support for use in packed beds while limiting difisransport concerns,
reduces risk of entering finished waters, and provides desorption conditions by
increasing intra-porous pollutant concentration throughriaa equilibrium mechanisms
(Cumbal and Sengupta 2005, Sarkar et al. 2012, Shahadat et aZBad®t al. 2011).
These nano-composite sorbents are of particular sitererinking water treatment
when both the parent media and the nanoparticlesecpyvovide pollutant removal
capacity, allowing removal of multiple pollutants byirgée process (Elton et al. 2013,
Hristovski et al. 2008b, Mak et al. 2011b, Sandoval et al. 2011).

Here we synthesized and tested nano-composite sorbemtseak base anion
exchange (WBAX) parent material, which has unique cheyrastd high selectivity for
oxo-anions such as hexavalent chromium (Cr(VI1)). Mistlies use strong base anion
exchange (SBAX), granular activated carbon (GAC), sandpn-ionic porous polymer,
but very few study WBAX which have affinity for a difent set of pollutants. We
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further compared embedding iron and titanium nanopartiobél,df which have high
affinity for pentavalent arsenic (As(V)). Most nanortposite sorbents are synthesized
using iron nanoparticles. Rarely do they directly com@snthesis or performance of
two different nanomaterials.

In this study, the in-situ synthesis of iron or titaninemopatrticles was tailored
for weak base anion exchange resins, the nano-compodiens was characterized, and
the simultaneous removal of Cr(VI) and As(V) wasddstThree different WBAX resins
with unique characteristics that are commonly used fatrirent of groundwater
pollutants were tested and embedded with either iromamitm nanoparticles. The metal
precursor concentration was varied, which influences @heparticle formation,
characteristics of the final sorbent, and pollutantonemhperformance.

Remarkably few studies explore in-situ synthesis of hmetaoparticles inside of
WBAX resins. Those that do apply a synthesis methodlalese for GAC or SBAX
macrostructures without tailoring it to WBAX (Vatutsiaaal. 2007). WBAX differs
chemically from SBAX because it has a tertiary amumefional group instead of
guaternary amine. WBAX typically has a smaller average size distribution, and high
selectivity for a different set of pollutants. It ipeeferred treatment method for Cr(VI)
due to its selectivity for the chromate molecule in lmwcentrations and very long run
life in column operation (Najm et al. 2014). It is tyglly considered a single use media
for disposal after exhaustion as opposed to being regetéhdt&Suire et al. 2007). The
high capacity and single use of a WBAX nano-compositeesris thus more robust
than one with SBAX which would require frequent regenenatvith high solutions of
mixed regenerant (Chaudhary and Farrell 2015).
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An application of this WBAX-metal nano-composite sorie simultaneous
removal of Cr(VI) and As(V) from groundwater. Cr(VIymeval from drinking water
may become increasingly important in the next fewigais currently under enhanced
monitoring and toxicology review by the United States Emrimental Protection Agency
(USEPA 2010a, 2015b) for possible new federal regulationfo@aik recently enacted
regulation treating it as a possible ingested humanrzagen, with an enforceable
maximum contaminant level (MCL) of 10 parts per billiorCf€2014). One of the
leading treatment technologies is anion exchange (Btuaé 2012, Malaviya and Singh
2011). Arsenic went through a similar regulation processwtkeMCL was lowered to
10 parts per billion in 2006. It has a variety of human aiits including cancer of the
bladder, lungs, and skin (USEPA 2010b). Targeted treatmerggaex including
adsorption to zero valent iron and metal hydroxide sost@te been widely
investigated (Bang et al. 2011, Speitel Jr. et al. 2010, Weftetrad. 2005). These two
inorganic contaminants were the focus of this study deert@nt regulatory relevance,
common occurrence in groundwater, and similar divalgpg@nated anionic state in pH
ranges relevant to drinking water.

During synthesis of the nano-composite sorbent, a hggalroontent provides a
higher concentration gradient to drive the metal deeperthe parent resin pores, and
provides a higher mass of metal available for precipiatGuan et al. 2012, Hristovski
et al. 2008b). However, excess metal content can bloc&xohange sites through
surface coating or pore clogging, thus reducing both suale@eand removal capacity
(Balaji and Matsunaga 2002). Few studies vary the precuraoegtration to explore
this tradeoff. By identifying the metal precursor conceirathat balances metal
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available without clogging pores, this study aims to imptbeenano-composite sorbent
pollutant removal capacity.

The nano-composite resins are characterized for suafaeeand pore size
distribution, metal content, and metal hydroxide form. Meeloped a new surface area
analysis sample preparation method, which is traditipraty difficult due to the low
melting point of polymeric resins. The performance ofdwous synthesized nano-
composite sorbents was explored by equilibrium isotheonducted at ratios of
contaminants, foulants, and sorbents relevant to drinkatgr.

Through performing this synthesis and characterizationstady aimed to
determine if the nano-composite synthesis indeed augoheamoval capacity for a
second pollutant or diminished the original target pollutantoval capacity. This
evaluated if simultaneous removal is additive or mustdmepetitive, if pollutants
targeted by weak base anion exchange resins can be inclusieuliltaneous treatment,
if the weak base anion exchange resins can withstargyiieesis protocol, and how the

synthesis protocol must be adapted.

2. METHODOLOGY
2.1 Nano-composite Sorbent Synthesis.

Nano-composite sorbents are synthesized by precigitatamium or iron
nanoparticles in-situ within the porous structure of WB#Xin. Previous methods for
embedding titanium (Elton et al. 2013) and iron (Hristoeslal. 2008b) have been
developed for SBAX resins. Briefly, this involves soakiihg parent resin in a high
concentration metal precursor solution, then precipgahe metal with strong base or
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oven heating. Here, we adapt the process for WBAX bying the parent resin, the
embedding metal (ie. Ti or Fe), the metal precursorextnation, oven hydrolysis time,
and post treatment method. All resins were stored imadmd water until use and
characterization.

Three WBAX resins are used for this study. They eack haique structure,
composition, and pore size distribution, as well a$ é@ing leading commercially
available products for Cr(VI) removal. Each has teyt@nine functional groups. The
first resin was denoted as WBAX1 (Dow Amberlite PWAT)sla cross-linked phenol-
formaldehyde polycondensate matrix with a microporouststrelclt is angular, 0.3 to
1.2 mm in diameter, and orange, cream, or grey coloantbe seen in the inset of Figure
5.1A. WBAX2 (ResinTech SIR700) is yellow, spherical granatasle of microporous
polyamine epoxy. WBAXS3 (Purolite S106) is a translucent egmtyamine with a
spherical shape and gel type pore structure. Additionally SBAX (ResinTech SIR100)
with quaternary amine functional groups is also include@donparison to previous
studies.

Fe-WBAX was synthesized by first, making metal precurstutiosn by
dissolving FeGlin methanol. To explore the effect of metal precutie concentration
of FeC} in methanol was 0%, 2%, 10%, or 20% (mass per mass)n&ez® mL of
parent WBAX resin was soaked in 100 mL precursor solutiot foour then the
precursor was decanted. Herein the nano-composite s@pehesized with 10%
precursor solution is called FeEWBAX-10%. Third, 75 mL of 7.580M was added and
shaken for 1 hour to precipitate iron (hydr)oxide nanopasidforth, the base was
decanted and the sorbent was rinsed with 1 L of deionizezt wal00 milliliter aliquots.
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Fifth, the entire process was repeated for a seconel. dyast, the sorbent was soaked in
5% solution of NaCl for 1 day, then rinsed with an additidni#er of deionized water.
In situ precipitation of the iron hydroxide nanopartidi@ws Equation 1:
1 ,#34567 556 g #6.5#34 °#31: Q)
Ti-WBAX was synthesized by first, making metal precursalution of TIOSQ
dissolved in deionized water warmed to 80°C with continuoxggn The concentration
of TIOSQy in this solution was 10%, 50%, or 100%. Second, 5 mL ohp&BAX
resin was soaked in 10 mL of metal precursor solutiob foinutes then the precursor
was decanted. Third, the soaked WBAX was heated in anad\&0fC to hydrolyze the
metal to amorphous Tghanoparticles. Previous synthesis protocol uses 24 hours of
heating time, but does not explore if this time cangoeiced. Here, the oven heating
time was 4, 8, 16, or 24 hours. The TIWBAX synthesizeti 24 hours of oven heating
time is denoted as TIWBAX-24hr. Last, the resin wademband rinsed with 500 mL of
deionized water, soaked in a 5% solution of NaCl for 1 dhey rinsed with an
additional 500 mL of deionized water. Hydrolysis of titanidimxide nanopatrticles
follows Equation 2:
< L#HS>S T w, #< 2 #)> 0 (2)
An optional post-treatment step was explored for Hr@rcomposite sorbents to
re-functionalize the tertiary amine functional groupthe WBAX. Ten mL of FeWBAX
or TIWBAX was soaked in 25 mL of a 5% sulfuric acid solution10 minutes. The acid
was decanted and the sorbent was rinsed with 1 literi@fided water in 50 mL
aliquots. Herein, samples that underwent this acid wasthtpatment are denoted

FeWBAX-acid or TIWBAX-acid.
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2.2 Nano-composite Sorbent Characterization.

We developed a new sample preparation method for pordistzéution and
surface area analysis. Analytical systems requirgkemvith very low water content,
but polymeric resins often have very high water confdaither the parent resins nor the
nano-composite resins can be dried by oven heating leettaipolymeric structure
would melt and collapse the pore structure. To overcbimewe soaked samples in
methanol for 1 day to displace the water. We themaltbthe methanol to volatilize by
placing the sample in a vacuum desiccator for 1 day. Wil ¢ben analyze pore size
distribution and Brunauer, Emmett and Teller (BET) sagfarea (TriStar 11 3020).

Water content of the nano-composite sorbents was ifj@drty soaking samples
in nanopure water for 1 day, decanting, then measuring tma&termine wet weight.
Samples were then dried at 105°C for 1 day, and mass vessired to determine dry
weight. Water content was calculated as the differdratween wet weight and dry
weight normalized to wet weight.

Iron content of the Fe-WBAX was determined by acid digastA 50 milligram
sample of dried sorbent was placed in 9 mL of nitric atid 1 mL of hydrochloric acid
in a covered but uncapped vessel (MARS XPRESS) and allmnge-digest for 1 day.
The vessel was then capped and heated in a microwave YCERS) with carousel at
1600 watts by ramping temperature to 175°C for 15 minutes tHém@g@t 175°C for 10
minutes. The sample was volumized using nanopure watarattayzed for total iron
using ICPOES. Iron content was calculated as the afassn normalized to sorbent dry
weight.
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Titanium content of the Ti-WBAX was determined gravineghy. Dry samples
were heated in a furnace at 550°C for 6 hours, alloweddbirt a desiccator, then mass
was measured. Remaining ash was assumed to bedimprised of 59.9% Ti. Metal
content was calculated as the titanium mass normdatiizeorbent dry weight. Titanium
content was not determined by acid digestion due to insofulilititric acid. Split
samples determining iron content of sorbents gravinaglyi@ssuming the remaining
ash is FeO(OH) comprised of 62.9% Fe) and by acid digesgoa performed to verify
comparability of the results. This is seen in the Sarpphtal Information Table 5.1. A
FeWBAX sample had only 6% relative error, indicating goodetation between the
two metal content determination methods.

Imaging of the nano-composite sorbents was completédsbyallowing a small
sample to air dry for 1 day. Second, it was fixed in condedilver epoxy to avoid static
charging of the ion exchange resin during imaging. This siuagy sandwiched between
two small silicon wafers for structural support. Thirdeathe epoxy set, the sample was
cut with a diamond blade to expose the inner surface afahe-composite sorbent. The
sample was not gold sputtered to avoid misinterpreting goldids as synthesized iron
or titanium nanoparticles. Elemental mapping was perfdrinyeenergy dispersive x-ray
spectroscopy (EDX) and focused ion beam (FIB), and imdgyreganning electron

microscope (SEM) (Nova 200 NanoLab UHR FEG-SEM/FIB).

2.3 Nano-composite Sorbent Performance Testing.
Equilibrium isotherms were performed in 500 mL amber fileed with
synthetic groundwater spiked to 2 uM of both Cr(VI) an@Ag100 pg/L Cr(VI) and
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140 pg/L As(V)). Synthetic groundwater was prepared as thesc(NSFI/AN 2007)
including 20 mg/L Si@, 180 mg/L HC@, 50 mg/L SG*, 2.0 mg/L NQ-N, 1.0 mg/L

F", 0.04 mg/L PG*-P, and 71 mg/L ¢l This challenging water matrix was used so that
performance in most real groundwaters would exceed reshdtsn here. Previous work
has compared sorbent performance in deionized water @sltithetic groundwater
(Chapter 4). At least five bottles were dosed for eacbest with 45 to 450 mg/L

sorbent (all sorbent weights given as dry weight). Aditles were shaken and allowed to
equilibrate for 7 days. Total Cr and total As were aredylay inductively coupled plasma
optical emission spectroscopy (ICPOES, Thermo iCAP63DMer anions were

analyzed by ion chromatography (Dionex ICS 2000). Isothetenwlas analyzed by the
Fruendlich isotherm model{g K * C¢'") with best-fit lines through experimental data

for the equilibrium oxyanion concentrations, @nd sorption capacitye.q

3. RESULTS & DISCUSSION
3.1 Physical & Chemical Characterization of Nano-Composite Sorbents

All nano-composite synthesis methods yielded sorbentsswiidified metal
attached to the anion exchange resins. None visually dématatsany obvious changes
to angularity or granular size distribution from thegua resin. Titanium dioxide infused
resins took on a white color with opacity that incregs@gbortionally to metal precursor
concentration. Iron hydroxide infused resins took on a blaekjee color for all
synthesis methods. Representative photographs of tveagmamposite resins are

included inset in Figure 5.1.

110



3.1.1 Imaging of Nano-Composite SorbeBtSX imaging of cross sections of the
synthesized sorbents located the precipitated metall ¢ases the Ti was dispersed
across the exposed TiIWBAX face, as also Fe acros8PedThis is consistent with
previous findings (Hristovski et al. 2008b). Figure 5.1A showb@&ograph of raw
WBAX2 to demonstrate the status of the analyzed sab&he dark surrounding area is
the silver epoxy and the light angular shape is the egpasernal face of the sliced
WBAX. There is a small gap between the resin and therspoxy that we attribute to
slight melting and shrinking of the resin resulting friictional heat during sawing.
Figure 5.1B shows the EDX mapping of Ti in the TIWBAX2-100%eTi appears to be
distributed throughout the sorbent and not only coatedtterior surfaces. The slight
concentration increase around the bottom edges isuagdilbo the slight sorbent melting
and contraction. Figure 5.1C shows the EDX mapping of FeWBAX2-10%, which
also appears to be distributed across the sorbent déggtbe Tmages are typical of the
other TIWBAX and FeWBAX sorbents synthesized under dhffie conditions.

Figure 5.2 includes SEM images of titanium dioxide-infused \XB&nthesized
with varying metal precursor concentrations and the p&#8AX for comparison. The
WBAX1 demonstrates a rough inner surface with many nodularuygiohs. The
TIWBAX1-10% and TiIWBAX1-50% demonstrate a similar morphololgyt have an
even higher number of these small protrusions contripatiran even rougher surface.
The synthesized metal hydroxide may be present as addipoytuberances and/or as a
nano-thick coating. Either adds surface area and funtitipt@the sorbent. The
TIWBAX1-100% is visually dissimilar than the other thresins. The surface is
smoothed over and wavy without any of the high surface pr@ections characteristic
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of the other three sorbents. The resin surface appebesdoated by the precipitated
metal, which could block access to the anion exchangeidmatsites and much of the
porous structure having a negative effect on surface area.

3.1.2 Metal Content and Water Content of Synthesized Sorbabis.5.1
displays the metal content of the synthesized nangposite sorbents, and S| Table 5.2
displays the water content. All tested parent sorbaesdisnearly zero metal content and a
sharp increase after the nano-composite synthesisgstodas confirms that metal found
in the synthesized nano-composite sorbents was fiersyinthesis process and not native
to the parent resin. The small amounts of titanium tegddn the parent resins are likely
due to incombustible ash in the resin rather than actaaiuim, putting bounds of the
magnitude of analytical error associated with the neatent analysis method (average
of 0.3%, always less than 0.8%).

The iron nano-composite sorbents had higher metaénbtitan the titanium
nano-composite sorbents. For any of the parent sorttbatseWBAX-10% had nearly
double the iron content (2% — 20% Fe) compared to the pomdag TIWBAX-10%
(0.4% - 8% Ti). The atomic mass of Fe is only 16% highan Ti and cannot fully
account for that difference, indicating that Fe atoresnaore abundant in the FeWBAX-
10% compared to the Ti in the TIWBAX-10%. This could be beeahe Fe synthesis
method calls for repeating the metal precursor soak —pid@n step, whereas the Ti
synthesis method only exposes the parent sorbent to taéprecursor a single time.

Of the three tested WBAX resins, the highest metalkegpteas in WBAX1 (8% —
23%), and the lowest was WBAX3 (1% — 8%). This appears telated to pore size
distribution as the gel-type (WBAX3) would require a miayher concentration
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gradient to drive metal precursor into the tight pofé& macroporous structure of
WBAX1 would lower the required energy to allow the catomietal precursor past the
cationic surface functional groups of the anion exchaegi@,rallowing deeper
penetration and higher uptake.

In all cases, increasing the metal precursor concemnirgsulted in an increase in
final metal content. Here, the titanium content AVBIAX sorbents rose by a factor of
nearly three or more by increasing the precursor con¢emtfaom 10% to 100%. For
example, TIWBAX1 rose from 7.9% to 23%, while the waterteat correspondingly
decreased from 81% to 67%. The iron content of FeWBAKesus rose by a factor of 2
or more by increasing the metal precursor concentration 2% to 20%. For example
the metal content of FeWBAX2 rose from 1.1% to 2.6%, wihiéewater content
correspondingly changed from 71% to 75%.

The acid post rinse reduced metal content slightly. ¢domtent of FeWBAX-10%
reduced from 20% to 17%, and the titanium content of TIWBAX-188tced from 15%
to 12%. Both resins demonstrated a 3% loss in metal doshtierto the acid rinse,
presumable due to metal solubility in acid that causgtitsiiissolution of the
nanoparticles and/or some detachment.

The hydrolysis time did not produce a consistent effagesulting titanium or
water content of TIWBAX. The metal content of TIWBA-10% given 24, 16, 8, or 4
hours of hydrolysis time was 9.0%, 7.0%, 7.5%, and 8.1% regpkgctlThe water
content was 66%, 66%, 73%, and 75%, respectively. No aeaglation is observed,
concluding that hydrolysis time is not a critical variaibleontrolling final titanium
content.
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Generally, the tested resins exhibited a decrease &r w@tent after nano-
composite synthesis. For example, the water conteneased from 78% in WBAX1 to
70% in FeEWBAX1-10% and 74% in TIWBAX1-10%. This is expected smeéal
nanoparticles have little entrained water, and the higdilyrated polymer resin now
comprises a smaller portion of the overall sorbenterestingly, the decrease in water
content seems to be directly proportional to thesiase in metal content. A loose
correlation of approximately 2% increase in metal camesulted in a 1% drop in water
content as shown in Sl Figure 5.1.

The synthesis procedure was carried out on SBAX to campaults to previous
studies. Here the titanium content of TISBAX-100% was 9\#ich compared well to
the previously reported (Elton et al. 2013) titanium conyéft8%. Here, the iron
content of FeSBAX-10% was 19%, which compared well tqothegious study
(Hristovski et al. 2008b) which resulted in iron conteint6-24% for various parent
SBAX resins. The good correlation with previous resudtiedates the nano-composite
synthesis procedure conducted in this study.

3.1.3 Surface area and pore size distributiBore size distribution and surface
area analysis requires samples be dry in order to aeateuum. This is very difficult
for polymeric resins with high water content, especisilhice heating to evaporate the
water would melt the resin structure and result ifi@iglly low surface area. The new
sample preparation method proposed here uses methahsplace the water, then a
vacuum desiccator to volatilize the methanol at a lEwperature. It sufficiently dried

WBAX1, WBAX2, and SBAX samples to allow for succesgiale size and surface area
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analysis, which was otherwise not possible. WBAX3 dampere still not dry enough to
analyze, possibly owing to the tight gel-type structuiktagh initial water content.

The BET surface area rose from 28.Zgrfor WBAX1 to 84.3 /g, 84.7 M/g,
and 90.2 rfig for TIWBAX made with 10%, 50%, and 100% precursor conctotra
respectively. The addition of the titanium nanopartitigded the total surface area for
any of the synthesis conditions over the parent réggure 5.3 shows the correlated pore
size distributions. The TIWBAX1-10% and TIWBAX1-50% maimzd extremely
similar pore size distributions to each other and fodidwhe same trend as the raw resin,
with all three peaking around 60 A. The TIWBAX1-100% soluti@hekhibit a slight
additional increase in total surface area, but had adifeyent pore size distribution.
Most all of the pore surface area was available asopizes less than 40 A in diameter
with significantly less surface area available in pdretsveen 100 A and 1,000 A in
diameter compared to the other nano-composite sorbdmsigh metal precursor
concentration seems to result in a nano-compositeesbwith excess metal content that
clogged pores.

The hydrolysis time produced an unclear effect on the 8Kface area of
TIWBAX1-10%. Given 24, 16, 8, or 4 hours of heating time, thalfsorbents had 60.6,
53.2, 56.3, and 83.4%y surface area, respectively. If anything, it appears Huatse
precipitation and heating reduced the total surface anewisg preference to shorter
hydrolysis time. Future work will more clearly identifyethelationship between
hydrolysis time and nanoparticle morphology

The BET surface area rose to 104%gnand 177.6 filg for FeWBAX1-10% and
FeWBAX1-10%-acid, respectively. The Fe nano-compositeestsihad higher surface
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area compared to the Ti nano-composite sorbents. §bansistent with having higher
metal content also. The increase in surface areaodie facid post treatment, despite a
slight drop in metal content, likely indicates thatg®were created within the iron
hydroxide nanoparticles themselves.

Combined with metal content data, the surface area &fata a glimpse at the
morphology of the synthesized nanoparticles. For fbesats, the three metal precursor
concentrations produced sorbents with nearly identical sotface areas, but with a two
or three-fold difference in metal content. In ordar TIWBAX1-100% to have had the
same surface area with three times as much incogbna¢tal as the TIWBAX1-10%,
the metal nanoparticles must have been larger ongaiefgsuming nanoparticles were
solid TiO, spheres with a density of 4.2 gftithe average radius of the nanoparticles in
TIWBAX1-100% is 4.5 nm, and in TIWBAX1-10% is 1.7 nm.

Similarly for the Fe sorbents, the FeWBAX1-10% had alnsurface area with
higher metal content compared to FeWBAX1-10%-Acid, indigathe synthesized
nanoparticles must be larger on average. Assuming ndmtgsmare solid FeOOH
spheres with a density of 3.8 gftrthe average radius of the nanoparticles is 1.5 nm with
the acid post treatment and 3.3 nm without. The altemigspretation of the data is that
the acid post treatment did not change the size ofaheparticles, but opened pores

within the iron nanoparticles.

3.2 Simultaneous Pollutant Removal Ability
Psuedo-equilibrium batch tests conducted in simulated groteds@ked with 2
KM Cr(VI) and As(V) demonstrated that all synthesizedbants were able to remove
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one or both of the pollutants. Comprehensive resultd tdsib including Fruendlich
isotherm parameters and pollutant removal capacitiemetgled in Sl Table 5.3.
Informative cases will be further discussed here.

Figure 5.4 shows pollutant removal found by preliminary sipglat equilibrium
tests for each of the parent sorbents and Ti and Fec@nposite sorbents synthesized
with 10% precursor concentration. As expected, each dhtbe parent WBAX resins
showed higher Cr(VI) than As(V) removal. For eaclbsot, the Fe nano-composite lost
Cr(VI) removal but added As(V) removal. The Ti nano-posite gained both Cr(VI)
and As(V) removal and maintained preference for Cr(@f)the three parent sorbents,
nano-composites synthesized using WBAX1 demonstrateddghedtipollutant removal,
so the remaining results focus on WBAXL1.

3.2.1 Acid Post Treatmerfigure 5.5 shows the equilibrium isotherms for
WBAX1, FeWBAX1-10%, and FeWBAX-10%-acid. The WBAX1 exhibited theghest
capacity to remove Cr(VI). This is demonstrated by a &lne/<1 (a flat line on the
graph) which indicates favorable binding energy, as wellagh K value (high on the
graph) which indicates high capacity for pollutant remavahe thermodynamic state
characterized by the 1/n value. However WBAX1 exhibiteddhest capacity to
remove As(V) with final pollutant concentrations ngagtiuivalent to the initial
concentration. This shows the parent resin has ahighycapacity for Cr(VI), but is
unable to remove As(V).

In order to simultaneously remove both Cr(VI) and Asf¥ie FeWBAX needs an
acid post rinse after synthesis. After embedding withdf®particles using only the
previously published process developed for SBAX (i.e. FeWBAX1)18%me As(V)
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removal capacity is added. However, most of Cr(VI)aeahcapacity was lost, dropping
below even the As(V) removal capacity. The isoth&ne became much steeper
indicating unfavorable sorption. However, with an acideidaring the final synthesis
step (i.e. FEWBAX1-10%-Acid), both the Cr(VI) and As(¥moval capacity were
significantly increased in subsequent batch sorptiomgesthe Cr(VI) removal capacity
was restored nearly to the same level as the pantwéh the same flat isotherm line,
and the As(V) removal capacity was nearly equivalent.

In contrast, the effect of the acid post rinse waohserved in the TIWBAX. As
seen in Sl Table 5.3, both the TIWBAX1-10% and TiWBAX1-10%edAdemonstrated
high capacity to remove both Cr(VI) and As(V) simtiartthat of FeWBAX1-10%-acid
without the significant loss in capacity seen in FAXR-10%. The TIWBAX does not
demonstrate a need for the acid post rinse after systhesi

We attribute the loss of Cr(VI) and As(V) removal capain the FeWBAX
without the acid post rinse to a change in the ion engddunctional group during
exposure to sodium hydroxide during the precipitation step. WB&s<a tertiary amine
functional group which is uncharged at high pH. The nitragéy takes on a positive
charge if its electron pair becomes associated witfon. That is why WBAX resins
report optimal performance below pH 6.5 (McGuire et al. 2087) why they are
classified as being only weakly basic. During nano-conpasnthesis, the Fe is
precipitated in-situ by soaking in a strong base soluB@sides just precipitating the
iron nanoparticles, the hydroxide also reacts with thereexchange functional groups.
It strips them of the associated protons and rendersttbgen atoms uncharged,
drastically reducing the ion exchange capacity. Thereforaci post-rinse is then
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required in order to restore the ion exchange capactiyedtertiary amines. The acid
provides a high proton concentration to replace thosellogtg hydroxide soaking and
reactivates the ion exchange functional groups. Thikigriated in Figure 5.6. In
comparison, TIWBAX does not require the acid post-rirssabse the synthesis
procedure does not include a hydroxide soak (instead precigithémmetal
nanoparticles via high temperatures). Thus the acidrpest has little effect on the
TIWBAX, but is required for the FeWBAX.

The null hypothesis to this interpretation was thataitid post rinse left localized
low pH areas, where both Cr(VI) and As(V) would be pness monovalent anions
instead of divalent anions and therefore take fewettisorpites and increase the sorbent
capacity. This was disproved by performing the synthesisepsowith no metal in the
precursor solution to demonstrate removal capacity wasistod pH effect but actual
sorption to the metal nanoparticles and anion exchargeresults are included in Sl
Table 5.3. The FeWBAX-0% showed almost no capacity to veragher Cr(VI) or
As(V). This is because the hydroxide rinse removed the axolmange capacity and did
not have any metal nanoparticles. The FeWBAX-0%-Acatsssfully restored the
anion exchange capacity for Cr(VI) removal, but withivet metal nanoparticles still
exhibited no As(V) removal capacity.

These results demonstrate that As(V) removal by FeWBAXe to the presence
of the iron hydroxide nanoparticles, and is not due to amgr@trtifacts from the
impregnation process itself or pH effects from thel @oist-treatment. They further
confirm that the acid post-treatment is required to regtwe ability to remove Cr(VI)
after the iron impregnation process, independentlyefttiual presence of any metal.
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Pollutant removal capacity of the titanium infused WB&Xargely unaffected by the
acid post-rinse, and may not merit the small loss irahoemntent.

3.2.2 Metal Precursor ConcentratioRigure 5.7 shows the equilibrium isotherms
of WBAX1, TIWBAX1-10%, TIWBAX1-50%, and TiIWBAX-100%, all with 2hour
hydrolysis time. The WBAX1 data is repeated from Figure & sdmparison. WBAX1
demonstrated high removal of Cr(VI) and insignificant ogal of As(V). TIWBAX1-
10% and TiIWBAX1-50% both demonstrated favorable binding energyofith Cr(V1)
and As(V) with capacity almost as high as WBAX1 for\G)( TIWBAX-100%
demonstrated only mediocre removal of both Cr(VI) and/As(

Figure 5.7 demonstrates that the parent resin had a vergdpgleity for Cr, but
was unable to remove As(V). After embedding with Ti nanigas via the previously
published process developed for SBAX (100% precursor solusomje As(V) removal
capacity was added. However, significant amounts of ¢r@fhoval capacity was lost.
Sorbent synthesized with 10% or 50% solution lost only g s:eerall amount of ability to
remove Cr(VI), but added an almost equimolar ability toaee As(V). Between the
two, TIWBAX-10% was slightly higher for Cr, but TIWBAX-50%as slightly higher
for As(V).

3.2.3 Hydrolysis TimeFigure 5.8 shows the pollutant removal capacity at 2uM
pollutant concentration of Ti sorbents synthesizedh watrious oven heating times. The
Cr(VI) removal capacity ranged from 16.5 to 26.2 pmol/g ardA$(V) capacity from
7.4 10 19.7 umol/g. Overall, very little difference in piwdint removal capacity, metal
content, or surface area is observed by reducing thenbeatie from 24 hours to 16, 8,
or 4 hours. While some statistically significant difieces are evident sample to sample,
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further testing would be required to clarify these treiggparately, a slight increase in
removal capacity by performing the acid post-treatmemh ffoaVBAX1-10%-24hr to
TIWBAX1-10%-24hr-acid is observed, but it is not as sigafficof an increase as that

seen between FeWBAX1-10% and FeWBAX1-10%-acid.

3.3 Impacts of Synthesis Conditions on Simultaneous Removal Ability

The acid post rinse was the most significant variablendwsynthesis of
FeWBAX sorbent in terms of characteristics and patiutamoval capacity. This
resulted in loss of some iron content, but was soaatipared to the large gains in
pollutant removal capacity. Comparatively for the TiWBAhe acid post rinse resulted
in only marginal gains on pollutant removal capacity. €fee it may not be worth the
associated loss of titanium content.

The metal precursor concentration was the most significariable during
synthesis of TIWBAX in terms of sorbent charact@sand pollutant removal capacity.
While previous studies have concluded that higher metaéobis favorable (Hristovski
et al. 2008Db), this study demonstrated there can be too macganfd thing. The
TIWAX1-100% had lower pollutant removal capacity than Ti¥E.-50% or
TIWBAX1-10% (Figure 5.7). This shows that strictly increassogface area is not
sufficient because TIWBAX-100% had the highest surface @fgure 5.3), and that a
proper pore size distribution with surface that is asitde to pollutants and useful to
sorption is required. SEM imaging (Figure 5.2) further suppbéisthe loss in removal
capacity is due to excess metal precipitation clogginggpand covering ion exchange
sites. Figure 5.9 shows this effect by normalizing pollutantoval capacity to metal
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content. The figure demonstrates that TIWBAX1-100% showiel dbility to remove
pollutants with very high metal content. TIWBAX1-50% haligh pollutant removal
capacity, but with a high metal content. TIWBAX1-10%usoin had similarly high
pollutant removal capacity with lower metal conterftisTsuggests that the additional
metal content beyond that provided by the 10% precursor@oldidl not add any
additional functionality to the sorbent. TIWBAX-10% aeles nearly identical pollutant
removal capacity and pore size distribution as TIWBAX1-5@ifg five times less

titanium during synthesis and only half as much final titanaontent.

4. CONCLUSIONS

Nano-composite sorbents with sorptive metal nanapestsynthesized in-situ
inside of porous sorptive material can be used to sinedizsly remove multiple
pollutants from drinking water. Nano-composite synthpsi€edures cannot be blindly
applied to any parent sorbent or any embedding metal. Unique pespetWVBAX
require adaptation in the synthesis process comparedeosuaitbents, and even Fe and
Ti nanoparticles should be synthesized differentlgle&ion of synthesis variables such
as metal precursor concentration can influence nano-catepharacteristics and
subsequent capacity to remove both Cr(VI) and As(V). Taledsit pollutant removal
capacity demonstrated for an iron infused sorbent was PX¥B.0%-acid, and for a
titanium infused sorbent was TIWBAX1-10%. This work hasvaht

Nano-composite synthesis methods developed for GAC AXSRnnot blindly

be applied to WBAX. Synthesis methods should be optoiniae compatibility

with its unique functional groups and chemistry.
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Infusion of Fe or Ti nanostructures does not signifigasiécrease the parent resin
capacity for Cr(VI) removal, but does significantly inese the capacity for
As(V) removal. TIWBAX has higher capacity for simuleous removal of Cr(VI)
and As(V) than FeWBAX, which is still higher than théet existing sorbents.
Acid post-treatment is required to restore ion exchangaaity of tertiary amine
functional groups on FeWBAX after exposure to high pH dunanoparticle
precipitation.

Lower precursor concentrations result in smaller s@®oparticles in FeWBAX
and TIWBAX. Excessively high precursor concentratiorssitein higher metal
contents but block pores and coat binding sites, resultitayer treatment
capacity.

Oven hydrolysis time in titanium synthesis can be redwaéhout significant loss
in metal content or pollutant removal capacity.

Metal nanoparticles are dispersed throughout the nesirgoated on the exterior.
Increasing total surface area is not directly relateddeasing pollutant removal
performance, but creating a pore size distributionithatcessible and useful for

pollutant sorption.
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Fe Content
Sample Gravimetric Acid Digest Relative Error
FeWBAX1-10% 19.3% 19.9% 3.1%
FeWBAX1-10%-Acid 5.2% 4.9% 5.8%
FeWBAX2-10% 2.7% 2.6% 3.7%
FeWBAX3-10% 3.3% 1.9% 42.4%
FeSBAX-10% 7.2% 18.7% 160%
Bayoxide E33 55.9% 59.4% 6.3%

Sl Table 5.1Comparison of metal content determination methodxdrtent of
FeWBAX was determined by acid digestion, but Ti conteidfBAX was determined
gravimetrically (due to insolubility in nitric acid). To rthe ability to compare results
from the two methods, the Fe content of split samplas determined both ways.
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Figure 5.1 Images of the synthesized sorbents. A) is themal/BAX magnified
in the silver epoxy. B) is an EDX image showing kbeation of Ti in the TIWBAX-
100%Ti. C) is an EDX image showing the locatiorefin the FeWBAX-10%. Inset
light microscopy photographs are WBAX, TIWBAX-100%#&nd FeWBAX-10% at 60x
magnification respectively.
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Figure 5.2 SEM images of TIWBAX1 synthesized with varioustaigrecursor
concentrations and the parent WBAX1 resin at 380x00agnification, and FeWBAX1
with or without acid post-treatment at 200,000x mégation.
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Table 5.1 Metal Content of Synthesized Sorbents. The Fd oompositional
percentage of dry nano-composite sorbents synthesitkdne of four parent resins and

different metal precursor concentrations.
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Sl Table 5.2Water Content of Synthesized Sorbents. The watapasitional
percentage of saturated nano-composite sorbents sythegih one of four parent

resins and different metal precursor concentrations.
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Sl Figure 5.1 Water content as a function of metal contensfothesized hybrid
sorbents. Diamond symbols indicate sorbents bas@dBAX1, square symbols indicate
sorbents based on WBAX2, and triangle indicate esaibbased on WBAXS. Filled
symbols indicate iron content as Fe, and empty sysnhdicate titanium content as Ti.
Increasing metal content correlates with decreassddr content for the titanium
embedded sorbents and iron embedded WBAX1.
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Figure 5.3 Pore size distribution and total surface are@tafium nano-
composite WBAX using various precursor concentretio
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Cr Isotherm Parameters As Isotherm Parameters Calculated Capacity
Primary qCr gAs
Variable Sorbent Name Data Set K 1/n >y K 1/n 4 Ce (UM) (umolg) (umollg) SRC
- WBAX1 Isotherm 28.52 0.44 0.91 0.00 0.00 0.0p 2.0 38.6 0.0 0,0
5 _§ WBAX1 Single Point 2.0 0.3 0.0 0.1
2 8 WBAX2 Isotherm 5.65 0.20 0.25 0.76 0.78 0.7 2.0 6.5 1.3 216
s g WBAX2 Single Point 2.0 0.2 0.1 0.1
O  WBAX3 Single Point 2.0 0.1 0.1 0.1
-~ SBAX Single Point 2.0 0.2 0.1 0.1
g TIWBAX1-100%-24Hr Isotherm 3.97 0.34 0.49 3.12 -0.C3 002 .02 50 3.1 5.2
= 8 = TIWBAX1-50%-24Hr Isotherm 16.88 0.35 0.91 13.75 0.37 095 .02 216 17.7 27.4
O TIWBAX1-10%-24Hr Isotherm 21.23 0.35 0.70 10.82 0.18 042 .02 270 12.3 22.4
-E TIWBAX1-10%-4Hr Isotherm 16.92 0.34 0.98 13.09 0.42 097 02 214 175 271
2 TIWBAX1-10%-8Hr Isotherm 19.70 0.43 0.70 13.96 0.43 064 02 266 19.7 31.6
= TIWBAX1-10%-16Hr Isotherm 10.59 0.64 0.89 6.08 0.27 093 02 165 7.4 134
-i; TIWBAX1-10%-24Hr-Acid Isotherm 15.56 0.43 0.96 10.21 0.57 0.89 2.0 20.9 15.1 245
I TIWBAX1-10%-24Hr Isotherm 10.00 0.85 0.84 6.53 0.63 070 02 181 10.1 17.7
% g g FeWBAX1-10% Isotherm 1.50 1.70 0.9% 9.40 1.13 0.7 2.0 49 520 95
<_*a — FeWBAX1-10%-Acid Isotherm 9.68 0.33 0.7¢ 11.€0 0.35 098 02 121 15.1 18.9
£  FeWBAX1-0% Single Point 2.0 3.7 0.2 0.4
§ FeWBAX2-0% Single Point 2.0 1.6 0.4 0.7
8 FeWBAX3-0% Single Point 2.0 2.3 0.7 14
5 FeWBAX1-0%-Acid Single Point 2.0 115 0.4 0.7
g FeWBAX2-0%-Acid Single Point 2.0 7.6 1.7 3.3
8 FeWBAX3-0%-Acid Single Point 2.0 6.8 1.0 19
& FeWBAX2-2% Isotherm 0.09 7.78 0.88 0.00 0.00 0.dJo 2.0 189 0 0. 0.0
e FeWBAX2-10% Isotherm 0.16 6.45 0.8% 1.07 1.85 0.52 2.0 36 9 & 74
FeWBAX2-20% Isotherm 0.30 4.69 0.97 0.80 2.86 0.7 2.0 77 8 5. 92
FeWBAX1-10% Single Point 2.0 0.1 0.1 0.1
S FeWBAX2-10% Single Poin 2.0 0.1 0.1 0.1
‘E’ FeWBAX3-10% Single Point 2.0 0.1 0.1 0.2
ﬂg FeSBAX-10% Single Point 2.0 0.1 0.2 0.2
S FeWBAX1-10%-Acid Single Point 2.0 0.2 0.2 0.3
§ FeWBAX2-10%-Acid Single Point 2.0 0.2 0.2 0.3
FeWBAX3-10%-Acid Single Point 2.0 0.2 0.2 0.3
FeSBAX-10%-Acid Single Poin 2.0 0.2 0.3 0.3

Sl Table 5.3Equilibrium batch test results. For Cr(VI) and As¢¢moval
capacity for all nano-composite synthesized sorberstsoa/n based on a single point or
a full isotherm. For full isotherms, the observeddfrdlich isotherm parameters (K in
(umol/g)(L/umol}’" and 1/n) are shown. The Simultaneous Removal Cag&Rg) is a
weighted average of the two removal capacities as prelyia@escribed (Chapter 4).
Blank values were not measured. Zero values indicate serwdble removal. Sorbents
with multiple entries indicate multiple batches oflsent were synthesized.
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Figure 5.4 Pollutant removal by three WBAX parent sorbemtd &i or Fe nano-
composite sorbents.
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Figure 5.5 Equilibrium isotherm for three sorbents; WBAX1BAX1 with
embedded iron nanoparticles, and WBAX1 with embddd®n nanoparticles plus an
acid post-rinse. Performed in a simulated groundwaiatrix with Cr(VI) and As(V)
spiked at 2 uM.
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Figure 5.6 Tertiary amine functional group on the surface of wesde anion
exchange resin requires a proton to carry a charge.Xpos@e to strong base during
synthesis of iron nanoparticles strips the proton and baisbunteracted by an acid post
rinse.
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Figure 5.7 Equilibrium isotherm for titanium nanoparticle eedded WBAX
synthesized using various precursor concentratidedormed in a simulated
groundwater matrix with Cr(VI) and As(V) spikedapM.
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Figure 5.8 Pollutant removal capacity of five titanium naadjcle embedded
WBAX sorbents using 10% precursor solutions andbusroven hydrolysis times.
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Figure 5.9 Equilibrium pollutant removal capacity normalizedmetal content
for Ti nano-composite sorbents synthesized witbddifferent metal precursor
concentrations. Removal capacity at 0.2 uM polliga@alculated by Fruendlich isotherm
parameters observed in simulated groundwater leeqolriments.
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CHAPTER 6
REDUCING SUSTAINABILITY IMPACTS OF METAL NANOPARTIQE
EMBEDDED ANION EXCHANGE RESINS USING ANTICIPATORY IEFE CYCLE

ASSESSMENT

ABSTRACT

Nano-composite sorbents are an emerging technologlrifiking water
treatment of multiple pollutants. This novel technolagy be developed in a proactively
sustainable way when informed by anticipatory life cygdsessment. This allows
comparison of synthesis methods and treatment opiaegifies critical steps in their
creation and use, and directs reduction of the environireamdehuman health impacts
such that it becomes favorable compared to the existuhgpaodogy. Here we use
anticipatory life cycle assessment for nano-compasitbents that have iron or titanium
nanoparticles created in-situ within the porous strucitiseweak base anion exchange
resin (Fe-WBAX and Ti-WBAX). These provide targeted realaf hexavalent
chromium and arsenic for drinking water. They are contgptréhe existing technology
of using two different materials (anion exchange and grafedac hydroxide) in a
mixed bed (MB).

The Ti-WBAX had the lowest environmental and humanthaaipacts
compared to Fe-WBAX and MB for nine TRACI categoriese He-WBAX had the
highest. The synthesis phase contributes 50% — 100% aftdiéenipacts for each
category for each sorbent. The greatest opportunitmpoave the Fe-WBAX synthesis

was increasing the sorbent pollutant removal capawiugh chemical re-
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functionalization of ion exchange groups to require $esbent for treating the functional
unit. This reduced impacts by 26% — 42%, making it favorable ol eaphalMB for six

of nine categories. The greatest opportunity to improw&BAX is in reducing oven
heating time for nanoparticle hydrolysis. Reducing hedtmg from 24 to 4 hours had
only a small loss in sorbent capacity but reduced impmc89 — 31%. Future
development of synthesis methods for nanocompositests should focus on
optimizing sorbent capacity, decreasing heating energy dtraad efficiently reusing
metal precursors and solvents. This study shows thafitseaf treating drinking water
do involve other environmental and human health tradearif$ that impacts associated

with treatment are on the same order of magnitudesasdition pressurization.

140



1. INTRODUCTION

Development of nanotechnology has led to many excapplications for treating
water to drinking standards. Nanopatrticles have high susli@zeto mass ratio providing
unique sorption, disinfection, and photocatalytic pollutaduction abilities (Qu et al.
2013), but on their own are difficult to remove from fivesl water after dosing.
Composite sorbents have nanoparticles embedded in thespstructure of another
sorbent (Du et al. 2013, Hu et al. 2015, Yamani et al. 2012)pai@nt sorbent provides
mechanical strength for use in packed beds, attachmerwtr®particles are not lost into
the bulk solution, and a beneficial elevated concentrgiiadient within the pores due to
Donnan exclusion(Cumbal and Sengupta 2005, Zhao et al. 2011¢. ffd@3-composite
sorbents can exhibit high removal capacity for multggéutants (Elton et al. 2013,
Hristovski et al. 2008a, Sandoval et al. 2011, Sarkar 20&R). Continued technological
progress of novel applications and abilities for nanguusite sorbents is expected.

Emerging technologies should be developed with an eyadosustainably
instead of relying upon costly mitigation after widespreadgtdo. Life cycle
assessment (LCA) provides a framework to anticipatagbreely the environmental and
human health impacts of a technology as it is developarrently, the most common use
of LCA in studying water is to quantify embedded energy itewsupply and
transportation (Plappally and Lienhard 2012, Stokes and Ho2@&h, 2011). It has
been used with other emerging technologies to set penf@emaetrics, such as hybrid
cars (Hawkins et al. 2012), high speed rail(Chester andatto2010), and photovoltaic
energy (Wender et al. 2014). Anticipatory LCA of an ermgygechnology is challenging

because of an inherent lack of data regarding technology weiments and production
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scale-up, and one way to address the challenge is throegi psospective structured
scenarios(Wender et al. 2014). One other study has usedd €A performance metrics
for an emerging water treatment technology (Chod @045). This approach allows
sustainability performance to be a design constraintadsséan afterthought.

The goal of this paper was to inform sustainable developaferano-composite
sorbents using anticipatory LCA. Critical processethénenvironmental performance
involved with the deployment of this emerging technologyendentified. Multiple
nanocomposite sorbents were compared from an environinpentarmance perspective,
and technology development scenarios were explorediafideshat is required to
outperform traditional sorbents. It demonstrated howcgatiory LCA can be used to
improve product design and development. The present studygise because it informs
selection between treatment options, and because iestoa@nocomposite sorbents.

This paper will focus on two nano-composite sorbentsposed of metal oxide
nanoparticles inside anion exchange resin. The nanoparéicé created in-situ made of
either iron (Fe) hydroxide or titanium (Ti) dioxide. These selected for comparison
because Ti nanoparticles are hydrolyzed using heat and Bparticles are precipitated
chemically. Previous studies have established synthexiscpis for Fe embedded
(Hristovski et al. 2008a) or Ti embedded (Elton et al. 2013)na@xchange resins. In
Chapter 5, these synthesis procedures were applied tobasalkanion exchange resins
(Fe-WBAX and Ti-WBAX). This study will provide critical infmation to inform
technology development, quantify environmental impactbeif use, and determine

which of the two resins is superior in terms of environagoerformance.
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The Ti and Fe nano-composite sorbents made with WB#Xseful to provide
simultaneous treatment of chromium (Cr) and arsens}.(Ahese are prevalent
groundwater pollutants that are challenging to remol@natoncentrations. Cr is an
oxidized metal for which California recently enacted aximum contaminant level
(MCL) of 10 pg L*. One of the leading treatment technologies is anion
exchange(Brandhuber et al. 2004a). The national MCLr&&méc (As) was lowered to
10 pg ! in 2006 due to a variety of human ailments including caot#re bladder,
lungs, and skin. The leading treatment processes ispddsoto iron oxides(Speital et al.
2010). Combining metal oxide and anion exchange into a singipasite sorbent
provides targeted removal capacity for both pollutantstefest.

The evaluation of these new hybrid resins were comparen tenvironmental
impacts of using the existing technology. Standard praetizéd otherwise be to use
two separate sorbents, one specialized to remove onggmbland the other sorbent
specialized for the other pollutant. These two sorbemd tegyether could be configured
either in two separate packed bed reactors that the padses through in series, or
mixed together into a single larger reactor. This treatmption is referred to as Mixed
Bed (MB). The assumed specialized sorbents anion exclie/igaX) for Cr removal,

and a metal oxide (MO) sorbent for As removal.

2. METHODOLOGY

The environmental impacts of two metal oxide infused weak dais@ exchange
resins were assessed via comparative, attributionaydte assessment (LCA). Two

scenarios were included for each sorbent; an existinggoi$cenario using established
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protocols meant to inform how the synthesis procedurdeamproved, and an
improved technology scenario demonstrating the hybridestslzan outperform existing
technology. The existing technology of using two sepa¢eialized sorbents in a
mixed bed was analyzed for a comparative benchmark. Impigtsssurizing the
system were also analyzed for anchoring and compaiasprevious studies.

First, a functional unit was defined to compare thettmeat options. Next, the
system boundary was defined, which enabled the life ayeéntory to be compiled.
This inventory is a list of all material and energy irgto and out of the system
boundary. The quantities of these inputs were scaled angdalthe functional unit.
Finally, the environmental impacts associated with theiteras from the inventory were
assessed. This was done using impact factors that conasstof an inventory item into
midpoint environmental impact equivalents that, in turny bteesummed to give total
impact associated with each product. This approach enabiguacson of the two
sorbents from an environmental standpoint, as well asifigiag phases of the sorbent

life cycle with the largest potential for environmentapnovement.

2.1 Functional Unit

The functional unit for this study was 20 million gakofMG) of drinking water
treated to an acceptable level. This represented thelavarage domestic water use of
500 people (110 gallons capltday’). An acceptable level of use characteristics such as
fines lost, chemical stability, and resin durability veaasumed to be met by every

treatment option.
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In order to fairly compare disparate pollutant remaegdacities between the
three treatment options it was requisite to definewawater quality and treated water
quality goal. This study assumed a raw water quality of 2Glg"* and 20 pg As L.
These levels were sufficiently high that treatmeatia be required beyond blending
with uncontaminated wells. The assumed water treatmefityqg@al was 8 pg Cr t
and 8 pg As [, which provided a margin of safety beyond the federal ntaddED pg
As L™ maximum and California state mandated 10 pg €rt.was therefore equivalent
to think of the functional unit as a mass of sorbequired to remove 12 pg Cr'tand
12 pg As L* from 20 MG of water. The mass of sorbent included énitlventory was
therefore the mass required to treat a volume of veltimed by the functional unit
keeping both pollutants below the defined limit. A lovpaeity to remove either
pollutant would result in an increased mass of resisidered.

The capacity of each sorbent to remove each pollubanhé existing protocol
and improved protocol scenarios was determined in Chapelldwing the original
synthesis procedures, the Fe-WBAX has an estimated e¢mapacity of 490 pg Cr'g
and 172 pg As §at the pollutant concentration of interest. Theretoeating the
functional unit worth of water would require 1,800 kg of smthif determined by Cr
capacity or 5,300 kg if determined by As capacity. The larger selected since it would
be unacceptable to keep using the resin after As capaastgxhausted even if it was
still removing Cr. The improved synthesis method for F&XB/ielded a sorbent with
300 pg Cr ¢ and 510 pg As §removal capacity. It was therefore limited by Cr cétyac
and requires 3,040 kg of sorbent to treat the functionalworith of water. The original
Ti-WBAX had 630 pg Cr g and 600 pug As §removal capacity requiring 1,500 kg
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sorbent. The improved TIWBAX had 510 pg Crand 500 pg As§ requiring 1,800 kg
sorbent. The WBAX had a Cr capacity of 310 pg €reguiring 2,900 kg of sorbent to
treat the functional unit. Another study found the M@ ha As capacity of 280 pg'g
((Westerhoff et al. 2005} aquiiring 3,200 kg to treat the functional unit. The MB apiitcludes

both the 2,900 kg of WBAX and the 3,200 kg of MO.

2.2 System Boundary

This LCA was unique because it follows the life cyclehaf treatment product
itself instead of the water. The evaluated system bourdatyhree principle phases: 1)

Synthesis, 2) Use, and 3) Disposal. Figure 6.1 depicts sthensypoundary.
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Figure 6.1 The system boundary includes the synthesis of the watgment
material by the original synthesis method, the enegguired to overcome headloss
during use, and landfill disposal after exhaustion. Ituedes (greyed boxes) any impacts
from material transport and water transport beforafter treatment, as these are highly
sensitive to assumptions on system location and nohdepeon the treatment method
itself.
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2.2.1 Synthesis Phasd.he methods for synthesis of the hybrid resins hage be
previously described (Elton et al. 2013, Hristovski et al. 2QG@G8&) proposed
modifications are described in Chapter 5. They eachnedtjinputs of the parent ion
exchange resin, a precursor solution consisting of a lmgbentration of aqueous metal,
and some post treatment chemicals. The Fe-WBAX useadicals like methanol and
sodium hydroxide to precipitate the metals, whereas tWBAX used heat-induced
hydrolysis that expends electricity.

The original synthesis procedure for Fe-WBAX used hydroxmelras no acid
post-rinse to restore the ion exchange capacity oMBAX, resulting in a sorbent with
little pollutant removal ability. The improved synthegiecedure included an acid post
rinse to increase sorbent capacity. This added environmeatts from the acid, but
greatly reduced the mass of sorbent needed to treatritigofal unit and is a net benefit.
The original synthesis procedure for Ti-WBAX called &3 hours of oven heating to
hydrolyze the Ti nanoparticles. The improved synthessario used 4 hours of oven
heating with only little drop in pollutant removal ability

The Ti-WBAX was heated in a Cole Palmer StableTemp 3@hBratory oven
and electricity demand measured using a DFE Kill-a-Wattpdier monitor. Set at
80°C, the oven consistently used 165 watts over a 72 hronogitperiod. This is noted
to be much lower than the manufacturer power ratirgp0fwatts. Heating for 24 hours
therefore demanded 4.0 kW hr for each liter of resiis.riecognized that large scale
production would likely utilize more efficient oven packigd further reduce the energy

demanded.
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2.2.2 Use Phasél’he principle inventory of the use phase was the ereyired
to pump water through the resin. This was computed using Issguio bed depth of 5.2
ft ft™* as reported from the parent resin product specificatieatsffRohm & Haas 2008).
The headloss through the nano-composite sorbentsssamad to be the same as the
parent resin, which was reasonable since the embedded riamlepao not add exterior
surface friction. Only intraparticle mass transport widag affected, which is not related
to advective mass transport. The main source of difeeréor energy required by the
treatment options stemmed from different massesriesit required, such that higher

mass of sorbent required more energy to pump through.

Results from the treatment option analysis were amechto the amount of energy
required to pressurize the water distribution systemesatrédatment vessel. Energy for
pumping from the source or after treatment were notiderex as these would be highly
dependent on system location and not the choice athtent material.

The bulk weight of moist resin is 1.1 kg per liter (RohniH&as 2008), which was
used to convert the required mass of resin calculat&dation 2.1 to a volume. The
contact vessel containing the sorbent was assumedctditérical with an aspect ratio
of 3. It was more reasonable to assume a constantt aafjie¢han constant diameter to
stay within typical design parameters since a largkme of resin would likely be used
in a larger diameter vessel to avoid an overly tadbeé The original Fe-WBAX vessel
was therefore estimated to be 4.2 feet in diamegkdarfeet tall. The original Ti-WBAX
vessel was 2.7 feet in diameter and 8.2 feet tall. Thev&#3el was 4.4 feet in diameter

and 13 feet tall.
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Pump power demand was estimated with the vessel dimeregoording to
Equation 2.

P=Q gH 2
where P was pump power in kW, Q was water flow ragaifons mif', was water
density in Ib f&, g was gravitational acceleration in ff,sH was headloss through the
resin in ft, and is pump efficiency. The flow rate defined in Section 2a5\®0 MG per
year, equivalent to 38 gallons rilinwater density was 62.4 I6*ftand gravity was 32.2
ft s2. Headloss in the resin bed at a loading rate of 1énigél ft? is 2.25 psi per foot of
bed depth (Rohm & Haas 2008), equivalent to 5.19 feet of heddqieaf bed depth.
Pump efficiency was assumed to be 60%. Using the sepmatgepths of the three
treatment options yielded required pump power for Fe-WBAXR.&7 kW, 0.51 kW for
Ti-WBAX, and 0.81 for MB. These were equivalent to 6,800 k\Vfor Fe-WBAX,

4,500 kW hr for Ti-WBAX, and 7,100 for MB over the course néyear.

2.2.3 Disposal Phasdt is not currently understood how to regenerate WBAX
used for Cr(VI) treatment (McGuire et al. 2007), so thbeats were assumed to be
single use. As soon as the bed exceeded its removaityafpa either pollutant, it was
considered exhausted and replaced. The spent sorbentsjssahof the WBAX resin
and the metal, were landfilled. This study assumed digpos sanitary class Il landfill,
and future work will determine if the potential hazardous walassification would
require specialized disposal accommodations which cawseatlt environmental
impacts.

2.2.4 Exclusions from System BoundaryThe system boundary excluded a few
notable items from the life cycle inventory. The inveptdid not include materials of the
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treatment plant itself such as piping, valves, and ctotaessels. These materials would
be required for physical operation of the water treatremhnology, but were only
loosely attributable to the choice of sorbent itdetevious studies have indicated
environmental impacts from treatment plant construcamge between negligible
(Raluy et al. 2005) to 4 — 9% (Stokes and Horvath 2006).

No pH control chemicals were included because the sarp#ipacities for each
sorbent were reported for ambient pH. Each of therrent options would perform
better at depressed pH, but the relative benefit wasyad the same for each option and
therefore excluded from this comparison.

Transportation of the resin was excluded across #eitle, including moving
the parent resin to the place of manufacture, transgdtte hybrid resin to the water
treatment site, and hauling exhausted resin away fremith. This is because impacts
would vary widely based on an arbitrary assumption fotrireat location, and they
would not vary greatly between scenarios. Prior studiesd that material delivery for a
water treatment facility contributed less than 0.6%0tdl emissions (Stokes and Horvath
2006) and less than 2% of total global warming equivalent¢Stand Horvath 2011).

Impacts associated with the water supply are excludeds seich as well
pumping, source water depletion, and distribution pumpingxieided. This LCA
focused on differentiating treatment strategies, anqhats from those items would not

vary.
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2.3 Environmental Impacts

Environmental impacts were estimated by multiplying treedifcle inventory
items with their respective impact factors. Impactdexwere from the Ecolnvent
database version 2.2 (SCLCI 2010). Impact factors estiimat®tal environmental
impacts that a single inventory item has normalizeduoita(e.g. mass) in terms of
equivalent risk. It was important to match each invgnlioe item identified in the
system boundary to a representative impact factor.

An impact factor for a general anion exchange resis used (Anion Exchange
Resin — Synthesis). It represents a strong base axotiamge resin made of polystyrene,
functionalized with chloromethyl methyl ether and trimgamine, and 50% moisture
content. The three treatment options being studied us&dla base anion exchange resin
made of phenol-formaldehyde polycondensate, had undergam&kaown
functionalization, and had 60% moisture content (Rohm &s-2008). Though not exact
matches, it was deemed appropriately representativa flon@act factor since they are
both organic polymer structures with some form of fumaization and high moisture
content.

The chemical inventory items correlated closely witpawt factors. Sulfuric
acid, ferric chloride, sodium hydroxide, methanol, and sadihloride each had impact
factors with matching CAS numbers and descriptions. Taeitim oxysulfate precursor
was matched with the impact factor for titanium dioxice sulfate production process.
Electricity impact factors were a supply mix, mediuoitage, at grid, with average

United States production data.
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The impact assessment categories to be evaluatedlefared by TRACI
(USEPA 2014). This system is of interest as it was deeelan the United States and
covers a range of environmental and human health midpgpatcts. Some of the impact
categories were non-cancer toxicity, ocean acidiicaand global warming potential.
2.4 Data Uncertainty Analysis

Due to a lack of published statistical analysis in thaeriemt database, data
uncertainty is estimated using the approach outlined iEtoenvent manual
(Frischknecht et al. 2007). First, six sets of data wesditatively evaluated in a pedigree
matrix shown in Table 6.1. Anion exchange resin, methamal electricity were each
evaluated for inventory and for impact factors because ttess contribute a majority
of final impacts. These scores were converted to taiogy factors and combined to
produce a squared geometric standard deviation for each tafaisestatistical
information was applied to produce a lognormal distrdoufor each of the three
inventory items and three impact factors. Monte Camlnyesis (1,000 simulations) was
performed (Lumina Analytica v4.6) with the probabilisticorrhation, with the other
contributions remaining deterministic, to estimate taltmagnitude of the data

uncertainty.
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Table 6.1 Data Quality Assessment. The inventory and impasessment factor
quality for the three highest contributing itemsrevanalyzed. A score of 1 represents the
data used has high reliability, and 5 representsr@iability. These are converted to
uncertainty factors and combined to produce a sgugeometric standard deviation.
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3. RESULTS AND DISCUSSION

3.1 Life Cycle Inventory

The life cycle inventory was first compiled for eaokatment option, and scaled
to the mass of sorbent required to treat the functiomi&20 million gallons treated
water). Figure 6.1 shows the items included in this inverftorthe original synthesis
methods. The original iron nanoparticle-infused anion engbaesin (Fe-WBAX) had a
limiting pollutant capacity of 170 pg As*grequiring 5,300 kg of resin to treat the
functional unit. The synthesis phase of this resituthed high chemical usage. The
energy required during use phase equaled the headloss tlarpagked bed of the
required mass of resin. This totaled 65 feet of headtodsliver the functional unit
requiring 6,800 kW hr to overcome over one year. Dispdsal single use was to a
landfill. The improved FeWBAX required only 3,000 kg of reaid 5,600 kW hr
pumping energy.

The original titanium infused-anion exchange resin (TIAMB had a limiting
pollutant capacity of 600 pg As'grequiring 1,500 kg of resin to treat the functional
unit. The synthesis phase of the resin required enerhjgdt an oven for hydrolysis. Heat
required for the oven to reach 80°C for 1 hour was measisré@5 W, resulting in 5,400
kW hr demand for a scaled-size oven to heat for 24 hBursping during use phase had
to overcome 43 feet of headloss, requiring 4,500 kW hr of ppmapgy. Disposal after
single use was to a landfill. Improved TiIWBAX used onlyalirs of oven heating. The
required mass of resin increases slightly to 1,800 kgesbrbut the heating energy drops

to 1,090 kW hr.
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For the mixed bed treatment option, the parent WBAXMread a removal
capacity of 310 pg Crrequiring 2,900 kg of resin to remove just the Cr from the
functional unit. In addition, the metal oxide had 280 payAsorbent of arsenic removal
capacity, requiring 3,200 kg sorbent to treat the arseniseliven sorbents together
created 68 feet of headloss, requiring 7,100 kW hr of pumggte overcome. Disposal
after single use was to a landfill.

The results of the three treatment options are aednagainst the impact of
pressurizing the system to a baseline pressure that is irtibapert the treatment option
used. The pressure provided was 80 thahthe effluent of the treatment vessel, ignoring
any friction losses that would subsequently occur inidigion piping. This required

19,000 kW hr of pump energy.

3.2 Life Cycle Impact Assessment

TRACI midpoint environmental impacts associated withigldycle inventory
items were estimated by use of impact factors obtainea Eoolnvent v2.2 (SCLCI
2010). The impacts of all life cycle phases for eachesurim each impact category are
shown in Figure 6.2. These impacts were normalized tedt®ent option with the

highest impact for ease of comparison.
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Figure 6.2 Total impacts of each treatment option anchoogaréssurizing the
treatment vessel and normalized to the option thighhighest impact.
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Original Fe-WBAX had the highest impacts of the treatihogptions for all
impact categories. Its environmental impacts were 6,508adtequivalents for ocean
acidification potential, 9,000 kg 2,4 dioxane-equivalentetmtoxicity, 13 kg N-
equivalents for eutrophication potential, 47,600 kg-@Quivalents for climate change
potential, 0.9 kg CFC-equivalents for ozone depletion poteatial 66 kg NG
equivalents for photochemical oxidation (smog) poteritehuman health impacts were
89 kg benzene-equivalents for human carcinogenicity pokeh®d,000 kg toluene-
equivalents for human non-carcinogenic toxicity potéraiad 25 kg PMs-equivalents
for human respiratory effect potential.

The improved Fe-WBAX synthesis scenario with incrdasmption capacity
reduced impacts by 26% — 42% compared to the original sceligee improvements
made the impacts of Fe-WBAX lower than MB for ecotdyigotential and human
carcinogenicity potential, about equal (within 5%) with M four categories, and
remained 10 — 24% higher than MB for the other three cat=gdrhese drastic
reductions in impacts demonstrate the improved synthesieggavas successful.

The impacts from the original Ti-WBAX ranged from 29% — 66Rthose for the
original Fe-WBAX. Both the original and improved Ti-WBAsCenarios had lower
impacts than both Fe-WBAX scenarios and the MB fomaflact categories. The
improved Ti-WBAX reduced total impacts by 3% — 31% comparedemtiginal
scenario, except for eutrophication potential that irsgédy 5% and ozone depletion
potential that increased by 20%. This demonstrates nanos@mporbents can
outperform traditional treatment methods, and thatitita dioxide nano-sorbents may
be preferable to those of iron hydroxide.
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Impacts from pressurizing ranged from 14% — 100% of the higévestpt for
ozone depletion potential for which it was negligitBesides that category, the
pressurizing results were on the same order of magnitutie sise treatment options.
This means that the treatment stage is a non-insigntficontributor to the total
environmental impacts of the urban water cycle.

3.2.1 Phase Analysi$o understand the sources of the observed differences the
results were next broken down by phase. Figure 6.3 sh@nmpacts of each treatment
option divided by contribution from the synthesis, usel, disposal phases. For the
original Fe-WBAX resin the synthesis phase contributed 57%0% of the total impacts
for each impact category. The use phase contributed3®-to each category, and the
disposal phase contributed 0% - 17%. For the Ti-WBAX rég®rsynthesis phase
contributed 62% - 100% of the total impacts for each impaietgory. The use phase
contributed 0% - 38%, and the disposal phase contributedl3% for each category.
The two improved sorbent scenarios followed similandis. For mixed beds, the
synthesis phase contributed 50% - 100% of the total imf@acéach category. The use
phase contributed 0% - 50%, and the disposal phase eaattib% - 15%. For pumping,

all impacts occurred exclusively in the use phase by itiefin
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Figure 6.3 Relative contribution of each phase to total iotpdor A) original Fe-
WBAX, B) original Ti-WBAX, and C) Mixed Beds.
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It is very evident that the synthesis phase was #ia rmpact contributor for all
life cycle phases and all treatment options. This mast evident in the case of ozone
depletion, where over 99.9% of the calculated impacafyroption happened during
synthesis. This is due almost exclusively to the productidhe parent anion exchange
resin, which had an impact factor four orders of magnitudeehitgfian that associated
with any other inventory item. The production methodpiolymers often uses
tetrafluoroethylene and chlorofluoromethane, which eagh batremely high ozone
depletion potential. This illustrated an interestingléatf in water treatment that uses
polymer-based materials like ion exchange or coaguldritde the treatment was
intended to lower human health risks from exposure to idignkater pollutants, it came
at a high ozone depletion potential cost. Their use prdwstiert-term human benefit to a
localized population served by the water system, butiboiéd to a long-term regional
environmental problem.

The other synthesis impacts associated with the Fe-XVi@8in synthesis were
primarily from the cumulative impact of the chemicased to precipitate the iron
hydroxide nanoparticles. These chemicals included metlaaaahydroxide, which are
energy intensive to produce.

The synthesis impacts associated with the Ti-WBAtshed primarily from the
energy required to heat the resin in an oven hydrolytneditanium dioxide
nanoparticles. That is why large improvements in environaig@erformance were
gained by reducing the heating time. These impacts waresatsitive to assumptions
made about the oven utilization, i.e. the amount ofilesated per volume of oven. This
is an area where both environmental performance anaetorosts could be improved
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if further efficiencies are found during commercializataind production scaling since
the manufacturers can reduce electricity costs bgdillhe ovens to capacity.

Impacts associated with the Use Phase were the ldovestiginal Ti-WBAX
compared to the Use Phase for other treatment oplitwey. were 52% higher for the
original Fe-WBAX and 60% higher for mixed bed. This was duéédarger mass of
sorbent required for those options, and subsequently higlaglloss that had to be
overcome by pumping. Packed bed columns were assumed taimairit3 diameter to
height aspect ratio. This means that even though manettinee times as much volume
of original Fe-WBAX resin was required to treat an egleirtavolume of water as the
original Ti-WBAX resin, the bed depth only increased by 52#h e rest of the
volume compensated by increased column diameter. Diffasssumptions about bed
configuration would alter the results, but the total inipaoould still be relatively small
compared to synthesis impacts.

Impacts associated with the disposal phase were wealy for any of the
treatment options. This analysis assumed disposalsafigle use to a landfill. It
excluded any impacts associated with transporting thesotd the landfill. It also did
not consider any impacts associated with special handlogred for possible hazardous
waste or radioactive waste classification. Previous sbmdyBAX suggests that spent
sorbent would not be classified as toxic waste by Togx{€haracteristic Leaching
Procedure (TCLP) or the Resource Conservation and Becéet (RCRA), but may be
toxic waste as classified by Soluble Threshold Limit €smtration (STLC) and Total
Threshold Limit Concentration (TTLC) (Najm et al. 201%here are mixed results for if
the spent sorbent would classify as Technologically B Naturally Occurring
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Radioactive Material (TENORM) (McGuire et al. 2007, idagt al. 2014), possibly
dependent on how much uranium co-occurs in the source. \Eztteer way, further
exploration of this possibility was not considered bec#lusalisposal impacts relative to
synthesis impacts were small, so the remaining focageduio reducing impacts in the
synthesis phase.

3.2.2 Hotspot Analysidlext, further understanding of the impacts associatdd wit
the synthesis phase for the original sorbents waseeglFigure 6.4 compares the
impacts for three midpoint indicators (global warming ptérhuman non-carcinogenic

toxicity, and ocean acidification potential) delineatecehgh inventory item.
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Figure 6.4 Hotspot analysis of original FeWBAX, original TB¥AX, and mixed
bed showing impact contributions of individual imtery items to A) global warming
potential, B) human non-carcinogenic toxicity paiginand C) ocean acidification
potential.
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The single inventory item making the largest contribut@mpacts associated
with original Fe-WBAX was from the parent anion excharggn (20,100 kg C®
equivalents, 42% of the total in the case of climasngle potential). This was pursuant
to the high mass of resin required to treat an equivatdatme of water. The next
highest impact was from methanol (11,200 kg@Quivalents, 23% of the total in the
case of climate change potential), which is an orgamesband has high carbon
footprint. The original Ti-WBAX used less parent aniocwlgnge resin but still had
significant impact associated with it (5,800 kg £&uivalents, 34% of the total climate
change potential). It also used less titanium precursorttie Fe-WBAX uses iron
precursor, but the carbon footprint was nearly equivgleA00 and 1,500 kg GO
equivalents, respectively). Another primary synthessact associated with the Ti-
WBAX was the electricity required for oven heating (4,R§0CO-equivalents, 25% of
the total climate change potential). The overall sysithenpact of TIWBAX was smaller
than FeWBAX due to higher capacity for pollutant remarad not using methanol or
other chemicals.

The acidification potential and human toxicity impaassociated with each
sorbent broken down by inventory item showed similar al/enends as the global
warming potential. The largest impacts were from theilgand pumping electricity
and the parent anion exchange resin.

3.2.3 Proposed Impact FactorSo that future studies can simply use the results
of this study, impact factors associated with the Fe-WBAd Ti-WBAX are presented
in Table 6.2. These were found by summing the total imgactach category by phase
and normalizing to 1 kg of resin. For consistency with daterved in the Ecolnvent
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database, the synthesis and disposal phases weretpdesgparately with the use phase

omitted.
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Table 6.2 Proposed impact factors for 1 kg of Fe-WBAX andMBAX broken
up by synthesis phase and disposal phase.

167



3.3 Reducing Environmental Impact of Hybrid Sorbents

A primary goal of this study was to proactively improve slynthesis method of
hybrid sorbents by applying the LCA results to reduce tleeathenvironmental impact.
Energy associated with oven heating time to hydrolyeditAnium nanoparticles inside
the TIWBAX was a very large contributor to environmemgbacts that could be
reduced. Previous synthesis protocol called for 24 hours oblygths time(Elton et al.
2013). Here we compare pollutant removal performance oBR¥given 24 hours, 16
hours, 8 hours, and 4 hours of oven heating time. Trhaireng synthesis procedures
were unchanged (same parent weak base anion exchangd®@@simetal precursor
concentration). Reducing the oven heating time to 4 hedisces the climate change
potential by 8%, human toxicity potential by 16%, and oceatifecation impact by
20%.

Figure 6.5 shows the pollutant removal performance of ebtitese sorbents.
This was determined by methods used in Chapter 5. Briefly,g9@rynsorbent was
placed in 500 mL of synthetic groundwater (NSFI/AN 2007) spikiid 2 uM
hexavalent chromium and 2 pM pentavalent arsenic at gHe3pollutant removal
percentage was the difference in pollutant concentratieasured by inductively coupled

plasma mass spectrometry (ICP-MS) before and aftedasy equilibrium time.

168



Figure 6.5 Effect of hydrolysis time on pollutant removakpentage of
TiIWBAX. Synthetic groundwater dosed with 180 § sorbent was spiked with 2 pM
hexavalent chromium and 2 pM pentavalent arsenitia® and allowed to equilibrate
for 7 days.
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Decreasing the oven hydrolysis time from 24 hours to 4 hoarsased
chromium removal from 66% to 88%, and increased arseniovafrom 56% to 77%.
It was observed that pollutant removal capacity wassigmificantly inhibited by
reducing oven hydrolysis time to synthesize the TiWBMXile it may have been
possible that the reduced time increased removal perfoenaare detailed
performance testing should be carried out to validatectasn. This did clearly show
that the results of this study can be used to reduce enwnatal impacts without
forfeiting water treatment performance efficiency. T¢osroborates reduced oven
heating time as the improved scenario for TIWBAX irststiudy.

The original FeWBAX synthesis procedure calls for ngswith hydroxide,
which causes great loss in ion exchange capacity fqratent WBAX as further
discussed in Chapter 5. This loss means more than ime additional sorbent was
required for the original FeWBAX scenario and the greégtetential for improving the
environmental performance was improving pollutant removal dgpacreduce the mass
of sorbent required. The improved FeWBAX scenario incluatedcid-post rinse in the
sorbent synthesis to counteract the effects of theoxyde rinse and restore ion exchange
capacity. This added some environmental impact associatedh&iproduction of acid,
but greatly reduced the mass of sorbent required, providneg @eduction in climate
change potential by 39%, human toxicity potential by 37% o@edn acidification
impact by 28%.

Other opportunities to further improve on the environmepedibrmance of the
hybrid sorbents included reducing the demand for metal amweliganic solvents.
Efficient reuse of metal precursor solution would givgdagains in sustainability
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performance, and future development of hybrid sorbentddifmeus on reducing oven

heating, increasing sorbent capacity, and reuse of preaaotsmion.

3.4 Data Quality Assessment

Data uncertainty stems from heavy reliance on thesan factors for TRACI
impacts published in the Ecolnvent database that unfodiyrditi not include any
statistical analysis such as standard deviation. Theg almost all assembled from
sources in Europe, except for electricity generation (pumpeating) were US data was
available. All factors were used at plant, as desiredl dahnot include transportation to
synthesis location or water treatment location. Gootetaiion between inventory items
and described factors was generally found. For instapeeifie chemicals with
matching CAS numbers were identified in the database géneral anion exchange
resin was used from the database, but synthesis procedurgary widely and develop
rapidly over time lending to low reliability. Titaniuand iron ore impact factors also
vary based on production process, and using a single datehpsitow reliability. The
metal oxide sorbent used for water treatment in thednbed option is likely more
highly processed than the metal oxide impact factor assbméhis study, and adding
additional processing steps would serve to increase theamental impacts associated
with that treatment option.

A source of parameter uncertainty is the assumed pdiltgenoval capacity for
each sorbent. Fruendlich isotherm parameters weretosadculate pollutant removal
capacity at 0.4 uM from synthetic groundwater. Howevex ¢hpacity can vary greatly

depending on the influent water quality and the way it isl.uSer example, removal

171



capacity for any sorbent is generally higher if usediarkea bed flow through column
mode, which would presumably be the case here. HoweNgthe improved sorbents
were tested in the more time consuming column mode rsbdcsake of consistency
between sorbents, equilibrium capacities were usedgUsilumn mode capacities
would likely have the effect of scaling impacts fromsaltbents downward. Comparative
trends between them would likely hold, while the absolatlues of impacts would
decrease.

The data uncertainty associated with this study wasatgd using the above
gualitative analysis and the quantitative method previodes$gribed to estimate a
distribution for the inventory and impact assessmeatofaof the three items that most
strongly impacted final results. The standard deviatiaotaf global warming potential
was found to range from 121% — 154% of the median value édivia sorbent options
analyzed. The standard deviation of the total non-cageimc potential ranged from 94%
— 143% of the median value for the five sorbent optidhss range of variation is similar
in scale for each treatment option, but is largen the differences observed between
them. This makes is hard to make recommendations betive@ptions. Large
uncertainty is inevitable with anticipatory LCA (Wendral. 2014), but it does not
interfere with other valuable findings like relative magde of the novel technologies
compared to the existing, the hotspot analysis, and dewgetasi overall impacts by

using these results to improve the nanocomposite soidyemilation.
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4. CONCLUSIONS

This study demonstrates the value of using anticipatae¥itle assessment to
improve a technology during its development. The analyasable to proactively
identify the largest contributors to environmental impastsociated with creating and
using nanocomposite sorbents for groundwater treatmashtharefore inform improving
their synthesis protocol. The improved Fe-WBAX had 26% — 42861l impacts than
the original, and the improved Ti-WBAX reduced most impagt8% — 31%. In the
case of Fe-WBAX, the improvement brought the novebaot on-par with the existing
technology in terms of environmental and human healffaats, whereas it was not a
viable option under the original formulation.

Electricity use for oven heating during the synthesiSia/BAX is one of the
largest contributor to environmental impacts and onbefargest opportunities for
reducing those impacts. Technology developers can help reitiggde impacts by
focusing research efforts on reducing required hydrolysis,tand future commercial
manufacturers can help mitigate these impacts throughingilhigh efficiency ovens
and verifying full use of oven capacity each time ab@&synthesized. The Fe-WBAX
can be environmentally preferable to mixed beds when socheatity is optimized to
require less sorbent for treatment. This can be agtisimed through adding sulfuric acid
and sodium chloride post treatments to the synthestegspwhich have small impacts
compared to the parent anion exchange resin itself.nbémiy developers can mitigate
impacts by optimizing tradeoffs between using chemical tirmae pollutant removal

capacity and reducing the total mass of resin needed tatgpatn volume of water.
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Commercial manufacturers can help mitigate impactsutiir@fficient reuse of metal
precursor solutions and the associated solvents.

Second, this study demonstrates that using nanocompaoienss for
simultaneous treatment of multiple pollutants is ai@ble technological option
compared to the existing approach of using mixed beds oribsdsiés. Environmental
and human health impacts of the improved recipe Ti-WBW®Kocomposite sorbents are
48% — 74% of those of mixed beds. The traditional sorhes@d in the mixed bed option
have removal capacity for only one pollutant, and theeefequire more mass with
higher impacts to remove multiple contaminants. Ewenlfe Fe-WBAX where impacts
were similar to mixed beds (86% — 120%), a single processrpenfip multiple tasks
may require less capital equipment and be easier tat@pdihe ability to remove
multiple pollutants will become more valuable to wateatment systems into the future
as water supplies dwindle and require depending on lower gealirges, and as
regulatory agencies enact tighter limits on increasungber of contaminants.

Lastly, this study calls attention to tradeoffs in nmgkwater related decisions.
Water treatment is usually done in an effort to redusidn exposure to negative health
effects. While lower exposure to contaminants such an@rAs does reduce these risks,
employing additional treatment technologies will add o#rerironmental impacts.
Tradeoffs between human health risks and environmenpaldta should be understood
in considering new water quality strategies beyond onlippaance efficacy and cost.
By extension, water treatment is a non-negligibletigoutor to the total environmental

footprint of the urban water cycle.
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CHAPTER 7
EXPORTING CANCER AND OTHER HEALTH RISKS BY INSTALING
WELLHEAD DRINKING WATER TREATMENT

ABSTRACT

Water treatment reduces health risks to the populatiokidg the water, but also
requires materials and energy, the production of whidtsgrollutants that increase
health risks. This work explored the tradeoff betweerhtlhrean carcinogenic and non-
carcinogenic health risks involved with water treatnm@ntomparing dose-response
curves to the indirect burden of providing that treatmeiniguge cycle assessment. It
studied a representative wellhead sorbent groundwater &eiaslystem removing
hexavalent chromium or pentavalent arsenic from 1,000 ig&l serving 3,200 people
using both USEtox and EPA TRACI/IRIS methodologiesdireng the concentration of
pollutants in drinking water reduced the potential cancgesay 0 — 37 and non-cancer
disease cases by 0 — 64 cases. The embedded human carcityogesi®.2 — 5.3 cases
and non-carcinogenic toxicity was 0.2 — 14.3 cases (or 8 — Yd9elzene-eq and 18 —
1,510 Gg toluene-eq by EPA units) depending on treatment teciraridglegree of
treatment. Impacts from treating Cr(VI) using strong lzasen exchange were 1% — 8%
of those from treating by weak base anion exchangeifisaiion and neutralization
contributed 90% — 99% of the impacts for treatment optibasrequired pH control. In
scenarios where benefit were higher than burdens affadstill existed because benefits
are experienced by a local population but the burdens ameskternally where the

materials and energy are produced, thus exporting thénhiestds. In scenarios where the
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burdens were clearly higher than the benefits achiewst considerations may still drive

choosing a detrimental treatment level or technology.
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1. INTRODUCTION

Drinking water treatment has saved untold numbers of dwesis a hallmark of
improving quality of life in developed and developing countiizisnking water filtration
and chlorination have been hailed as the most impqgptasiic health intervention of the
20" century (Cutler and Miller 2004), and continued treatmé&ntajor contaminants
that pose acute or chronic health risks is essehlialever as science is able to detect
and treat increasing numbers of water constituentsegasingly low concentrations, it
is possible that diminishing returns in improvement ahlao health could be
approached, and tradeoffs with production should be condidgmilarly to any
processed product, treating drinking water requires matanal€nergy. Production of
these materials exposes workers to hazards and enlittaptd with deleterious health
effects. While the population consuming the treated vehtectly enjoys the health
benefits of reduced pollutants in drinking water, an eglgrapulation bears the health
burden of producing the treated water.

While regulatory negotiations over new drinking watendgads include
balancing opportunities for measurably reducing public health agiimist economic
costs, overlooked has been the consideration ofyifé& human health or ecosystem
risks now foreseeable through life cycle assessmentiigidind approaches. Here we
examined how recent and potential future regulation by theetl §tates Environmental
Protection Agency (USEPA) of two inorganic chemicatpurees built infrastructure,
materials, and operational and maintenance activitibsle treatment reduces health risk
to the population served by the drinking water, burden of prayithat treatment
potentially relocates indirect human carcinogenic andgarcinogenic health effects.
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Here we focused on human health tradeoffs of treatingrt@ regulatory limits (i.e.
reducing exposure) against exposures from industrial chesmexglired to fabricate and
operate the treatment system. Potential ecosystextefindoubtedly also occur, but
were not the focus here to maintain directly comparaiplest of impacts between
benefits and burdens.

The advent of life cycle assessment (LCA) has broughtdworks to examine
environmental and social tradeoffs. The focus of most4 €@#ncerning water has been
the embedded energy used in water supply pumping. Previousginshow that
providing water from surface water sources requires 0.5 &k\W.hr m® (Arpke and
Hutzler 2006, Crettaz et al. 1999, Stokes and Horvath 2011) degemdsupply
distance and treatment complexity. Groundwater sourtes bave less embedded
energy, depending on well depth (Plappally and Lienhard 2012jthier case, energy
demand is often dominated (56 — 94%) by on-site or distribptionping (Plappally and
Lienhard 2012, Racoviceanu et al. 2007, Stokes and Horvath 2006)vétoweater
supply and pumping energy is needed regardless of wateryqtsgite we focus on
treatment options that are determined by pollutant carat@ns. Some studies have
focused on energy required for individual treatment presesmding that chlorination
demands 0.000021 — 0.003 kW hF iBurton 1996, Kroschwitz 1995), and coagulants
such as alum or polymers demand 0.4 — 0.7 kW h¢knoschwitz 1995, Tripathi 2007).
Even these studies do not assess impacts associatdtavigdmergy demand. One study
has compares human health risk to environmental impsst€iated with nanofiltration

(Ribera et al. 2014). This study is unique because it directiypares the embedded
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human health burden to the human health benefit prolagednumber of treatment
options.

1.1 Background on Pollutants of ConcernPentavalent arsenic (As(V)) and
hexavalent chromium (Cr(VI1)) were selected as moddlfaolts due to recent regulatory
concern, common occurrence in groundwater, and treatriamlity with wellhead
sorbent systems. Vast epidemiological evidence conAa(t4 intake from drinking
water to cancer of the skin, bladder, kidney, lung, Jliaed prostate (USEPA 2010b).
Non-cancer effects from chronic exposure include hypereigation, keratosis, burning
eyes, leg swelling, liver fibrosis, and lung disease (@igcet al. 2007). In the United
States, 12% of groundwater sources contain greater thag 20 arsenic (USEPA
2010b). The USEPA reduced the As(V) regulation from 50 to 10 gelquiring
compliance by 2006. Many treatment systems were instaitachd that time, and this
study hopes to enlighten the overall human health imjtactight have had. As(V) in
this analysis served as a retrospective evaluationaf@gulations.

Cr(VI) regulation in drinking water is currently 100 pg,lbut is under scrutiny
and may be revised in the near future. Its analysisisrstudy therefore informs possible
future regulation to consider the health burdens embeddeshimignt. It is a known
human carcinogen through inhalation exposure (USEPA 1998a)pbated
toxicological study from ingestion has observed neopasrthe small intestines of mice
and tumors in the oral cavities of rats exposed at highsdoisCr(VI) (USEPA 2010a).
Non-cancer gastrointestinal effects from chronic exgosure include ulcers, diarrhea,
abdominal pain, and vomiting (USEPA 2010a). The national oeace of Cr(VI) is also
being investigated under the USEPA Unregulated Contaminantdiogi Rule

180



(UCMR3). As of summer 2015 (monitoring will continue throgli6), 5% of
groundwater systems exceed 10 [lg(USEPA 2015b). Levels up to 53 pg have
been observed (Frey et al. 2004).

The most common As(V) wellhead treatment techniquersiso to metal
oxides (MO), including ferric oxide/hydroxide and activatadvaha (Choong et al.
2007). These demonstrate a high sorption capacity ranging280 — 3,900 pgQ
(Bang et al. 2011, Lipps et al. 2010, Speitel Jr. et al. 2010 evhest et al. 2005) even at
low contaminant levels. They do not require pretreatnimritsorption capacity is
increased at depressed pH (Choong et al. 2007). Various tréaétiemologies are being
piloted and constructed to meet low level Cr(VI) regoladi Weak base anion exchange
(WBAX) has very high affinity and very high removapeity, ranging from 5,300 —
5,600 pg d (McGuire et al. 2007, Najm et al. 2014). Achieving high sorptapacity
requires acidifying the influent water to pH 6 (Brandhuddeal. 2004b, McGuire et al.
2007, Najm et al. 2014). Acidification can be achieved by dosith chemical acids or
infusing carbon dioxide (Najm et al. 2014). Both MO and WBAXbents are generally
single-use, requiring disposal after exhaustion. Strorsg Baion Exchange (SBAX) is
another common Cr(VI) treatment option that doesrequire acidification but shows
much lower affinity. Sorbent capacity ranges from 110,80@ pg ¢ (Brandhuber et al.
2004b, McGuire et al. 2007, Najm et al. 2014), but is limited trptei and sulfate levels
more than Cr(VI) levels. SBAX can be regenerated usiaggtsalt solution for multiple
reuses (Najm et al. 2014). Both As(V) and Cr(VI) can bated by other technologies

(such as coagulation, membrane filtration, or predipmg, but they are operationally
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more difficult in a wellhead situation and more expensivesiall systems where
specialized operators and solid waste handling may be umlaleaiNajm et al. 2014).

1.2 Study Area.As(V) regulations have heavily impacted small groundwater
systems which prior only provided chlorine disinfectiontirent (Impellitteri et al.
2007). Because As(V) and Cr(VI) often occur in groundwategpeesentative
groundwater system consisting of well head treatment pnoglds000 gal miti was
selected for this study. This would be about the largestssistem that would use
wellhead treatment for a single pollutant. An examplsuch systems are wells utilized
by the water district serving Palm Springs, CaliforniaAUAs(V) and Cr(VI) are
common in groundwater there, wellhead treatment is a f@itgrviable option for a
single inorganic pollutant, and California more rigicgulates Cr(VI) at 10 ugt
(CCR 2014). The district includes 96 wells serving 320,000 peafi#el@0 million
gallons of water daily (CVWD 2014), indicating each welv&s on average 3,200
people with 1,000 gal mth Palm Springs is illustrational but results are not cefito
that area, and are indeed intended to have nationahnelev

1.3 Roadmap and GoalThe shifting human health impacts due to drinking
water treatment were assessed in a three step préassslife cycle assessment was
used to estimate risks embedded in the production, use, podali®f materials needed
to treat drinking water. Second, benefits of treatingkaing water were estimated using
dose response curves. Third, the burdens and benefits ovepaied.

In order to make these comparisons, the entire procssavried out in two
parallel methodologies; one, those developed by USERRXvanm those developed by
UNEP/SETAC USEtox. Both provided a valid and widely aceestet of consistent units
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within which to describe human health impacts. Under RIS§Ehe embedded risks were
described using TRACI (USEPA 2014) and dose-response curvesiexaieped using
information from IRIS (USEPA 2015a). Under USEtox (Hauskcét al. 2008,
Rosenbaum et al. 2008), dose-response curves were develogeohfessmation from

the Inorganic Database.

The goal is to explore human health tradeoffs ofitrgatater to regulatory limits
by 1) comparing the magnitude of health benefits againstedelol burdens, 2) studying
how these tradeoffs change with varying levels of tneat for a contaminant that has
been regulated and another that may be in the near,fahde) identifying what

processes or practices may mitigate the risks.

2. METHODOLOGY

2.1 Life Cycle AssessmeniThe functional unit was 25 billion gallons (93 billion
liters) of water treated to an acceptable quality olvermperiod of 70 years. This was
equivalent to the demand of 3,200 people each using 300 gallodaypeonsistent with
average single-well population and demand in Palm Springs (@%Z2014). The total
flow rate is 670 gallons per minute (1 million gallons per)dall withdrawn water was
treated although human consumption averages only 2 pierday.

The system boundary is depicted in Figure 7.1. It includedénaét and energy
required for wellhead treatment to comply with As(V)3r¥(VI) regulation, including
sorbent, energy to pump water through the packed bed, chetucadjust pH or
regenerate the sorbent, energy to transport the serdedtchemicals to the site, and
storage tanks for the sorbents and chemicals. It excrled)y and infrastructure
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associated with water supply or distribution, and chemieuired for disinfection,
which are required independently of the Cr(VI) or As{datment.

Influent concentration of either Cr(VI1) or As(V) wassamed to be 20 ug'L
unless stated otherwise. Other assumed influent watetygpatameters were
representative of groundwaters in southern Californ@udting pH 8, 200 mg t as
CaCQ alkalinity, 5 mg L* nitrate-N, and 33 mg t sulfate. The regulated effluent
maximum contaminant level (MCL) was 10 pg unless stated otherwise, consistent
with USEPA and WHO recommendations for As(V) in dniiikivater. The treatment
goal was set as 80% of the regulatory level, or 8 igThe treatment goal was met by
treating portion of the total flow and bypassing portion ghel the blended final quality
met the treatment goal. Further details can be foutitkiBSupplemental Information.

Three treatment scenarios were considered as sunathamiZ able 7.1. Scenario
1 treated Cr(VI) using WBAX, Scenario 2 treated Cr(VIingsSBAX, and Scenario 3
treated As(V) using a MO sorbent. Sub-scenarios wiececansidered with different
methods of pH control. Scenario 1A acidified with hydroablacid (HCL) and
neutralized with sodium hydroxide (NaOH), Scenario 1Bifealusing sulfuric acid
(H2SOy) and neutralized with lime (Ca(Ok)) and scenario 1C acidified using carbon
dioxide (CQ) and neutralized by air stripping. These sub-scenar@sraployed to
mitigate scenario uncertainty because pH control chEsare later found to be critical
drivers of final results.

The foreground inventory (quantities of materials and gneirgctly required to
produce the functional unit) for each of the three stenavas developed using
assumptions and methods detailed in the Supplemental ltiormIt includes sorbent
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mass based on published pollutant capacity, oversea andnolviedasport of the
sorbent, energy to overcome packed bed headloss, chemicatiuce the pH to 6 before
treatment and back up to 8 after treatment at dosesstent with assumed water quality,
and overland transport of the pH control chemicalsemhory development followed an
approach developed for a Cr(VI) treatment cost estifiiNagn et al. 2014). Background
inventory was provided by the Ecolnvent database, and asudaertainty was explored
as described below.

2.1.1 Impact Assessmehpact assessment converted inventory items into
human health midpoints that could be added and compareeditaaversion factors of
embedded human health impacts for common products and ggecé&sese impact
factors were taken from Ecolnvent v2.2 (SCLCI 2010) anctw&atched to inventory
items identified in this study. Impact factors convettedoth EPA TRACI (USEPA
2014) (in units of benzene or toluene equivalents) and USH@&xschild et al. 2008,
Rosenbaum et al. 2008) (in units of cases). Discussioratwhing impact factors
available in Ecolnvent to the identified inventory, adlas developing a few custom
impact factors to explore inventory uncertainty, isudeld in the Supplemental
Information.

2.1.2. Uncertainty and Sensitivityncertainty in the LCA model includes data
uncertainty and model uncertainty. Data uncertaintyss@ated with input parameters
such as inventory (if the background energy and mateisald to produce the primary
inventory items adequately capture upstream processes) art mspassment (if the
point value impact factors are representative). Thie=ma from temporal and
geographical variations in processes, as well as techoal@glvancements. Model
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uncertainty includes variations in design constraints siscinfluent water quality, and
limitations due to the calculation method that assumeariresponses and rely on a
published database in lieu of a directly observed facility.

In an effort to mitigate data and model uncertaintyeesive sensitivity analysis
was carried out to explore which inputs and assumptignsfisantly influence final
results and to what degree. Inventory sensitivity is eggdldy observing the change in
final impacts due to varying the assumed influent water alkglibackground nitrate and
sulfate levels, sorbent capacities, influent pollutamcentrations, and treatment target.
Impact assessment sensitivity is explored by observgtiange in final total impacts
by using different impact factors for the chemical ag@rtank, the anion exchange resin,
and the size and emission levels of the overland deliveck.

Uncertainty in the inventory and impact assessmenthemsmitigated through
analyzing multiple scenarios for the inputs deemed ve hae largest sensitivity. This
was intended to give a range of variability in the Iyele assessment results. As pH
control chemicals were later found to be the largasedy of results, multiple pH control
scenarios were analyzed.

Another way to mitigate inventory data uncertainty ipéoform data distribution
analysis by qualitatively assessing the reliability ef data and using empirical
relationships to determine a distribution of data to ustead of relying on the published
point values. This was not performed directly for thiglgt but was performed for a
similar study (Chapter 6) that found impact factors coulet lrasquared geometric

standard deviation (GSPof one to three. Final results could therefore \@ra factor
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of 2 or 3 within a 95% confidence interval. Results of shigly should be similarly
interpreted.

2.2 Health Benefits of Treating Drinking Water. Dose-response relationships
projected the human health benefit of lowering the dnopkvater pollutant
concentration. This was done using both USEtox (Hauschdd 2008, Rosenbaum et
al. 2008) and USEPA IRIS (USEPA 2015a) methodologies for reaamparison to the
embedded human health burden estimated in the life cyséssment results. Both of
these calculated the estimated number of cases foercand non-cancer separately. For
either methodology, the human health benefit fragmating drinking water was calculated
as the difference between the number of cancer eccancer cases expected at the
influent concentration minus the number of cases a&deat the MCL (not the treatment
goal concentration).

2.2.1 Using USEtoxtduman adult cancer and non-cancer cases associated with
chronic ingestion of different concentrations of As@nhd Cr(VI) in drinking water were
estimated under the USEtox methodology using the corresgpHdman Health Effect
Factor from the Inorganics Database 1.00 (Hauschild et al. Ra@@nbaum et al. 2008).
The Effect Factor (in disease cases per kg lifetirrake) is used instead of the more
typical Characterization Factor (in disease case&gemitted to the environment)
because all of the pollutant in drinking water is beirgested. This is the same as setting
the Intake Fraction to 100%. The cancer and non-canest édctors for As(V) are 0.52
and 39 cases Kgingested respectively, and for Cr(VI) are 23 and 0.051 éages
ingested respectively (Hauschild et al. 2008, Rosenbaum280d). Uncertainty
associated with human health factors for contamininfreshwater have a G8bf 215
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(Rosenbaum et al. 2008). Another study found the 6DAs(V) cancer response to be
3,025 and noncancer response to be 1,936, with the Cr(Vigrceagponse to be 3,249
and noncancer response to be 15,876 (Huijbregts et al. 2005mé&#ins response
results can vary from one to two orders of magnitudv@land below the calculated
mean.

First, the lifetime mass of pollutant ingested per pergas estimated by the
product of the daily drinking water intake, the pollutant emti@ation, and the lifespan.
Standard EPA assumptions (Hammer and Hammer Jr. 2011) d&g" intake and 70
year person lifetime were applied to yield:

@,y CDEE EF° (5)
where M,y was the lifetime mass of pollutant ingested (kg petsahe factor was in (L
kg persoft pg?), andC was the concentration of pollutant in drinking watefyig L™).

The number of cancer or non-cancer disease caseh&asstimated by:

H I @ as 4 (6)
where DC was the number of disease cases (casesjasihe cancer or non-cancer
effect factor (cases ngste&l), Ming Was the mass ingested (kg per§omnd Nop Was the
population (3,200 people).

2.2.2 Using IRISHuman adult cancer cases associated with chronictioges
contaminants in drinking water were estimated using timkidig water unit risk
published in units of cases L figThe cancer drinking water unit risk for As(V) is
0.00005 cases L [ffUSEPA 1998b), and for Cr(VI) is 0 (non-carcinogenic) (USEP
1998a). Updated draft toxicological studies were releas2@l that increased the

estimated carcinogenicity for each of these contamsnduot have not yet been officially
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adopted. The new, unofficial drinking water unit risk fo(¥sis 0.00073 cases L [ig
(USEPA 2010b) and for Cr(VI) is 0.000014 cases [} (ldSEPA 2010a). Analysis was
carried out using both the official 1998 and the unofficial 20di0risk, while
understanding that the 2010 estimates are more consengaivesets of data are
reported to include uncertainty spanning at least an ordergriituee.

The number of cancer cases was estimated by:

H L 4 IKJ (7)

where DC was the number of disease cases (casesyas/Ehe unit risk (cases L fig C
was the drinking water pollutant concentration (ji%, land Nop Was the population
(3,200 people).

IRIS does not publish dose-response information for huroarcancer cases.
IRIS does publish a reference dose, which is the thitslose below which no adverse
toxic endpoint is expected, including a safety factor cdieorder of magnitude or more.
It also publishes the No Observable Adverse Effect LAN®AEL), which represents
the highest experimental dose in previous studies for witaton-cancer effects were
observed. The official As(V) reference dose and NOAELG003 mg kg day* and
0.008 mg kg day* respectively (USEPA 1998b). These values are the sathe in
updated draft toxicology report (USEPA 2010b). The offi@gNI) reference dose and
NOAEL are 0.003 mg k§day* and 2.5 mg kg day* respectively (USEPA 1998a). The
updated draft values are 0.0009 md kizy" and 0.09 mg kgday"* respectively
(USEPA 2010a), demonstrating higher toxicity and lower uncgytéactors.

In order to construct a dose-response relationship, @&B\L was first converted

to an Effective Dose-50 (ED50). The ED50 is the dose foclwb0% of the exposed
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population will demonstrate a non-cancer toxic efféatias estimated by multiplying
the published NOAEL by a factor of 9 (Hauschild et al. 2008, ituman et al. 2008).

Next, the reference dose was converted to equivalerkiclgi water concentration using:

HIM EFFF 228 3Rty (7)
PVW

where DWEL is the drinking water equivalent level (i), LRfD was the reference dose
(mg kg" day"), Msoay Was the body mass (70 kg)(Hammer and Hammer Jr. 2011), and
DWI is the drinking water intake (2 L ddy The ED50 was also converted to a DWEL
using the above equation but substituting ED50 for the Rifiallly, a dose-response
relationship was estimated as zero non-cancer casgsdrezero exposure up to the
DWEL for the reference dose. It then linearly integpes up to half of the population
potentially being affected at the DWEL for ED50.

The calculated human health benefits by USEtox or bg,IRs well as the LCA
burdens, were interpreted as maximum potentials (i.etwasg scenario). In each case,
uncertainty in the underlying data spanned at least an ordeagnitude (USEPA 2015a,

Rosenbaum et al. 2008), and results were similarly intigbre

3. RESULTS

Result depicting the shifting human health impacts duein&idg water
treatment are presented by; first, estimation of huhealth risks embedded in drinking
water treatment scenarios from life cycle assesgsmeoond, assessment of the benefits
of drinking treated water developed through dose responses;and third, comparison

of the burdens and benefits.
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3.1 Human Health Burden Embedded in Treating Water.Table 7.2 shows a
detailed inventory of items required to treat drinking watex,matched impact factors,
and equivalent human health impacts summed for Scebari8l Tables 7.2 — 7.6 are
similar tables for the other scenarios. Figure 7.2 shbevéife cycle human health
impacts embedded in treating water from 20 (V1) or As(V) to 8 pug [* (80% of a
10 pg L* regulatory limit) for all scenarios.

Under TRACI methodology, human carcinogenicity rangethf8 — 199 Mg
benzene-eq depending on the treatment scenario (defifi@tl® 7.1), and non-cancer
toxicity was 18 — 1,510 Gg toluene-eq. With USEtox methodglogrcinogenicity was
0.2 — 5.3 cases and non-cancer toxicity was 0.2 — 14.3 tasdistreatment scenarios,
treating Cr(VI) by SBAX had the lowest impacts in @tegories. Treating Cr(VI) by
WBAX with sulfuric acid and lime had the highest impantgserms of TRACI
carcinogencity, TRACI non-cancer toxicity, and USEtdreating As(V) by MO with
hydrochloric acid and sodium hydroxide had the highest impactdSEtox non-cancer
toxicity.

Comparing results for treating Cr(VI), treatment by SBiAad significantly lower
human health impacts than by WBAX. SBAX treatmentagcts were only 1% — 8% of
those from WBAX depending on pH control strategy. Thisagistically significant
compared to the expected uncertainty of a factor of 2o & 95% confidence interval.
If using WBAX and comparing pH control strategies, carbiomide with air stripping
had the lowest human health impacts by a factor of 1Sulfuric acid with lime had the
highest TRACI carcinogenicity, USEtox carcinogenicityd & RACI non-cancer toxicity
potentials. Hydrochloric acid with sodium hydroxide had tlgghést USEtox non-
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carcinogen toxicity potential. Comparing results fortinepAs(V), adding pH control to
the MO sorbent system increased sorbent capacity dgtarfof 1.5, but increased the
human health impacts by a factor of 7.5 — 13 depending ogocgite

3.1.1 Critical Contributions to Impactinpacts associated with individual
inventory items were analyzed to identify the largestrdmutors to the total impacts
associated with each scenario. Inventory items wemegtbuped by treatment process
(sorption, acidification, neutralization, regenerationheadloss pumping) and illustrated
by striping within each bar in Figure 7.2.

The production of pH control chemicals dominated humarnthe@apacts for
scenarios that include it. Production of hydrochloric &oidtributed 46% - 59% of the
total impacts for scenario 1A, followed by sodium hydroxidd 35% - 53%. For
scenario 1B, lime was responsible for 46 - 97% of the atsp@nd sulfuric acid was 3% -
50%. For scenario 1C, 56% - 73% of the impacts came frodupieg carbon dioxide.
Electricity generation for neutralization by the blova&d the repressurization pump then
accounted for 21% - 38% of the impacts. For scenario 34,pmoduction contributed
44% - 56% of the impacts and the production of caustic cnéd 33% - 51%. The
sorption process and headloss pumping each contributetth#es3% of the impacts in
each of these scenarios.

For treating Cr(VI) by SBAX (scenario 2), energy produttior pumping to
overcome packed bed headloss contributed 39% to 61% of thauatah health impact.
Production of salt for regeneration contributed 34% - 588d,the sorption process

contributed 4% - 10%. When treating As(V) by MO without gitrol (scenario 3B),
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impacts from sorption comprised 73% - 93% of the total. lWsagumping contributed
the remaining 7% - 25%.

3.1.2 Model Sensitivityvlodel sensitivity was explored by changing inputs and
observing the final results to mitigate uncertainty hystitating the range of variability in
the results. Additionally it identified critical tremént choices, allowed results to be
adapted for various water quality situations, and informeidwsfuture possible
regulations. Sensitivity relationships are shown in §ufa 7.1.

The model showed the greatest sensitivity to selecfipiia@ontrol method,
which is why sub-scenarios for each method were dewvelofyben treating Cr(VI) by
WBAX, acidification by sulfuric acid in lieu of hydrochleracid reduced the final results
by 30% — 40%, except for in USEtox carcinogenicity which iaseel by 3%.
Acidification by carbon dioxide decreased overall resiift 4% — 32%, except for
TRACI carcinogenicity which increased by 19%. Neutralizabigrime instead of
sodium hydroxide increased results by 73% — 490%, except forod 8Bh-cancer
toxicity which was reduced by 38%. Neutralization by aipgirig reduced results by
11% — 48%. The effect of changing pH control chemicalsneaspecifically explored
in the As(V) removal by MO scenario since similaeets were expected as the changes
observed in treating Cr(VI) by WBAX.

The assumed influent pollutant level highly affected thalfhuman health
impact results by changing the fraction of water toréated. If the influent level was
reduced to 15 pgt, the results reduced by 19% — 22%. If reduced to 10} ¢hee
results were reduced by 59% — 66%. If the influent level amed to 30 g t, the
results increased by 18% — 25%.
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The regulated effluent contaminant level (MCL) had strofigence on the
results for all scenarios. A low MCL (requiring mdreatment) of 5 ug L increased the
impacts by 27% - 33%. A very low MCL of 1 pg'lincreased the impacts by 43% -
58%. A high MCL (requiring less treatment) of 15 pijdecreased the impacts by 27% -
33%. A very high MCL of 20 ugt decreased the impacts by 49% - 67%. The studied
range of MCL from 1 to 20 pgtencompassed 27 to 6 USEtox total disease cases
embedded in treating Cr(VI) by WBAX, 0.6 to 0.1 casedreating Cr(VI) by SBAX,
and 28 to 6 cases for treating As(V) by MO.

The other inputs with strong influence on results weeawater alkalinity and the
nitrate/sulfate levels. High influent levels could causshiitively high human health
impacts. Other inputs had little effect on final resulise assumed sorbent capacity
caused only small changes since its impacts were snmafilared to pH control
chemicals. Similarly, the custom impact factor usedafoon exchange resin had only a
slight increase in this study, but could have a large impather studies where sorbent
impacts drive results. The choice of truck size, trugkiree emission standard, and
chemical storage tank selection were each inconsequentiaal results. Each of these
observations is further developed in the SI.

3.2 Health Benefits of Reducing Pollutant Concentrations in finking Water.
The purpose of developing dose response relationships wstsnhate the human health
benefit of changing the pollutant concentration in dnglkwater. Figure 7.3 shows
potential cancer and non-cancer cases expected iruthemtpulation of 3,200 people
using both EPA IRIS and USEtox methodology. For the I(Ri&, results are displayed
using both the 1998 official data and the updated 2010 draft dataerd descriptions
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of each relationship are given in the Sl, along witlequation and coefficients to
calculate human health risk from drinking water contai@n@/1) or As(V) for any size
population. Calculated responses are mean values witlkc8bfitlence intervals one to
two orders of magnitude above and below.

Reducing As(V) concentration in drinking water from 20 jgtd. 10 pg *
changed the potential cancer cases in the exposed popdilatiod7 to 23 cases by the
2010 IRIS relationship, a reduction of 24 cases. The numlpatential non-cancer
disease cases changed from 63 to zero. Using the 1998 I&iSnship, the number of
potential cancer cases reduced by 1 and the non-cancetytoages reduced by 63. By
USEtox methodology, the benefit was 1 cancer and 64 nuecaases.

The human health benefit of treating Cr(VI) from 20 pigte 10 pg ! was 1
cancer case and zero non-cancer cases by the 2010 I&®I&shHip. By the 1998 IRIS
relationship, zero cases were expected from these exscesnd therefore zero were
saved through treatment. However, USEtox relationshgisated that 37 cancer cases
would be saved, with zero non-cancer cases expectegsatéikposures.

3.3 Comparing Benefits to BurdensBy reducing the contaminant level in
drinking water, fewer disease cases occurred and thieased the health benefit for the
served population. However, greater level of treatmexst also required so the
embedded health burden also increased for the externdapiopuFigure 7.4 shows this
tradeoff for a range of possible Cr(VI) treatment Isyahd Figure 7.5 shows the tradeoff
for As(V), both using USEtox methodology. Correspondiggres using EPA
methodology are found in Sl Figures 7.2 and 7.3. These figssesned 20 pgt
pollutant in the influent, and increase the level cdttmeent (which is equivalent to
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decreasing the regulatory level, i.e. the MCL) moving talvthe right. In each case,
results are shown for cancer effects and non-caefteats separately, but both impacts
would be incurred simultaneously. Health benefits wereutated by the difference in
disease cases expected at the influent level and the Miile treatment burdens were
the impacts required to treat from the influent leveB®% of the MCL to ensure
compliance. All results are reported with 95% confidesganning an order of
magnitude above and below.

Figure 7.4 indicates that cancer benefit of treatiny Frffas an order of
magnitude higher than cancer burden at nearly all MCLex@nations, but that non-
cancer burden was an order of magnitude higher than naercbenefit at all MCLs. For
example, with USEtox methodology treating Cr(V)rfr@0 pg I* to 10 pg [ prevents
37 cancer cases and 0.1 non-cancer disease cases. Htwawgpact of treatment from
added facilities caused 3 — 5 cancer cases and 3 — 14 non-dseese cases if treating
by WBAX depending on pH control method, or 0.2 cancer galssd.2 non-cancer
disease cases if treating by SBAX. Sl Figure 7.2, usiry lBBthodology, shows treating
Cr(VI) from 20 pg L to meet a 10 pg' L MCL saved zero cases of cancer by the official
1998 IRIS data and 0.5 cases by the draft 2010 data, and zeromwen-disease cases by
either dataset. This came at an embedded life cyclehimaiden of 120 — 199 Mg
benzene-eq and 226 — 1,510 Gg toluene-eq if treating by WBAX diegernl pH
control method, or 8.21 Mg benzene-eq and 17.9 Gg tolueridreqting by SBAX.

For As(V) treatment, Figure 7.5 shows cancer burden vggehthan benefit if
pH control was used under USEtox methodology. Without pitirat an MCL of 20 ug
L™ would have a higher cancer burden than benefit, but tieechenefit rose more
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quickly relative to the burden such that a break-even gaisted between 15 and 20 ug
L below which the benefit was higher than the burdée. fon-cancer benefit was very
large compared to the cancer benefit on a basis of numhloases and was higher than
the non-cancer burden at nearly all concentratiomsekample, treating As(V) from 20
ng L' to 10 pg ! avoided 1 cancer case and 63 non-cancer disease daisesauBed 3
cancer cases and 14 non-cancer disease cases iigtt@aMO with pH control, or 0.4
cancer cases with 1 non-cancer disease case ihgdstiMO without pH control. Si
Figure 7.3 shows that cancer and non-cancer benefits hexte similar magnitude under
EPA methodology. Treating As(V) from 20 pg down to meet a 10 pg'tMCL saved

2 cases of cancer by the official 1998 IRIS data and 23 bggée draft 2010 data. It
additionally saved 63 non-cancer disease cases by ddtaset. This came at an
embedded life cycle health burden of 126 Mg benzene-eq and 2®Iu€ge-eq if
treating by MO with pH control or 16.5 Mg benzene-eq and G4 8luene-eq if

treating by MO without pH control.

4. DISCUSSION

Quantitatively comparing the benefits of a population oomnsg treated water to
the health burdens embedded in providing that treatmentiedrgsults where the
benefits seemingly outweigh the burdens, or whereuhgelms outweigh the benefits.
However the implications of tradeoffs involved in eitlscenario may be more far-
reaching than a simple ratio.

4.1 Net Benefits Export Diseaselreating Cr(VI) benefits a greater number of
cancer cases than the number of non-cancer casesdtraent causes under USEtox
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(Figure 7.4). The benefit ratio (number of cancer orcamcer cases saved over the
number of cancer or non-cancer cases caused, with \@laed indicating net benefit)
ranges from 2 — 12 for WBAX and is 185 for SBAX. This supelfigiindicates that
treatment is well warranted from an overall humanthestandpoint. However,
consideration should also be given to the fact tlaptipulation benefiting is separate
from the population being burdened.

The benefits of treating water are realized locally, directly by the population
being served by the water treatment system (e.g. tlikenés of Palm Springs). The
disease cases being saved would have been dispersed thrtoaigdrge population, more
likely encompassing diverse socio-economic groups. Conyalsatthe embedded
burdens are borne by external parties in geographicallysdegdacations. These health
risks are given to workers at the material or energy praduptants (e.g. acid or caustic
production in Los Angeles or Houston) and nearby neighbibngwinfluence of the
plant emissions. These are more likely low-income-¢iill laborers, resulting in
concentrating disease among blue-collar laborers. lideate may be harder to find or
pay for and lost work has a higher impact to this subptipalanstalling treatment to
meet regulations at any level therefore relocates camtenon-cancer disease risk. It is
transferred and concentrated from a large populationandlisperse disease risk to a
smaller sub-population with direct exposure now carrgirdisproportionate share of
health risk. This scenario presents an ethical dilefiemeegulators deciding on drinking
water regulations. On a national scale, the detrimawtdved with producing extra

materials and energy for treatment must be weighedstgaie benefits gained by
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treating water. Current regulation methodology considess of treatment but not the
human health burden.

As(V) treatment by USEtox indicates a benefit rafi@ e 60 (Figure 7.5).
However a significant shift in the type of potentiadeahise is incurred through treatment.
Reducing As(V) concentrations prevents many potential aocer cases, but the
removal causes some cancer cases. The legislagalatiag As(V) in 2006 may
therefore have had the net effect of reducing the notaber of disease cases, but came
at the side effect of increasing the incidence of cafdes number of cases itself says
nothing of lethality, but it is likely that society wes cancer and noncancer cases
differently, perhaps to the point of preferring to preaam occurrence of cancer even if
it means incurring non-cancer disease by not treatingrwa

4.2 Cost Drives Incurring Net Burden.In some cases the burden of treatment
clearly outweighs the benefit from a total human headirspective. It might seem clear
that requiring treatment in this situation is not meritéowever, cost and familiarity are
two reasons this might be done anyway. For examplesrtiieedded cancer in As(V)
treatment using MO with pH control (Scenario 3A) is magher than the health benefit
using USEtox (Figure 7.5A) and the official EPA (S| Figur@Aj. This indicates that
avoiding pH control (Scenario 3B) is a far superior choldowever, the cost of media
replacement is often responsible for more than 90%eobperational cost of an As(V)
wellhead sorbent system (Lipps et al. 2010). Maximizing sér@gyacity to minimize
replacement is considered a cost-savings maneuver.fateedecision makers would be

forced to choose between cost and overall health risk.
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Tradeoffs between cost and overall health benefiss seen in comparing
Cr(VI) pH control scenarios. Using G@ith air stripping (Scenario 1C) nearly always
had lower human health impact than using either typeidfa caustic (Figure 7.4, Si
Figure 7.2). However, pH control using HCI with NaOH isaber than COwith air
stripping for systems smaller than 1000 gpm (Najm et al. 20b4}p mention the
environmental impacts of the chemicals are three tons@ves higher (Choe et al.
2015).

In another example, Cr(VI) treatment using EPA metlagloappears to have
very little benefit compared to the caused burden (S| Figu@e A benefit ratio cannot
be calculated since benefits and burdens are not exgresse same units, but only 0 —
1 potential cases can be saved while incurring burdensardier of Mg-benzene
equivalents and Gg-toluene equivalents. This presergtharal dilemma on a local
scale. Local decision makers could see that bendfitgber water treatment are realized
within the local area by neighbors, friends, and votmgstituents. While the detriments
incurred due to imposing treatment are real, they are egtotunknown factory
workers located far away. It may be unlikely that thel@opulous would be willing to
forgo treatment and therefore incur a few more diseases locally in order to save a
few more cases for faceless entities elsewhereeimvorlid.

The Cr(VI) MCL is currently under review by the EPAgdathis study informs
considerations beyond only cost, occurrence, and dineicitio USEtox results suggest
that low MCLs have high cancer benefit relative to caboeden (Figure 7.4A), but also
has high non-cancer disease burden with very litttegancer disease benefit. Results
from EPA data only prescribe treatment at any MCL if286&0 draft cancer toxicology
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report is adopted, as there is neither cancer nor anganwer benefit by the 1998
official data. Even with the updated data, the numbéeatfit cases is very small and
requires incurring a great deal of embedded cancer and noeraask.

4.3 Health Impacts of pH Control Chemicals.The production methods of pH
control methods are briefly reviewed to explore whew lrow the embedded health
risks may be occurring. HCl is co-produced by chlorinatitpldromethane or
trichloroethylene. Air emissions are primarily from dmmstion of coal, but also from
volatilized HCI, chlorine, and chlorinated organic compoundamag the purification
system (USEPA 1995). Sulfuric acid is produced by combustimgesi&al sulfur,
catalytically oxidizing it, then absorbing it into acidir &missions are sulfur dioxide
from all unconverted sulfur (USEPA 1995). Lime is a prodd@¢tigh temperature
calcination of limestone. Air emissions are primapé@rticulate matter from crushing
limestone, but include combustion gasses in the kilh asacarbon monoxide, carbon
dioxide, sulfur dioxide, and nitrogen oxide (USEPA 1995). Waéatient using lime
has a high average embedded energy of 0.42 kWKmoschwitz 1995).

Since most emissions associated with production of clagsmequired for pH
control in water treatment are airborne, the expgseties are likely workers at the
production facilities and downwind neighbors. Practicesmitgate human health risks
embedded in water treatment therefore include reducing wiorka&lation and improving
plant air emission standards.

4.4 Comparison to Previous StudiesSome studies have found that treatment
chemicals contribute only 6 — 10% of total impacts (Arpke ldatzler 2006, Crettaz et
al. 1999, Racoviceanu et al. 2007), and construction and disgdsshtment facilities
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contributes 4 — 9% (Raluy et al. 2005, Stokes and Horvath 286@)ever, another
found energy used by material production for treatment iadsrto be as high as 37%.
Manufacturing treatment chemicals is the largest (@&%b) of that material production
(Stokes and Horvath 2011). The treatment phase contrid@¥%es- 44% of water
treatment impacts (Crettaz et al. 1999, Stokes and HoP@dth). The corresponding
supply phase contributes 21% — 38%.

4.5 ConclusionsCurrent drinking water contaminant regulations do not censi
embedded life cycle health risks. Imposing regulatorytéimill save some number of
health cases, but will also cause a non-trivial le¥élealth burden associated with
increased production of materials and energy requiredifiitianal treatment to meet the
regulation. The degree of this burden depends on treatewmology choices and level
of required treatment. For example, water treatmehntdogies that do not depend on
pH control are likely to have significantly less embatldeman health burden than those
that do.

Furthermore these detriments are likely not carriethbysame populace that
experiences the benefits since the materials and easzgyot typically produced in the
same location where the treated water is consumstilling treatment to meet
regulations at any level therefore exports cancer anecancer disease risk. It is
transferred from a large population with a disperseadiseisk to a concentrated sub-
population with direct exposure.

It may also shift the type of disease expressed beteaacer and non-cancer.
Evaluating prior legislation regulating As(V) in drinkingter suggests implementing
the rule may have had the net effect of reducing the totaber of disease cases, but
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came at the side effect of increasing the incidenoawnder cases. Potential new Cr(VI)
regulation can only be justified if the draft 2010 toxicologgart is adopted. Even then,
imposing a low Cr(VI) MCL may have the effect of smfiitoxicity expression from
cancer to noncancer cases.

Unfortunately stakeholders may be incentivized to chaes¢rhent options that
produce a net health detriment. One reason could be dostteavings. For example,
adding pH control would increase sorbent capacity and redptacement costs but
increase embedded health risks. Another reason is fatyiliihe exported risks
transcend local geopolitical boundaries, but treatmensides are made locally and
would favor friends and neighbors over far away strangdrstefore regional or national
policies must be responsible to consider the life clyakelen along with the benefit.
These policies may concern the allowable level ofaimmant in drinking water,
acceptable treatment strategies, workplace exposuresmmadl production facilities,
and airborne emission standards. Balancing all of tlhadeoffs queries values such as
who should bear the health risk, what type of disehseld be incurred, and how much

money one’s health is worth.
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Figure 7.0 Graphical Abstract.
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Figure 7.1 System Boundary Diagram.
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Table 7.1 Scenario Definition.
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Table 7.2 Inventory and impacts for Scenario 1A (treating\@) by WBAX
with HCl and NaOH).
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Figure 7.2 Life cycle human health impacts embedded in taeentreatment
system that treats water from 20 ugto 8 pg L* (80% of the 10 pg t regulatory
limit). The four graphs are the life cycle canced amon-cancer potential for the EPA
TRACI and USEtox methodologies. The six bars irhegraph represent the six
treatment scenarios defined in Table 7.1. The@trgpwithin each bar represents the
contribution of each process to total impact oheszenario.
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Figure 7.3 Dose-response relationships for oral ingestiocootaminated
drinking water by 3,200 people calculated by A) EIRAS and B) USEtox data. Lines
depict mean values, and 95% confidence intervalddvoe between one to two orders of
magnitude above and below. All relationships aredr. IRIS carcinogenic responses and
all USEtox responses begin at the origin, but IRd8-carcinogenic responses have a
threshold value (reference dose) below which neestveffects are expected. Cr(VI)
Cancer and Non-Cancer by 1998 IRIS data are zaath drepicted concentrations.
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Figure 7.4 Tradeoffs of increasing treatment (i.e. redud#@L) of Cr(VI) on A)
cancer and B) non-cancer disease using USEtox ihelthgy for a 3,200 person
population with a 20 pgtinfluent. Scenario 1A is treating by WBAX with
HCL/NaOH, 1B is WBAX with HSO/Na(OH), 1C is WBAX with CQ/air stripping, 2
is SBAX. Scenario 2 in both figures and Treatn®enefit in the bottom figure are both
nearly zero.
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Figure 7.5 Tradeoffs of increasing treatment (i.e. redud#@L) of As(V) on A)
cancer and B) non-cancer disease using USEtox ihelthgy for a 3,200 person
population with a 20 pgLinfluent. Scenario 3A is treating by MO with HCLA®H,
and 3B is MO without pH control.
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SUPPLEMENTAL INFORMATION

2.1 Assumptions to Develop LCA Inventory A fraction of the total flow was
treated and a fraction was bypassed such that when bleadedblgether the final
guality equaled the defined treatment goal. All treated wedsrassumed to reduce the
contaminant concentration to 1 pd,lwhich accounts for possible variability in

treatment efficacy or low-level leakage. The tregtedion of flow was:

AN AN

_a» bScd$
Xvzmvy Xy 7 7 sceqt § (1)

where Qeatmentwas the flowrate being treated (gpm)js£wvas the total flowrate (670
gpm), Gqr was the influent pollutant concentration (u‘@,LCgoa| was the blended effluent
pollutant target (defined as 80% of regulation, |1, land Geaegwas the pollutant
concentration for the treated water (1 if).L

The mass of WBAX required to treat the functional was a function of the
volume of treated water, sorbent density, and sorbegfeusite. The volume of treated
water was the product of treated water flow rate fourteignation 1 and the project
duration (70 years). The sorbent density was 38%Rbhm & Haas 2008, Najm et al.
2014). The sorbent usage raté ffilllion gallons®) was found following (Najm et al.

2014):

ANEN

hij Lk EDC 2 )

The volume of SBAX used to treat the functional unis\easumed to be 756 ft
plus an annual replacement rate of 5%, totaling 3,3#b6tfil. This was converted to
sorbent mass using the same resin density as WBAXSBAX run duration was a

function of the influent nitrate and sulfate levels ascdbed(Najm et al. 2014):
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where BV was the number of bed volumes treated betvweggmeration cycles, [SP
was the concentration of sulfate (33 mg Land [NQ] was the concentration of nitrate
(5 mg L* as N).

The mass of MO sorbent required was based on As(V)v&mapacity, assumed
to be 280 pg gas previously observed for granular ferric hydroxide(Whstéet al.
2005) at pH 8.5. This capacity was increased by 50% for sosrtagt included pH

adjustment. The required mass of MO sorbenidMg) was estimated as:

AN

* esecd an bscd $
@qe . (4)

where \fota Was the total water volume (93 billion liters), and e\lge sorbent capacity
(g g). The sorbent density for granular ferric hydroxide watb#2® (Westerhoff et al.
2005).

Transporting the sorbent from the place of manufadtutbe site of usage was
considered. Anion exchange resin was assumed to be produdedgrKong, China and
traveled via transoceanic freight to Los Angeles, CAQQ2 km). It then traveled via
truck to Palm Springs, CA (160 km). Metal oxide sorberd assumed to be
manufactured in Germany then travels via transoceagigihtrto Houston, TX (9,000
km). It then traveled via truck to Palm Springs, CA (2,B61). In each case, the
overland truck could carry up to 5 tons per trip. The sorbastwged on-site in three
vessels to allow a lead-lag-maintenance configuratioch assel was 10 feet in

diameter and held 250°fof sorbent at 3 ft deep.

213



Pump energy required to overcome headloss in the sdrbdns$ estimated using
a headloss rate of 5.2 ft'ffRohm & Haas 2008) and 60% pump efficiency. Since the
water pumped through two beds in series, the total heaals83 ft requiring 4.37 kW
of pump energy. Pumping energy for water supply or digicgh was not considered.

Acid and base doses required to adjust pH from 8 to 6 fontesditand back to 8
for distribution were estimated from online calculatalon 2014, Water Quality &
Treatment Solutions 2008). HCIl and3D, were delivered as 30% purity. NaOH,
Ca(OH), and CQ were delivered as 50% purity. Chemicals were transportedlios
Angeles, CA to Palm Spring, CA (160 km) in trucks with 4,500 gatlapacity. Each
chemical was stored on-site in one 4,500 gallon tankdrmair stripping scenario, a 26 hp
blower was used per recommendation based on flowrate (&tagn2014). The water
was then re-pressurized up to 60 psi using a pump with 60% etfycien

Disposal of anion exchange resin to landfill was includaspdsal of salt
regeneration brine was assumed to be to sewer willrti@r impact. Disposal to
landfill of MO sorbent, transport associated withpdisal of any sorbent, and possible
hazardous waste landfilling was not considered.

2.2 Matching Impact Factors to Inventory Items.Good agreement was
generally found in matching impact factors available inlBeent to inventory items. For
example, an impact factor for ‘anion exchange resirs matched with both weak base
and strong base anion exchange inventory, and a ‘transparansoceanic freight ship’
impact factor matched for oversea sorbent delivery. Mosmicals, including acids,

salts, and bases had impact factors with matching CA®&udescriptions.
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Some inventory items did not have clearly correspanpamnpact factors. For
example, no metal oxide sorbent impact factor wasadla, so the impact factor for
magnetite was used. Magnetite is generally used for mét@nd while not a perfect
match, it was a reasonable match because both are ptbfilam ferric chloride and
hydroxide to produce ferric oxide.

Some inventory items had multiple impact factors thailel have been
reasonable options. The selected impact factor fodanetransport was a 5-ton lorry
conforming to EUROS3 engine emission standards. This vedimdewas reasonable
because it corresponded to on-site tank storage capacityicathstorage and sorbent
contactor vessels used the impact factor for a sipitazkd hot water tank. Electricity
for pumping and air stripping used the impact factor for mmadioltage electricity
supply at grid with US average production and losses.

Custom impact factors were developed for specialty chésmcd found in the
Ecolnvent database. These were divinylbenzene, styremgdbenzene copolymer,
stannous chloride, aluminum chloride, and un-functionali@e@xchange copolymer. A
custom impact factor was also developed for anion exch@sgeto compare to the one
in the database to account for wide technological optionesin synthesis and explore
inventory uncertainty associated with this study. liofel a classic published recipe
(Kunin 1958). These custom impact factors were derivedvigighted average of their
respective stoichiometric synthesis chemicals and sumasd process efficiency of 70%.
For example, divinylbenzene is industrially made using onebgszene and two parts

ethylene. The custom impact factors were estimated édnaging the Ecolnvent available
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factors for benzene and two times the factors for ettgylthen dividing by 70%. For

carcinogencity under USEtox, the calculation followed

L E . #) k 1
Fils 3k Kk ...
3DEOCC EF g L 4) )D3orE EF | : i
3 FDr
3Dr33) EF L
T f1,

This and other proposed impact factors for the chemacalsanion exchange resin are in
Sl Table 7.1.

3.1 LCA Model Sensitivity. The model showed the greatest sensitivity to
selection of pH control method, and sub-scenarios geanarios 1A, 1B, 1C) were
developed to capture this sensitivity. Theoretically, tlreekt total human health impact
for pH control could be achieved by pairing sulfuric acithvailr stripping. However,
sulfuric acid reduces water alkalinity and must be coudtedavith chemical hydroxide
to avoid changing the corrosion potential and causing dettmhdownstream piping
effects. Carbon dioxide and air stripping were exclusivenpes for this reason (scenario
1C), while hydrochloric and sulfuric acid could be paired wither sodium hydroxide
or lime.

The assumed influent water alkalinity highly influenceel fihal results for
scenarios which included pH control, with a nearly diproportionality observed. A
75% reduction (50 mgtas CaC@ in influent alkalinity reduced the results by 71% -
74%. A 75% increase (350 mg'las CaC@) in influent alkalinity increased the results

by 71% - 75%. Intermediary changes elicited proportionahges in results. Alkalinity

216



is the water’s ability to resist change in pH, so tb&ult was expected since pH control
chemicals are the dominant impact.

The assumed influent water nitrate and sulfate levels hastrong influence to
the results of the SBAX scenario. A 75% reduction (1.3.théNOs-N and 8.3 mg L*
SQy) caused a 15% - 23% decrease in final results. A 75% imc(@amg [ NOs-N
and 58 mg [* SQ,) caused a 16% to 24% increase in total results. Lineponses were
observed between those points, but nitrate and silgfegts higher than this were found
to cause an exponential increase in impacts as thensoreded to be regenerated for
more time than it was in service.

The effect of the assumed sorbent capacity was fouhdu® little change on the
final results. For both the WBAX and MO scenarios, dogbthe sorbent capacity
reduced impacts by only up to 3%, and a ten-fold increaseeIst capacity only
reduced the impacts by up to 6%. A 50% reduction in sorbenticapereased the final
results by less than 7%. Further reduction begins to caose drastic changes as sorbent
would be replaced very frequently, but this is not plausibleost considerations would
prevent such a low capacity sorbent from being used. keositévity to sorbent capacity
is because the sorption process comprised only a paraktntage of the total impacts
compared to pH control processes.

Custom impact factors for anion exchange resin synthesis derived using
mass relationships following a published recipe (Kunin 1958) andmezsin the Sl.
The human health factors were 2.2 to 9.1 times hidfaar those found in the Ecolnvent
v2.2 database. Using these custom factors had the effiact@asing the total impact
associated with treating Cr(VI) with WBAX by 3% - 11%gdareating Cr(VI) with
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SBAX by 7% - 32%. While this was only a small change inshisly, this indicates that
in other treatment scenarios where the sorbenpigiaipal driver of life cycle impact
results a custom impact factor should be used.

The type of truck assumed for chemical and sorbent tandgort is
inconsequential to final results. Changing the truck &ze 25 ton) and engine
efficiency standards (EURO3 to EURO5) changed the finalteeby less than 1% for all
scenarios. The assumed chemical and sorbent stordgeds similarly inconsequential.
A scaled impact factor for a chemical storage tankagagpared to that for the hot water
tank and found to change the final results by less than 1%.

3.2 Dose Response RelationshipA.relationship to estimate the potential
number of human health cases at various drinking wgtevaent levels was developed
in SI Equation 1.

Kk wory 4 ks 1 HIMp% (SI11)

Casesnpact IS the potential number of cases for the selectedtpol, impact, and
dataset (cases),pl\ is the study population (people), and DWEL is the drinkiagew
pollutant concentration (ug7). Slope and Intercept are coefficients developed fdn eac
pollutant, impact, and dataset which are found in S| TalGle

No non-cancer disease cases were expected at polexaltst at or below the
reference dose under EPA IRIS methodology. The DWEtesponding to As(V) non-
cancer reference dose was 10.5 lgfor the 1998 Cr(VI) reference dose it was 105 g
L, and for the 2010 Cr(VI) reference dose it was 31.5 g L

4.1 Addressing Critiques of the Dose/Response Methodologyhe published

effect factors, slope factors and reference dosgsravéded with uncertainty of perhaps
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an order of magnitude (USEPA 1998a, b, 2010a, b, Rosenbaun2@08). The number
of cancer and non-cancer cases estimated in this studythese numbers should be
similarly interpreted. For example, if 6 excess case®stimated, this result can be
interpreted as anywhere between 1 and 60 cases. Embedding:trisiumty generally
overestimates the actual number of disease cases Wisillimits the ability of the
model to predict absolute values of cancer and non-caases, it is still valuable to
inform the magnitude of the change in cases estimatetifferent treatment scenarios
and to identify the most influential contributors to tdtealth impact.

Dose-response relationships are often observed tochaved responses in the
low dose range resembling an exponential increase. Tiilg Bas assumed linear
responses for consistency with USEtox and IRIS metbggas well as for model
parity. This line would therefore overestimate the nunadé@ases from a curved dose-
response relationship.

For the non-cancer responses, all contaminant intakesumed to come from
drinking water. Drinking water does dominate arsenickmtfar areas with drinking
water concentrations above 10 pi§ (James et al. 2015). However, ignoring any intake
from food or inhalation has the effect of underestingative expected number of non-
cancer cases associated with that pollutant.

For all health benefit analysis the population is agglita be adults with 70 kg
body mass and 2 L daydrinking water intake. Including infants as a fractiohef
population with 10 kg body mass and 1 L dalyinking water intake (Hammer and
Hammer Jr. 2011) would have the effect of slightly indreaexposure and raising the
expected number of cancer and non-cancer cases.
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The EPA does not intend for Reference Doses to be useihtm dose-response
estimations. It really should only be a threshold ofé’sar “not safe”. Also, the
reference dose includes modifying factors and uncertaactpifs in its derivation that
make it difficult to interpret as a true point of ‘earesponse’. Assuming zero response up
to the level of the NOAEL would have the effect of loing the estimated number of

cases.
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Sl Table 7.1Custom Impact Factors.
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Sl Table 7.2Inventory and impacts for Scenario 1B (TreatimgD by WBAX
with H,SO, and Ca(OHy).
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Sl Table 7.3Inventory and impacts for Scenario 1C (TreatimvQ by WBAX
with CO, and air stripping).
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Sl Table 7.4Inventory and impacts for Scenario 2 (TreatingOrby SBAX).
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Sl Table 7.5Inventory and impacts for Scenario 3A (Treating(\M) by MO with
HCl and NaOH).
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Sl Table 7.6Inventory and impacts for Scenario 3B (Treatirgf\Q by MO
without pH control).
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Sl Figure 7.1 Sensitivity Relationships for A) influent alkatiy for treating
Cr(VI) by WBAX, B) change in assumed sorbent cajyafor treating As(V) by MO, C)
influent nitrate and sulfate levels for treating\@j by SBAX, and D) influent pollutant
concentration for treating Cr(VI) by WBAX. Vertichhes represent the base case.
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Sl Table 7.7Coefficients to calculate dose-response relahipnsased on the
dataset, pollutant, and impact of interest givetuay population and drinking water
pollutant concentration (DWEL). For DWEL less thamequal to the limitation stated,
the potential number of cases is zero.
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Sl Figure 7.2 Tradeoffs of increasing treatment (i.e. redudd@L) of Cr(VI) on
A) cancer and B) non-cancer disease using EPA rdetbgy for a 3,200 person
population with a 20 pgtinfluent. Scenario 1A is treating by WBAX with
HCL/NaOH, 1B is WBAX with HSO/Na(OH), 1C is WBAX with CQ/air stripping, 2
is SBAX. Benefit from 1998 uses official data, 2010 uses newer draft information.
1998 Benefit is zero in the top graph, and botrelielines are zero in the bottom figure.
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Sl Figure 7.3 Tradeoffs of increasing treatment (i.e. redud4@L) of As(V) on
A) cancer and B) non-cancer disease using EPA rdetbgy for a 3,200 person
population with a 20 pgtinfluent. Scenario 3A is treating by MO with H®IEOH,
and 3B is MO with no pH control. Benefit from 19@8es official data, while 2010 uses
newer draft information. The benefit lines are cadent in the bottom figure.
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CHAPTER 8
NANO-COMPOSITE SORBENT
POLLUTANT REMOVAL PERFORMANCE AND MECHANISM
1. INTRODUCTION

The goal of this chapter is to demonstrate performantigeafano-composite
sorbents. Methods for synthesizing the nanocomposibesbinfused with titanium (Ti)
or iron (Fe) nanoparticles into weak base anion exah@WBAX) have been developed
as informed by sorbent characteristics and preliminanylsaneous removal capacity in
Chapter 5 as well as for environmental and human hpatfbrmance in Chapter 6. They
now face the culminating test to demonstrate performancieallenging conditions
during a long term packed bed application.

The results of this test will first verify the perfoance of the nano-composite
sorbents and that they fulfill the goal which wasioetl at the onset of the research.
Secondarily, it also informs future use of the sorbemdéntify key operational
parameters and potential interfering constituents. Lastill shine light on
mechanistically understanding how the hybrid sorbentsvemollutants, and someday
therefore inform how they might be regenerated.

The mechanism of removal for arsenic removal and fomsionm removal is
important to understand in order to maximize performanddraprove any current
limitations hybrid resins may have. One such currentaiioib with use of WBAX, and
therefore nano-composite using WBAX also, is tha inknown how it can be

regenerated. It has been speculated that Cr(VI) is rddader(lll) on the surface of
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WBAX because visual observations show the spent resis taka green color
characteristic of solid Cr(lll).

Previous work (McGuire et al. 2007) has explored a spent W8Anmonly
used for Cr treatment (SIR700). XANES demonstrates tieasarbed Cr(VI) is reduced
to Cr(lll). It is unknown what the electron donor isit Bpeculated to be the polymeric
resin backbone or the ion exchange functional grosg# images show that the Cr(lll)
is distributed through the resin structure and is natlibed. XRD show that the Cr(lll) is
amorphous. XRF showed that the resin has high affioityCti also. They observe that
Cr removal capacity is greater at pH 6 than 7 due to theawing a -1 charge instead of
-2 and taking up fewer ion exchange sites, protonationeofvlak base anion exchange
groups, as well as lower competition from hydroxide ion.

Other recent work (Chaudhary and Farrell 2015) has demomstegienerating
nano-composite sorbents embedded with iron nanopatrti@désise either strong base or
weak base anion exchange resins as the parent mdtetiat work the FeWBAX could
be regenerated using only NaOH, whereas the FeSBAX eegath NaOH and NaCl to
regain sorption capacity. In that study the sorbents eaded only with As, and
therefore only the iron nanopatrticles required regeiogralt is still unclear how the
anion exchange functional sites were behaving, how it waeildifferent if co-loaded
with an anion that sorbed via ion exchange like Cr(&hd how precipitated Cr(lll)
could be removed. It does validate the hope of regengradimposite sorbents, and
corroborates the approach of using mixed regenerants.

This chapter aims to show if MOx-WBAX can remove hexamt chromium and
arsenic from water in challenging flow through conditjcarsd if so identify the removal
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mechanism. It hypothesizes that during treatment of carmerpollutants using MOx-
WBAX, the hexavalent chromium is removed by anion ergkeaand the arsenic is
removed by metal oxide sorption. The approach is to usenodiesting of the Ti-WBAX
and Fe-WBAX resins and compare it to that of WBAX an@.NComparing
breakthrough curves and pollutant removal capacities dfythid resins to standard
sorbents could indicate if simultaneous removal on hylmidesnt is competitive,
additive, or even synergistic. If the hybrid resins haseralarly shaped breakthrough
curve for one pollutant as the standard sorbent, thgtitrmdicate a similar removal

mechanism is at work.

2. METHODOLOGY

Both the Ti-WBAX (Column A) and Fe-WBAX (Column B) wesgnthesized
using a 10% precursor concentration solution using Amberlit& P¥g the parent resin.
For the Ti-WBAX the hydrolysis time was 24 hours withawd post rinse. The Fe-
WBAX did have an acid post rinse. Other details of sysithare elaborated in Chapter 5.
These synthesis conditions were chosen based omlavoemental impacts as shown in
Chapter 6 and high pollutant removal capacity as shov@hapter 5. PWA7 (Column C)
and E33 (Column D) are commercially available sorb#r@swere used as received.

Glass columns 1.5 cm inner diameter were prepared wiis gkzads, glass wool,
sorbent, glass wool, and glass beads. Each coluntaiced 20 mL of sorbent, giving a
bed depth of 12 to 13 cm. This was equivalent to between 22 andfZaturated

sorbent. Columns were operated in downflow at a tanfleent pump rate of 8 mL/min,
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giving a target empty bed contact time of 2.5 minutes. Pabgs did fluctuate slightly
over the 2 month operation period but were monitored daityre-adjusted as needed.

Influent was prepared by filling a 330 gallon tank with munictpplwater that
had been dechlorinated with a carbon filter. It wasespikith 0.4 uM NgHAsO, (30
ppb As(V)) and 0.4 uM KCr,O; (21 ppb Cr(VI)). All four columns were operated
simultaneously while drawing influent from the same tank, \&ere run continuously
through the duration of the experiment to avoid on/offatéfeThe tank was refilled when
it became depleted at 13,000 bed volumes and again at 25,000llbees. Influent
conductivity ranged between 1.27 and 1.49 mS/cm, and pH ranged #adm8.2. In
order to compare this matrix to previous experiments, lEgahibrium bottle tests were
done with this water matrix and the sorbents under irgeggbn using previously
described methodology.

Influent and effluent samples were taken periodicallgugh the column run.
Metal analysis samples were acidified to 2% nitrid astored in a refrigerator, and
analyzed for total Cr and total As by ICP-MS within 21 ddys.analysis samples were
stored in a refrigerator, filtered with a 0.7 um glabsffimembrane, and analyzed by IC
(Dionex 2000) within 21 days.

After completion of the column testing, the spent satb were digested to
recover sorbed constituents. This was completed by rexp®&@d mg dry weight of
sorbent from the top, one-third depth, two-third depth,kttbm of the column. Each
sample was placed in a microwave digestion vesselda@lda. nitric acid and 1 mL
hydrochloric acid, and allowed to predigest overnight. Theh sample was sealed and
heated in a microwave (MARS XPRESS) at 1600 W power irajrip 175°C over 15
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minutes, then holding at 175°C for 10 minutes. Digested sanwelesdiluted to 4% acid

and screened by ICPMS for 61 metals.

3. RESULTS

Cr and As breakthrough curves for each of the coluneastaown in Figure 8.1.
The TIWBAX removed both pollutants for the first 2,00@ b®lumes (BVs). Then the
As started to breakthrough sharply and reached compledeisidm by 10,000 BVs. The
Cr broke through gradually and only reached 80% exhaustion by 35\300rBe
FeWBAX removed both pollutants for 1,000 BVs. Then tisestarted to breakthrough
sharply and reached exhaustion by 4,000 BVs. The Cr broke thgoadhally and
reached exhaustion at 35,000 BVs. The WBAX was exhausteés faithin 400 BVSs,
and broke through gradually for Cr reaching 75% exhaustion @@8Vs. The MO
broke through for Cr within 400 BV’s and released any thed sorbed (chromatographic
peaking) over the subsequent 1,000 BVs. It broke through ghadtwals reaching 85%
exhaustion at 35,000 BVs.

Measured as the difference between influent and efflazeé @bove the curve)
normalized to sorbent dry weight, the TIWBAX removed2lidmol/g of Cr and 5.0
pmol/g of As. The FeWBAX removed 19.0 pmol/g of Cr and In®|ig of As. The
WBAX removed 24.9 umol/g of Cr and 0.5 pmol/g of As. The M@oved 0.0 umol/g

of Cr and 7.6 pmol/g of As.
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Figure 8.1 Hexavalent chromium and arsenic breakthroughesufor A)
TIWBAX, B) FeWBAX, C) WBAX, and D) MO. Columns coained 20 mL of sorbent
and had 2.5 minutes of empty bed contact timeuémfl conductivity was 1.4 mS/cm and

pH was 8.0. Columns were run continuously fromgame influent tank that was refilled
at 13,000 and 25,000 bed volumes.
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Figure 8.2 shows the mass of metals detected in the elilyest and spent
sorbents normalized to dry mass averaged for the eatinenn depth. Only 19 of the 61
metals were detected and are illustrated. The massfotiad increased from non-detect
in the raw sorbent to between 0.10% (mass/mass) and OatGbe fspent TIWBAX,
FeWBAX, and WBAX. The mass of As found increased fram-detect in the raw
sorbents to 0.02% in FeWBAX and 0.13% in the MO. Na, Mgai®l Ca were detected
in all samples and generally showed slightly loweelswn the spent sorbent than in the
raw sorbent. Significantly high levels of Al, V, NGu, and Zn were found in all of the
spent sorbents with none in any of the raw resinan®@e spent sorbents had the highest
mass detected of all metals (excluding Fe measured Fetibased sorbents), ranging
from 0.33% — 2.2% of dry mass. Generally the next highastZm at 0.27% — 0.78% in
the spent sorbents, then Al at 0.04% — 0.78% in the spdargs. All three were
detected at higher levels than the target pollutanen@rAs. Very little Ti was found in
any of the digestates, including for TIWBAX. That is ®dxpected since Ti is not
soluble in nitric acid and a much higher mass would likalye been found with a

digestion using hydrofluoric acid. The other metals of egeare nitric acid soluble.

237



Figure 8.2.Mass of detected metals in raw and spent sorlpemtsalized to dry
mass. Digested in nitric/hydrochloric acid by miwawve heating. Another 42 metals were
analyzed but not detected. Spent sorbent valueasvaraged over four samples taken at
various column depths. Error bars show two standaxgations where triplicate sets of
four samples were taken.
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As a comparative experiment, batch testing was condwaté the four sorbents
in the same water matrix as the column testing. Tilngvad comparison between
column and batch testing results, as well as compatgsprevious batch tests conducted
in simulated groundwater or deionized water. The restiftsiobatch test are shown in
Figure 8.3. The observed data was used to generate Fruasdtlmrm parameters, then
the parameters were used to calculate a sorption capa€itg uM pollutant
concentration (the same as the column influent). Ti#BAX has pollutant removal
capacity of 3.2 umol/g for Cr and 3.3 umol/g for As. TheVBAX has pollutant
removal capacity of 4.5 umol/g for Cr and 2.3 pmol/g fer Ahe WBAX has pollutant
removal capacity of 6.1 umol/g for Cr and 0.0 pmol/g fer Ahe MO has pollutant

removal capacity of 0.0 umol/g for Cr and 3.5 pmol/g fer A
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Figure 8.3.Equilibrium batch test results conducted in thmeavater matrix and
pollutant concentrations as the column testing.
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4. DISCUSSION

Both the TIWBAX and the FeWBAX showed very similar d&keéhrough curves as
the parent WBAX in terms of shape and duration. This sugdjest the primary sorption
mechanism for each of the three sorbents was the gaesimably ion exchange. It also
shows that the iron or titanium hybridization procgésss not reduce Cr removal
capacity. The added metal nanoparticles do not seem tatiGhiborption in any way,
nor do they synergistically augment it in any way.

Adding the metal nanopatrticles did successfully add A®wal capacity in the
TIWBAX and FeWBAX compared to the parent WBAX. This suggélsat the removal
mechanism for As on the hybrid resins was not ion exchiikgéhe WBAX. However
the As breakthrough curves for the hybrid sorbents did mabdstrate the same shape
nor duration as the MO curve. If the removal mechansssoiption to metal oxide like
the MO, it is perhaps inhibited in some way. This appardibition could be a function
of metal content. The MO sorbent has 89% metal oxidéeobd whereas the TIWBAX
has 16% and the FeWBAX has 8%. The MO sorbent had 6 — &4 timare metal oxide
content but only absorbed 1.5 — 4 times more As. This shioat even though the MO
had a higher removal capacity the metal oxide in theithygarbents was being utilized
more efficiently.

4.1 Potential partial regeneration.A unique and unexpected feature of each
breakthrough curve is that each shows a dip correspotaingen the influent tank was
refilled. Both the Cr and As curves exhibit a decreaskaramount of pollutant in the

effluent, which could be interpreted as a partial sdrbegeneration or restored pollutant
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removal capacity. No significant difference in coluaperation, Cr or As influent
concentrations, pH, or conductivity were observed befodeadter refilling.

It is not understood what caused this partial restorafipolutant removal
capacity, but discovering and harnessing whatever happenedentiag key to unlocking
the ability to regenerate and reuse hybrid resins and WBAmeral. It could inform
the pollutant removal mechanism, and the ability to reusaarbent could reduce the
overall environmental impact of its use compared to theentipractice of single pass
through followed by transportation and disposal.

Two possible causes of the partial regeneration areizbedaand future work
proposed in the following section seeks to prove or digpthem each. The first
possibility is that the partial regeneration could be duéé presence of oxidants.
Residual chlorine in the influent would have volatilized dyiong term storage in the
influent tank (days to weeks). The oxidation potemtfahe influent water would be low
as it entered the column bed, providing conditions fasertor precipitation of Cr(ll1)
on the resin. When the tank was refilled, any residisaiféctant in the refilled water
would have raised the oxidation potential that could thenzexithe precipitated Cr(lll).
This would open functional sites to allow for future smmptand allow access to blocked
internal pores for internal diffusion. Ability to ragerate an ion exchange resin with a
widely available chemical such as chlorine would be rkaide.

The second possibility is that co-occurring metals énitifluent could cause the
regeneration. High levels of copper and other metals feeral sorbed to the spent
resins (Figure 8.2). These were presumably introduced int®ygtem from the refill tap
water that came through copper pipes. This metal couldgraegitated on the sorbent.
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Similarly to the function of the MOx nanoparticlelse tprecipitated metals would create
fresh sorption surface allowing additional pollutant reaio

4.2 Comparing experimental resultsThe mass of pollutant removed from
solution in the column test can be compared to thatdfauthe spent sorbent digestion.
The TIWBAX removed 5,762 pug Cr and 2,916 pug As in columnrigsiigesting
recovered 6,838 ug Cr and 597 pg As (+19% and -80% error respectivedy
FeWBAX removed 5,845 pg Cr and 859 ug As in column testing.sbigerecovered
6,874 pg Cr and 994 ug As (+18% and +16% error respectivelyWB#eX removed
7,492 g Cr and 231 pg As in column testing. Digesting reedvé, 640 pg Cr and 12
Hg As (+2% and -95% error respectively). The MO removed 10nand 14,241 ug As
in column testing. Digesting recovered 2,872 ug Cr and 33,730 1(€285620% and
+137% respectively).

Generally, the mass of pollutant on the spent resinddy digestion was
consistent with mass removed by the column. Error tfzerdigestion method is
attributed to the large dilutions required for analystgss particularly evident in the
mass of Cr supposedly recovered by the MO. Even thoulghniitire than the analytical
detection limit of Cr was measured, after the largatidih factor was applied it appears
to be a large number compared to what was removed by ltharcaError from the
column method is attributed to interpolating mass remaveldflow rates in between
sample points. Error cannot be attributed to pollutaeadly sorbed to the sorbent
because no Cr or As was found on the raw sorbents upestidig.

Sorbent capacity determined by batch testing to columimgeistnext compared.
The TIWBAX column removed 14.2 ymol/g of Cr and 5.0 pmof/d® Batch testing
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predicts pollutant removal capacity of 3.2 umol/g for Q¥ ar8 umol/g for As. (-77%
and -34% error, respectively). The FeWBAX column rendoi®.0 umol/g of Cr and 1.9
pmol/g of As. Batch testing predicts pollutant remowgdacity of 4.5 umol/g for Cr and
2.3 umol/g for As (-76% and +21% error, respectively). TheAXBolumn removed
24.9 umol/g of Cr and 0.5 pmol/g of As. Batch testing pregicilutant removal
capacity of 6.1 umol/g for Cr and 0.0 umol/g for As (-75% refwo Cr). The MO column
removed 0.0 umol/g of Cr and 7.6 umol/g of As. Batch tggtiredicts pollutant removal
capacity of 0.0 umol/g for Cr and 3.5 umol/g for As (-54% refwo As).

Sorption capacity demonstrated in column mode is neaslgrys 2 — 5 times
higher than that shown in batch mode. Numerical resldtained from these two testing
methods are of course not truly fairly compared becadfsgatit sorption drivers are at
play. For example, in column mode the pollutant cotre¢ion is continually replenished,
whereas in batch it reduces as pollutant is sorbed. iEgnanbd intraparticle diffusion play
critical roles in column mode sorption, compared tolb&tsting which has been given
sufficient time to reach pseudo-equilibrium conditionewdver the trends demonstrated
between the two methods are informative, including ikegierformance of the sorbents
compared to eachother, and relative contaminant prefesdroavn for each sorbent.

Lastly, batch results conducted in the dechlorinated taprwalumn influent are
compared to previous batch tests conducted in simulated graterdwsing the
Fruendlich isotherm parameters presented in Chapter & poltutant concentration of
0.4 uM, the TIWBAX has a pollutant removal capacityimwated groundwater of 4.6
pmol/g for Cr and 3.7 umol/g for As. The dechlorinatedwager results are -30% and -
11% relative error respectively compared to the simulgtedndwater. The FeWBAX
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has a pollutant removal capacity of 9.1 umol/g for Cr@a2dumol/g for As (-51% and -
56% error respectively). The WBAX has a pollutant remeaplacity of 19.1 pmol/g for
Cr and 0.0 for As (-70% error for Cr). The MO has aysatt removal capacity of 0.0
pmol/g for Cr and 4.1 pumol/g for As (-15% error for As).

In all cases the sorbents performed better in sirdlgtoundwater than in
dechlorinated tap water. There are multiple reasons whythild have happened. Most
likely this is a function of starting concentratiornelsimulated groundwater batch tests
were conducted with a starting concentration of 2 pMupatits, whereas the tap water
tests were conducted with a starting concentratiordofiM pollutants. Even though the
calculated capacities were projected to 0.4 uM in botrscése higher starting
concentration for the simulated groundwater would provideglaer gradient to drive
sorption and cause higher energy sorption states. mberscores the importance of
conduction batch tests at the same concentratiorviothaly comparable results.
Another reason for the higher capacities could alsihdethe dechlorinated tap water
would have some fraction of organic content whereasithelated groundwater has only
inorganic constituents. The organic constituents couldf@rewith sorption in

unexplored ways.

5. FUTURE WORK

The answers to the questions that have been discovelad dissertation are
hopefully valuable in advancing the state of sciencedmo-composite sorbents and
simultaneous pollutant removal, but also inspire furtheestions to address in the future.
This section explores questions and proposes experithabtsontinue this line of
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research. The focus is on further developing understgrafithe pollutant removal
mechanism and to explain the observed partial regenerat@der to unlock the ability
to regenerate MOx-WBAX resin.

Hypotheses that can be considered in the future include:

Hexavalent chromium is reduced to trivalent chromium erstirface of
WBAX (or MOx-WBAX) and precipitated, while resin polymisr
oxidized.

MOx-WBAX can be regenerated in a three-step procesausdtic rinse, a
strong oxidant rinse, then an acid rinse.

5.1 Explore the removal mechanismTo explore the mechanism of removal the
total ion exchange capacity could be measured via staadartitration methodology
before and after nano-metal impregnation. If the tahange capacity has not been
significantly reduced this will support the idea that théaieanoparticles do not take up
exchange sites themselves. This capacity would be comiuatteel pollutant removal
capacity observed in column testing in the preliminatadThe removal mechanism
hypothesis would be further explored by comparing the clargeentration of
pollutants removed from treated water with the chargeeatration of counterion
introduced to the treated water from the column téghel counterion concentration is
similar to the concentration of chromate removednmttthe total concentration of
chromate plus arsenate removed, it would support thgpahgant is removed by a
mechanism other than ion exchange (presumably by soyptio

Previous batch equilibrium tests could be further examinexd)@sDubinine-

Radushkevich isotherm model. Using linear regression this Irestimates a free energy
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of sorption constant, E, which is the free energyngbavhen 1 mole of ion is transferred
to the surface of a solid (Landry et al. 2015). E valu&<oE < 16 kJ/mole indicate pure
ion exchange mechanisms of sorption, while E valuesiidi@ate van der Waals
interactions (Alberti et al. 2012, Antonio et al. 2004, Domirzgeteal. 2011,
Mahramanlioglu et al. 2002)

5.2 Spent sorbent imagingTo explore the mechanism of removal and oxidation
state of the sorbed pollutants, elemental mapping imdges parent resin, the hybrid
resin, and spent hybrid resin could be explored by SEM and$IMS. The images of
the hybrid resin would describe the location of megadaparticles through the polymeric
structure. The images of spent resin would locate wherestmoved pollutants
ultimately reside, and correlations hopefully willenge such that concentrations of one
pollutant are coincident with locations of metal oxi@moparticles. Other
characterization tools could also be used including XAFESXRD. This will identify
the crystalline mineralogy of the embedded nanopartamésthe oxidation state of
sorbed Cr and As. This would indicate if Cr(VI) is acf reduced and precipitated on the
surface as opposed to sorbed by ion exchange as Cr(VI¥,asdnilar process does or
does not happen to As.

5.3 Jar tests for mechanismA set of equilibrium experiments to elucidate the
fundamental mechanism of pollutant removal could be cdadu€irst, hexavalent
chromium would be mixed in a jar test with tertiary aes in different forms, such as
aqueous dimethylamine or coagulant polymers with tertiarpeugrioups. This would be
done with and without acidification, then measure ltesising spectrophotometry with
the diphenylcarbohydrazide method to analyze reactivelC¢{@-700ppb quantification
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limit). It would show that chromium is reactive witkrtiary amines and that tertiary
amines do require acidification to become ionized and alpertform ion exchange.
More importantly it would show that the tertiary amitgsthemselves do or do not
reduce hexavalent chromium to trivalent chromium.

A similar test could be done mixing aqueous hexavalent chromiith solid
trivalent chromium. The solid trivalent chromium expsnt would show if adsorption
and precipitation on previously sorbed chromium is a @uesim for further chromium
removal. This could demonstrate what is happening orutifece of the polymeric resins
after hexavalent chromium is reduced, explaining if reshafter that is due to opening
up the ion exchange site for future removal or if adsorbed directly on the precipitated
metal.

Another test mixing chromium and chlorine could be condudtkd.chlorine
experiment would demonstrate if an oxidant can restereddctivity of the precipitated
trivalent chromium. It is discussed further in thedwling section since it connects to
column regeneration.

A last jar test mixing hexavalent chromium and arsemit@ecipitated copper
could be performed. Copper is of interest since high atsomere found sorbed to the
spent sorbent in the column test (see Figure 8.2). TduddAbe done by making a
solution of aqueous copper, then adding a precipitating agjeet.enough time to allow
some precipitation, it would be spiked with hexavalembetium and arsenic. Reactive
Cr(VI) concentration and arsenic would be measuredtower This would show if
Cr(VI) or As sorbs to (or is somehow reduced by) freshlgipi@ted copper. Results
would serve as a null hypothesis that the pollutant rehi®vet actually due to
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precipitated metal commonly found in tap water complatelgnsequential to the
performance of the hybrid sorbent.

If the tertiary amine group in absence of resin isatui¢ to reduce Cr(VI) to
Cr(ll1), it would corroborate that the polymeric rediackbone is the electron donor.
However, by itself this would not indicate why this phewmon is observed on only
WBAX and not SBAX. This implies that an unknown compatnaf the polymeric resin
backbone that is unique to WBAX does so. Product data she&mberlite PWA7 and
ResinTech SIR-700, two chromate specific WBAX resinsaknito precipitate green
chromium, list the polymer structure as “cross linkelygandensate” and “epoxy
polyamine” respectively. These are common descriptorslusethny ion exchange
resins and do not give any clue what polymeric constituwentsosslinking agents could
be the unique reducing agent. As these constituents arepilagyietary information it
will then be unlikely to be able to prove exactly whatc#jgeconstituent is the electron
donor. Carrying out these jar tests in absence of vafliat least prove or disprove that
the resin backbone is vital to the reaction occurring.

If it is found that the resin is required to reduce CygICr(lll), an increase in
DOC would be observed in the column effluent. This wouldinede tested in very low
DOC water since the increase would be very smallpaoed to the amount of DOC
commonly found in surface water. If it is found that teeiary amine group itself is
reduced, then an increase in ammonia would be observied affluent.

An additional experiment that could show the electresascaming from the resin
is to electrically ground the resin and prevent the tearfsbm occurring. This is the
same thing that is done when imaging ion exchange resstby by coating the resin in
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silver epoxy to conduct electrons away and prevent imagenmvhg. An experiment
should be run by connecting the resin column to a condd@bptevents electrons from
the static polymeric backbone from reaching sorbed Cr{Miat would further show that
the polymeric structure itself is the reducing agentpggmoseed to a surface concentration
gradient.

A null hypothesis is that the chromium is reduced by ocgaini the bulk influent
solution. This could be tested by performing the columnindsighly purified water with
high oxidation potential. Then if the Cr(VI) is stidduced it is shown to be inherent to
the function of the sorbent. But if the Cr(VI) istmreduced under the same conditions
that it would have been reduced by tap water it showsthiatvater constituents
participate in the reduction reaction.

5.4 Column regeneration testsSome column regeneration experiments could be
conducted to inform the removal mechanism. A few colunfimglorid sorbents will be
saturated with both arsenic and hexavalent chromiumfifidtexperiment will be to try
to regenerate them using individual solutions of chloridastic solution, and mixed
chloride/caustic solution. If the chloride solution shatet the chromium removal
capacity has been replenished without replenishing arsapacity, it will suggest the
ion exchange was regenerated and chromium is primantpved in this manner.
Similarly, if the caustic solution regenerates theaheydroxide surfaces such that
arsenic capacity is restored but not chromium, it sutgest that is the primary
mechanism of removal for that pollutant. This expentmeay have a fatal flaw though if

the parent WBAX is not regenerable to start with. It work if the Cr(VI) is sorbed by
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ion exchange, but will give a false negative if thaseduced to Cr(lll) and precipitated
as previously suggested. This means that additional steps myaobadation are needed.

Hence is the proposed hypothesis that caustic, oxidahia@d are required to
fully regenerate the column. The caustic rinse inteodsrip sorbed arsenic from the
metal nanoparticles and regenerate the arsenic rewapatity. Unfortunately this will
also “un-functionalize” the tertiary amine ion exchangeugsj similar to that observed
during the hybrid synthesis process. The second rinsestwéthg oxidant, such as
chlorine, will oxidize and remove the precipitated traralchromium. Lastly the acid
rinse will restore the ion exchange capacity of grgdry amine ion exchange groups for
restored hexavalent chromium removal capacity. Tlgemeration scheme will be
analyzed with life cycle assessment to verify thatehvironmental impact of such a
chemically intense regeneration procedure is still lkalwan synthesizing new sorbent.
Therefore the second regeneration experiment thabavilin will seek to verify the
effects of each step in the proposed regeneration praczbgiwwomparing column test
performance of spent sorbent that has undergone onlywemeott all three of these steps.
If this procedure still does not restore Cr(VI) remoaacity, a possible salt rinse step
can be added with the intent to displace the chromaie tine ion exchange functional
groups.

To verify that a strong oxidant such as chlorine canipithe precipitated
Cr(lll), this could be tested in the absence of tisanreCr(l11) could be precipitated in an
aqueous solution using a supersaturation of salts or by caesinged conditions
through lowering the dissolved oxygen by bubbling nitrogen gé&s.various bottles will
be added known doses of chlorine, including a zero dose@sm@l. Under reduced
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conditions the equilibrium state for Cr in water $sGxOs3(s) which is Cr(lIl) and green
in color. Increasing the oxidation potential of theusioh by the presence of chlorine will
shift the equilibrium higher to Cr3 which is Cr(VI). | will measure the concentration of

Cr(VI) spectrophotometrically.

6. CONCLUSIONS
This study has shown:

The hybrid nano-composite sorbents that were optimzed f
environmental performance and sorbent characteristiceecamve Cr(V1)
and As(V) simultaneously from a challenging water matrigacked bed
flow through testing. It required little operational atten and no pH
adjustment, confirming the applicability for use in drsgbtems.
The addition of iron or titanium nanoparticles doesredtice the capacity
of the parent WBAX resin to sorb Cr(VI) compared to WBAX resin.
Similarly shaped Cr(VI) breakthrough curves demonstratetidy
FeWBAX and the TIWBAX as the WBAX resin suggests that t
mechanism of removal on the nano-composite sorbgstdlianion
exchange.
Co-constituents in the influent also sorb to the sorbedtpossibly reduce
the sorbent capacity for the target pollutants. Thstrhighly sorbed co-
constituents were Cu, Zn, and organic matter from taprwaspecially as

compared to simulated groundwater with only inorganic ciuestis).
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CHAPTER 9
DISSERTATION SYNTHESIS
INTRODUCTION
The purpose of this chapter is to summarize the diswert@td answer the
research questions and hypotheses that have been pre$éetedxt section
“Associated Products” presents tangible accomplishnaatiieved while producing this
research. Next, “Answering the Research Question” dstrates how the research
answered the original overarching research question. Fifgflyader Impacts”
supposes how this work can affect the water industrgnsei and society. It provides

concluding take away messages for different water indstaikeholders.

ASSOCIATED PRODUCTS

This work has been in development for five years. Duttiad) time it has
produced deliverables, accomplishments, and been disseminataibus forms. This is
a review of the tangible products and achievements teassociated with this work.

Research funding.As a graduate student | have been awarded $126,000 in
research grants, $159,580 in school-sponsored fellowship$5a@80 in private
scholarships.

Awarded research granfThe research presented in this dissertation was funded
by the United States Environmental Protection Agency Seiem Achieve Results
(STAR) Fellowship for Graduate Environmental Studies. Tatgonally competitive
fellowship supports outstanding graduate students specializthg Environmental
arena. The application underwent multiple layers wiesg and included a five page
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research proposal, a two page personal statement)dttess of recommendation, and a
curriculum vitae. It was worth up to $42,000 per year for upreet years to cover
tuition, expenses, and living stipend.

My grant is titled “Simultaneous Removal of Inorganidlitants by Sorbents for
Small Drinking Water Systems”. The application was stiechito EPA-F2013-STAR-
E1: Drinking Water in Fall 2012, awarded in Spring 2014, and furiolggn in Fall
2014. The research proposes to develop the science andlteghof sorption processes
for simultaneous removal of inorganic pollutants. Thaufois on inorganic pollutants
due to their occurrence and toxicity in groundwater. Theéestviis small drinking water
systems due to the disproportional health risk people gddrywéhese systems face. It is
novel since it develops simultaneous removal of meltjgullutants instead of standard
competition. As an EPA STAR fellow, the goal is to depewater treatment technology
and scientific understanding, and disseminate the rdsessults for widespread benefit
to human health.

The grant included three thrusts:

1. Commercially available sorbents designed for specifiufamt removal
have limited ability to simultaneously remove multiplerganic
pollutants.

2. Hybrid media synthesized by iron nanoparticle impregnaboanion
exchange resin can simultaneously remove multiplegaruic pollutants.

3. Hybrid media removes As through iron adsorption andfission
limited, while Cr is removed through anion exchange andpacity
limited.
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The first thrust sought to answer whether hope of sanabus removal of
important groundwater contaminants already exists bnéeds to be developed. This
intended to have the broad impact of informing residenssnail communities of their
current options to provide safe drinking water. It alsovedid water treatment systems
that already utilize these sorbents to understand tb&lpde side health benefits they are
experiencing. The second thrust sought to answer if an ar@range resin with a high
capacity to remove one pollutant can maintain that d¢gpaiter metal oxide
impregnation. This would show that simultaneous remoapécity can be cumulative or
even synergistic as opposed to competitive. The impatisofinding would be to
drinking water treatment systems that currently useotiyese resins to know that
removal of other pollutants can be achieved by use of hyigdia. The third thrust
sought to answer what mechanism removes multiple polttamtybrid media. This
answer would enable scientists to optimize resin syistfi@smultiple pollutant removal.
It would impact small systems by predicting performancleybfid resins for preliminary
screening without need for extensive laboratory or pigerimentation. Results of the
overall research would maximize the potential for broaupacts by widely
disseminating the results through publication in peer readejaurnals, presentations at
specialized conferences, and presentations for generalidezhees.

Submitted grant application€?revious to being awarded the 2013 EPA STAR
fellowship, | submitted four research grant applicatiomssimilar fellowships that were
not funded. | submitted applications to each the Gradua@\=#ilp Research Program
(GRFP) sponsored by the National Science Foundatiothen8TAR Fellowship for
Graduate Environmental Studies sponsored by the Environmeatatfon Agency in
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both Fall 2010 and Fall 2011. | prepared each proposal in coigjungth my advisor

Dr. Paul Westerhoff. He supplied the premise for theare project and at least one
written review of the submittal materials. | carefudtudied review comments from each
application for the improvement of subsequent applicatibalso obtained non-technical
reviews before submittal from the department grant ngisipecialist.

Other awards.The school-sponsored fellowships | have received inchle t
Dean’s Fellowship supplied by the School of Sustainable Eegimggand the Built
Environment, and Research Assistant support from reseawcts@warded to my
advisor Dr. Paul Westerhoff. These fellowships providedotuitvaivers, health
insurance, and a living stipend.

| have been awarded 17 private scholarships funded by genencate donors
and professional associations pursuant from over 45 sudrapiaications. The most
prominent awards are the Ron & Sharon Thomas Fellowstapichievement Reward
for College Scientists (ARCS) Fellowship, and the AZt&v&ssociation Scholarship.
The Thomas Fellowship is intended to support a non-traditéweoral student in
ASU'’s Ira A. Fulton Schools of Engineering. Dr. Romomas completed his doctoral
degree from ASU in mechanical engineering while raisinguang family. After a
successful and impactful career in designing aviationumgntation, he along with his
wife Sharon provide this generous fellowship to pay it fodatarother young engineers.
The ARCS Foundation is a national organization thastsoAmerican leadership and
aids advancement in science and technology. The locaberewho sponsored my
fellowship is Irene Douglas, a long-time member whohedged many graduate students
and the advancement of science in Arizona. The AZ Wedsociation is a professional
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association for water professionals that has providaayropportunities to disseminate
my research, network with industry professionals, articipate in educational outreach
activities. Together, these scholarships have fundedregpenses while a graduate
student, allowing me to forego getting an outside job aadsf@n my studies. The most
invaluable impact was therefore to allow me to succesdhatol while still having time
for my young family.

Publications. As a graduate student | have published one original reseach pe
reviewed scientific journal article entitled “PhosphoRexovery from Microbial Biofuel
Residual Using Microwave Peroxide Digestion and Anion ExcHarde full citation is
below. This paper was created as a master’s thesis,vgtewome additional lab work,
and was further refined by co-author reviews and peer revieemments. The final
form is also included in this document as Chapter 3.

Gifford, M., Liu, J., Rittmann, B.E., Vannela, R., Wearstoff, P., 2015.
Phosphorus Recovery from Microbial Biofuel Residual Usingrdvave
Peroxide Digestion and Anion Exchange. Water Research 74,330

DOI:10.1016/j.watres.2014.11.052.

Many lessons were learned from this research. | ledaheedalue of working on
an interdisciplinary team to create novel researbis collaboration involved
microbiologists, engineers, and ecologists and helpedagmaettechnology at the
interface of all these traditional disciplines. Timterdisciplinary effort did come with
various challenges too. It required me to become famiidr physical laws, methods,
bodies of literature, and processes that were outsydarea of specialty, which took

extra effort and time. It also was difficult to fitide right journal for publication. While
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the paper was construed around biotechnology and greegyetiex core processes
being investigated were water treatment. That may haveilmated to the journals
seeming to have difficulty finding qualified peer-reviewetimately resulting in three
biotechnology-focused journals declining to publish it befoneater-focused journal
accepted it.

It is my intent to publish the other chapters of thesditation that contain
original research in peer reviewed scientific journ@kapters 4 through 7 are presented
in this dissertation as draft manuscripts ready faleve with co-authors and imminent
journal submission. Chapter 8 requires some further @sestory development, and
manuscript preparation, but this document will still aicts eventual publication.

Presentations.| have given eight peer reviewed scientific conference
presentations related to my research as a graduate stientere at a national level
conference (WQTC 2014, SNO 2015), one at a regional lem&@nce (ICS 2013), and
five at state level conferences (AZWater and GPSAkdPteng at these conferences has
represented Arizona State University as being on thangugtige of technology
development. | have gained very valuable feedback oresgarch, which | have been
able to use to direct the future development. It has opsstedrking and collaboration
opportunities with other treatment professionals anthtesin real world waters with
public utilities. Conference presentations has been avadugble tool to disseminate
research.

In addition | have given six invited lectures and 12 pgstesentations regarding
my research. Invited lectures include lunch seminars otipleuliniversity campuses.
Poster presentations include local, state, and natiewal ¢onferences. These lectures
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are usually a longer and more casual format comparedfereoce talks. The poster
presentations are a much more personal interactionthathudience, which allows the
chance to adapt the message to his or her level oésttend understanding. They also
provide an opportunity to attend conferences in more intapdiisary settings where |
would not be comfortable giving a full talk to specialistsheir field of expertise, but
still appreciate sharing my thoughts and hearing their ifgnth of these forms of
dissemination have led to good feedback guiding my reseadcpractice presenting my

data in a clear fashion.

ANSWERING THE RESEARCH QUESTION

The objective of the proposed research is to addressvrarching question:
Can synthesis methods of hybrid nano-sorbents be improved to increase sugtainabil
and feasibility to remove multiple inorganic contaminants simultaneowsty fr
groundwater compared to existing sorbentiste each research question and hypothesis
is reviewed to clearly identify how it contributes todi@nswering this question, and
therefore how each chapter builds upon each other tteaemhesive overall story.

Research Question 1 deals with recovering the inorgangemaged anion
phosphate from a complex organic matrix. A hybrid nandslexasorbent with iron
nanoparticles embedded into a strong base anion excresigavas compared to a
standard strong base ion exchange sorbent. | found &hhaykbinid sorbent could remove
98% of the influent phosphate in column mode, and the iolmagxge sorbent captured
87%. However, the hybrid resin only released 23% of the R tggeneration, and the
ion exchange resin released 50%. Toefirmed Hypothesis 1. From a recovery and
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reuse point-of-view it is concluded that the standard sbmverked better. But by
shifting the paradigm to removal, the hybrid sorbent detmatesl a high affinity and
capacity to remove inorganic contaminant even from goéeaqueous matrix. This
contributes to answering the overarching research qudstianderstanding that a
hybrid sorbent has a higher capacity to remove an inorgafiidant than an existing
sorbent.

Research Question 2 then sought to quantify how wettuh@ntly available
sorbents can remove multiple inorganic contaminantiidtry-leading sorbents were
compared to hybrid sorbents synthesized by existing methgy@r their ability to
remove the oxygenated anions chromate and arsenate trbatlenging groundwater
matrix by via batch testing using a Simultaneous RemoaphCity (SRC). | found that
the hybrid sorbents had a higher capacity to removegmilitants simultaneously in
batch mode, scoring three of the top five highest SR€&sauf all sorbents tested. They
also worked for a few thousand bed volumes in column rabteh influent
concentrations, but struggled at low concentrations. ddnéirmed Hypothesis 2. This
contributes to answering the overarching research quédstigarifying the potential for
hybrid sorbents to remove multiple inorganic contaminfots groundwater is greater
than other existing sorbents, but that the performanseeportunity to be improved.

The next questions explore if the hybrid synthesis prozamsde improved; first
in regards to sorbent characteristics, then in regardgstainability. Research Question 3
explored improving characteristics of the nano-compositeests. Various synthesis
conditions were explored, such as precursor concemisaéind hydrolysis times, with
resulting effect on sorbent characteristics and paltuemoval ability. | found that an
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acid post rinse greatly improves the ability of the FeAXBsorbent to sorb chromate
and arsenate. | also found that metal content andstatiaice area increases by increasing
metal precursor concentration up to 100%. However a 10% opb&earsor
demonstrated higher pollutant removal capacity and more ysatdesize distribution,
inferring that too much metal blocks pores or agglomersasparticles thus reducing
their utility. Thisrejected Hypothesis 3. When synthesized under the correct comslitio
the equilibrium chromium removal capacity had only neblegdecrease while the
arsenic removal capacity had significant increase compari@ parent resin. This
confirmed Hypothesis 4. Together these findings contribute to amsgvehe
overarching question by showing how the synthesis proe@ssecimproved to increase
sorbent capacity which in turn decreases environmentaat@gnd improves multiple
pollutant removal ability.

Research Question 4 anticipated the environmental and hogadth impacts of
the hybrid sorbent life cycle normalized to the existeghnology. First, the
environmental impacts of using the hybrid sorbents was eglhrough anticipatory
life cycle assessment. | found that the environmenta&ats of the titanium hybrid
sorbents can be reduced by altering the synthesis prodedumeimize oven heating
time and chemical solvent use. The impacts of thesarbents could be improved by
maximizing pollutant removal capacity through acid rinsing ®less sorbent to treat
the same volume of water. For all environmental impatégories studied, the titanium
hybrid sorbents had lower impact than the iron sorbd&imis.confirmed Hypothesis 5.
The hybrid sorbents (after the environmental performampeavements) could remove
multiple pollutants and therefore had a lower environalantpact for most all impact
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categories than using mixed beds. This helped to answevéharching question by
proactively improving the hybrid sorbent synthesis prottzaicrease sustainability.
The second part of Research Question 4 analyzed thentheai#th impacts of
treating the target groundwater contaminants. Life cyst&ssment was used to compare
the health burdens of producing and using processed goods ®aesat water against
the health benefits of drinking water with lower leveiollutant. | found that the total
number of cancer and non-cancer cases expected to leel caugrg the manufacture
and use of water treatment energy and materials weser than the number of cases
expected to be prevented from drinking safer water. Tigigests that water treatment
decreases the overall human health risk,cmdirmed Hypothesis 6. However | also
found that treatment causes significant shifts inypeg and locations of those cases.
The people who enjoy the health benefit of treatedvaatea disperse population local
to the water treatment facility that avoid cancek.riehe people who bear the burden of
providing that treatment are largely factory workers whaduce pH control chemicals
and energy required to produce them incurring non-canceasigisk. The treatment
therefore exports, concentrates, and changes the tyjealth risks incurred. These
findings informed the overall research question by vergyhat wellhead treatment of
the target pollutants does provide overall benefit to munealth risk, but identified that
it should be done avoiding dependence on pH control chenticaot export disease.
Research Question 5 focused on demonstrating the hybbergéavorks for the
intended purpose and shines light on the mechanism of réfooeach pollutant. When
employed in a packed bed flowthrough condition with ciglleg influent matrix, the
hybrid sorbent optimized for environmental performancesambdent characteristics
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successfully removed both pollutants for a certain dumatiith little operational
intervention and without requiring pH adjustment of thituent water. This further
confirmed Hypothesis 4. The breakthrough for arsenic seemed tavfolle same pattern
as shown by metal oxide sorbents, and that for chrofokdeved the pattern shown by
weak base anion exchange. Téupported but did not prove Hypothesis 7. Some
partial regeneration was observed by changing column ntflweich may be related to
increased influent copper or chlorine. The results contidbict@nswering the
overarching question by verifying that the hybrid sorbent deesonstrate higher
pollutant removal ability than existing sorbents, and beeainderstanding how the
sorbent works may illuminate further improvements tosyrehesis protocol.

Looking at this work as a whole, it is clear that ioortitanium nanoparticles
embedded weak base anion exchange resins do have highgy fff and capacity to
remove arsenic and chromium simultaneously from grouretveatmpared to existing
sorbents. The synthesis methods were improved to ircse@sainability through
minimizing hydrolysis time and reducing mass of required sdr@&e method was
improved to increase removal capacity by optimizing n@&tursor concentration and
using an acid post-rinse. The synthesis methods of hyand-sorbents were improved
to increase sustainability and ability to remove multipgganic contaminants

simultaneously in groundwater compared to existing sorbents.

BROADER IMPACTS
The primary way that this research hopes to impactrieder community is to
inspire use of different values and approaches to make veddted decisions. Many of
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the findings herein challenge pre-existing procedures, and thos read this may think
about their own work in different ways. This applieste focus of those who develop
drinking water treatment technology, owners and opesatbwater treatment facilities,
and regulators who decide policy that they follow.

Technology DevelopersTechnology developers can take away a number of
findings to inspire their work. First is to stronglyrsider the water matrix used to test
treatment efficacy. Many studies use very high pollutanicentrations and very clean
water to show how well a novel technology works. Thiglgthas shown that removal
efficacy can be drastically reduced in a complex orgamaitrix compared to deionized
water (chapter 3), and in a synthetic groundwater compareeionized water (chapter
4). A treatment method that showed high promise atdale svith high pollutant
concentration performed poorly in a field test at lowygalht concentration (chapter 4).
Testing a novel technology in challenging conditions @xample, those shown in
chapter 8) will inevitably not portray the technology ie tiest case scenario, but will
give results that are dependable to those who can gctuagiloy the technology and will
avoid disappointing performance when fully deployed.

Technology developers may next take note of the potertisanium dioxide
nanoparticles as adsorbents over those of iron hydraxideh of the nanotechnology
development has focused on iron hydroxide as a sorbemnitaamdm dioxide as a
catalyst and photocatalyst. This work has shown fi@atidm dioxide is a superior
nanosorbent for arsenic removal from drinking water coeg#o iron hydroxide. It has a
higher sorption capacity for arsenic in batch equiliiriesting (chapter 5), and a longer
duration before exhaustion for arsenic and chromium rehnoalumn testing (chapter
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8). Additionally, its creation and use has a lower emrmental impact (chapter 6).
Attention toward minimizing the energy demand in heatingiredudor hydrolysis can
continue to reduce this impact (chapter 6).

Another approach that technology developers can takg faara this study is
that nanocomposite sorbent synthesis processes shospe@diécally tailored for the
application and macrostructure. Some have previously albiha some novel method
of preparing a nanoparticle would be applicable to any sbdyegporous structure for
removal of any pollutant. This study has shown instedadieananocomposite sorbent
should be tailored for the specific application to heligher removal efficiency. A
nanocomposite sorbent developed for nitrate and arsenaveg did not work well for
chromium and arsenic removal (chapter 4). The nanocotemgithesis process
developed with strong base anion exchange resin as tme-material did not work well
for use with a weak base anion exchange resin andaddisteps were required
(chapter 5).

The last suggested value that technology developers €an @l apply to their
work is the viability of including sustainability metrics design constraints. This study
has demonstrated that anticipatory life cycle assedstaarproactively identify critical
contributions to environmental impacts during the nascesiyaghase of a novel
technology (chapter 6). There is of course large unceytagsociated with how the
technology will develop into the future and change wihle up, but no one can be better
to address this uncertainty than those that are doingetfedopment. Identifying these
environmental impacts may possibly be synergistic witlerodlesign constraints such as
treatment efficiency, energy usage, and cost. This $taslyurther demonstrated that
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sustainability analysis can even be used to justify &ael mo employ a technology for
overall human health benefit (chapter 7). Technologgldgers can approach their work
with an eye toward environmental consequences duringagaveht instead of only as
an afterthought.

Treatment Facility Owners and Operators.People who own and operate water
treatment facilities can acquire additional valuesiwihich to select treatment processes.
It may not be necessary to install a dedicated prdoessach pollutant of concern. In the
event that new regulation for a pollutant is enacsedt{ as a new hexavalent chromium
rule or lowered total chromium rule), it may be possiblese the same infrastructure
already installed and simply replace the sorbent metliasomething that can address
multiple pollutants. This can simplify operation and redcmst compared to adding a
whole new contactor. This study has shown the vialwlitysing treatment processes that
address multiple pollutants simultaneously. Nanocompesitgents can remove both
hexavalent chromium and arsenic (chapter 5 and chapt€hi8)can even be done at a
lower environmental footprint compared to the traditiagdroach of having separate
dedicated processes (chapter 6). In general, ownerslswaghy away from treatment
technologies that require high daily chemical input sugb-asontrol in order to have
the highest total benefit to the health of the custsr(whapter 7).

Regulators. This research hopes to inspire values that regulatarasgato
decide how to enact water quality policy. The curremttsgy for choosing which
potential contaminants to regulate and at what levelsailpiconsiders occurrence,
analytical ability, and cost to treat to compliance sTiesearch has shown that the
embodied health risk in providing treatment to meet titergial regulation is non-
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negligible (chapter 7). Consideration of new regulatgmsuld include not just the direct
health risk avoided to the population drinking treated wateéralso the indirect health
risk borne by the subpopulation that creates the erserdynaterials required to meet the

regulation.

g9
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