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ABSTRACT

I nvestigation of Potential Pathways and M ulti-cycle Bioregeneration of 1on-
Exchange Resin L aden with Perchlorate

by
Mohamadali Sharbatmaleki
Dr. Jacimaria R. Batista, Examination Committee Chair
Associate Professor of Civil and Environmental Engineering
University of Nevada, Las Vegas

lon-exchange (IX) is possibly the most feasible technologyéschlorate removal
and perchlorate-selective and non-selective IX resins are comtlyeavailable for this
purpose. The use of both resins has shortcomings. Selective resinsiagrated after
one time use, and non-selective resins produce a regenerant tnegte that contains
high concentration of perchlorate. A process involving directly cantaof spent IX
resin containing perchlorate with perchlorate-reducing bac(efB) to bioregenerate
the resin has been developed and proven recently. In this process &iRBrade
perchlorate ions which are attached to the functional groups of the resin.

Although its feasibility has been proven, there are two issulesedeto resin
bioregeneration technology that deserve attention and were addresbesl research.
The first issue relates to the investigation of the mechanresyonsible for resin
bioregeneration. It was envisioned that the bioregeneration procedges four steps.
First, resin-attached perchlorate (RAP) ions are desorbedtfremoriginal functional
groups by chloride ion. Second, perchlorate ions are diffused througiord® of the

resin. It was expected that this diffusion is affected by bestim bead size and structure.



Third, perchlorate ions are transferred through the liquid film surragrttie resin to the
bulk liquid. Forth, perchlorate ions are utilized by the PRB present in the bulk liquid.

The results of the bioregeneration experiments suggestectluwaide, the waste
product of perchlorate biodegradation, is more likely the desorbing ajdRAP, and
increasing the concentration of chloride enhances the bioregenematcess. For
commercially available resins, both film and pore diffusion were faaradfect the rate
of mass transfer. In addition, macroporous resins were found tmleafiective than
gel-type resins in the bioregeneration process. Bioregenenaios were faster for
resins of smaller bead diameter. The outcome of this studyesnpiiat in resin
bioregeneration, the use of macroporous resin with relatively smiadlad size in
presence of chloride would be preferred. Chloride concentration, howeeetd Pe
kept below the inhibitory level for PRB microbial activities.

The second issue of bioregeneration process is the possibility df-cyulé
bioregeneration of IX resin. The results of the experiments exve¢hht capacity loss,
which is the main concern in multi-cycle bioregeneration processilized after a few
cycles of bioregeneration indicating that the number of loading amekda@neration
cycles that can be performed is likely greater than W dicles tested. The results
further indicated that as bioregeneration progresses, cloggihg oésin pores results in
the decrease in mass transfer flux from the inner portion akthe to the bulk microbial
culture contributing to stronger mass transfer limitation inkioeegeneration process.
Perchlorate buildup, resulting from un-degraded perchlorate accuonulatithe inner
portion of the resin, after each bioregeneration cycle is a rdeggvback that limits the

number of bioregeneration cycles that can be performed.
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CHAPTER 1
PROBLEM STATEMENT
1.1. Introduction and Objectives

Perchlorate contamination can occur both naturally in the environmenhianadh
manufacturing and use (Rao, et al.,, 2007; Dasgupta, et al., 2005;, IZ67).
Perchlorate mostly has been used as ammonium perchlorat€I®iHin the rocket
manufacturing industry. Toxicity of perchlorate contaminatiorwél-known in the
course of its interference with iodide uptake by thyroid glandk(KR006; Wolff, 2002,
Stoker et al., 2006). lodide is the most necessary element inattecfon of thyroid
hormones by thyroid gland. lodide shortage causes mental tetardachildren and
hypothyroidism in adults (Kirk, 2006; Wolff, 2002).

Perchlorate contamination has been found and reported at approxid@Qedyrface
water and groundwater supplies and soils in 35 states (Tikkanen, 2006),andast in
44 states there are some release potentials (Lehman, et al., 20@&xhlorate
contamination has become a serious concern in the southwestem oédgiee United

States. The National Academy of Science (NAS) has reconedeth@ oral reference

dose (RfD) of 0.0007 mg/kg/day (Tikkanen, 2006), which corresponds to theminteri

health advisory level of 15 pg/L in drinking water (Hristovski et al., 2008).

The most promising technologies to treat water contaminated lohlpete are
bioremediation and ion-exchange (Logan et al., 2001; Batista et a2, @B@ke et al.,
2002; Velizarov et al., 2005; Lehman et al., 2008). Bioremediation ispoatyical for
water with high concentration of perchlorate, due to the relatisklw degradation

kinetics of small perchlorate concentrations (Logan et al., 20Clek\Vet al., 2004).



Perchlorate also can be removed from water by perchloraetisel and perchlorate-
non-selective resins. Both perchlorate-selective and non-seleesives can be either
gel-type or macroporous-type. Although ion-exchange is a well-krtealmology to
water utilities, it has some deficiencies in perchlorateokah Firstly, it only separates
perchlorate from water and it does not destroy the perchlorate B&sondly, there are
some issues regarding the regeneration process. In the cage-sdlective resins, the
regenerant waste stream, contains high concentration of perchkmdtshould be dealt
with. In the case of selective resins, the resin cannot betieffiy regenerated and they
are incinerated after one-time use. One-time use of ion-exeh@&sgs constitutes a
major cost and environmental challenge for water utilities.

A new concept in ion-exchange technology has been developed antegdiatista
and Jensen, 2006). This concept is based on directly contacting perettoraiaing
ion-exchange resin with a perchlorate reducing microbial culturer @mibexic/anaerobic
conditions. The process consists of a fermenter, which holds thexibbctlture, and a
fluidized bed reactor (FBR), which holds the perchlorate-containisig (Eigure 1.1).
In this process, first fresh resin is used to treat perchlo@tgaminated water as it is
shown in the left hand side of Figure 1.1. After the capacitiyeofesin is exhausted, the
resin is transferred to a FBR. A perchlorate-reducing bactBRB) culture is pumped
from the fermenter to the FBR upward. This process can potenballysed for
perchlorate-selective and non-selective ion-exchange resinsyddadihe conversion of
perchlorate loads on the resin to innocuous chloride. The procesdscabe used for

resins contaminated with nitrate. In this case, nitrate is converted to nitragen ga



The feasibility of direct bioregeneration of ion-exchange resweddd with
perchlorate was first reported in 2006 (Batista and Jensen, 2006).conkept of
bioregeneration was developed and tested on perchlorate and nitratereseksins
(Batista et al., 2007b; Venkatesan et al., 2010). Bioregeneratiorneofise and non-
selective resins, in the presence of small concentrations of, Na€klso been reported

(Wang et al., 2008b; Wang et al., 2009).
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Figure 1.1. Schematic of the Resin Bioregeneration Technology (Left:ngp&gicle;
Right: Bioregeneration Cycle Using PRB)

The feasibility of the resin bioregeneration process has beearprd¥owever, there

are issues that have not been investigated thus far:



Issue 1: Although the biodegradation of free perchlorate ions dessah water have
been intensely investigated, there has been no research to expdore t
mechanism of biological degradation of perchlorate ions attachednte i
exchange resins. Thus, the first objective of this researtchusderstand the
mechanisms of degradation of resin-attached perchlorate ions.

Issue 2: In order to be economically and environmentally sustajnaiblegeneration
should be repeatable in several cycles for the same resin. TlRusedond
objective of this research is to investigate the feasibilithiofegeneration of
ion-exchange resin for several exhaustion-bioregeneration cycles.

1.2. Research Issues
Biodegradation of perchlorate ions dissolved in water has been uaikdt All the
perchlorate reducing bacteria known to date are gram-negativaibadialler et al.,

2004; Shrout et al., 2005). It has been proven that the perchlorate-reduthioaypa

goes from perchlorate (Ck) to chlorate (CI@), then to chlorite (Cl®), and finally to

chloride (Cl) (Rikken et al., 1996; Logan, 1998). More importantly, it has been shown
that the perchlorate reducing bacteria use two distinct enzynresliice perchlorate to
chloride (Rikken et al.,, 1996; Logan, 1998). Conversion of perchlorate,jCQi®©
chlorate (CIQ) and then to chlorite (Cl) are two energy-yielding enzymatic reactions
performed by perchlorate reductase (Rikken et al.,, 1996; Logat.,eR001); then
reduction of chlorite (Cl®) to chloride (Cl) and oxygen (@ is a non-energy Yyielding

reaction performed by chlorite dismutase (van Ginkel et al., 1996; iRikal., 1996).

Finally, the oxygen molecule @produced from the dismutation of chlorite (G)Qs



reduced to water (#D) through oxidation of the electron donor which is an energy
yielding reaction (Rikken et al., 1996; Logan et al., 2001).

Studies have indicated that perchlorate reductase and chlorite akenamé located in
the periplasmic area of the cell (Kengen et al.,, 1999). In theedpadation of
perchlorate, free perchlorate ions in water are transfermedsathe outer membrane of
the cell to the periplasmic area, where perchlorate reduatabsehlorite dismutase are
located. Although the outer membrane of gram-negative bactesidipid bilayer, it is
relatively permeable to small hydrophilic molecules, due tsgmee of proteins called
porins that function as channels for the entrance and exit of #malk molecules
(Madigan and Martinko, 2005). Transport of perchlorate and chloride ionssattre
outer membrane is most probably due to existence of porins.

The mechanism of perchlorate degradation described above applieseeto f
perchlorate ions that are dissolved in water. In the case oéxidmange resin,
perchlorate ions are strongly attached to the functional groups oés$in beads (Lehman
et al., 2008).

lon-exchange resins are porous media and can be categorizedektypeg and
macroporous-type. The average pore size and water retention iopa@crs resins are
considerably higher than those of gel-type resins (Sherman 4986). The average
pore size of macroporous resins is 0.6 um, while gel-type rbawves an average pore
size of about 0.0005 um (Kun and Kunin, 1968; Dale et al., 2001). Wateiaeteht
macroporous resins is approximately 11% higher than that of gelkégpes (Du et al.,

2010). The use of macroporous resins compared to gel-type reskpaigdimg due to



their stability, resistance to oxidation, and less vulnerabiliiptding (Weber, 1972; Li
and SenGupta, 2000).

From an economical point of view, resin bioregeneration is praatidy if the
process can be repeated for several consecutive exhaustion-bioregeneyates.
Biological fouling and capacity loss of the resin are the roaimcerns when performing
several consecutive exhaustion-bioregeneration cycles. Venkateslarf2€t10) studied
the feasibility of bioregeneration process for a perchlaalective gel-type ion-
exchange resin. The results of this study demonstrated thkiligasi bioregeneration
for gel-type perchlorate-selective resin for 3 consecutive ekbadsioregeneration
cycles (Venkatesan et al., 2010).

1.3. Knowledge Gaps and Hypotheses

Figure 1.2 shows a typical curve found for perchlorate degradationresinabead
with time. Initially, degradation is very fast but it slows dowith time. This
degradation curve has been observed several times for both perclaodateitrate
selective resins (Batista and Jensen, 2006; Batista et al., 20Qflapugh it has been
demonstrated that perchlorate attached to the resin can be bibelggio the best of my
knowledge, the mechanism for utilization of adsorbed perchlorate ions iBribdtas
not been elucidated thus far.

The pore size of ion-exchange resin beads does not allow the PiREawerage cell
sizes ranging between 1.0 pm x 3.0 pm and 1.5 pum x 7.0 um (Wokeiahk 2002), to
penetrate into the pore matrix of the resin, which has a comptexnikeof pores. Thus,

it is obvious that perchlorate ions, located on the functional groups itieddbeads,



should travel through the fine pore network, and enter the bacterilisuspended in

liquid phase of the culture.
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Figure 1.2. A Schematic Curve Resulting from the Bioregeneration of Resins
Contaminated with Perchlorate

The known involvement of-type cytochrome(s) in the respiratory electron transfer
chain (Coates et al., 1999; Bender et al., 2005) and the strong atdaabinperchlorate
ions to the active functional groups of the ion-exchange resin beads specify that somehow
resin-attached perchlorate ions should be detach from the resieamidthe PRB in the
outside of the cell. It is hypothesized in this research thahloeate ions attached to
resin beads: a) desorb from their original functional group locatede the resin bead
matrix, b) diffuse from the inside region of the resin bead todbi@ surface through the
pores, c¢) transfer through an imaginary liquid film, covering thvéase of resin bead, to

the outside of the bead, and d) transfer into the periplasmic regitire ??RB to be



degraded. Figure 1.3 depicts a conceptual diagram of bioregenerattesfor a resin
bead. Based on this conceptual model, desorbed perchlorate ions shouldidiffugh
the resin pore matrix and a liquid film surrounding the bead, to tlsdeudf the resin

bead where the PRB are located.

Diffusion of desorbed perchlorate
ion trough the pore matny

Perchlorate-reducing hacteria
Liguid film
Bl liguid

[F resih pore mat

Perchlorate 1on

Chloride 10n

IF functional group

Figure 1.3. Conceptual Model of Resin-attached Perchlorate Degradatotwamiam in
the Bioregeneration Process

Three hypotheses were developed to attempt to understand the mecludnism
biodegradation of perchlorate ions attached to resin beads. In thieypighesis, it is
envisioned that there is a desorption mechanism involved in the detaatintfeatresin-
attached perchlorate ions. The second and third hypotheses envikiatnes$s transfer
of desorbed perchlorate ions, from the inner portion of the resin behd RRB, is the

controlling step in the bioregeneration process rather than biodegradktietics of



desorbed perchlorate. Mass transfer process of resin bioratienes affected by both
resin bead size and the resin structure.

It is well known and accepted that PRB reduce perchlorate toidsloon.
Stoichiometrically, one chloride is released for each perchloeatgced (Rikken et al.,
1996). The bioregeneration results shown in Figure 1.2 were genaratedystem
where the PRB were grown using perchlorate as the electron acoegpitimg in the
accumulation of chloride ions in the microbial solution. Additionalyg $olution was
continuously re-circulated through the fermenter-FBR set-up. Therefdoride ions
accumulated in the system. Several studies have been publishednagdlige effects
of chloride (i.e. salinity) on perchlorate degradation (Logan eR@D1; Gingras and
Batista, 2002; Okeke et al., 2002). These studies show that cagmifieduction in
perchlorate degradation occurs at salinity levels greater thanrB@Q0 Therefore, in
bioreactors used for resin bioregeneration, chloride levels should béoddept toxic
levels to PRB.

In this research, it is thought that chloride resulting from peraté biodegradation
exchanges with the resin-attached perchlorate and release opatieehl Larger
monovalent and more hydrophobic ions such as perchlorate have moreaptoelitnd
to the IX resin compared to smaller and less hydrophobic ions saicthlaride
(Diamond, 1963; Xiong et al., 2007; Lehman et al., 2008).

The relative affinity of chloride and perchlorate ions to exchamigje the resin’s
functional group, which is commonly expressed as selectivity coaffi is 1 to 150 for
non-selective styrenic resins (Crittenden et al., 2005). For corsty@nic perchlorate-

selective resins it is 1 to 1300 (Tripp and Clifford, 2000). Highlgctele resins may



have selectivity coefficients of about 3500 (ResinTech, WestrBexd). Although
perchlorate attaches very strongly to the functional groups of pextdiselective resins
compared to chloride ion, in presence of chloride a small portioresh-attached
perchlorate ions may be exchanged by the chloride ions instantanfcelsiyan et al.,
2008). However, a significant part of the exchanged perchloratesvahchange and re-
attach to the resin (Lehman et al., 2008), because perchlorateoisowalent anion with
high selectivity (Crittenden et al., 2005; Sodaye et al., 2007). Thigslikely that the
chloride generated from perchlorate degradation acts as a desorbingagjemttached

perchlorate ions.__My first hypothesis is that resin-attagiezdhlorate is exchanged by

chloride, transferred to the PRB cells, and immediately conduoméhe cells before re-

exchange occurs.

Previous studies showed that the degradation rate of resthedtaerchlorate in I1X
resin is high in the first days, but it decreases with tifgufe 1.2) (Batista and Jensen,
2006; Batista et al., 2007b; Venkatesan et al., 2010). The reason fabbgbivation may
be diffusion or reaction rate control. In a kinetics-controlled prot@ser concentration
of perchlorate remaining in the resin results in a lower bi@dkegion rate, because of the
high value of the half saturation constant for perchlorate degradatn a diffusion-
controlled process, perchlorate located deep in the resin is déglader. It is thought
that transfer of desorbed perchlorate ions involves pore diffusionnwiitiei resin and
film diffusion in the liquid layer surrounding the resin. Film diftrsmostly depends on
flow rate, turbulence, and viscosity (Helfferich, 1962; Weber, 1972;\Lahd Green,
2000; Xiong et al., 2007). Pore diffusion is influenced by viscosity, esdration

gradient, resin bead size, degree of crosslinking in the structuesiof and resin pore
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size (Helfferich, 1962; Xiong et al., 2007). In this research, hymthesized that resin

bioregeneration is controlled by mass transfer of desorbed peatehions from the inner

portion of the resin bead to the PRB located in the bulk microbialdliquf the

bioregeneration process is controlled by mass transfer, redheimgsin bead size would
accelerate the diffusion process and consequently bioregeneration woukistbe
(Helfferich, 1962).

As it was mentioned earlier, degree of crosslinking and resingmeeaffect the pore
diffusion in the resin bead. The degree of crosslinking is diffe@ngel-type and
macroporous resins. In average, gel-type resins have 8% divinylbecrossénking,
while, macroporous resins have about 20-25% percent divinylbenzenein&iogsl
(Crittenden et al., 2005). Increasing the degree of crosslinkingeatess diffusion
(Weber, 1972). lon exchange resins have two types of pores; miesopothe pores
within the gel structure of resin and macropores or the poresdietive microspheres of
macroporous resins (Crittenden et al., 2005). Gel-type resins hayenmrbpores,
while macroporous resins have both micropores and macropores resultitoge water
content in macroporous resins (Du et al., 2010). Although the degreessfirking in
macroporous resins is greater than in gel-type resinseipected that the overall mass
transfer flux in macroporous resins is higher than that of geldtgpi@s. This is due to
presence of macropores and higher water content in macroporous rédinshird

hypothesis is that bioregeneration of macroporous ion-exchangs ie$aster than gel-

type resins due to higher water content and larger pore sizeh vesult in faster mass

transfer process in macroporous resins compared to gel-type resins.
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Venkatesan at al. (2010) showed that a gel-type selective aesld be loaded and
bioregenerated for 3 cycles. However, the resin capacity losgydhe cycles was not
studied. Observation of the resin beads after 3 cycles of eidrabgiregeneration and
fouling removal showed that biofouling of the resin after 3 cycles wot very
significant. The use of macroporous resins compared to geldgpes is expanding due
to their stability, resistance to oxidation, and less vulnenahditfouling (Weber, 1972;
Li and SenGupta, 2000), hence, it is more preferable to use macropmsmssinethe
bioregeneration process. In this research, the feasibility of leioeegtion and the resin
capacity loss for several consecutive cycles is investigaiad asperchlorate-selective

macroporous resin. My hypothesis is that the bioregenerationsgroae be performed

on perchlorate-selective  macroporous anion-exchange resins for | seeasgcutive

exhaustion-bioregeneration cycles, because the fouling would b&ideggant than that

for gel type resins. Therefore, there would not be a significant capaciin libgsresin.
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CHAPTER 2
STATE OF KNOWLEDGE
2.1. Perchlorate in the Environment

Perchlorates are the salts that are derived from perchlddc &erchlorates can
occur naturally in the environment (Rao, et al., 2007; Dasgupté, €085) and much
contamination has occurred due to perchlorate manufacturing and asstaBet al.,
2002; USEPA, 2005; ITRC, 2007). In the United States (U.S.), extensive povdatti
perchlorate started in the mid 1940’s. Perchlorate mainly has bewloyed as
ammonium perchlorate (Ni&IO,) in the rocket manufacturing industry. Perchlorate
usage expanded by employing this salt in the other industriesasuctanufacturing of
fireworks, explosives, matches, batteries, air bags, lubricatingeather, paints, refined
aluminum, electronic tubes, mordant for fabrics and dyes, and nuebszors (Wu, et
al., 2008).

Perchlorate also can occur naturally in soils in arid and sedhicimates where
marine seabeds were and climates exposed to lightning s{Betfiers, et. al., 2007).
Electrical discharge of chloride aerosol in the atmosphere paltgntan produce
perchlorate (Dasgupta, et al., 2005). Also, exposing aqueous chloridegho hi
concentrations of ozone can lead to perchlorate production; rain and snowl|éaese it
to the environment (Rao, et al., 2007; Dasgupta, et al., 2005). The langes natural
source of perchlorate is located in the Atacama Desert. Thertdsupplies Chilean
nitrate fertilizer for the entire world for many years (Sellersalet2007).

Toxicity of perchlorate is well-known through its interferemaéh iodide uptake by

thyroid gland through functioning of the sodium {Madide (I) symporter in the gland

13



(Kirk, 2006; Wolff, 2002, Stoker et al., 2006). lodide is the most esseigialent in the
production of thyroid hormone. lodide shortage causes cretinism (metaiaation) in
children and hypothyroidism in adults (Kirk, 2006; Wolff, 2002).

Perchlorate’s effects on the thyroid gland have been studied thiecE950s, when
perchlorate was used a medication to limit iodine uptake in themee& of
hyperthyroidism (Graves’ disease) (Strawson et al., 2004; Wi&@f8; Charnley, 2008).
Greer et al. (2002) reported that a perchlorate dosage of 0.1&-ohey, which is
equivalent to 11 mg/day for a 70-kg person, corresponds to 50% inhibition of iodide
uptake in the thyroid gland.

There are two forms of thyroid hormones; thyroxine (T4) and tri-logonine (T3).
They are vital to the regulation of protein synthesis, growth and a@wveint, brain and
nerves functioning, and repair organs (Saatcioglu et al., 1994; Anderson,fifjfer,
2003; Kirk, 2006). When perchlorate competes with iodine, thyroid hormone pmduct
reduces. Deficiency of thyroid hormones especially in newborngroésund damages
to the development process and metabolism control. Surviving inifemtee form
mothers suffering hypothyroidism will more probably experiermseel 1Q even if the
disease is controlled from birth (Kirk, 2006).

2.2. Perchlorate Contamination in the U.S.

Perchlorate contamination was first detected in groundwates welCalifornia in
1985 (Tikkanen, 2006). In 1997, due to the advancements in perchlorate measurement
techniques, the U.S. Environmental Protection Agency (USEPA) and thierdlal
Department of Health Services (CDHS) started sampling andtoning some drinking

water sources. Perchlorate has been found and reported at almostf4€®€ water and
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groundwater supplies and soils in 35 states (Tikkanen, 2006), and iistanldd states
there are some release potentials (Lehman, et al., 2008)hldPate contamination has
become a concern in areas of southern California, Nevada, and Metaa.than 50% of
the known perchlorate contaminated sites (about 224 sites) aradlac&@alifornia and
Texas and some of these sites have the highest reported carmentfd/ang et al.,
2008a). In 2005, the U.S. Government Accounting Office (GAO) analyzeal giable
data through the country and reported that about 65% of the percldongenination in
waters in the U.S. is related to defense and aerospace axtifiiikanen, 2006).
Unregulated Contaminant Monitoring Rule (UCMR), which is set IBEBA, required
3,900 public water systems to monitor perchlorate level between 2001 and 2603, a
1.9% of the total 28,179 sample taken nationwide showed detectable peecldueds
(i.e. concentrations higher than 4 pg/L) (USEPA, 2005). The UCMRhdaitor
perchlorate has been renewed by USEPA for 4 years from 2007 to 2011 (USEPA, 2005).
Risk assessment studies have been performed to establish thefemahce dose
(RfD) for perchlorate. The RfD is the daily perchlorate dokechvis established to be
protective of human health due to any type of exposure (USEPA, 2002). Ina2R2,
draft of 0.00003 mg/kg/day was released by USEPA (USEPA, 2002). In 24605,
National Academy of Science (NAS) released the results aidependent research and
recommended the RfD of 0.0007 mg/kg/day (Tikkanen, 2006). Accordifngstoeport,
USEPA revised the RfD to 0.0007 mg/kg/day, which corresponds to themirttealth

advisory level of 15 pg/L in drinking water (Hristovski et al., 2008).
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Although perchlorate does not have a Maximum Contaminant Level (v&giujated
by USEPA, it has been regulated by some states. Table 2.1 gteadvisory levels for

perchlorate in 9 states (Tikkanen, 2006; Sellers et al., 2007).

Table 2.1. Summary of State Drinking Water Advisory Levels for PerchldCatafiled
from: Tikkanen, 2006; Sellers et al., 2007)

State Limit Level, ug/L
AZ Health-based guidance level 14
CA Public health goal natification level 6
MA Drinking water MCL 2
MD Health-based guidance level 1
NJ Health-based MCL 5
NM Action level 1
NV Public notice standard 18
NY Drinking water planning level / notification lel/ 5/18
OR Action level 4
TX Drinking water action level 4

2.3. Perchlorate Removal Technologies

Perchlorate is a highly soluble non-volatile salt with littlepson affinity for most
natural materials except some oxides. Because of its highilgg| perchlorate cannot
be removed from agueous environment by using conventional treatméatdsstich as
coagulation, sedimentation, filtration, or adsorption by activated cgBatmsta et al.,
2002; Urbansky and Brown, 2003; Min et al., 2004). Physiochemical methddssuc
ion exchange, reverse osmosis, nanofiltration, electrodialysis, enhactoested carbon
removal, and new adsorption technologies have been developed to applycdonass
removal (Roquebert et al., 2000; Urbansky, 2000; Gu et al., 2001; Bsttiata 2002;

Parette and Cannon, 2005; Velizarov et al., 2005). In all of the abovesrnezhti
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physiochemical methods used for perchlorate removal, perchlorate mmt destroyed,

but is physically separated from the contaminated water. wActleemical reduction
methods also have been investigated. In the chemical reduction medhsdian metals

are used as either catalysts (e.g. Pt as hydrogenatialgsthor direct electron donor
(e.g. TF" and R&") (Urbansky, 1998; Urbansky and Schock, 1999; Mahmudov et al.,
2008). In chemical reduction methods, perchlorate is destroyed and reduced to chloride.

In addition to the physiochemical and chemical removal methods, biotecluablog
removal methods have been investigated for perchlorate remediatiiological
reduction using perchlorate-degrading-bacteria (Logan et al., 2@QktadBet al., 2002;
Gingras and Batista, 2002; Brown et al., 2003) and phytoremediation (Uybensk,
2000; Susarla et al., 2000) have been investigated. Similar to cheeulcetion,
biological reduction and phytoremediation also destroy perchloEseh method has
some advantages and limitations. High capital and operation/mainéneost,
regulatory issues, and waste management are the most common irssnesg
perchlorate removal technologies. Advantages and limitations of thialkdea
technologies are listed in Table 2.2 (compiled from: Roquebert et al., 2000; Urbansky and
Schock, 1999).

It is commonly thought that bioreduction and ion exchange technologiéiseangost
promising processes to remove perchlorate anion from contaminated aqueous
environments (Batista et al., 2002; Logan and LaPoint, 2002; Min et al., 2004). Althoug
there are some limitations, ion exchange is a well-known, reliamd¢hod with
reasonable cost; and biological reduction is a method that depegmjdorate with very

low operating cost.
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Table 2.2. Advantages and Limitations of Different Perchlorate Removal Broces
(Compiled from: Roquebert et al., 2000; Urbansky and Schock, 1999)

Technique Advantages Limitations
lon Exchange Reasonable cost Brine disposal (increase of regenerable resins)
Highly effective Resin disposal (in case of non-regenerable
Fast reaction resins)
Easy implementation Competition with other ions (e.g. nitrate)
Biological Low operating cost Low reduction rates at low perchlorate
Reduction Fast reaction concentrations
Possible to perform in existing Regulatory and/or public acceptance
biofilters Unknown byproducts

Destruction of perchlorate as Oxygen competition
well as some other
contaminations

Electrochemical Low maintenance High capital and operation cost
Reduction No toxic byproducts Not proven for drinking water
Safety
Enhanced Fast reaction High capital cost
Activated High O&M cost
Carbon Removal Maintenance
Membrane Available technology Waste disposal
Separation High effectiveness Scale problem
Fast Not selective
Low cost Maintenance

2.4. lon-Exchange Process for Perchlorate and Nitrate Removal

lon exchange materials are non-soluble solid materials that coetahangeable
anionic or cationic functional groups (Helfferich, 1962), which are covalently bonded to a
main structure (Szlag and Wolf, 1999). Basically, ion exchaagenblogy is based on
exchange of contaminant ion existing in aqueous phase with an innocuouadtedtio
the ion exchange materials. The ion, attached to the functiongdsgobuhe resin in its
original form, is called counter-ion. Figure 2.1 is a schematicexchange reactor that

uses chloride counter-ion to treat perchlorate/nitrate contaminated water.
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lon exchange reactor

Perchlorate/nitrate o A A o Treated water
contaminated waterA _ @D N . . o
DYt 5

DDDA

o S
O Resin bead Chloride ion
o

Perchlorate ion

- Nitrate ion

Figure 2.1. Schematic lon-Exchange Reactor; Contaminated Water foterthe Left
Side and Treated Water is Produced through the IX Process

Since ion exchange technology has been used in water utilities ares hieanmmany
years and water utilities are familiar with this technoldys is the strongest candidate
to be used by water utilities to remove perchlorate from drinkiaterv compared to
biological perchlorate degradation.

2.4.1. lon Exchange Materials

lon exchange process can occur naturally in soils, activatdbrgacoal, humus,
cellulose, wool, lignin, metallic oxides, and even living tissues aftpJaanimals, algae,
and bacteria (Weber, 1972). Historically, ion exchange using natatarials such as
clay was employed to improve drinking water quality by the andBxeeks (Weber,
1972).

In addition to some natural ion exchange materials, differenhstation exchange
resins have been designed and produced. First synthetic ion exchamgevassi
developed in 1935 by Adams and Homes (Girolamo and Marchionna, 2001). Today,
acrylic and styrenic polymers with divinyloenzene as a crogmlj group are the

common synthetic ion exchange resins in the market.
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lon exchange resins can be classified according to the molesuiature and
different ionic functional groups attached to the main matrix. lahange resins are
either cationic or anionic based on the charge of the ion (i.e. caanjebonded to the
functional group. Therefore, cationic resins are the resins withiygosharged counter-
ion, and anionic resins are the resins with negative charged counte®ynthetic resins
are categorized as acrylic and styrenic. Acrylic ioohaxge resins are the resins that
have an aliphatic (i.e. open carbon chain) matrix, and styrenic araege resins are the
resins that consist of aromatic polymers in their main &traqSzlag and Wolf, 1999).
The styrenic resins are the most common synthetic resins maHheet (Simon, 1991).
Although the amount of employed divinylbenzene, as a cross-linkingp dvetween the
main structural polymer chains, is small (i.e. usually less 12&h wt), divinylbenzene is
essential for the three-dimensional structure of resins to keghyraeric chains of the
main structure in their specified position (Simon, 1991; Weber, 1972).

Basically, the most important factor to characterize resirtha difference between
functional groups. Based on the functional group type, synthetic resirnsecaassified
as strong-acid, weak-acid, strong-base, and weak-base. Tlugicdsion is based on
dissociation constant (i.e Kp of the functional groups bond to the polymer matrix.
Resins with K value higher than 13 are called strong-base resins, and ragingevwy
low pK value (i.e. <0) are called strong-acid resins. The resins vwotterate K values
are weak-base and weak-acid (Crittenden et al., 2005).

However a very wide variety of functional groups can be atththéhe synthetic
structure of polymeric resins (Szlag and Wolf, 1999). Thereeavefdinctional groups

used to design and produce ion exchange resins for water treatchestty (Crittenden
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et al., 2005). Table 2.3 summarizes the common types of resinsnipooisi the
employed functional group structure of each type. A brief disonssf structure and
functional groups attached to the main matrix of synthetic résipeesented in the next

section.

Table 2.3. Common Types of lon-Exchange Resins and the Resin Structure
Type of resin Functional group Resin structure

Strong-base anionic type | Trimethyl-amine [R(CH,),N"]CI~

Strong-base anionic type Il Dimethylethanol-amine [R(CH,),(CH,CH,OH)N"]CI~

Weak-base anionic Tertiary amine [R(CH,),N]HOH
Strong-acid cationic Sulfonate [RSO, JH”
Weak-acid cationic Carboxylate [RCOO H"

2.4.1.1. Srong-Base Resins
Strong-base ion exchange resins are categorizagpasl and type Il. The term
“strong” is not related to the strength of the mesiatrix. Fundamentally, the complete
dissociation of the functional groups at any padtpH, based on Arrhenius theory of
dissociation, is the reason to define the streleytél of this type of resin. The functional
group in strong base resins is positive-chargedegoary amine which is attached to the
main polymeric matrix (Crittenden et al., 2005)heThydroxide counter ion is connected
to functional group and will be exchanged with alale anions in water. For type I, the

exchange reaction can be written as (Crittendeh ,€2005)

MR(CH,),N*JOH ™ + A™ «>[nR(CH,),N*]A™ + nOH - (2.1)
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The over-bar in the above exchange chemical reaatidicates the immobile part of
the resin structure.
Type Il exchange reaction is slightly differentrfrdype |, because of the structure of

the functional group as written below (Crittendéiale 2005)

N[R(CH,),(CH,CH,OH)N"]JOH ™~ + A" <> [nR(CH,),(CH,CH,OH)N"]A™ + nOH "
(2.2)

The main difference between type | and type |l nespnce of an ethanol group in
type Il quaternary amine. Ethanol group is adaetype Il because it reduces the resin’s
affinity for hydroxide ion. Type | strong base iemchange resin has higher chemical
stability than the type Il does. Having strongeatmnx, type | strong base resin does not
react with the chemicals in its environment andoiés not dissolve in water. In contrast,
type Il has higher capacity and regeneration eficy than type | (Crittenden et al.,
2005).

OH as the counter-ion has typically larger hydratatlus than other anions in water.
Hydrated radius is the true radius (i.e. effecsize of an ion plus its associated water
molecules in solution) of the ion in solution. Tékre, the resin shrinks after the
exchange process with the ions with larger hydraaeldus (Crittenden et al., 2005). The
use of strong base ion exchange resins is incigdsiremove nitrate, arsenic, and
perchlorate (Baciocchi et al., 2005). In theseesathe resin is used in chloride form.

2.4.1.2. Weak-Base Resin

A tertiary amine group, which does not have a peena positive charge, is the
functional group in weak base ion exchange resirestiary amine functional groups that

are available in freebase form have a water moée@dlOH) which can be dissociated
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and then absorb anions without exchanging any mwegabns with the solution
(Helfferich, 1962). The exchange reactions to kgtan anion for weak base ion

exchange resin can be written as (Crittenden e2@05)

[R(CH,),NJHOH + H* + A~ <> [R(CH,)N]HA+ HOH (2.3)
Weak base resins also can adsorb free mineral gegisHCI and KS5Qy) using their

tertiary amine functional groups. Thus, sometimesk base synthetic ion exchange

resins are called acid adsorbers (Crittenden e2@05). In this case HOH molecule is
released to the solution as a result of exchangeegs (Crittenden et al., 2005):
[R(CH,), N]JHOH + HA <> [R(CH;)N]HA+ HOH (2.4)

Weak base resins work properly in the solutiondlie pH between 6.7 and 8.3 at
25°C (Crittenden et al., 2005). NaOH, MpH, or NaCO; can be used to regenerate
these resins. The regeneration efficiency for wesde resins is much higher than that of
either type | or type Il of strong base resins.

2.4.1.3. Srong-Acid Resin

The functional group in strong acid synthetic ioxcleange resins is a charged
sulfonate group. Sulfonate functional group notyna dissociated completely at any
pH of the solution (Crittenden et al., 2005). Themical equation of exchange reaction

for strong acid resin is as below (Crittenden gt2405).

NRSO, JH"+M™ < [nRSO, IM™ +nH " (2.5)
Since the hydrated radius of i much larger that other cations, strong acithrsisrinks

after the exchange process (Crittenden et al.,)2008e shrinkage is about 7% for gel

type resin and 3 to 5% for macroreticular typerré¢€irittenden et al., 2005).
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2.4.1.4. Weak-Acid Resin
In weak acid ion exchange resins, the functionalugris normally a carboxylate
group. This type of resins has a high affinityhgglrogen ion and does not exchange it
easily at a pH less than 6. The exchange reaatiomeak acid ion exchange resin is

described below (Crittenden et al., 2005).

NRCOO H* +M™ «>[NRCOO IM™ +nH * (2.6)

Weak acid ion exchange resin has higher affinitypiamton ion compared to strong
acid resin. Thus, regeneration of weak acid resguires less acid (i.e. HCl on80,)
compared to strong acid resin.

In practice, weak acid ion exchange resin usuallysed to treat the cations in waters
containing low dissolved carbon dioxide and higkelihe species (e.g. GO, OH, and
HCQO3) (Szlag and Wolf, 1999). Combinations of strolgiaand weak acid resins can
be used to reduce the volume of regenerant, anprtitRict water has the same quality as
just using strong acid resin alone in the process.

2.4.2. Physical Properties of Synthetic lon-Exchange Resin

Physical properties (e.g. hydration and swellirengity, resistance to osmotic shock,
diffusion, and pore size) of synthetic ion exchamgsins are the properties related to
structural matrix of the polymer (Simon, 1991). eTdmount of employed divinylbenzene
in the polymerization process is the most importiwtor determining the physical
properties of ion exchange resins (Szlag and ViLo®9).

The density of ion exchange resin is one of theoitgmt physical properties related
to degree of cross-linking. In practice, the amafrcross-linking can vary between 2%

and 16%, and as a result, density will increasenf@® g/L to 500 g/L for resins in the
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hydrogen form, respectively (Simon, 1991). Theirrasay be damaged during the
treatment operation when the amount of cross-lgpksnlow. In contrast, high degree of
cross-linkage results in higher resin manufactudosts (Simon, 1991).

Swelling of synthetic resins depends on the amotidivinylboenzene cross-linkage,
nature of functional groups and the hydrated radiushe contaminant ion which is
exchanged with the original counter ion. Highegrée of divinyloenzene cross-linkage
will decrease the amount of water in the resin bead as a result, the percentage of
swelling will be lower.

Osmotic shock in synthetic ion exchange resin stdusubmission of the resin media
to different concentration of solutes, due to ndreyeles of exhaustion/regeneration.
During the regeneration cycle, high concentratiohsolute in the solution will attract
water inside the beads and make the resin to shimkontract, during the operation, the
resin will swell due to reverse concentration geatli The resin structure should have
enough structural support to be able to toleratersé cycles of swelling and shrinking
without developing structural fractures (Simon, 109

In order to be exchange with the original counter of a functional group located
inside the bead, an ion should diffuse throughlitpeid boundary layer and the solid
resin phase to reach to the target functional grdapaddition, the exchanged ion should
diffuse in the opposite direction to reach theiligphase of the system. Both resin bead
size and cross-linking degree are important phi/gicgerties to determine the speed of
exchange process (Simon, 1991). Increasing thenyilenzene cross-linking will
decrease the diffusivity and the mass transfer (@t@on, 1991), and as a result more

time is needed in order to exchange specified atmaifuthe ions in solution. The effect
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of these physical properties in the kinetics ofrextge has been discussed in detail in the
“kinetics of ion exchange process” section.
2.4.2.1. Gel-type and Macroporous-type Resins

Synthetic resins can be categorized according &r tholymeric matrix to gel
(microreticular) resins and macroporous (macrouig resins (Crittenden et al., 2005).
Conventional synthetic resins are homogeneousygeltesins in which the pore is the
distance between polymeric chains (Kun and Kun#641 Kun and Kunin, 1968). In
contrast, macroporous resins in addition to geétpprosity have considerable non-gel
porosity. The channel network between the tinyespishaped particles that constitute
macroporous resin is called the non-gel porosityn(ldind Kunin, 1964)

Initially, the reason to develop macroporous resuas irreversible fouling problem
in the gel type resins (Simon, 1991). Normal iamsthe ion exchange process are
relatively small (i.e. < 10 A or 0.001 pm). Rembwhlarge natural organic acids with
the molecular size of 100 A (0.01 um) and largemiclv exchange with counter ion of
basic synthetic resins, is very difficult (Simon991l). This exchange is often
irreversible. To be able to accommodate the ojerah presence of organic acid
molecules, macroporous resins have been devel&weeb, 1991).

The cross-linking degree is different between gpktand macroporous resins. In
average, gel-type resins have 8% divinylbenzenaging from 4-10%, while
macroporous resins have about 20-25% percent dbgnyene cross linking (Crittenden
et al., 2005). High water content and significamoant of shrinking/swelling are the
characteristics of the gel-type resins. In comtragcroporous resins do not shrink or

swell similar to gel-type, due to the ion exchamyecess. Gel type resin looses its
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porous structure, after shrinking when it is exploge a drying situation (Crittenden et
al., 2005). The measured surface area for each gfagal-type resin has been reported
about 2 m, while, the surface area for each gram of macaymrresin has been

measured about 7 to 60F Crittenden et al., 2005).

Pore size of gel-type and macroporous resins haga measured and reported in the
literature. Pietrzyk (1969) measured the pore sizthree different gel-type resins, and
the average pore size for all three was reportem 5 A (0.0005 to 0.005 pm). In the
same article, the average pore size of three diftemacroporous resins was measured
and reported as 290, 205, and 90 A (0.029, 0.0a08,0.009 um) (Pietrzyk, 1969).
While using macroporous resins to treat the waiteeat Kunin (1976) has measured
the pore size of five macroporous ion exchangensesind in all resin samples the pore
size has been reported to be smaller than 25008%0um) (Kunin, 1976). Pore diameter
changes during the styrene-divinylbenzene polyragam step throughout the
macroporous resin manufacturing process (Kun andrki.964).

There are two common methods for the preparatiomacroporous synthetic ion
exchange resins (Simon, 1991). In the first metlaoshonomer with a known molecular
weight is added to styrene-divinylbenzene during plolymerization stage. After the
polymerization stage, the foreign polymer is cote@rto a soluble organic electrolyte.
This soluble organic electrolyte is washed from rii&n structure during the extraction
stage and leaves the macro-pores (Simon, 1991¢. s&étond method, which is the most
common method, is known as phase separation.idmtéthod, first a solvent is added to
the styrene-divinylbenzene mixture. The solverdudth have special characteristic in

order to be soluble in the monomers. The solvdrdulsl precipitate during the
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polymerization stage. After the polymerizationggtathe solvent is removed from the
pores of the main matrix using extraction techni¢@enon, 1991). During the second
method of macroporous resin manufacturing, the emeeipore size of the resin media
first decreases, next increases, and then decr@idsasand Kunin, 1964). The final
average pore size has been reported as 600 A |{®r)6and sizes range from 130 A to
10,000 A (0.013 to 1 um) (Kun and Kunin, 1964). wdwer, production of macroporous
resins with larger pore size is possible. PoineswiViad (1996) have performed twenty
experiments on macroporous resin production anorteg average pore size of 15 to 198
nm (150 to 1980 A) for macroporous resins. It sedhat the average pore size of
macroporous ion exchange resin is mostly in angsti@d) level, and even in
macroporous resins with large pore size, it isanameter level.
2.4.3. Fouling; A Common Issue in lon-Exchange Process

Fouling is a problem to all surfaces exposed toeags environments that contain
inorganic substances, organic substances, or mgaosms. In the water industry,
fouling is a common problem in ion exchange bedsctedialysis systems, and
membrane units (Park et al., 2003; Park et al.5208e et al., 2009). In cation exchange
resin systems, hydrous oxides of iron, copper, r@sigm, manganese, aluminum,
calcium sulfate, grease, oil, and suspended matéethe most common foulants (Pelosi
and McCarthy, 1982). The foulants that most ofdague anion exchange resins are
high molecular weight organics and colloidal siliaker et al., 1979; Pelosi and
McCarthy, 1982; Lee et al.,, 2009). High moleculsight organics could be natural

organic matter (NOM) molecules or soluble microlpebducts (SMP). Fouled resin is
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usually darker in color compared to the fresh resiow pH and high conductivity of the
treated water are the indicators of organic fou(iAglosi and McCarthy, 1982).

The most common fouling in strong base anion exghaesins is organic fouling,
which is due to high-molecular-weight NOM and/or BMmolecules (Pelosi and
McCarthy, 1982; Humbert et al., 2007; Kabsch-Kooitz et al., 2008; Nkambule et
al., 2009a). NOM molecules are the molecules tegufrom the break down of plants
and animals in the environment (Jarvis et al., 200&mbule et al., 2009b), while SMP
molecules are the organic molecules released dinawgerial cell lysis or lost during
synthesis (Rittmann and McCarty, 2001). In gené&t@M can be divided into two main
categories of organic molecules: identified bioymaoérs and humic substances (Humbert
et al., 2007; Kabsch-Korbutowicz et al., 2008; Nkaihe et al., 2009b). Identified bio-
polymers consist of polysaccharides, proteins, amtho sugars that are introduced to
water due to degradation of animal and plant tisg@bsch-Korbutowicz et al., 2008;
Nkambule et al., 2009b). Humic substances aret@nic molecules that are originated
from a complex chemical process called humificatidrne nature of humic substances
has not been well defined (Humbert et al., 200Aumic-like substances have higher
molecular weight and are more easily degraded uael@bic conditions, while identified
bio-polymers have lower molecular weight and arerenceadily degradable under
anaerobic conditions (Park et al., 2005). High-eunalar-weight organics cause problems
in ion exchange systems because of both their laxglecular size and the presence of
many functional groups (i.e. phenol, hydroxyl, @an, and carboxyl) in their molecular

matrix (Pelosi and McCarthy, 1982; Boyer and Singé08; Kabsch-Korbutowicz et al.,

29



2008). Since each of these molecules has sewaretidnal groups, it can occupy several
functional group sites of the ion exchange resin.

There are two main mechanisms responsible for diserption of organic molecules
from water by strong base ion exchange resins:exrhange adsorption and van der
Waals’ type forces (Baker et al., 1979). On the band, organic material is normally
negatively charged. This negative charge resnlnionic exchange phenomenon. On
the other hand, relatively hydrophobic and roughefaces have higher selectivity for
organics compared to hydrophilic and smoother seddqPark et al., 2005). Strong base
anionic resins are mostly made of polystyrene wisch hydrophobic polymer (Baker et
al.,, 1979). Hydrophobicity of polystyrene anionckange resins makes them more
selective for some anions (e.g. perchlorate) (Yebral., 2009). Van der Waals’ type
forces that result in adsorption to the anion ergearesin are due to the hydrophobicity
of the structure of the resin and the dissolvedrdyyldobic organic material presented in
the environment (Baker et al., 1979).

Fouling leads to weakening of resin bed performan€apacity loss is the most
important problem in ion exchange systems. In ggnBulants can coat the resin beads
and/or occupy the functional groups on and witlhi@ bead, preventing the proper flow
and ion exchange phenomenon (Pelosi and McCar®82;1Park et al., 2003). The
diffusion of exchanging ions through the pores lué tesin is hindered by the slow-
diffusing large organic molecules (Kabsch-Korbutteviet al., 2008). Precipitation
and/or adsorption of these large organic molecul#isin the resin matrix confine the
free-flow area of the resin pores (Lindstrand et 2000b). Precipitation is affected by

solubility of the substance, and adsorption is goee by electrostatic and hydrophobic
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interactions between the substance and the resfacsu(Lindstrand et al., 2000a).
Hence, the resin bed will not service to its theoat capacity.

Leakage of some foulants that are slowly elutethftbe bed after regeneration steps
is another problem that may occur due to resinifgulPark et al., 2003). For instance,
high-molecular-weight organic acids, colloidal clj magnesium hydroxide, calcium
carbonate, and calcium sulfate are the foulantsrtizay have continuous leakage during
the service cycles. In severe cases, channeliagalaccumulation of adsorbed foulants
to the resin beads may occur.

The most common reagent to remove organic foulinghfanion exchange resin is
brine solution (DOW, 2009; Keller, 2009). Increwgithe pH of brine using a caustic
solution (e.g. NaOH) promotes the efficiency ofnrisolutions to remove the foulants
from the resin (Keller, 2009). Studies have shdwat monovalent species such as NaCl
and NaOH have better efficiency for fouling remowélorganic matter than polyvalent
oxygenated ions (e.g. Cair Ca(OH)) (Wilson, 1959). Moreover, the chloride ion has
more efficiency than the hydroxyl ion for organemoval (Wilson, 1959; Tilsley, 1975;
Keller, 2009). The benefit of using sodium chler@nhd sodium hydroxide solutions for
organic fouling removal is that these reagents alodegrade the resin backbone (Dow,
2002; Dow, 2009). Studies have shown that incngaiie concentration and contact
time of fouling removal reagents increases thecieificy of the fouling removal process
(Wilson, 1959; Dow, 2009). Increasing the tempaeatof the reagent also helps to
increase the efficiency of the fouling removal mes However, the temperature should
be no more than 95 to 100°F (35 to 38°C) to avesthrdamage (Wilson, 1959; Purolite,

1999). Several methods using sodium chloride atlusn hydroxide solutions for

31



organic fouling removal in different concentratipre®ntact times, bed volumes, and
temperatures have been developed (Purolite, 1969;, R002; Dow, 2009; Envirotech,
2009).

There are some alternatives for organic foulingaesh form ion exchange resin. A
common substitute for using NaCl is sodium hypoetddNaOCI) (Dow, 2009). Using
sodium hypochlorite has another benefit: it alssinfiects the resin bed and prevents
microbial growth. It has been shown that sodiumpdahlorite solution is slightly more
effective than sodium chloride solution to remowenirc acid fouling (Keller, 2009). The
concentration of sodium hypochlorite should be rtwed to control the amount of
disinfection by-product production and to reduce tilsk of resin oxidation that results in
reduction of resin capacity (Keller, 2009; Kemperaé, 2009; Lee, 2009). Sodium
hypochlorite solutions of 0.01% to 3% with contaocte of 20 to 30 min have been used
for organic fouling removal purposes (Wilson, 198&w, 2002). The Dow Chemical
Company has a detailed protocol for organic foulreghoval from anion exchange
resins. In this procedure concentration of 0.5%2at the pH of 9.0 with the average
contact time of 25 min has been suggested as th@@pate concentration at ambient
temperature (Dow, 2009).

Other organic fouling removal reagents such ascetiaacid (PA) and hydrogen
peroxide also have been employed for organic fgulemoval purposes (Purilite, 1999;
Dow, 2002; Park, 2002; Envirotech, 2009; Dow, 2009eracetic acid (PA) and
hydrogen peroxide have shown an effective treatnoenboth cationinc and anionic
exchange resins. Peracetic acid solutions at otrat®ns of >1000 (mg/L) have been

applied and showed significant bactericides effett@mbient temperature have been
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shown (Envirotech, 2009). The contact time of baer has been suggested for peracetic
acid (Purilite, 1999). The spent solutions reslulfteom cleaning and/or disinfection
process are biodegradable (Envirotech, 2009). Dbg& Chemical Company has
developed a detailed procedure of fouling remok@ifion exchange resin systems that
uses hydrogen peroxide to treat biological foulanta this procedure the suggested
concentration of hydrogen peroxide is 2% with tloatact time of 20-30 min (Dow,
2009). Hydrogen peroxide also has been used imerdrations of 0.05% with the
contact time of 2 hours and 0.05% with the contia¢ of 24 hours (Dow, 2002).
2.4.4. Selectivity of lon-Exchange Resin

The affinity of resin for a certain ion in aqueosslution is called selectivity.
According to this affinity, the direction of exclgm reaction is determined. Resin
selectivity depends on physical and chemical charatics of the exchanging ions. The
magnitude of the valence and the atomic numbemhefibn are important factors in
selectivity (Crittenden et al., 2005). The selatyiincreases with larger magnitude of
the mentioned chemical properties. Pore sizeibligion and the type of functional
groups on the polymer chain are also determinastbifa for the selectivity of the resin.
The molality of the ions in the solution also atfethe selectivity (Crittenden et al.,
2005).

Amount of swelling or pressure within the beadlsamportant for resin selectivity.
In an aqueous environment, all the free ions asd @sin-phase ions are surrounded by
water molecules. This radius varies for differemts. Normally, when the size of the
ion increases, the radius of hydration becomeslem@@rittenden et al., 2005). When

ions with large hydration radius enter the resiadgehe water molecules surrounding
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them also enter that space, and cross-linkingtstrei¢hat holds the chains together resist
for the swelling forces. Thus, entering the ionghwarge hydration radius causes some
swelling forces to the overall resin structure. efigfore, ions with smaller radius of
hydration are more preferred by the resin becausg decrease the swelling pressure of
the resin. These ions make a tight bound withrélsen.

Sulfate is the main competitor of perchlorate ie tK process. Sulfate ions exhaust
most of the capacity of resin. Hence, the resitmoaremove perchlorate only after a
few bed volumes of water pass through the IX colui@hfford and Weber, 1986).
Selective resins have high affinity for the ionsintferest (e.g. nitrate or perchlorate)
wand very low affinity for competitor ions, partledy sulfate. The most important
factor affecting the selectivity of IX resins isetlspacing of functional groups (Clifford
and Weber, 1986). The distance between activetiibmat groups affects the divalent /
mono-valent selectivity of the IX resin. A divatelon requires two adjacent active
functional groups to connect to and to satisfy tebeeutrality of the exchange chemical
reaction. Therefore, increasing the distance batwaective functional groups decreases
the selectivity for a divalent ion (e.g. sulfat€iftenden et al., 2005).

The order of preference for some alkali metalsalailke earth metals, and anions are
presented below (Crittenden et al., 2005).

Cs > RDb > K" > Na> Li* (Crittenden et al., 2005)
Ba®* > SF* > C&" > Mg?* > BE&* (Crittenden et al., 2005)
ClO4 > I'> CIOs > NOs > Br > NO, > BrO; > ClI > CH;COO > HCGO; >OH > F

(Crittenden et al., 2005; Sodaye et al., 2007)
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As it is apparent from the selectivity of the abawentioned anions, perchlorate ion
has the most affinity for anionic resins among ltkeed anions (Crittenden et al., 2005;
Sodaye et al., 2007; Lehman et al., 2008).

lonic strength of the solution is an important éador selectivity. When the ionic
strength of the solution increases, the prefereficbe resin for divalent ions compared
to mono-valent ions decreases. This is the masom why very high saline solutions
are used in the regeneration cycles. The use génerant solutions with high
concentrations in the regeneration cycle enhantes dfficiency of the process.
However, in some cases such as perchlorate, ewveg high strength saline solution is
not able to regenerate the resin (Lehman et &80

The law of mass can be applied to the ion exchaegetion when the exchange
reaction is assumed as a stoichiometric reactidrhus, the following generalized

eqguation can represent the ion exchange procegge(@en et al., 2005).

MR*]A* + B™ <> [nR*]B™ +nA* 2.7)

WhereE Is the functional group of the ion exchange resimnd B are exchanging
ions, and n is the valence of the ion.

The equilibrium coefficient can be written for thbove reaction wher& [ is called
selectivity coefficient for ion A exchanging witlon B. Selectivity coefficient is a
coefficient that compares the affinity of a resinat certain ion compared to a reference
ion which is Clin anionic resins and Nan cationic resins. Selectivity coefficient can be
expressed as the following equation.

_[AI{R°B™)

KA =LA
{RiAi}n[Bni]

2.8)
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[A"] and [B7] are the concentration of counter-ion and contamirion, respectively.

And {R*A"} and{EB“i} are the activities of resin-phase counter-ion amataminant

ion, respectively. The selectivity coefficient fifferent ions has been well-studied and
reported in many textbooks and articles.

Selectivity coefficient is not constant and is afésl by several factors (Crittenden et
al., 2005). The following factors may influence tbelectivity coefficient of resins: size
and charge of exchangeable ions; resin propertiel as particle size, cross-linking
amount, type of functional groups; water charastes including concentration of
different ions and organic compounds; and tempezd(Drittenden et al., 2005).

Selectivity coefficient is a very practical factto express the selectivity of a
contaminant ion compared to the counter-ion. Ta&bleshows some typical separation
factors for commercial resins. The higher the delity coefficient, the greater the
affinity of the resin for the target ion.

Generally, type | strong-base ion exchange resiitts guaternary amine functional
groups attached to the aromatic styrenic chain diNinylboenzene cross-linking bridges
are considered to be hydrophobic compared to polyacesins (Gu and Brown, 2006).
Therefore, type | strong-base ion exchange resane high affinity for poorly hydrated
anions such as perchlorate (Gu and Brown, 200&pleékement of one of the trialkyl
groups with an ethanol increases the hydrophil@ratieristics. Thus, type Il strong-
base ion exchange resins are less selective fohlpeate anion. Studies showed that
increasing the length of trialkylic group from mgtho butyl or hexyl increases the
hydrophobic characteristics in addition to chargeasation distance (Gu and Brown,

2006). Thus, the selectivity of the resin for peocate increases by increasing the length
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of trialkylic group (Gu and Brown, 2006). Increagithe length of functional group from
methyl to ethyl and then to propyl affects the sy coefficient significantly from
125 to 1100 and finally to 1500, respectively (Batiet al., 2002). Although increase in
the length of functional group increases the sefigégtof the resin, these long-chain
functional groups were found to have slower exckakigetics (Batista et al., 2002). To
address this issue, a bi-functional resin congisthquaternary amine groups with large
(C6) and small (C2), which has a high selectivihd eacceptable kinetics, has been

manufactured and tested by Oak Ridge National latboy (ORNL) (USEPA, 2004).

Table 2.4. Some Typical Selectivity Coefficient ftrong-acid and Strong-base Resins
(Crittenden et al., 2005)

Strong-Acid Cation Resins Strong-Base Anion Resins
Polysterene divinylbenzene matrix with Polysterene divinylbenzene matrix with type-I
sulfonate functional groups functional groups
Cation Selectivity, K| . Anion Selectivity, K-
Li* 1.0 HPQ” 0.01
H* 1.3 cQ* 0.03
Na" 2.0 OH (type I) 0.06
NH," 2.6 F 0.10
K* 2.9 SQ* 0.15
Rb" 3.2 CHCOO 0.2
Mg?* 3.3 HCQ 0.4
zn* 35 OH (type I1) 0.65
Cuw" 3.8 BrQ; 1.0
Be** 4.0 Cl 1.0
Mn?* 4.1 CN 1.3
ca* 5.2 NO 1.3
Ba** 11.5 HSQ 1.6
Ra”* 13.0 Bf 3.0
CIOy (for polyacrylic resin) 5.0
CIOy (for polystyrene resin) 150
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Instead of concentration of ions, the equivalerdctions can be used in the
equilibrium equation. The preference of the resin éne ion over another can be
represented as separation factor (Crittenden,e2G05).

XX (2.9)
a;, =—— .
XY,

where X and X are equivalent fraction of counter-ion and contamtnion in
aqueous phase, respectively, andiYd Y, are resin-phase equivalent fraction of counter-
ion and contaminant ion in aqueous phase, respgtiLike selectivity coefficient, the
higher relative separation factor, the greatendffiof the resin for the target ion.

2.4.5. Common IX Resins and Their Application to RemovecRierate

According to the selectivity coefficients, ion ezatige resins used to remove
perchlorate from water can be categorized in tvougs: perchlorate selective resins and
perchlorate non-selective (conventional) resins.

Non-selective resins have relatively lower affinioy perchlorate, thus other anions
can compete with perchlorate and occupy most ofutthetional group sites. Therefore,
the breakthrough point occurs more frequently, asd result the resin bed should be
regenerated more often. The disadvantage of udiege resins is more frequent
regeneration cycles due to the low affinity of #nessins for perchlorate, and production
of waste brine with high perchlorate concentration.

Selective resins have high efficiency in perchleraemoval and can remove
perchlorate for several bed volumes without leak&tpavever, the regeneration of these
resins using the conventional methods is almostractgal. Table 2.5 lists the
commercially available perchlorate selective anatiglerate non-selective resins used for

perchlorate removal.
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Table 2.5. Common Available Perchlorate-selectivé Rerchlorate-non-selective Resins

Commercial Water Capacity Resin

ManufacturerResin Typ name Content (% (eqg/L) structure

Functional group

Calgon selective CalRes 210350-70 NA NA NA*
. DOWEX i Styrene, .
DOW selective PSR.3 50 - 65 0.6 Macroporous (CHy)5 ClI
DOW  selective D%’;g‘ 40-47  0.65 Styrene, Gel (GHCI
Article 1. (CHg),
non- DOWEX ) Styrene, CH.), OH CI #**
DOW selective  NSR-1 53-63 0.9 Macroporous (CHo);
DOW  selective DOV;’EX' 43-48 14  Styrene, Gel (GHCr
Purolite "™ A520E 50-56 09  Strene, (CHs)s CI
selective Macroporous
Purolite  selective  AS30E ~50 0.55  Sbrene, (CHa)s CI
Macroporous
Purolite selective A532E 36-45 0.75 Styrene, Gel HAeCIl
. non- )
Purolite selective A600E 43-48 1.4 Styrene, Gel (ekICI
. non- . )
Purolite selective A850E 57-62 1.25 Acrylic, Gel (Cht Cl
ResinTech selective SIF\|’_|—|:I:.>10- 35-55 0.6 Styrene, Gel [{SHESD
. . SIR-110HP-  58- Styrene, .
ResinTech selective MACRO G5k 0.6 Macroporous (C4Hg):Cl
. non- -
ResinTech selective SIR-100 50-65 1.0 Styrene, Gel (9HCI
. non- SIR- Styrene, -
ResinTech ojoctive  100HP 52-60 0.85 Macroporous (CHg)s Cl
. non- )
ResinTech selective SBG-1HP 43-50 1.45 Styrene, Gel (g5l
. non- )
ResinTech selective SBG-2HP 37-45 >1.45  Styrene, Gel (94l
ROMM&  colective  PWA2 3442 0.6 Gel NA
Haas
Rohm & non- PWA5 5258  >1.0 NA NA
Haas selective
Rohm& — non- pwa1s  57.64 125 NA NA
Haas selective
non- )
Sybron selective ASB-1 43-48 1.4 Styrene, Gel (GHCI
non- Styrene, .
SYbron o jective SR-7 5267 0.6 Macroporous (CHg)s Cl

* Not Available

** Type | quaternary amine functional group

*** Type |l quaternary amine functional group

**+x Estimated based on lon Exchange chapter (cbaf6, Crittenden et al., 2005).
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Tripp and Clifford (2006) performed research orefh perchlorate selective and
non-selective resins and reported the selectiviithe resins for perchlorate. According
to this research, macroporous resins have higtigntaffor perchlorate than gel-type
resins. In 20°C, macroporous resins have selgctigefficient ranging from 5.5 to 134,
while, the selectivity coefficient for macropororesins is between 145 and 1300 (Tripp
and Clifford, 2006). This research shows that m@arous resins are preferred to gel-
type resins due to their higher selectivity coédint for perchlorate.

In addition to strong-base resins discussed aboeak-base resins have also been
used to remove perchlorate from waters (Batistal.et2002). While, the acrylic type
weak-base resin can be economically regenerated egiher NaCl or NaOH solutions,
styrenic type weak-base resin cannot be completgignerated (Batista et al., 2002).
But, due to presence of other ions in waters, niseconomical to use the weak-base ion
exchange resins in the treatment processes.

Commercial application using ion exchange resingetoove perchlorate started in
1999. The first commercial Calgon ISEBystem with the total capacity of 2500 gpm
was installed to treat three wells in La PuentdéyalVater District located in Southern
California (California EPA, 2004, ITRC, 2007). Tkgstem contained Purolite A-850
resin. The influent concentration of perchloratasw~ 200 ppb and the effluent
perchlorate was < 4 ppb. In 2000, Lawrence Liveardational Laboratory started three
Sybron lonic SR-7 plants with the capacity of 500800, and 1000 gpm. The project
target was to reach a perchlorate concentration df ppb in the effluent, while the
influent concentration for three plants was 10 ppb,ppb, and 7.5 ppb, respectively

(California EPA, 2004). A 2000 gpm plant using Aerliie PWA2, manufactured by
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Rohm and Haas, was designed to be operated inédeBgcramento, CA, in 2001. The
influent concentration in this plant was 50 ppb &mel effluent was designed to be < 4
ppb (ITRC, 2007). In 2002, another Calgon I18Epstem with the total capacity of 450
gpm was started to treat water in Kerr-McGee, Hesale Nevada. This system operated
for 6 months and operation was discontinued dumamtenance problems caused by
high TDS, hardness, and sulfate (California EPA40 In this system, the influent and
effluent perchlorate concentrations were 100 ppb<a ppb.

Several other ion exchange systems to remove peatbdlfrom drinking water have
been designed and installed in the recent fivesyelfost of these systems are located in
California and Arizona with the capacity rangingnr 24 gpm to 5000 gpm (ITRC,
2007). The effluent target for most of these ischange systems was < 4 ppb. The
highest perchlorate influent concentration in th&talled ion exchange systems was 200-
300 ppm in Kerr-McGee, Henderson, Nevada. This @&t system was replaced by a
biological FBR in 2004 (ITRC, 2007).

2.4.6. Regeneration of lon Exchange Resin

After the capacity of ion exchange resin is exhadisthe resin bed is not able to
remove the contaminant ions form the agueous emviemt any more. Regeneration is a
chemical process that uses very high strength isaluwf the original counter ion to
reestablish the exchange capacity. Theoreticatigst of the common resins can be
100% regenerated. But, it is very costly to regeteern resin bed to its initial capacity.
Thus, cost-benefit studies are required to estahlsefficient schedule for regeneration.

The following regeneration equations show the regaion reaction for strong-base

ion exchange resin with NaCl and NaOH, respectively
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[R(CH,),N*]CIO; + NaCl <> [R(CH,),N*]CI" + (Na*)ClO; (2.10)

[R(CH,);N"]CIO, + NaOH «> [R(CH,),;N"]JOH™ +(Na")CIO, (2.11)
Similarly, regeneration equation for weak-base @xchange resin using NaCl and

NaOH can be written as the following equationspeesively.

[R(CH,),N]JHCIO; + NaCl <> [R(CH,)N]HCI + NaClO, (2.12)

[R(CH,),N]HCIO, + NaOH «> [R(CH,)N]HOH + NaClO, (2.13)

However, perchlorate non-selective resins can lgenerated using brine solution
(Gingras and Batista, 2002; Lehman et al., 2008@generation of perchlorate selective
resins, using conventional method (i.e. using bremution as the regenerant) is
impractical (Gu et al., 2001). In order to regeterperchlorate non-selective ion
exchange resins, concentrated mono-valent aniaigo$ can be used. Typical counter-
ion for basic anion resins are chloride and hydiexn approximate concentration of 2-
12% by weight (Gingras and Batista, 2002). Batettal. (2002) showed lower affinity
of perchlorate ion for acrylic resin than for styieresins. Brine regeneration is very
difficult and impractical because of high affinby perchlorate ion for type | strong-base
ion exchange resin (Gu et al., 2001). Becausehfmate is a monovalent anion with
high affinity, a significant part of any exchangeerchlorate in the regenerant solution
will re-exchange with the functional groups throaghthe regeneration cycle. This re-
exchange will cause leakage of perchlorate in thet mperation cycle because the
adsorbed perchlorate ions will exchange for theorotdé coming from the influent

(Lehman et al., 2008).
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Applying FeCt and HCI has been tested to regenerate a spemifiexchange resin
developed by ORNL. Nearly 100% recovery of thdvacsites of the resin has been
reported. Tetrachloroferrate (Fe(lanion from FeGl and HCI is the anion that is
exchanged with perchlorate attached to the funatignoups (Gu et al., 2001). But the
full scale feasibility of this regeneration methbds been questioned because of the
production of regeneration waste with very low phtlhigh concentration of soluble
perchlorate (Kim and Gurol, 2004). In order toueel the soluble perchlorate in the low
pH regeneration waste, high pressure and temperaiitih several hours residence time
is required which make the use of this regenerahethod very difficult and costly.

2.4.7. Kinetics of lon-Exchange Process

lon exchange is a process that depends on follovdglagive rates: a) transport of the
contaminant ion from bulk solution to the film saré around the resin bead; b) transport
of the ion through the film which surrounds theimdsead; c) transport of the ion through
the pore of the resin bead inward to reach to d@nget functional group; d) exchange of
the contaminant ion with the original counter-i@); transport of the exchanged ion
through the pore outward to reach to the surfacthefresin bead; f) transport of the
exchanged ion through the boundary layer (i.e.)fdorrounding the resin particle to the
surface of the boundary layer; and, g) transpothefexchanged resin from the external
surface of the film to the bulk solution (Weber729Helfferich, 1962).

Several studies have been performed to determieerate-limiting step for ion
exchange process and the results showed that dralloprocess does not depend on the
actual exchange reaction (i.e. step d). Ratherptbcess is controlled by diffusion. The

controlling steps are the transport of contaminantfrom the bulk solution to the active
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site (i.e. steps a to c¢) and the transport of exgld ion form active site to the bulk
solution (i.e. steps e to g) (Weber, 1972). The-determining step in ion exchange
process is either diffusion across the liquid baugdayer of solution around the resin
particle or inter-diffusion of exchanging ions thgh the interstitial pore of the resin.
The first process is usually called film diffusiand the second process is normally called
pore diffusion (Weber, 1972).

The appropriate representation for the time ratdemirease of concentration for ion
exchange process for a batch reactor in which dilifusion is the controlling step would

be (Weber, 1972):

—-dc a’
ok 2 (C-C 2)14

where Gis the concentration after equilibrium, a° is tb&al surface of the resin beads in
the reactor, V is the volume of the solution in tieactor, and kis the film transfer
coefficient.

If the controlling step in the process is the pdifeusion, a diffusion model based on
Fick’s second law can be used considering simuttasaliffusion-reaction process, and
would be expressed as (Weber, 1972):

oC 11,, oC. oq
IS — ] | Y . -2 2.15
ot r? ar( ' ar) ot (2.15)

where D is the diffusion coefficient, gis the concentration of exchanged ions in
equilibrium with the bulk solution, and r is thesie bead radius.
The important operational differences between fdiffusion controlled and pore

diffusion controlled processes are listed below i§@re1972; Helfferich, 1962).
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b)

d)

Flow rate and/or stirring: change in flow rate a@irr;ig does not affect pore
diffusion, while increasing the turbulence of tldusion by increasing the flow
rate and/or stirring increases the rate of exchamgefilm diffusion controlled
system.
Resin particle diameter: in a film diffusion corltea system, increasing the
particle size decreases the rate of exchange, whaegore diffusion controlled
system reduction of exchange rate with increasgaoficle diameter has a
larger effect.
Concentration in the bulk liquid: at high concetitnas, pore diffusion is more
important than film-diffusion, while at low conceations, film diffusion is
more predominant than pore diffusion.
Cross-linking degree: change in the cross-linkiegrde has more effect on
pore diffusion systems than film diffusion processe

2.5. Biological Reduction of Perchlorate

2.5.1. Perchlorate Biological Reduction Pathway

Perchlorate biodegradation by bacteria has beer-stuglied and documented.

Perchlorate can be used as an electron acceptpetshlorate-reducing bacteria under

anaerobic conditions. In this process, bactereaarganic compounds (such as acetate,

lactate, ethanol and methanol) or hydrogen asreleckonors (Wallace et al., 1996, Xu et

al., 2003, Logan and LaPoint, 2002). In perchrdegradation via heterotrophic

growth, organic compounds can serve as both erardycarbon source for bacteria. In

autotrophic growth, hydrogen is used as a sour@nefgy and carbon dioxide is used as

carbon source. In order to sustain microbial ghovitace amount of nutrients and
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minerals also are required. Fortunately, percideraducing bacteria have been found in
several different environments. The ubiquity ofgbdorate-reducing bacteria in the
environment makes perchlorate reduction possibim (&d Logan, 2000; Logan, 1998;
Logan et al.,, 2001; Rikken et al., 1996; Wu et 2D01; Kesterson et al., 2005).
Reactions 2.16 and 2.17 show the general pathwhyeterotrophic and autotrophic

perchlorate biodegradation, respectively.

. Enzymes ) i
Clo, + Organic molecule —— > CI'+ CQO, + Biomass (2.16)

(electron donor & carbon source)

Enzymes ) i
ClO4 + H,gas + CO, — CI' + H,0O + Biomass (2.17)

(electron donaor) (carbon source)

Although Korenkov et al. (1976), Attaway and Sn{it893), Stepanyuk et al. (1993),
and Malmqvist et al. (1994) have reported some doettstrains capable to reduce
perchlorate to chloride, they did not explain tleg@dation pathway. In 1996, Rikken et
al. characterized strain GR-1 microorganidbedghlorosoma sp. GR-1) from activated
sludge biosolids, and they hypothesized that thehterate degradation pathway goes
from perchlorate (ClQ) to chlorate (CI@), then to chlorite (Cl®), and finally through
hypochlorite (OC) to chloride (C). In Rikken's study, perchlorate and chlorate
reduction were only observed in the absence of exygut the conversion of chlorite to
chloride took place under both aerobic and anaerebvironments. Observing the
conversion of chlorite under both aerobic and asf@erenvironments, Rikken et al.

hypothesized that chlorite disproportionates togexyand chloride ion. The reduction of
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perchlorate and the production of stoichiometricoants of chloride showed that there
was no accumulation of intermediate reaction pr&gisach as chlorite.

Rikken et al. (1996) also observed that the transtion of chlorite to oxygen and
chloride is a non-energy yielding process becabs& tmmeasurements showed that the
transformation of chlorite is not dependent on pnesence of acetate as energy source
(i.e. chlorite is reduced to molecular oxygen ahlbigde directly). In their experiments,
Rikken et al. (1996) observed the transformatiorcldbrite to oxygen and chloride in
washed cell suspensions without the addition of raxyctive substrates. Van Ginkel et
al. (1996) proved that oxygen is generated in #s¢ $tep of biodegradation and it does
not accumulate in the bioreactor.

Based on their findings and the knowledge from jmmev studies, Rikken et al.
(1996) developed the enzymatic pathway for pereitdoreduction depicted in Figure 2.2.
In this process, first, perchlorate (GIDis reduced to chlorate (C§® and then chlorate
(ClO3) is converted to chlorite (CK) via two energy-yielding enzymatic reactions.
Next, chlorite (CIQ) is reduced to chloride (§lvia a non-energy yielding reaction, and
finally, oxygen molecule produced from dismutatiohchlorite (CIQ) is reduced to
water via an energy yielding process.

Wallace et al. (1996) have tested the accumulatfomtermediates in a bioreactor
containingWolinella succinogenes HAP-1 strain, and they found that the reduction of
chlorite to chloride is about 1000 times fasterntithe reduction of perchlorate to
chlorite. Using this founding and performing som@re experiments, Herman and
Frankenberger (1998) concluded that intermediabesadl accumulate in the reactor and

do not reach toxic levels (Herman and Frankenbedg€8).
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Energy/Carbon CO,, Hs0, Energy/Carbon CO,, H,0, Source
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Oxidation
State: (+7) (+5) (+3) (-1)

Figure 2.2. The Pathway of Perchlorate ReductioasGmom Perchlorate (ClJ to
Chloride (Cl) (Modified from: Rikken et al., 1996; Logan et,&001)

2.5.2. Biochemistry of the Perchlorate Reduction

There is very little known about the biochemistdytioe bioreduction pathway of
perchlorate in the environment. However, studievehrevealed some important
information about the processes involved in theucadn pathway. Studies have
confirmed that there is involvement of c-type cytame(s) in the perchlorate reduction
pathway (Coates et al., 1999¢-type cytochromes are redox active compounds tigat a
commonly involved in respiratory electron transtéains of various organisms (Coates
and Achenbach, 2004). Coates et al. (1999) peddrran experiment that used
measurement of light absorbance to differentiatevéen oxidized c-type cytochromes
and reduced-type cytochromes. The spectra measurement reshdts that H reduced
cytochromec from different perchlorate reducing bacteria wijfiy reoxidized when
perchlorate or chlorate were introduced to the remvnent, while, it was unaffected by
other electron acceptors (i.e. Fe (lll), fumaratsufate). Bender et al. (2005) presented
a model for electron transfer during perchlorauotion. According to this model, the

cytochrome links the periplasmic reductase to tleenbrane quinone pool, which is the
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electron source to reduce perchlorate (Bender.,e2@05). These results indicate that
type cytochrome(s) are specifically involved in thkectron transfer of perchlorate
reducing bacteria (Coates and Achenbach, 2004; &eazidal., 2005).

2.5.3. Enzymes Involved in the Perchlorate Reduction Paghw

The pathway of perchlorate reduction from perch®i&lQ,) to chloride (Cl) has
three main steps (Rikken et al., 1996; Logan e2801), involving perchlorate reductase
and chlorite dismutase:

2.5.3.1. Perchlorate Reductase

Studies show that all perchlorate reducers are tabteduce chlorate as well. This
indicates that the reduction pathway for both plerelte and chlorate ions are identical
(Figure 2.3), and the same enzyme (i.e. perchloeatectase) is responsible for reduction
of perchlorate to chlorate and chlorate to chlofitengen et al. 1999). Purified
perchlorate reductase can catalyze both reductiocepses at the same rate (Kengen et
al. 1999). However, there are some species (eegnbars in the generBroteus,
Pseudomonas, andRhodobacter) that are capable of reducing chlorate and carethice
perchlorate (Steinberg et al., 2005).

There are some similarities between perchlorateiatede and other reductases.
Perchlorate reductase isolated from strains GRen@én et al. 1999), perclace (Giblin
and Frankenberger, 2001), and chlorate reductase Pseudomonas chloritidismutans
strain AW-1 (Wolterink et al., 2003) all have somesemblance to selenate reductase
isolated fromThauera selenatis and other reductases, heme-proteins, and dehythsgge

(Steinberg et al., 2005). Perchlorate reductas¢agts selenium (Kengen et al. 1999),
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and similarly, formate dehydrogenases extractean femterobacteria or clostridia

contain selenium (Heider and Bock, 1993).

4H" + 46

2H+ + 26 Hzo \\’—’ 2H20

» O, + CI

Chlorite
dismutase

Figure 2.3. The Enzymatic Pathway of Perchloratéugeon Showing Competition of
Chlorate with Perchlorate for Perchlorate Reductimlified from: Dudley et al., 2008)

The reduction pathway from perchlorate to chlokgtg@erchlorate reductase is shown
in Figure 2.3 (Dudley et al., 2008). In this pa#tythe resulting chlorate competes with
perchlorate for the active sites of perchlorateictalse molecules. Thus, this competition
may slow down the overall pathway. It is likelyathincreasing the concentration of
either perchlorate or chlorate anion results iniefaseduction of the anion of which the
concentration was increased (Nerenberg et al.,;2D0@ley et al., 2008).

Some species have been identified that accumulalerate in the bioreactor
(Nerenberg et al., 2002; Dudley et al., 200Bkchlorosoma sp. HCAP-C, also known as
Dechlorosoma sp. PCC, is a perchlorate reducing bacteria tleat een shown to
accumulate chlorate. It is reported tBathlorosoma sp. HCAP-C accumulates about 20

percent of the initial perchlorate concentratioraomeight basis (Dudley et al., 2008).
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In order to study the enzymes involved in the perete reduction pathway, the
capacity of different perchlorate-reducing bactestaains to reduce other potential
terminal electron acceptors (i.e. nitrate and orydes been studied. Strain GR-1 and
isolate Ideonella dechloratans reduce nitrate to nitrogen gas (Rikken et al., 6199
Malmaquvist et al., 1994) Wolinella succinogenes HAP-1 is able to reduce nitrate only to
nitrite (Wallace et al. 1996). But, strain CKBnist capable to reduce nitrate. Simply, it
can be suggested that the enzymes responsibleefahlprate and nitrate reduction
pathways are more likely independent (Bruce et1#199). Additionally, it has been
reported that strain perclace concurrently redymshlorate and nitrate, with no
considerable change in utilization rates (Giblid &nankenberger, 2001). Thus, it can be
hypothesized that perchlorate reductase and niteatectase are two distinct enzymes
involved in the perchlorate and nitrate reductiathgvays (Bruce et al., 1999; Giblin and
Frankenberger, 2001).

Perchlorate reductase in perchlorate-reducing bactmilar to chlorate reductase in
chlorate-reducing species, is an oxygen-sensitizgrae (Kengen et al. 1999, Steinberg
et al., 2005).Azospira sp. KJ culture loses its ability to reduce percil® after 12 hours
exposure to air, although the bacteria are stidlb (Song and Logan, 2004).
Furthermore, extracts from KJ strain have been rtegoto lose 70% of perchlorate
reductase activity and 50% of chlorate reductadesigc after 3 days air exposure
(Steinberg et al.,, 2005). HowevePseudomonas sp. PDA, a chlorate-respiring
bacterium, is able to respire using chlorate urak¥obic conditions (Steinberg et al.,

2005).
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The location of perchlorate reductase has beenestuny comparing the results of
measurement of the enzyme activity in the wholé artl after lysozyme treatment.
Lysosome treatment is a method to separate thplaemic contents from the cytoplasm
and membrane fractions. The results show reledsalnoost all the activity after
lysozyme treatment. Thus, it indicates that peneié reductase is located in the
periplasmic area of the cell (Kengen et al., 1998)is not apparent how perchlorate
reductase is coupled to the membrane while itligd®in a way that energy is preserved
(Kengen et al., 1999). It is expected that pemchtéreductase is a part of the electron
transport chain; however, it is located in the plasmic area and it is soluble (Kengen et
al., 1999; Steinberg et al., 2005). In the casaiwéte reductases, soluble periplasmic
enzymes have been detected, too, although, madkieafhitrate reductases are bound to
the inner side of the membrane (Hochstein and Trwoh, 1988). In contrast, chlorate
reductase C fronfProteus mirabilis and nitrate reductase A, which acts also as delora
reductase, are cytoplasmic membrane bounded ($tgirdi al., 2005; Oltmann el al.,
1976). Chlorate reductase produced Rychloritidismutans has been found in the
cytoplasm of the cell (Wolterink et al., 2003). blén and Frankenberger (2001) reported
that in nitrate grown perchlorate-reducing bactemitrate reductase associated with the
membrane/cytoplasmic fraction (not periplasmic ticag of the lysozyme treated cells
has some perchlorate reductase activity. Kengeralet(1999) also had similar
observation about nitrate, bromate, and iodate atemtu by perchlorate reductase
enzyme. Additionally, Herman and Frankenberge®8 ®bserved a slight decrease in
the perchlorate reduction rate when nitrate wagddd the reactor, supporting the idea

that perchlorate reductase enzyme is also ablkdiace nitrate.

52



Using the above mentioned observations, it can becladed that separate
reductases are involved in perchlorate-reducindebiaccapable to reduce perchlorate
and nitrate, but, both reductases have some aldityeduce other terminal electron
acceptor (Giblin and Frankenberger, 2001).

Kinetics of the perchlorate reductase enzymatidvigethas been studied and
reported. Kengen et al. (1999) reported the Halfiration constant (k) and maximum
activity (Vmay values for perchlorate reductase as 27 uM (2.6§9010, /L) and 3.8 U
mg proteift for GR-1 strain, respectively, while 34.5 uM (34 CIQ7/L) and 4.8 U
mg proteift have been measured by Okeke and Frankenberges)(@6Che values for
Km and Vnax for perclace strain. Considering the affinity parchlorate, it seems that
the reported K values are similar; however, the,¥ value for perclace strain is slightly
higher than that of GR-1 strain (Okeke and Frankegdr, 2003).

Optimum pH and temperature for activity of perchterreductase has been studied
and reported. Okeke and Frankenberger (2003) texpdhe optimum temperature of
25°C to 30°C with activity range between 20°C t8C10 Okeke and Frankenberger
(2003) also reported the optimum pH values of ©581t0, while, optima pH for
perchlorate and nitrate reductions have been medsand reported by Giblin and
Frankenberger (2001) as 8.0 and 9.0, respectively.

2.5.3.2. Chlorite Dismutase

The last step in Figure 2.2 (i.e. from chloritectdoride) is catalyzed by the enzyme
chlorite dismutase (van Ginkel et al., 1996). @htodismutase, which is a red-colored
enzyme, is a homotetramer with biotechnological hisdemediative application (Streit

and DuBois, 2008). Chlorite dismutase dismutasasnful chlorite into harmless
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chloride and oxygen. The bioreaction is callesnditation, because chloride and oxygen
have been reduced and oxidized at the same tisEgctvely.

The dismutation process is a non-energy yieldingcgss because measurements
show that the conversion is not dependent on tegepice of an energy source. It means
that chlorite is transformed to the products diye@ikken et al. 1996).

Chlorite dismutase is a remarkable heme-contaieimgyme. First, it decomposes
chlorite into chloride and oxygen preventing acclathan of chlorite to toxic levels.
Second, it is the only known enzyme for O-O boumdmfation except for the
photosystem Il enzymes (Lee et al, 2008; Streit Qo8ois, 2008). Third, it produces
oxygen that is a negative inhibitor of the percaterbioreduction process (Lee et al,
2008).

The production of oxygen by chlorite dismutase does inhibit the process;
however, chloride (C)is a mixed inhibitor with low binding affinity tboth free enzyme
and enzyme-substrate complex in the enzymatic pso¢8treit and DuBois, 2008).
Chloride irreversibly inactivates the chloride digase enzyme after approximately
1.7x1d turnovers (per heme). The half-life of the enzyimas been measured at about
0.39 min, due to the bleaching of heme chromopf®tieit and DuBois, 2008).

Similar to perchlorate-reducing bacteria, den#rdi also are able to reduce chlorate
to chlorite using nitrate reductase enzyme, butesthey are unable to reduce chlorite to
chloride due to lack of chlorite dismutase, theidibx of the environment because of
chlorite accumulation would kill the denitrifies If@ann et al., 1976). Chlorite
dismutase has no function in the nitrate-redugbatinway from nitrate to ammonium and

nitrogen gas (Streit and DuBois, 2008). Thus, mtdodismutase is an enzyme only

54



presented in chlorate-reducing and perchlorateeiadubacteria (Xu and Logan, 2003).
In contrast with perchlorate reductase, which ie &b reduce chlorate, nitrate, iodate and
bromate, chlorite dismutase is highly specific frorite and alternative analogous
anions cannot be served as substrate for this emg{@oates and Achenbach, 2004;
Coates et al., 1999).

Chlorite dismutase activities have been measureditrate-grown perchlorate-
reducing bacteria (Xu and Logan, 2003). Thesellzddarite dismutase activities, which
have been detected in all tests, even under nitegiecing condition, may be essential
for perchlorate-reducing bacteria survival (Xu &adan, 2003).

Chlorite dismutase location in the cell structuies tbeen studied (Kengen et al.,
1999). Alike perchlorate reductase, chlorite ditasa is located in periplasmic area of
the cell due to high enzymatic activity in the wdalell and release of nearly all the
activity after lysozyme treatment (Kengen et é99).

Kinetics of the chlorite dimutase enzymatic acyivitave been studied and reported.
Vmax and K, values for chlorite dismutase have been measuret raported for
perchlorate-reducing bacteria.,) and K, for chlorite dismutase have been reported as
2,200 U mg proteinand 170 uM (11.47 mg CIaL), respectively, for GR-1 strains (van
Ginkel et al., 1996). Although, the)alue for chlorite dismutase is higher than the K
value for perchlorate reductase, which has beeorteghas 27 uM (2.69 mg CJ@L) for
strain GR-1 (Kengen et al., 1999), thga¥value for chlorite dismutase is three orders of
magnitude larger than the\ value for perchlorate reductase, which has beeasured

as 3.8 U mg proteihfor GR-1 strain (Kengen et al., 1999). This shalat although the
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half saturation constant for chlorate reductageleively higher, the rate of activity for
perchlorate reductase enzyme governs the entiuetied process.

Optimum pH and temperature for activity of chlorismutase has been studied, as
well. van Ginkel et al. (1996) reported that thetimum pH for purified chlorite
dismutase is narrow with maximum activity at pH.6owever, Xu and Logan (2003)
reported the maximum pH for chlorite dismutasevagtifor the cell suspension at pH
6.0, but, their pH profile is not as narrow as @inkel et al. (1996) profile. This finding
may show the ability of the cells to buffer extdrpbl changes (Xu and Logan, 2003).
Chlorite dismutase is most active at the tempeeatfir30°C (van Ginkel et al., 1996),
while the chemical reduction of chlorite occursaaemperature above 200°C (Taylor et
al., 1940).

2.5.4. Microorganism Involved in Perchlorate Biodegradatio

More than 70 years ago, Aslander (1928) reportatidkyanions of chlorine (such as
chlorate and perchlorate) can be biologically reduender anaerobic conditions. Some
unknown soil microorganisms were assumed to beoresiple for rapid reduction of
chlorate that was used as a herbicide for CanadtetljAslander, 1928). First, it was
hypothesized that chlorate reduction is performgaditrate reducing bacteria in nature
(de Groot and Stouthamer, 1969). Additional ingedtons showed that membrane-
bound respiratory nitrate reductases and assimylatiirate reductases are enzymes that
can reduce chlorate as an alternative to nitratkkéR et al., 1996; Malmqvist et al.,
1994). Although nitrate reducing bacteria are bépaf reducing perchlorate or chlorate

to chlorite, there is no evidence that these biecteill have sustainable growth if they
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use perchlorate (Oltmann et al., 1976; Coates aste®bach, 2004). This is because of
accumulation of chlorite in the environment duehérite dismutase deficiency.

Several dissimilatory perchlorate/chlorate reducbagteria have been identified,
isolated, and grown as a pure culture. To date,ibimber of perchlorate reducing
bacteria that exists in pure culture is well abb@e and it is speedily increasing (Coates
and Achenbach, 2004; Nirmala and Jae-Ho, 2008meSof the strains that have been
identified and studied are discussed in this sectio

Perchlorate reducing bacteria are found in differemvironments, including
perchlorate/chlorate contaminated and non-contaednsoils and sediments. Even soil
samples collected from Antarctica contain perchraducing bacteria (Bender et al.,
2004). The reason why perchlorate reducing bactecurs in different environments
could be the diversity in metabolism pathways @& bacteria. Studies indicated that
perchlorate reducing bacteria have diverse metsbopathways which use different
substrates (Coates et al., 1999). So far, alhefstudied perchlorate reducing bacteria
are facultative anaerobic or microaerophilic. Tesreasonable because oxygen is
generated as a transient intermediate of the pmatblchlorate reduction pathway (van
Ginkel et al., 1996). All of the known perchloratxlucing bacteria are able to respire
using chlorate. However, there are some chloedeaing bacteria that are not able to
use perchlorate as the electron acceptor sourcet(8l, 2004). Some of the perchlorate
reducing bacteria are able to respire using nifatece et al., 1999). Almost all of them
prefer using nitrate to perchlorate. However, Nileanand Jae-Ho (2008) reported that

isolate Dechlorospirillum anomalous prefers perchlorate to nitrate. There are diverse
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electron acceptors and electron donors can beedilby perchlorate reducing bacterial
strains (Xu et al., 2004).

The perchlorate reducing bacteria that are isolatedar are all members of four
subclasses (i.e., B, y ande) of the total five subclasses Bfoteobacteria (Coates et al.,
1999; Kesterson et al., 2005Proteobacteria is an important group of bacteria. This
group includes several pathogens sucBahsionella andVibrio (Madigan and Martinko,
2005). Nitrogen fixing bacteria are also membdrthis group. Proteobacteria are all
gram-negative and their outer membrane is mostimpased of lipopolysaccharides.
Most of them are motile using flagella, but some mon-motile (Madigan and Martinko,
2005). Thep-proteobacteria sub-class consists of numerous bacteria that haye
adaptability for degradation capacity (Madigan avidrtinko, 2005). Some of the
Proteobacteria genera (such a@seudomonas andWolinella) were studied previously for
other purposes; however, their capability to respsing perchlorate has been recognized
during the recent decade (Wallace et al., 1996).

Most of the known perchlorate reducing bacteria dosely related to each other
(Coates and Achenbach, 2004). However, their knashose relatives, such as
Rhodocyclus tenuis and Ferribacterium limneticum, based on 16S rDNA sequence
similarity, do not respire using perchlorate (Ceataxd Achenbach, 2004); therefore,
phylogenetic relatedness alone cannot guarantee @mclusion on metabolic
functionality of these bacteria. Even with 99% itamty in 16S rDNA sequence and
only 1% divergence, some of the perchlorate redubimcteria relatives exhibit distinct
physiologies. For examplé&erribacterium limneticum is an obligate anaerobic, non-

fermenting, dissimilatory Fe(lll) reducer; aRtodocyclus tenuis is a phototrophic, non-
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sulfur, purple bacteria containing bacteriochlorgpfiLee at al., 2002). Thus far, there is
no perchlorate reducing bacteria that can groweeitly Fe(lll) reduction or phototrophy
(Coates and Achenbach, 2004).

Perchlorate reducing bacteria in the environmerd arostly members ofp
subdivision ofproteobacteria, consisting of two novel genera with monophyletiigim,
which areDechloromonas and Azospira (formerly calledDechlorosoma) (Achenbach et
al., 2001; Coates and Achenbach, 2004). Basedigmatare nucleotide sequence
analysis of the 16S rRNADechloromonas genus can be divided into CKB and RCB
types (Coates and Achenbach, 2004). Perchlordteireg bacteria fronbechloromonas
and Azospira genera are ubiquitous and have been found in alalb&nvironmental
samples that have been screened (Coates et &, B6Ader et al., 2004). Other species
that can usually be found in contaminated sites @medcommon in the groundwater-
treating bioreactors ar®echlorospirillum species (Coates and Achenbach, 2004).
Dechlorospirillum species belongs tosubdivision ofproteobacteria.

Chlorate reducing bacterial species, which utilthdorate using chlorate reductase,
are mainly members of subclass oproteobacteria. These members gifroteobacteria
have some similarities téscherichia coli genus (Achenbach et al., 2001).

2.5.5. Thermodynamics, Kinetics and Stoichiometry of Pkn@te Reduction
2.5.5.1. Thermodynamics of Perchlorate Reduction Pathway

From a thermodynamic perspective, the standardctexiu potentials for the half
reactions from perchlorate to chloride and perdit®to chlorate have been investigated
and reported as reactions 2.18 and 2.20 as shaaw p8urol and Kim, 2000):

ClO; + H,O + 26 — ClOs + 20H E=0.360 V (2.18)
ClO; + 2H" + 26 — CIO5 + H,0 % 1.189V (2.19)
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ClO; + 8H" + 8¢ — CI + 4H,0 %= 1.389 V (2.20)
The principle of Le Chatelier can clarify the diface between %of the reactions

2.18 and 2.19. In reaction 2.19, due to the prsef 1.0 M of H in the left hand side,
the pH of the environment would be 0.0. Thusaldts as the reactant, and the reaction is
driven to the right. In contrast, in reaction 2.5&ce the OHion is the product, it
reduces the driving force of the reaction to take®.

The standard enthalpy of formatioaH’%) of perchlorate in dilute aqueous solution
at 25C is -30 £ 0.07 kcal/mole (Matyushin et al., 198Bhich is equivalent to -125.574
+ 0.293 kJ/mole. Sawyer et al. (2002) reportedd-3Z&J/mole, -99.2 kJ/mole, -66.5
kJ/mole, and -167.20 kJ/mol as standard enthaldgraiation for perchlorate, chlorate,
chlorite, and chloride, respectively. From a thedynamic point of view, negative
standard enthalpy of formation shows that the perate formation occurs
spontaneously.

The standard Gibbs free energy of formatia@%) for perchlorate and chloride
have been reported as -8.5 kd/mol and -8.0 kJ/medegectively. Similarly, Sawyer et al.
(2002) reported -8.60 kJ/mol, -3.40 kJ/mol, 17.10mol, and -131.30 kJ/mol as the
Gibbs free energy of formation for perchlorate, ocate, chlorite, and chloride,
respectively.

AG’s of perchlorate reduction reaction and related rottmenpetitive reactions (i.e.
nitrate and oxygen) have been reported in thealibee. Reaction 2.21 through 2.30 in
Table 2.6 shows some of tA&'s.

The large negative value afG° from perchlorate to chloride (reaction 2.24) shows
that the reaction is very favorable. However, thiaot observed because the reaction is

kinetically controlled by a large initial activaticenergy. Presence of catalyst, enzyme,
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heat or light is needed to be able to reduce peratd (Gurol and Kim, 2000). Different

reductants can be employed to reduce perchloratedapending on the reductant, the
final product would be different, and can be eittigiorate or chloride (Urbansky, 1998).
In order to reduce perchlorate to chlorate, rutinexiil) can be used while vanadium(lll),

vanadium(ll), molybdenum(lil), dimolybdenum(lll)hoomium(ll), and titanium(lll) can

reduce perchlorate to chloride (Urbansky, 1998).

Table 2.6. Stoichiometric Reactions of PerchloReeuction and Other Competitive

Reactions
Reaction AGY Reference Reaction

ClO4 +H,0 +2é— ClO;s + 2 OH -69.59 Gurol and Kim, (2.21)
(kJ/mol) 2000

ClO; +2H +26é— ClO; + H,0 -229.77 Gurol and Kim,  (2.22)
(kJ/mol) 2000

ClO; +4H +46—Cl+2H0 + O, -437.60 Shrout and (2.23)

(kJ/mol) Parkin, 2006
ClO; +8H +8€—Cl +4 H0 -752.48 Shrout and (2.24)
(kJ/mol) Parkin, 2006

ClO; + CH,COO— CI + H' + 2HCO; -966 Rikken et al., (2.25)
(kd/molacetate) 1996

4/3 CIO; + CH;,COO— 4/3 Cl + H" + 2 HCQ -1015 Rikken et al., (2.26)
(kd/molacetate) 1996

ClO, + % CHCOO— CIO, + % H + HCOy -801 Rikken et al., (2.27)
(kJ/molacetate) 1996

0, + % CHCOO— % H + HCO; -844 Rikken et al., (2.28)
(kJ/molacetate) 1996

ClOy— O, + CI N/Aa Rikken et al., (2.29)
1996

3/5 NOy + CH,COO+ 13/5 H— 4/5 N, + 4/5 -792 Rikken et al., (2.30)
H,O + 2 HCQ (kd/molacetate) 1996

 The dismutation of chlorite ion dose not produsergy for biosynthesis.
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To have complete perchlorate reduction to chloadd watereight electrons are
needed. Comparing reactions perchlorate/chloridexygen and perchlorate/chloride +
water, clearly indicates that four electrons arqumed to reach from perchlorate to
chloride and oxygen; and another four electronsigedl by the electron donor are used
to reduce the produced oxygen to water (Rikkern. £1996).

Comparing theAG"s for the utilization of acetate as electron domgth oxygen,
nitrate, and perchlorate (Table 2.6) it can be kated that oxygen and nitrate are
preferred electron acceptors over perchlorate (@ikét al., 1996). Although there are
some exceptions (Nirmala and Jae-Ho, 2008), laboraxperiments show that most of
the perchlorate reducing bacteria prefer nitratepéschlorate. This preference is
supported by the Gibbs free energies shown in Talde During the bioreduction
process, first perchlorate is reduced to chlonite #nen chlorite is dismutated to chloride
and oxygen through a non-energy yielding mechaifisemgen et al., 1999). The energy
produced from reduction of perchlorate to chlorite5,= -801 kJ/mole acetate) is
significantly lower that the energy produced byizdtion of oxygen as electron acceptor
(AGo = -844 kJ/mole acetate). This shows the thermautjeelly preference of oxygen
utilization over perchlorate. However, the enepggduction from perchlorate reduction
through chlorite dismutatiomGo = -801 kJ/mole acetate) has a narrow differencé wit
energy produced from nitrate reductiohGp= -792 kJ/mole acetate), nitrate is still
thermodynamically more attractive than perchlofateéhe bacteria (Nirmala and Jae-Ho,
2008). Accordingly, metabolic reduction of oxygend nitrate are thermodynamically

dominant over perchlorate (Figure 2.4).
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Electron
Donor

ClOs

Figure 2.4. Electron Acceptor Preference for Peretté Reducing Bacteria (Modified
from Coates and Achenbach, 2004)

2.5.5.2. Kinetics of Perchlorate Reduction Pathway

In order to be able to model perchlorate reducilogelactors, kinetic parameters of
different perchlorate reducing bacteria have beemstigated and reported. Kinetic
parameters for some of the perchlorate reducingebachat have been studied to date
are listed in Table 2.7.

The kinetic parameters listed in Table 2.7, incltiteemaximum substrate utilization
rate (Ghay, half saturation constant {5 biomass yield (Y), and maximum growth rates
(Mmay- The ghax ranges from 6.0 mgCl@dmgDW-day to 1.68 mgClomgDW-day
when the electron acceptor is perchlorate. It rmehat each gram of dried biomass
(DW) can utilize a maximum 6.0 grams of perchlorpts day. In the presence of
chlorate, gax has slightly greater value. Observed maximum dnovates (phay) for

perchlorate have been reported to be in the rah@€67 h'to 0.24 A
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Table 2.7. Reported Kinetic Parameters for PerabtdoReducing Bacteria*

Omax

Pure or mixe ; K Electron  Electron g Y
(mgClO, = max Reference
culture /mgDW-day) (mg/L)  Donor Acceptor  (1/h)  (9/Qyono)
Vibrio Korenkov et
dechloratans 1.68 NA acetate perchlorate NA NA al. (1976)
Wolinella Wallace et al
succcinogae 2.57 NA acetate perchlorate NA NA '
(1996)
HAP-1
Rikken et al.
GR-1 5.65 NA acetate perchlorate 0.1 0.24 (1996)
Logan et al.
KJ 1.32 33 acetate perchlorate 0.2 0.5 (2001)
Logan et al.
PDX 0.41 12 acetate perchlorate 0.24 NA (2001)
0.41 Dudley et al.
HCAP-C 4.4 76.6 hydrogel perchlorate NA
ydroger b 9/Gcios (2008)
0.23 Nerenberg et
PC1 3.1 0.14 hydroger perchlorate NA 9/Geros al. (2006)
Waller et al.,
RC1 6.00 12 acetate perchlorate 0.085 0.34 (2004)
Waller et al.
INS 4.35 18 acetate perchlorate 0.067 0.37 (2004)
Waller et al.,
ABL1 5.43 4.8 acetate perchlorate 0.086 0.38 (2004)
Waller et al.,
SN1A 4.60 2.2 acetate perchlorate 0.069 0.36 (2004)
Herman and
Perclace NA NA acetate perchlorate 0.07 NA  Frankenberger
(1998)
. Wang et al.
Mixed culture 0.49 <0.1 acetate perchlorate 0.15 0.20 (2008a)
Rikken et al.
GR-1 7.48 NA acetate chlorate NA NA (1996)
0.22 Nerenberg et
PC1 6.3 <0.014 hydroger  chlorate NA /903 al. (2006)
0.34 Dudley et al.
HCAP-C 8.3 58.3 hydrogel  chlorate NA
ydrog 9/0cios (2008)

*all of the kinetic parameters are based on sinvid@od, and competitive inhibition has been neglécte

As it is shown in Table 2.7, the half saturatiomstant (K) ranges from 0.14 mg/L
to 76.6 mg/L. Interestingly, both high and lowwed for half saturation constants (0.14

mg/L to 76.6 mg/L) are for the strains that utilizgdrogen gas as their electron donor

64



(i.e. autotrophic growth). In the case of hetaplic growths, although, Wang et al.
(2008a) have reported the half saturation con$targ mixed culture as <0.1 mg/L, most
of the studies that have been performed on purturesl show the half saturation
constants range from 2.2 mg/L to 33 mg/L. The lplerate degradation process follows
first-order kinetics under typical concentratiorigperchlorate in the environment, which
is in the part-per-billion range (Logan et al., 2D0 Between the strains listed in Table
2.7, SNA1 and ABL1 are members alpha-proteobacteria subclass, with the half
saturation constants of 2.2 mg/L and 4.8 mg/L, Whace comparatively lower that the
constants found for the rest of the strains. Tldase may indicate thézospirillum-type
perchlorate reducing bacteria have a higher affirmitreduce perchlorate compared to the
other strains due to the loweg Kalue (Waller et al., 2004).

Growth threshold concentrationy,§ has been calculated for some of the perchlorate
reducing bacteria strains. Dudley et al. (2008}dated the §i, for the strain HCAP-C
as 2.2 mg/L and concluded that in order to sugpanchlorate reducing bacteria in the
system, alternative electron acceptors (i.e. oxyged nitrate) are needed in low
concentrations, when the perchlorate concentrasidawer than .. Nerenberg et al.
(2006) had the same conclusion fgy.9f 14 mg/L for strain PC1.

The decay constant (b) has not been studied asawé¢hie other kinetic parameters.
For an autotrophic growth, Nerenberg et al. (2006)orted the decay constant as
0.055/day. Wang et al. (2008a) reported simildmerdor decay constant as 0.05/day for

a mixed culture grown under heterotrophic condition
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2.5.5.3. Soichiometry of Perchlorate Reduction

The stoichiometry of overall reaction of perchlerattilization can be calculated
knowing the observed stoichiometry of moles elaectdonor per mole of electron
acceptor (i.e. perchlorate). Studies have beefonpeed and the stoichiometric ratio of
electron donor to perchlorate has been publisti&taudhuri and Coates (2002) reported
that pure culture obechlorosoma suillum strain PS utilizes 1.65 + 0.24 mole of acetate
per each mole of perchlorate. Therefore, the ivacdf acetate (i.e. the fraction of eight
electrons to reduce perchlorate) which was usetbtpade perchlorate, fwas 1/1.65 or
0.61. Accordingly, the fraction of electrons faoimass synthesis was= 1-f. = 0.39
(Chaudhuri and Coates, 2002). Wang et al. (2008a9rted the cell yield of 4.7 g
protein/mole acetate for strain JB116. They alsgported 1.72 mole of acetate was
utilized to reduce one mole of perchlorate. Thbs, £ and £ in their study would be
0.58 and 0.42, respectively. Consequently, thievi@hg overall reaction was reported
(Wang et al., 2008a):

ClOs+1.72 CHCOO—
CI'+0.288 GH;O,N+0.28 CQ+1.14 HO+1.72 HCQ@ (2.31)
Waller et al. (2004) reported the observed stoitieitry of 1.7 mole acetate/mole

perchlorate. Accordingly, they calculated theahd f as 0.59 and 0.41, respectively,
which corresponds to biomass yield of 0.31 g aglis¢etate through the following

calculations (Rittman and McCarty, 2001; Wallealet 2004).

O.41e‘eqce|ls>< 565¢ cells>< 8eeq leoleacetate_ 031 gcells

= 2.32
eegacetate eeqcells moleacetate 59gacetate gacetate ( )

The calculated yield based on observed acetatépeate stoichiometry (0.31 g

cells/g acetate) is similar to the measured yielictv was 0.36 g cells/g acetate,
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indicating the accuracy of the measurements. \Watlal. (2004) used this stoichiometry
ratio to present the overall perchlorate reductearction using acetate as electron donor
and ammonium as nitrogen source:
ClOs + 1.7 CHCOO + 0.28 NH" —
ClI'+0.28 GH;O;N + 0.58 CQ+ 1.42 HO + 1.7 HCQ@ (2.33)

In addition to the above mentioned studies thahalle used acetate as the electron
donor in pure cultures, Shrout and Parkin (200&ehssed lactate as the electron donor
in mixed culture. In their study, the approximatgimal lactate/perchlorate ratio was
reported ~1.2 g COD/g CIO

Consequently, according to the studies performedate, it can be concluded that
the stoichiometric ratio of acetate as the electtomor to perchlorate ranges from 1.65 to
1.72 mole acetate/mole perchlorate. It indicabes to degrade one mole of perchlorate
at least 1.7 moles of acetate (equivalent to 1.0®®/g CIQ) are needed.

2.5.6. The Controlling Parameters of Perchloratéuggon
2.5.6.1. Micronutrients

Studies performed on perchlorate reducing bacpenia cultures that are members of
Dechloromonas andAzospira genera have demonstrated that these isolatesroaniiga
wide range of environmental conditions (Coateslgt1®99). Although most of the
experimental studies on pure cultures of perchdonsducing bacteria have been
performed on media supplemented defined or undgfirtamin sources (e.g. biotin, folic
acid, pyridoxine HCI, riboflavin, thiamine, nicotmacid, pantothenic acid, vitamin B12,
p-aminobenzoic acid, and thioctic acid), it hasrb@eoven that at least one strain,

Dechloromonas agitate, does not require vitamin supplementation for riewgh (Bruce
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et al., 1999). Zhang et al. (2002) used yeasteikfior the autotrophic strain HZ and
found that yeast extract improved growth of thdurel however, it was not needed for
growth. Both phosphate-buffer system and bicartesbaffer system have been used for
growth of perchlorate reducing bacteria, but, thisreno evidence that shows of the
preference of one system to the other (Xu et @D32

Dechloromonas and Azospira genera are normally not particular in their nidnt
requirements, but Bender, et al. (2002) reporteat fherchlorate reductase requires
molybdenum, and selenium as cofactors. Molecunetic studies on some of the
perchlorate reducing bacteria isolates indicatsgree of molybdenum dependent genes
encoding chlorite dismutase and perchlorate redadi@haudhuri et al., 2002). Kengen
et al., (1999) reported 1 mole of heterodimeric enales obtained from perchlorate
reductase enzyme purified from strain GR-1 contamole of molybdenum, 11 moles of
iron and 1 mole of selenium, indicating that trasaount of molybdenum, iron and
selenium is important for perchlorate reducing baat Studies showed that growth and
perchlorate reduction dbechloromonas aromatica were completely inhibited when the
culture was transferred to molybdenum free mediulso, similar inhibition was
observed when th®echloromonas agitate culture depleted the molybdenum content
(Chaudhuri et al., 2002). Thus, it seems that badgyum is a requirement for all
perchlorate reducing bacteria. Bioavailabilitynoblybdenum can be an important issue
in the bioremediation implication strategies. Sa¢ in low-pH soils adsorption
reduces the availability of molybdenum; thereforean be an often limiting nutrient in

many soils (Chaudhuri et al., 2002).
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2.5.6.2. pH

Although, some studies have reported the aciditgedo have optimum growth and
maximum perchlorate degradation rate, the effectpdf on biological perchlorate
reduction has not been investigated systemicddgrchlorate degradation involves quite
complex enzymatic activity (Rikken et al., 1996)att pH is potentially one of the
effective environmental parameters affecting thevig of the involved enzymes. In
general, acidity of the environment can affect #oéivity of an enzymatic system via
three possible mechanisms: (i) pH variation camgkathe three dimensional shape of
the enzyme; (ii) changes in pH of the environmemt change the ionic form of basic and
acidic groups of the active sites of the enzymeaaues; and (iii) pH variation can affect
the acidic and basic groups on the substrate mele@nd as a result the affinity of the
substrate for the for the enzyme can be altereeénpally (Wang et al., 2008a).

Scientists have reported pH ranges and optimum gHpérchlorate reduction by
different perchlorate reducing bacteria. pH range6.6-7.5 (optimum pH of 7.1) and
5.0-9.0 (optimum pH of 7.0) have been illustratadtlze pH ranges that heterotrophic
mixed cultures of perchlorate reducing bacteria eapable to reduce perchlorate
(Attaway and Smith, 1993; Wang et al., 2008a). Reterotrophic pure culture of
perclace, Coates and Achenbach (2004) have repoiteaf 6.5-8.5 (optimum pH of
7.0-7.2) as the pH range that perchlorate reduct@noccur. In addition to pH ranges
for perchlorate reduction, appropriate acidity fbacteria growth also has been
investigated and reported. Bruce et al. (1999)ehsivowed the pH range of 6.5-8.0

(optimum pH of 7.1) for HAP-1 strain as the apprat@ pH range for bacteria growth.
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Similarly, pH range of 6.5-8.5 (optimum pH of 7/%s been reported for strain CKB
(Herman and Frankenberger, 1998).

It can be concluded that pH range of 6.5-8.0 is dp@ropriate pH range for
perchlorate reducing bacteria for both perchloratkiction and growth. In order to keep
the pH in this pH range, in most of the studiehezitphosphate buffer system or
bicarbonate-buffer system are used to control thditg and keep it in the optimum
range (Xu et al., 2003).

2.5.6.3. SAlinity

The effect of salinity on conventional microbialssgms used in wastewater
treatment is well known (Lefebvre and Moletta, 2008hibition of microbial processes
is generally attributed to the osmotic pressurea$f between inside and outside the cell
wall (Lefebvre and Moletta, 2006).

Different bacterial genera have different toleraleels for salinity. In general, the
tolerance levels of the halophilic bacteria forirsl can be categorized into three
classes: mild (10-60 g NaCl/L), moderate (60-150NgCl/L) and extreme or
extremophiles (150-300 g NaCl/L) (Madigan and Mdi, 2005). In addition to the
difference tolerance levels between different nocganisms, halotolerance is also linked
to the growth phase of the culture. The very otdvery young bacteria are more
vulnerable in saline environments (McAdam and J2@08; Cang et al. 2004).

Because of the high affinity of ion exchange resimsich are developed to remove
perchlorate from water, to perchlorate ion, vergrs NaCl solutions (70-120 g NaCl/L)
are needed to regenerate the regenerable resimss, perchlorate contamination occurs

along high salinity in the regenerant wastes (Logaral., 2001). The perchlorate
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contamination level in the 7% regenerant waste gangom 2000 to 500,000 ug/L,
depending on the ion exchange influent perchlocatecentrations (Gingras and Batista,
2002).

Halophilic bacteria have been obtained by screewar@us sites and used in order
to degrade perchlorate at relatively high levelsalfnity. It has been found that not all
locations contain halophilic bacteria capable thuse perchlorate at salinity levels of 3%
and higher (Logan et al., 2001). Logan et al. (30¢howed that perchlorate reduction
occurred only in three of the total six sampledeadéd from saline environments at
salinity of 3%. Although, perchlorate reductionteisa have not been reported, growth
rates were measured while the salinity ranges ftémto 15%. The maximum growth
rate reported as 0.060+0.003/day for the samplairmdd from Great Salt Lake, UT, at a
salinity level of 5% (Logan et al.,, 2001). Growtite reduced about 40% when the
salinity was increased to 11%, and the culturendidhave any growth at salinity of 13%
and higher (Logan et al., 2001).

In addition to the growth rates, Gingras and Bat(@&002) reported the reduction
rates on a non-halophilic perchlorate reducinguealenriched from an activated sludge
sample. It has been reported that salinity legdbas as 0.5% decreased the perchlorate
reduction rate to 30% of initial rate while the gth coefficient reduced by 32%, and
salinity greater than 1% reduced the rate to 40%lewthe growth coefficient decreased
more than 40% (Gingras and Batista, 2002).

Salt tolerant bacterial species capable to redecehforate in saline environments
have been identified and reported. Haloferax denitrificans and Paracoccus

halodenitrficans as two denitrifying halophilic bacteria ari@itrobacter sp. have been
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reported as the bacteria capable to reduce peattlor presence of salinity (Okeke et al.,
2002). Citrobacter sp. has been classified as an effective saltaoterulture that was
able to reduce about 21% and 18% of the initiatiplerate amount in 1 week at salinity
levels of 2.5% and 5%, respectively (Okeke et24lQ2).

Thus, it can be noted that although halophilic blerate reducing species can have
growth in saline environments containing NaCl aghhas 11%, most of the known
perchlorate reducing bacteria, which are non-halgp$pecies, cannot grow and reduce
perchlorate in the normal salinity levels of the exchange regenerant wastes.

2.5.6.4. Oxidation-Reduction Potential

Oxidation-reduction potential of the bioreactor tenused as an indicator to explain
the behavior of the perchlorate reducing bacte8hrout and Parkin (2006) reported that
perchlorate reduction increased with decreasinglatikin-reduction potential in their
mixed culture. They achieved 100% removal at dxagareduction potential of -220
mV. It has been illustrated that achieving oxioatreduction potential as low as the
levels necessary for sulfate reduction and methemegjs are not required for perchlorate
bioreduction (Attaway and Smith, 1993). AttawaydaBmith (1993) noted that
perchlorate degradation does not occur at oxidatduaction potential above -110 mV.
Interestingly, a study in 2006 showed 32% perchéoraduction, by a culture enriched
from an anaerobic digester, with an oxidation-réducpotentials as high as +180 mV
(Shrout and Parkin, 2006). This is the only reploat shows that a perchlorate reducing

culture is able to degrade perchlorate in oxidizeadition.
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2.5.6.5. Presence of Other Competitive Electron Acceptors

Other electron acceptors such as oxygen and niteatecompete with perchlorate to
receive electrons. Attaway and Smith (1993) showresl inhibition of perchlorate
bioreduction in the presence of oxygen. Oxygem igreferred electron acceptor for
perchlorate reducing bacteria, since the bactesia abtain more energy consuming
oxygen than it can obtain from perchlorate. It basn proven that perchlorate reducing
bacteria yields more biomass when oxygen is usedithze the available electron donor
(Coates et al., 1999; Coates and Anderson, 2000).

The effects of oxygen exposure time on perchlardection byDechloromonas sp.

KJ were studied in 2004 (Song and Logan, 2004)wak observed that exposure time
more than 12 hours inhibits the ability of the s& reduce perchlorate. In contrast, cells
that were exposed to dissolved oxygen for less fiZahours could quickly recover the

oxidation-reduction potential of the bioreactomegative values (-127 to -337 mV), and
as a result, they were able to reduce perchlo@dag and Logan, 2004). This study
showed that exposure to oxygen for less than 12shdwe to the backwashing cycle of
the biofilm layers in perchlorate degrading reasteould not change the ability of the

cells to reduce perchlorate (Song and Logan, 2004).

Considering the thermodynamic preference of oxytgeperchlorate by perchlorate
reducing bacteria alone may be an oversimplifica{@@haudhuri et al., 2002). Studies
indicate that genetic regulation plays a significasle in the reduction of perchlorate.
Perchlorate reduction is dependent on the preseincklorite dismutase, and inhibition
of chlorite dismutase occurs even with oxygen catregions of < 2 mg/L (Chaudhuri et

al.,, 2002). Rikken et al. (1996) demonstrated ttahin GR-1 has higher chlorite
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dismutase activity when the bacteria are growngupierchlorate than the same bacteria
grown in aerobic conditions, indicating that chlerdismutase was induced when the
culture was grown without oxygen (Rikken et al.,989 Chlorite dismutase
measurements oechloromonas agitata pure culture showed the enzyme chlorite
dismutase was expressed only when the biomassmas gising perchlorate (O’Connor
and Coates, 2002). Similar results were obtairedchlorite dismutase activity of
Dechloromonas suillum culture (Chaudhuri et al., 2002), indicating theejé&c regulation

of enzymatic activity of chlorite dismutase.

Another set of experiments dbechloromonas suillum culture were performed by
Chaudhuri et al. (2002) to determine whether an@andition alone can induce the
production of chlorite dismutase. In these expents, nitrogen gas was introduced to an
actively metabolizing aerobidechloromonas suillum culture. Samples taken after 3.5,
5, and 7 h of incubation did not show any chlodismutase activity, pointing that
anaerobic condition alone was not sufficient toucel chlorite dismutase activity
(Chaudhuri et al., 2002). In addition, Chaudhtrale (2002) showed that the existence
of perchlorate in the presence of even low levéldissolved oxygen was not sufficient
to initiate the expression of perchlorate reductasbus, it can be concluded that both
anaerobic/anoxic condition and the presence ofhper@te are necessary to initiate
perchlorate reduction enzymatic activity.

Oxygen also results from the dismutation of chéoriby chlorite dismutase.
Although, the bioavailability of the produced malér oxygen is not known (Shrout and
Parkin, 2006), studies showed that addition of mt@dao perchlorate reducing culture

grown using perchlorate, produced molecular oxygetside the cells (Rikken et al.,
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1996; Coates et al., 1999). This release of oxygerthe bacteria might be due to
protection of oxygen sensitive enzymes (Kengen.etl899; Shrout and Parkin, 2006).
Immediately after production and without accumulatioxygen is utilized by the cell
(Rikken et al., 1996; Logan et al., 2001; Xu andj&m, 2003). The final product of the
reaction of oxygen with an electron donor is carlbosxide and water (Rikken et al.,
1996).

Nitrate is another electron acceptor that can ldeaed by most of the perchlorate
reducing bacteria. However, some perchlorate liaduzacteria such d3echloromonas
agitata strain CKB cannot grow on nitrate (Chaudhuri et 2002). Other experiments
were performed oDechloromonas suillum culture that can grow either on perchlorate or
nitrate medium to investigate the preference of ¢hiure for electron donor under
different growth conditions. The experiments destated that, in all cases, neither
chlorite dismutase activity nor perchlorate degtiatawvas detected until all nitrate ions
were utilized (Chaudhuri et al., 2002). Althoughasn CKB could not grow on nitrate
medium, when the culture was transferred into aiamedcontaining both nitrate and
perchlorate, it had lower perchlorate reductiore ritan the culture incubated in the
absence of nitrate. This observation indicatesrilteate acts as competitive inhibitor for
perchlorate reduction. More interestingly, althoutpe strain CKB could not utilize
nitrate as electron donor source, nitrate was mdluo nitrite in the presence of
perchlorate. It suggests that nitrate ions wergedoiced by perchlorate reductase
(Chaudhuri et al., 2002). Herman and Frankenbe(t@98) also reported similar co-
reduction of nitrite by the perclace culture; hoeevsince the perclace culture was

unable to grow on nitrite medium, it co-reducedaté to nitrogen gas.
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2.5.6.6. Effect of Different Electron Donors on the Reduction Process

Perchlorate reducing bacteria can utilize varidasteon donors as the energy source.
The electron donor can be either an organic modeei. acetate, ethanol, lactate, etc)
or an inorganic molecule (i.e. hydrogen gas). &dvw&udies have been performed to
determine characteristics of the known strainses€iplorate reducing bacteria. The most
common electron donor used in these studies isat@cetThe other common organic
electron donors are propionate, lactate, and ethatm addition to organic electron
donors, some perchlorate reducing bacteria are addo to utilize hydrogen as energy
source (Miller and Logan, 2000; Zhang et al., 20B8Brout et al., 2005). Only a few
autotrophic perchlorate reducing bacteria, those tise hydrogen as the electron donor
and carbon dioxide as the carbon source, have ideatified and isolated (Zhang at al,
2002; Shrout et al., 2005; Nerenberg et al., 200Gjley et al. 2008) and they are listed
in Table 2.7.

The ratios of electron donor to perchlorate neddegberchlorate degradation have
been studied during the last decade. As discussethe stoichiometry section,
Chaudhuri and Coates (2002), Waller et al. (20843 Shrout and Parkin (2006) have
reported optimal COD to perchlorate ratio as ~1.2@D/g CIQ". Shrout and Parkin
(2006) also noted that perchlorate degradation faater with lactate compared to
acetate, without giving an explanation. Attawayl &mith (1993), Song and Logan
(2004), and Shrout and Parkin (2006) observed ttatlack of electron donor in the
bioreactor results in a more oxidized oxidationdaethbn potential.

Activity level of the involved enzymes in the peatate reduction pathway (i.e.

perchlorate reductase and chlorate dismutase)féstafl by the electron donor type.
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Shrout et al. (2005) showed that chlorite dismutageity level in the cells, which were
grown utilizing hydrogen, was higher than in thdlscgrown with organic electron
donors. Shrout et al. (2005) concluded that it tb@ydue to the production of alternate
dismutase enzymes under autotrophic conditionserelare similar observations such as
production of alternative nitrogenase enzymes hyogen-fixing bacteria utilizing
different electron donors (Harwood and Parales6199
2.6. Biological Reduction of Nitrate

Denitrification is the dissimilatory reduction oftrate (NQ') or nitrite (NQ) to
nitrogen gas (B (Rittman and McCarty, 2001). It is an importgdthway of the
biogeochemical nitrogen cycle. The nitrogen cyslshown in Figure 2.5. Nitrogen in
this cycle exists in the biosphere in several axiastates, shown in Figure 2.5, from
+V in nitrate to —Ill in ammonia. Denitrificationyhich is the conversion of nitrate (the
most oxidized form of nitrogen) to nitrogen gassg®s through four enzymatic reactions:
nitrate (NQ") to nitrite (NQ), nitrite to nitric oxide (NO), nitric oxide to mous oxide
(N20), and finally nitrous oxide to nitrogen gas,(N Denitrification is an energy
yielding process for denitrifying bacteria that ube positive redox potential of NO
INO, (E°=+0.43 V), NQ/NO (E°=+0.35 V), NO/NO (E°=+1.175 V), and BO/N,
(E°=+1.355 V) reactions (Einsle and Kroneck, 2004).

In environmental biotechnology, denitrification ised when complete nitrogen
removal is necessary. The presence of nitratevester contaminant is a common issue
in many drinking water sources. Nitrate competéh wather electron acceptors to utilize

the available electron donor source, and this caitigge makes this anion an important
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factor in anaerobic/anoxic treatment systems (ehgsphate removal and perchlorate

removal systems).

Nitrite reductase
NO reductase
N,O reductase

(+V) Nitrate  (+1ll) (+1) (+0) ) (-1

reductase Nitrogenase
NOs NO; NO N2O N, NH;
Nirite & ) X
oxidase
Nitrite
reductase
Hydroxylamine -N Ammonia
Oxidoreductase Monooxygenase
NH,OH <

Figure 2.5. The Biological Nitrogen Cycle Pathw@yidation States and the Enzymes
Involved in the Processes (Modified from: Einslel &woneck, 2004)

Dissolved oxygen (DO) controls the denitrificatiggathway via two distinct
mechanisms (Rittman and McCarty, 2001). First,gexyacts as a repressor for genes
responsible for nitrogen-reduction. Studies shioat DO concentrations greater than 2.5
to 5 mg/L repress the responsible genes. Secotden acts as an inhibitor for the
activity of the denitrification enzymes. Dissolvegygen above a few tenths of mg/L
slows down the activity of the involved enzymestifiRan and McCarty, 2001). It can be
concluded that inhibition of the enzymes by DO mare sensitive mechanism compared

to gene repression by oxygen molecules.
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2.6.1. Biochemistry of the Nitrate Reduction

Throughout the denitrification metabolic pathwaly steps are catalyzed by complex
multi-site metalloenzymes with unique spectroscopitd structural characteristics.
Enzymes involved in the stepwise reduction patharaydescribed below.

2.6.1.1. Nitrate Reductase

The first step which is a conversion of nitratenitrite is performed by nitrate
reductase. All of the bacterial and eukaryoticaté reductases are molybdenum
dependent enzymes. The molybdopterin cofactoitmata reductases is in the form of
two molybdopetrin-guanine dinucleotide (MGD) mollsu which are located in the
molybdenum center (Einsle and Kroneck, 2004). dtitreductases are responsible for
the following reaction. Reaction 2.34 shows thab telectrons are needed to reduce
nitrate to nitrite.

NOs + 2e+ 2H — NO, + H,O (234)
In general, there are four types of nitrate rechegaeukaryotic nitrate reductase and

three distinct prokaryotic nitrate reductases, udiolg cytoplasmic assimilatory (Nas),
membrane bound (Nar), and periplasmic nitrate (Eiasd Kroneck, 2004). Most of the
nitrate reductases are bound to the inner sidehef membrane (Hochstein and
Tomlinson, 1988). Many bacteria produce more tbae type of the above mentioned
nitrate reductses (Einsle and Kroneck, 2004). Asexample,E.coli contains a
periplasmic nitrate reductase (Einsle and Kron20K4). However, when it is grown on
nitrate under anaerobic conditions, it developsemnitrane-bound nitrate reductase, the
active sites of which face the cytoplasm of the lrmakka et al., 2002). Also, there

are some bacteria containing nitrate reductasds wiknown physiological functions.
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For instance, Alcaligenes eutrophus contains periplasmic nitrate reductase, the
physiological function of which is not clear foretmicrobiologists (Siddiqui et al., 1993).

As discussed in perchlorate reductase section, mesmakdbound respiratory nitrate
reductases and assimilatory nitrate reductaseslsweable to reduce perchlorate/chlorate
to chlorite, as an alternative for nitrate (Oltmaetral., 1976; Giblin and Frankenberger,
2001). However, denitrifying bacteria are inadcawhen they reduce perchlorate to
chlorite because of the lack of chlorite dismutaseyme and accumulation of produced
chlorite (Oltmann et al., 1976), which is a distént.

2.6.1.2. Nitrite Reductase

Nitrite reductase is an enzyme that reduces nitrogenitrite to a lower oxidation
state. It is the second involved enzyme in thetdécation process. Certain types of
nitrite reductases can reduce nitrite to ammoniaugh a six-electron transfer process.
This process is called nitrite ammonification (Sm@®002). Denitrificatory nitrite
reductases, which reduce nitrite to nitrous oxicleyld be either homotrimer copper
enzyme or cytochromed; enzymes (Moura and Moura, 2001). Copper nitetiuctase
enzymes are categorized into two (i.e. green aod)ldubclasses based on absorbance
characterization (Einsle and Kroneck, 2004). Cytomecdl nitrite reductase enzymes
are soluble homodimer protein molecules and aratéacin the periplasm area (Einsle
and Kroneck, 2004). Each subunit of these solbbleodimers consists of one heme
and one hemeall (Moura and Moura, 2001). The optimum temperatiore nitrite
reductase enzymes has been studied and repor8&f@do 38°C (Peng and Zhu, 2006).
The reaction which is catalyzed by denitrificatontrite reductase requires one electron

from the electron donor and can be shown as th@xfwig reaction.
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NO, + €+ H'— NO + H,O (2.35)
2.6.1.3. Nitric Oxide Reductase
Nitric oxide reductase enzymes, which are respteditr the third step of the
denitrification process to reduce nitric oxide (NtO)nitrous oxide (AO), belong to the
cytochrome oxidases family (Hendriks, et al., 2000)his enzyme has an interesting
function, since the N-N bond configuration of §as in nature is mainly due to nitric
oxide reductase during denitrification (Moura anauvh, 2001). In fact, nitric oxide
reductase regenerates the N-N bond in the nitragele. Accumulation of nitric oxide
is toxic to the cells. Nitric oxide reductasesuesl nitric oxide immediately after it is
generated. In bacteria, nitric oxide reductase msembrane protein complex, belonging
to the haem/copper cytochrome oxidases, whereé&snmgi, nitric oxide reductase is a
soluble enzyme that belongs to the category ofotytume-type proteins (Moura and
Moura, 2001).
2.6.1.4. Nitrous Oxide Reductase
The last step in the denitrification process isvasgsion of nitrous oxide (JO) to
nitrogen gas (B). This is a two-electron reduction process, whécbatalyzed by nitrous
oxide reductases:

N,O + 2é+ 2H — N>+ H,O (236)
Nitrous oxide reductase is a homodimeric coppetainimg metalloenzyme, which

consists of two subunits (Moura and Moura, 200h)this enzyme, copper ion exists in
both two centers. Zink, iron, and nickel also hbeen detected in the structure of this

enzyme (Simon, 2002).
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Enzyme location, optimum pH and temperature forativity, and molecular mass
of the enzymes involved in the nitrate reductiorthpay has been compared to the
enzymes involved in the perchlorate reduction pathim Table 2.8.

2.6.2. Microorganisms Involved in Nitrate Biodegradation

Nitrate reduction is a common pathway that candaend in both autotrophic and
heterotrophic bacteria. Most of the denitrifierctssia can use other electron acceptor
sources, such as oxygen, perchlorate, and suHate, substitute for nitrate respiration
(Hendriks, et al., 2000; Giblin and Frankenber@®01). In prokaryotes, denitrification
can be detected in some bacteria and even somaearctDenitrification is common in
genera within thé’roteobacteria group such aBPseudomonas, Thiobacillus, Alcaligenes
andParacoccus, which are all gram negative bacteria (Rittman BoCarty, 2001). In
addition to gram negative bacteria, denitrificaticen be found in some gram-positive
genera includingBacillus (Suharti, et al., 2001; Suharti and de Vries, 2003l
denitrifiers are facultative anaerobic bacteriatt(Ran and McCarty, 2001). Some
halophilic archaea such adalobacterium are also able to perform denitrification
(Rittman and McCarty, 2001).

Diversity of microorganism in a denitrification $gm depends on the conditions of
the reactor. Identification of denitrifying badeein a denetrification batch reactor, fed
with acetate and methanol as external carbon seul@s been studied amdand 3
subclasses oProteobacteria have been reported as the dominant denitrifyinds ce
(Osaka et al.,, 2006). Using acetate as the exteamdon source, the 16S rRNA
sequence analysis illustrated genes @mamonadaceae (e.g., Comamonas and

Acidovorax) and Rhodocyclaceae (e.g., Thauera and Dechloromonas) of the -
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proteobacteria group andRhodobacteraceae (e.g.,Paracoccus and Rhodobacter) of the
a-proteobacteria group in the reactor (Osaka et al., 2006). Widthanol as the carbon
source,Methylophilaceae (e.g., Methylophilus, Methylobacillus, and Aminomonas) and
Hyphomicrobiaceae were identified and reported (Osaka et al., 2006hese results
show that carbon source type has some effects @ngéimus and diversity level of

denitrifiers in the system.

Table 2.8. Typical Characteristics of Enzymes Imedlin Nitrate and Perchlorate

Reduction
Enzyme Molecular Optimum
y Enzyme location Optimum pH  temperature  Characteristic
name mass (kDa) (°C)
. 7.5-8.0 (Okeke 25-30 (Okeke Selenium
periplasm 420 -
Perchlorate . and and containing heme-
(Kengen et al., (Steinberg et ) :
reductase 1099) al., 2005) Frankenberger, Frankenberge protein (Steinberg
" 2003) 2003) et al., 2005)
. Heme-containing
Chlorite Periplasm | _14|1(0|(van| .G‘IS l(van | 30 (van Ginke 0O-0 bound
dismutase (Kengen etal.,  Ginkel etal.,  Ginkel etal,, et al.,, 1996) former (Lee et al
1999). 1996) 1996) " 2008) '
cytoplasm, _
membrane- 9.0 (Giblin and (Mzgoggina molybdenum
Nitrate bound, and 230 (Polcyn, _ dependent (Einsle
. Frankenberger, and
reductase periplasm 2008) . and Kroneck,
; 2001) Zvyagilskaya,
(Einsle and 2007) 2004)
Kroneck, 2004)
membrane-
Nitrite bound, and 120 (Moura 35-38 (Peng Heme-containing
reductase periplasm and Moura, NA and Zhu, protein (Moura
(Einsle and 2001) 2006) and Moura, 2001)
Kroneck, 2004)
o Membrane- 160-180 Oxidoreductase
Nitric oxide bound
: (Barton, NA NA enzyme (Moura
reductase (Hendriks, et 2004) and Moura, 2001)
al., 2000) '
Nitrous Periplasm . 7.5 Multi-copper
oxide (Rasmussen et 12()2(()(8);')10”' (Rasmussen et NA enzyme (Moura
reductase al., 2005) al., 2005) and Moura, 2001)
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CHAPTER 3
METHODOLOGY
3.1. Work Plan for Issue One

The first objective of this research, which invavéhree hypotheses, was to
understand the mechanism of degradation of retactatd perchlorate ions. In the first
hypothesis, it was envisioned that there is a g¢®or mechanism involved in the
detachment of the resin-attached perchlorate iombe second and third hypotheses
assumed the diffusion of desorbed perchlorate, ffwerinside region of the resin bead to
the surface, is the rate-controlling step in thsirrebioregeneration process. The
hypotheses posed for this objective were:

Hypothesis 1:The first hypothesis was that resin-attached perate exchanges
instantaneously with chloride, generated from thegrddation of
perchlorate. The perchlorate ion thereby is fileda taken up by the
PRB. However, this hypothesis did not explain hthe first resin-
attached perchlorate ions are biodegraded.

Hypothesis 2The second hypothesis was that the bioregeneratiam-exchange resin
is controlled by diffusion rather than by the rabé resin-attached
perchlorate desorption.

Hypothesis 3:The third hypothesis was that bioregeneration @fcnoporous ion-
exchange resins is faster than gel-type resinstaligher water content
and larges resin pore size, which result in a fadi#fusion rate in

macroporous resins compared to gel-type resins.
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3.1.1. Experimental Approach

All the experiments were performed in the Environtaé Engineering Laboratory at
UNLV. Hypotheses 1, 2, and 3 were tested througterees of batch bioregeneration
experiments. In the tests associated with hypatHesa series of batch bioregeneration
tests were performed using different concentratiaris chloride.  Chloride was
hypothesized to be the reason for desorption oh-+asached perchlorate. It was
expected that resin-attached perchlorate desorptmdnbioregeneration can be observed
only in the presence of chloride ion.

In the tests associated with hypothesis 2, theeiahange resin beads were sorted to
obtain resin samples with different particle sizesln one of series of batch
bioregeneration tests, resin beads were crusheztit@e the resin-bead size. The batch
bioregeneration experiments were performed usisg reamples with different bead
sizes. It was expected that the PRB bioregenénatemaller diameter resins at a higher
rate than that for the larger resins due to theeeme in specific surface area per volume
of resin and as a result enhancement in the massfér.

To test hypothesis 3, batch bioregeneration teste \werformed using gel-type and
macroporous ion-exchange resins, which includehperate-selective and non-selective
resins. It was expected that the bacteria bioregea the macroporous resins in higher
rates compared to the gel-type resins since theagpamus resins have higher water

content and larges resin pore size than the gel4tygins.

85



3.1.2. Experiments
3.1.2.1. Resin Characteristics
Two perchlorate-selective resins (SIR-100HP and-HIBHP-MACRO) and two
non-selective resins (ONAC ASB-1 and IONAC SR-7)reveused in the batch
bioregeneration experiments (Table 3.1). Thesesedl have a styrenic matrix. Table

3.1 presents the characteristics of the selecgdsesed for this research.

Table 3.1. Characteristics of the 1X Resins UseBatch Experiments to Test
Hypotheses 1-3

Hvpothesis Commercial Resin Tvpe Water Capacity Resin Functional
yp name YPE con. (%) (eq/L) structure group
Hypothesis 1 ) -
Hypothesis 2 5/ R-L110HP — CIO,- 3555 06 OV chgCr
. (ResinTech) selective Gel
Hypothesis 3
. IONAC
Hypothesis 1 ASB-1 non-selective 43-48 1.4 Styrene, (CH9)s" CI
Hypothesis 3 Gel
(Sybron)
SIR-110HP- ]
Hypothesis 3 MACRO ClO, - 5865 0.6 . OYeNe o er
) selective Macroporous
(ResinTech)
IONAC Styrene
Hypothesis 3 SR-7 non-selective 48-52 0.8 Y X (CHy)s" CI
Macroporous
(Sybron)

3.1.2.2. Resin Loading
The resin samples were loaded fully to eliminate triginal counter ion (i.e.
chloride) of the functional groups of the resir®tesence of chloride ion was controlled
very carefully in all the experiments dealing witypothesis 1 since the chloride ion was
assumed as the desorbing agent of resin-attachethlg®ate ions in the resin-

bioregeneration process. Table 3.2 shows the ¢agzédcity of the resins as eq/l and g/l
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and the concentrations of stock solutions. All tesins were loaded with sodium

perchlorate.

Table 3.2. Resin Loadings Used for the Batch Bienegation Experiments for Issue 1

Capacity Capacity Concentration of Stock

Hypothesis Resin name (eq/L) (g/L) Loading Solution

Hypothesis 1 SIR-110HP 0.6 59.7 120,000 (mg-A42P
Hypothesis 1 IONAC ASB-1 14 139.3 120,000 (mg-Z1p
Hypothesis 2 SIR-110HP 0.6 59.7 120,000 (mg11p
Hypothesis 3 SIR-110HP-MACRO 0.6 59.7 120,000 (nhQ4L.)

Hypothesis 3 SIR-110HP 0.6 59.7 120,000 (mg-A2P
Hypothesis 3 IONAC SR-7 0.8 79.6 120,000 (mg-2Up
Hypothesis 3 IONAC ASB-1 14 139.3 150,000 (mg-Z1p

The resin samples were loaded batchwise. Batahrigavas selected to shorten the
time period required to load the resin. Furthemnan the batch loading, the ions are
distributed more homogeneously through the resitiges. For each milliliter of the
resin sample, 1 mL of the loading solution (Tahl2) 3vas prepared and added to a glass
bottle. The bottle was then placed on a rotaryemifAssociate Design Mfg. Co.,
Alexandria, VA) at 40-50 rpm and 22+2°C. After Bdurs, the mixer was stopped, and
the resin was separated from the liquid supernatsing a filter paper. The supernatant

was sampled for residual perchlorate analysis bedést of it was decanted. Perchlorate
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concentrations of the added and residual solutaese then measured using lon
Chromatography (IC) analysis.

The loaded resin was then rinsed 12 times with df de-ionized (DI) water for 6
hours to remove all the residual unattached peratdoions and the rinsate solutions
were submitted for perchlorate analysis using KJter 12 times rinsing, no perchlorate
was detected in the rinsate solution. The resii®when dried at room temperature (i.e.
22+2°C) for 6 hours, labeled, and stored in thegefator.

3.1.2.3. Resin Sze Reduction

Loaded SIR-110HP resin particles were sorted tdemdint sizes for the batch
bioregeneration experiment evaluating the effect re§in particle size on the
bioregeneration process (i.e. hypothesis 2 of i43ueThe normal SIR-110HP resin size
ranges between 1.19 to 0.297 mm, which corresptmd$S mesh number 16 and 50
respectively. In order to obtain very small siZ&5tR-110HP, the loaded resin particles
were crushed using a mortar and pestle. A U.Swdatd (Das, 2001) stainless-steel
series of sieves (Fisher Scientific, Inc., Walthén#) with mesh sizes of 0.853, 0.710,
0.599, 0.500, 0.150, and 0.106 mm were used far digtribution analysis and size
separation of the dried resin particles (Table.3.3)

Five different particle sizes of 0.924, 0.778, @,68.547, and 0.128 mm were used as
the mean patrticle sizes for SIR-110HP in the expent evaluating the effect of particle
size on the bioregeneration process. The speuifiace area per volume was calculated
by determine the total surface area per unit aflsalume of the resin (Sepaskhah et al.,
2010). For the experiment examining the perforreaat gel-type and macroporous

resins during bioregeneration process (i.e. hymish8), only resin particles with the
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representative particle size of 0.778 mm (i.e. iegthon the sieve #25) were used. Size
distribution of SIR-110HP and ASB-1 resins was nmndtanged for the batch
bioregeneration experiment evaluating the effectndfal chloride on bioregeneration

process.

Table 3.3. Standard Sieve Numbers Selected to ifetfee Sieve Analysis to Separate
the Resin Beads with Different Diameters
Specific surface area per

Sieve Number Opening Size (mm) Mean size (mm) volume, 1/mm

18 1.000 NA NA

20 0.853 0.92% 6.476
25 0.710 0.778 7.677
30 0.599 0.652 9.167
35 0.500 0.547 10.919
100 0.150 NA NA

140 0.106 0.128 46.785

20.924 = (1.000 x 0.853%)

3.1.2.4. Perchlorate Reducing Master Culture

Perchlorate-reducing microbial culture for thise@sh was taken from two master
seed cultures, called BALI | and BALI Il. Theseanmubial cultures were enriched from
samples taken from the Las Vegas Wash and Lake eB@évada. These areas have
been contaminated with ammonium perchlorate for ghst five decades and were
presumed likely sources of PRB (Gingras and Bat&#@2). The culture was enriched
under anaerobic conditions by providing perchloehe electron acceptor, acetate as
the electron donor, and a mineral/nutrient/buffestto for the seed (Table 3.4). The

culture has been identified using two different ecoillar methods, Restriction Fragment
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Length Polymorphism (RFLP) and 16S rRNA sequendiKigsterson, 2005). The
characterization results indicate the culture imposed of at least six isolates, two of
which are able to degrade perchlorate as the eleetrceptor source. All six isolates are
gram-negative, facultative anaerobe bacteria. aeterial species that have been
identified in the culture includeseudomonas, Azospira (formerly calledDechlorosoma),
Dechloromonas, Aeromonas, and Rhizobium, which are typically present in soil and
water (Kesterson, 2005).

The master seed cultures were maintained by fekdastjing and monitoring for
total suspended solids (TSS), perchlorate reside@hductivity, turbidity, chemical
oxygen demand (COD), pH, oxidation reduction pog{ORP), and dissolved oxygen
(DO) on a weekly basis schedule. During the growtie reactors were sealed
completely to ensure anaerobic condition for theraarganisms. The culture was mixed
using a magnetic stirrer to keep the biomass ipesuson.

3.1.2.5. Sock Solutions for Perchlorate Reducing Culture

The stock solutions for feeding the seed mastdummd were the electron acceptor
(i.e. perchlorate), electron donor (i.e. acetaayl mineral/nutrient/buffer solutions. The
concentration of the electron acceptor and electtonor solutions was 40,000 mg-
ClO4/L and 120,000 mg- C¥OO/L. Table 3.4 shows the electron acceptor, electron
donor, buffer, and mineral/nutrient stock solutions

The observed stoichiometry of ~1.7 mole acetateolenperchlorate (i.e. ~1.01 g
acetate / g perchlorate) has been reported inrthagus studies (Chaudhuri and Coates,
2002; Waller et al. 2004; Wang et al.,, 2008a). ¢#ena mass ratio of 2 for

acetate/perchlorate (i.e. 2000 mg/L / 1000 mg/L$ wsed to feed the master cultures.
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Table 3.4. Electron Donor, Buffer, and Nutrientc&t&olution Used for Feeding the
Master Seed Cultures
Solution Name Components Concentration of stodk)(g/

Electron donor/ CH;COO (Sodium

carbon source form) 120.00
(40X)
Electron Acceptor/
Perchlorate NaClG, 40.00
(40X)
K,HPO, 155.00
(Bll(‘)féf(r) NaH,PO, H,0 97.783
NH4H-PO, 50.000
MgSQO,. 7H,0O 5.500
EDTA 0.300
ZnSQ.7H,0 0.200
CaCb.2H,0 0.100
Mineral/Nutrients FeSQ.7H,0O 0.400
(100X) NaM00O,.2H,O 0.040
CuSQ.5H,0 0.020
CoCb.6H,0 0.040
NiCl,.6H,0O 0.010
NaSeQ 0.010
HsBO; 0.060

"40X: need to be diluted 40 times

3.1.2.6. Cdll Extraction from Master Microbial Culture

For the series of batch bioregeneration experirti&itwas performed using different
concentrations of chloride, two liters of BRP mimiad culture obtained form the master
seed cultures were rinsed five consecutive timasgyshosphate buffer solution (Table
3.4) to eliminate the presence of chloride ion he tiquid phase. The culture was
centrifuged using a Legend RT Sorvall centrifugeerflro, Thermo Fisher Scientific,
Inc., Waltham, MA) at the rotational speed of 38pth for 45 minutes. The supernatant
containing chloride was discarded and phosphatéetbwolution was added to the

concentrated biomass. The mixture of the conctatraiomass and phosphate buffer
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solution was then blended to reach a SS concenrirafi 1500 mg/l using a bench-top
orbital shaker (Cole-Parmer, Series 51704) for 20 an 80-100 rpm. The culture was
centrifuged and rinsed five times to ensure theiaektion of chloride from the culture.
A sample of rinsed culture was then submitted Rdoride analysis by IC and no chloride
was detected.

3.1.2.7. Batch Testing Procedure

All the bioregeneration experiments were perfornmetatch-bioreactor tubes with a
capacity of 25 mL. For each experiment a serigsatth-bioreactor tubes were used so
that a tube was sacrificed at the given time iratisnfor sampling (Table 3.5). The
culture was diluted to 1000 mg/L in the batch-beater tubes by adding nutrient, buffer,
and acetate media (Table 3.4) and DI water. Intmcentrations of 0, 500, 1000, and
5000 mg/L of sodium chloride (NaCl) were used fbe tseries of bioregeneration
experiments evaluating the effect of varying initiahloride concentration on
bioregeneration process. A concentration of 90Q(Lrof acetate was used for all of the
batch-bioreactor tubes.

Approximately 1.2 g of resin (i.e. about 2 ml) wadded to each batch-bioreactor
tube. All the solutions (i.e. nutrient, buffer,daacetate stock solutions, and DI water)
were purged with nitrogen gas for 30 minutes prostart the experiment to eliminate
dissolved oxygen in the solutions. After all th@lutons were added to the batch-
bioreactor tube, they were sealed using aluminumpted butyl rubber-stopper
(Wheaton Industries, Inc., Millville, NJ), labeleahd placed on a rotary mixer at 22+2°C

and 40-50 rpm.
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Table 3.5. Experimental Design Used for Batch BRiereeration Experiments

. . . Amount of Initial . .
Resin name Resin patrticle size, Resin in each €°NC: of Bioregeneration
mm NacCl, length, days
tube, g mg/L
Series #1: Clvariation (hypothesis 1)
SIR-110HP Original distribution 1.2 0 8
SIR-110HP Original distribution 1.2 500 8
SIR-110HP Original distribution 1.2 1000 8
SIR-110HP Original distribution 1.2 5000 8
ASB-1 Original distribution 1.2 0 8
ASB-1 Original distribution 1.2 500 8
ASB-1 Original distribution 1.2 1000 8
ASB-1 Original distribution 1.2 5000 8
Series #2: Size variation (hypothesis 2)
SIR-110HP 0.924 1.2 NA 8
SIR-110HP 0.778 1.2 NA 8
SIR-110HP 0.652 1.2 NA 8
SIR-110HP 0.547 1.2 NA 8
SIR-110HP 0.128 1.2 NA 8
Series #3: Gel-type resin vs. Macroporous resipgthesis 3)
SIR-110HP 0.778 1.2 NA 8
SIR-110HP-MACRO 0.778 1.2 NA 8
ASB-1 0.778 1.2 NA 8
SR-7 0.778 1.2 NA 8

& nitial concentration of chloride was not changieg. it was the same concentration as the maséeat s
cultures).

Each series of bioregeneration experiment conteébngidreactor-tubes (i.e. days 1, 2,
4, 6, and 8), 2 replicates for quality control .(i.day-1-QC and day-8-QC), an abiotic
control tube (i.e. resin and nutrient/buffer/acetatedium, no microbial cell), and a
replicate for abiotic control tube (Figure 3.1). orFthe series of bioregeneration
experiment evaluating the effect of varying initdlloride concentration (i.e. hypothesis
1), two other control tubes were prepared (Figuig: 3a) an abiotic tube containing resin
and DI water (i.e. no microbial cells, no nutriéuotfer/acetate medium), and (b) a

bioreactor-tube containing resin, microbial celland buffer solution (i.e. no
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nutrient/acetate medium). The sealed abiotic oedabes were autoclaved immediately

after preparation of tubes to avoid any microbietivity. All the control tests were

performed in duplicate.

Aluminum-crimpled
rubber stopper

Resin Beads

T

PRB culture,

Acetate, Buffer,
8 1-QC 8-Q‘(\ Nutrients

BN

Cont. 1 QC :]] ™ @]
\
comzac (1]

N
o

Batch Reactor

Control tubes

8 that used only
- N ™ ™ for hypothesis 1
& & & < experiments
o o o o
RN c o

Figure 3.1. Batch Experiment Setup Used for Resime§eneration Experiments for
Hypothesis 1-3

Bioreactor-tubes were collected form the mixer agsdi, 2, 4, 6, and 8. The resin
was rapidly settled and the microbial culture abtwe settled resin was collected and
tested for COD, pH, SS, and ORP. The resin samg$ethen rinsed 5 times with 5 mL
of DI water to remove the remaining microbial celted organics which might remain in

the resin. Preliminary experiments by measuring&ssmittance of the rinsate solution
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showed that after 5 time rinse, the % transmittaridbe rinsate solution before and after
rinsing does not change. The resin sample wasdhlemitted to resin-attached residual
perchlorate analysis.

All the control tubes were collected after 8 daysif the mixer. In the abiotic tests,
the supernatant was submitted for perchlorate arsaby IC to determine the amount of
desorbed perchlorate. The resin from the contdoé$ containing resin, microbial cells,
and buffer solution was rinsed 5 times with 5 mLDdfwater to remove the remaining
microbial cells and organics and submitted to resiached residual perchlorate analysis.

For the experiment investigating the resin attaghexdhlorate desorption kinetic, 1.2
g of 0.924 and 0.128 mm SIR-110HP resin was addeal 25 mL batch-reactor tube
containing 23 mL of 2000 mg/L NaCl solution andgeld on a rotary mixer at 22+2°C
and 40-50 rpm. One hundred pL (100 puL) sampleg wellected from the batch-reactor
tubes using a micropipette after prescribed timeruals and submitted to perchlorate
analysis by IC. The desorption kinetic experimewmtse performed in duplicate.

3.1.2.8. Batch Test Design to Test Hypothesis 1-3 of Issue One

Testing hypothesis 1 involved using two differeal-type resins (i.e. SIR-110HP and
ASB-1) and four different initial chloride conceations (0, 500, 1000, 5000 mg-
NaCl/L). Both resins were loaded with perchlorggection 3.1.2.2). In total, 8 sets of
experiments were performed to study hypothesisabl€l'3.6).

Testing hypothesis 2 involved using a gel-type plerate-selective resin (i.e. SIR-
110HP) that was sorted in five different sizes. dtain the smallest size (i.e. 0.128
mm), the resin beads were crushed using mortar @astle. In total, 5 sets of

experiments were performed to study hypothesis &ol€l 3.7). For hypothesis 3,
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perchlorate-selective and non-selective resinhienform of gel-type and macroporous-
type were used to perform four sets of batch biemegation tests.
3.1.2.9. Investigation of Diffusion and Reaction Control of Bioregeneration

The shrinking core model (Arevalo et al., 1998;t4#ker, 2005) can be used to
describe perchlorate desorption and utilizatiobXimesin bead. Based on the shrinking
core model, about 90% of perchlorate load is |lat&tetweenygr = 0.5 and gr =1.0.
Reducing the resin bead size will accelerate théusion process and a result
bioregeneration of resin, if the bioregenerationcpss is controlled by pore diffusion
(Helfferich, 1962). According to the shrinking eamodel, reducing the resin bead size
exposes more surface to the liquid phase, andeifbloregeneration process is pore
diffusion controlled, it will enhance the process.

In addition to pore diffusion, it is thought thaif diffusion is also involved in the
bioregeneration process. Film diffusion limitatimcreases with decreasing resin bead
size. While, decreasing resin bead size resultscnease of pore mass transfer flux. The
rate controlling step in mass transfer process ban mathematically identified
(Helfferich, 1962):

XD &S

CDr,

(5+2af) <<1 pore diffusion control (3.1

XDs
CDr,

(5+2af)~1 pore [ film diffusion control (3.2)

XD &S
CDr,

(5+2af) >>1 film diffusion control (3.3)

where:

X = concentration of fixed ionic group (@&hioratblresin
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C = concentration of solution (&&riddLsolution

D = pore diffusion coefficient (cffs)

D = film diffusion coefficient (cri/s)

ro = mean particle radius (mm)

& = assumed liquid film thickness (cm)

af = selectivity coefficient

The Thiele modulus is an understood measure ofdhgparison of diffusion limited
to kinetic limited reactions (Thiele, 1939; Helffdr, 1962; Hong et al., 1999). In the
bioregeneration process, Thiele modulus can be tessedamine whether the process is
controlled by diffusion of perchlorate ion thoughe resin pores or by the biological
reduction of perchlorate in the bulk liquid.

The Thiele modulus for a process involving reactowl diffusion can be calculated

mathematically as following (Helfferich, 1962; Hoagal., 1999):
M; =—.|— (3.4)

where:
M+ = Thiele modulus
ro = mean particle radius (mm)
D. = pore / film diffusion coefficient (cffs)
k = kinetic coefficient (1/sec)
3.2. Work Plan for Issue Two
The second objective of this research was to imyest the possibility of multi-cycle

ion-exchange resin bioregeneration. The hypothessed for this objective was:
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Table 3.6. Summary of the Batch Experiments Perorto Test Hypothesis 1- Issue
One

Resin Name

SIR-110HP (Selective) IONAC ASB-1 (non-selective)

Resin load CIQ C|O4_ C|O4_ C|O4_ C|O4_ C|O4_ C|O4_ C|O4_

NaCl Conc.
(mg/l)
mL of NaCl
solution 0 0.057 0.115 0.575 0 0.057 0.115 0.575
(200 g/1)
mL of
Culture 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33
(1500 mg/L)
mL of
Acetate (120 1.725 1.725 1.725 1.725 1.725 1.725 1.725 1.725
g/L)
mL of
Nutrients 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
(100X)

mL of Buffer
(100X)

0 500 1000 5000 0 500 1000 5000

0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23

mL of DI

5.485 5.431 5.370 4.910 5.485 5.431 5.370 4.910
water

Resin mass

(9)

Total
volume of 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
tube (mL)
# of sample
tubes / # of
replicate
tubes

Days of 1,2,4, 1,2,4, 1,2,4, 1,2,4, 1,2,4, 1,2,4, 1,2,4, 1,24,
sampling 6,and8 6,and8 6,and8 6,and8 6,and8 6,and8 6,and8 6,and 8

D1QC Di1QC Di1QC Di1QC Di1QC D1QC Di1QC Di1QcC
& & & & & & & &

1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20

5/2 5/2 5/2 5/2 5/2 5/2 5/2 5/2

replicates for

maintubes  hoo-  pgoc  DSOC DSOC DSQC DSQC D8QC  D8QC
# of control
tubes (all 3 3 3 3 3 3 3 3
replicated)
TotalNoof 4 13 13 13 13 13 13 13
tubes
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Table 3.7. Summary of the Batch Experiments Perorto Test Hypothesis 2- Issue

One
Resin Name
SIR-110HP
Resin Size (mm) 0.924 0.778 0.652 0.547 0.128
NaCl Conc. (mg/l) NA NA NA NA NA
mL of NaCl solution (200 g/l) NA NA NA NA NA
mL of Culture (1500 mg/L) 15.33 15.33 15.33 15.33 15.33
mL of Acetate (120 g/L) 1.725 1.725 1.725 1.725 257
mL of Nutrients (100X) 0.23 0.23 0.23 0.23 0.23
mL of Buffer (100X) 0.23 0.23 0.23 0.23 0.23
mL of DI water 6.060 6.060 6.060 6.060 6.060
Resin mass (g) 1.20 1.20 1.20 1.20 1.20
Total volume of tube (mL) 25.0 25.0 25.0 25.0 25.0
#ofsampletubes/#of 5/ 5/ 5/ 5/ 5/
replicate tubes
Da S Of Sam |in 1! 21 41 1! 21 41 1! 21 41 1! 21 41 11 2! 4!
Y pling 6,and8 6,and8 6,and8 6,and 8 6, and8
D1QC D1QC Di1QC Di1QC DiQcC
replicates for main tubes & & & & &
D8QC D8QC D8QC D8QC D8QC
# of control tubes
(all replicated) 1 1 1 1 1
Total No of tubes 9 9 9 9 9
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Table 3.8. Summary of the Batch Experiments Peraorto Test Hypothesis 3- Issue
One

Resin Name

SIR-110HP- IONAC IONAC

SIR-LIOHP “pacro ASB-1 SR-7
Resin Size (mm) 0.778 0.778 0.778 0.778
NaCl Conc. (mg/l) NA NA NA NA
mL of NaC;I/I‘;,qution (200 NA NA NA NA
ML of Culture (1500 15.33 15.33 1533  15.33
mg/L)
mL of Acetate (120 g/L) 1.725 1.725 1.725 1.725
mL of Nutrients (100X) 0.23 0.23 0.23 0.23
mL of Buffer (100X) 0.23 0.23 0.23 0.23
mL of DI water 6.060 6.060 6.060 6.060
Resin mass (g) 1.20 1.20 1.20 1.20
Total volume of tube 250 250 250 250

(mL)

# of sample tubes / # of 5/ 5/ 5/ 5/

replicate tubes

1,2,4,6, 1,2,4,6,and 1,2,4,6, 1,246,

Days of sampling and 8 8 and 8 and 8
. . D1QC & D1QC & D1QC & D1QC &
replicates for main tubes D8QC D8QC D8QC D8QC
# of control tubes
(all replicated) ! 1 ! 1
9 9 9

Total No of tubes 9
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Hypothesis: The bioregeneration process can be performed oohlpeate-selective
macroporous anion-exchange resins for several catige exhaustion-
bioregeneration cycles. It was expected that gemeration does not affect
the capacity of ion-exchange resin significantly.

3.2.1. Experimental Approach

A perchlorate-selective resin was subjected to reg¢veycles of loading and
bioregeneration. The loading cycles were performiedtch-wise, while the
bioregeneration cycles were run using a fluidizestl reactor (FBR), which was
connected to a fermenter that contained the peatieloeducing culture.

To be economically feasible, the bioregeneratiooc@ss must be practical to be
performed for several loading-bioregeneration cg/clefThe number of bioregeneration
cycles that must be performed depends on the virgsn price in the market, and
bioregeneration operation and maintenance coster tlis research, the resin was
subjected to five cycles of the loading-bioregetieraprocess, due to the time and
experiment costs limitations.

3.2.2. Experiments
3.2.2.1. Resin Characteristics

SIR-110-MP, which is a perchlorate-selective macrops resin, was used in the
experimental tests (Table 3.9). This resin is cmtnmercially available and it was
manufactured exclusively for this research. T&bBepresents the characteristics of SIR-

110-MP resin.
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Table 3.9. Characteristics of the Resin Used irBkgeriments to Study Issue Two

Resin Name Resin Tvoe Water  Capacity Resin Functional
YPE con. (%) (eq/L) structure group

SIR-110-MP ; . Styrene, +l-

(ResinTech) ClO, -selective 58-65 0.6 Macroporous (C4Hg)s Cl

3.2.2.2. Resin Loading

Batch loading was selected to shorten the timeogerequired to load the resin. In
the batch loading process, the ions are distribiechogeneously through the resin
beads. A loading of 10 grams of perchlorate ger bf resin was selected (Table 3.11).
This loading was chosen to mimic the amount of lderate that would be present in the
resin in industrial applications. Industrial agpglions include waters that are
contaminated with high concentrations of perchiofae. >50 ppb).

Preliminary studies performed to estimate the anwwf perchlorate load in
industrial and domestic water treatment applicationStudies showed that with an
influent perchlorate concentration of 10 ppb, SIRMIP, which is a gel-type perchlorate-
selective resin, can be loaded up to 410,000 bédames (BVs) (Seidel et al., 2006).
Also, studies performed in the Environmental Engrimgy Laboratory at UNLV, showed
that with the influent perchlorate concentration160,000 and 1000 ppb, SIR-110-MP
resin can be loaded up to 270 and 6,120 bed volumgsectively. Table 3.10 shows the
total amount of perchlorate ion per liter of resm both industrial and domestic

applications.
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Table 3.10. Estimation of Perchlorate Loads in Rlerate Selective Resins for Industrial
and Domestic Applications (Seidel et al., 2006, d&is performed at UNLV)
Perchlorate, Total grams of Capacity % capacity occupied

Resin Bed Volumes

ppb ClO, / Lofresin  (eq/L) with CIO,
SIR-110HP 10 410,000 4.1 0.6 6.9%
SIR-110-MP 1,000 6120 6.12 0.6 9.7%
SIR-110-MP 100,000 270 27.00 0.6 42.7%

Table 3.10 shows that in perchlorate-selectivenredepending on the influent
concentration, the loading ranges from 4 to 27glgerate per liter of resin. The loading
combination chosen to load the SIR-110-MP resiprissented in Table 3.11. The
selectivity coefficients for these ions are listed able 2.4.

For each milliliter of the resin sample, 1 mL oétlbading solution (Table 3.11) was
added to a 2-L glass container and the containexitiven placed on a rotary tumbler
(Associated Design MFG Co., Alexandria, VA) withetinotational speed of 30 rpm.
After 24 hours, the resin was separated from tingdi portion using a coffee filter paper,
rinsed three times with 5 BVs of deionized (DI) aratair dried for 2 hours, and stored in
the refrigerator. The liquid portion was then sithed to perchlorate, nitrate, sulfate, and
chloride analysis by IC, and the amount of adsoibad were calculated by subtracting
the residual ion in the liquid portion from thetial values. The amount of perchlorate
adsorbed in the resin was then confirmed by thé&lwabk perchlorate measurement

analysis using the oxygen Parr Bomb.
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Table 3.11. Loading Combination Used to Load tHe-$10-MP Resin for Issue Two of
This Research
Concentration of Stock Loading

Component
Solution (mg/L)
Perchlorate 10,000
Nitrate 460
Sulfate 500
Chloride 500
Bicarbonate 500

3.2.2.3. Perchlorate Reducing Master Culture
Perchlorate-reducing microbial culture for thistpafr the research was taken from
two master seed cultures, called BALI | and BALI [The characteristics of the master
seed culture have been described in detail in@estil.2.4.
3.2.2.4. Fermenter Sart-up and Monitoring
A 10-gallon (37.8 L) HDPE plastic fermenter conmelcto a 3-inch diameter (7.6 cm)
x 50 inch (127 cm) tall plexiglass fluidized be@cetor (FBR) was used in this research.
The fermenter was covered with a HDPE lid and sealgh a weather strip to avoid
oxygen entry. The fermenter was instrumented wifGF+ Signet pH/ORP meter (J.L.
Wingert Co., Garden Grove, CA) and a Omega dissolegygen meter (Omega
Engineering Inc., Stamford, CT). The microbialtatg in the fermenter was monitored
for SS, pH, DO, COD, ORP, conductivity, and perchie residual level. A stirrer was
used to mix the bacterial enrichment culture inférenenter at 45 rpm rotational speed.
The fermenter contained three ports. The first p@s used for nutrient feeding using a
peristaltic pump. The second port was used toemds culture from the bottom of the

fermenter when it was needed. The third port weeslas a vent fitted with a “U” shape
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tube that is connected to a 1-L HDPE bottle thattaioed a 10% NaOH solution. This
set-up served as a scavenger of the gases prootuttedfermenter. Figure 3.2 shows the
schematic design of the fermenter that containsrahbial culture and the FBR that

contains the loaded resin.
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Figure 3.2. Schematic Design of the Fermenter hadFBR

At start-up, approximately 4-L of seed culture, valsen from the master microbial
reactor and transferred into the 10-gallon fermenteerchlorate, acetate, nutrient, and
buffer solutions were then added to the fermentefoster microbial growth. The
composition of the nutrient and buffer solutionsediss depicted in section 3.1.2.5.

Perchlorate degradation was monitored with time, raore perchlorate, acetate, nutrient,
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and buffer solutions were added until 30-L of miead solution with a SS of about 1500
mg/l was achieved. The culture was not wastechduhe start-up period.

Prior to starting the resin bioregeneration cyckd§,perchlorate remaining in the
fermenter was allowed to biodegrade, so that nohp@rate was present in the microbial
solution.

3.2.2.5. Bioregeneration Procedure for FBR Reactor

One thousand five hundred mL (1500 mL) of loadeR-$10-MP resin (procedure
shown in section 3.2.2.2) was transferred to th& FBlumn. The bacterial culture
contained in the fermenter was then fed up-flomgs peristaltic pump with a flow rate
of 1250 mL/min to have 30 to 40% expansion in tesirr bed. Then the microbial
culture was returned back to the fermenter. THei@was monitored for SS, pH, DO,
COD, ORP, conductivity, and perchlorate residualilyd The minimum amount of
acetate in the bioreactor was kept above 1500 mgrbe pH of the fermenter was
maintained between 7.0 and 8.0 using a phosphdfterbu ORP and temperature
variations also were controlled. DO was kept befovmg/L.

Daily, a 4 mL resin sample was taken from the FBR9located along the FBR
column. The resin was then rinsed with 1 BV ofvizdter 5 times to remove microbial
cells. Then, the resin sample was transferredlis-mL plastic container with about 10-
mL of DI water on top, labeled, and stored in tb&igerator. Finally, the resin samples
were subjected to residual perchlorate analysisguan oxygen Parr Bomb (Appendix
A).

Resin bioregeneration process was continued uhgl residual perchlorate

concentration in the resin remained constant. dgjeneration processes ran for a period
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of 9-14 days. After completion of bioregeneratmocess, the microbial culture in the
FBR was transferred from the bottom of FBR to therfenter using a peristaltic pump.
The resin was then rinsed 5 times with 1 BV of Ddter to remove the remaining
microbial cells and organics which might remaintl® resin. To ensure the rinsing
procedure is effective, % transmittance of theaiesolutions were measured. The resin
was then submitted to the fouling removal processtion 3.2.2.6). This procedure for
loading-bioregeneration of the resin was repeatedife consecutive times. Since there
was not any electron acceptor to maintain the rhiafcculture growth while the resin
was under defouling and reloading processes, thmefger was fed directly with
perchlorate and acetate solutions. Phosphaterlwffe added to the fermenter to control
pH variation. Suspended solids (SS) of 1500 mudl zero remaining perchlorate in the
fermenter were needed to start the next bioreggaereycle.
3.2.2.6. Defouling and Disinfection of the Resin

Defouling was performed using a NaOH/NaCl mixtune aisinfection was carried
out using a sodium hypochlorite solution. Preliamn investigations showed that
NaOH/NaCl mixture remove the fouling resulted frdime bioregeneration process with
an acceptable efficiency by visual observation.rttarmore, sodium hypochlorite was
shown to have better disinfection and defouling@ffcompared to the other common
disinfectants (Batista et al., 2007a). Preliminaryestigations showed that 1.5 bed
volumes of 100 mg/L of total chlorine residual idfient to reach the require.Coli
and heterotrophic plate counts (HPC) (i.e. <1 MRRfL for E.Coli and <500 CFU/mL
for HPC) after resin disinfection. In addition,epminary suggested that if excessive

amount of sodium hypochlorite is used, more disitidd® by-product (i.e. NDMA) will
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be produced as a result of the presence of high-dnéorine. The results of the

preliminary tests were used to develop the follgvmmocedure for fouling removal and

disinfection of bioregenerated ion-exchange resifise fouling removal and disinfection

procedure is summarized in Table 3.12.

Defouling of the resin was performed in 4 steps:

1) Soaking for 16 hours in 1.5 BV of the 6% NaCl/ 0.880H solution,

2) Soaking for 2 hours in 1.5 BV of the 6% NaCl/ 0.5p40H solution,

3) Soaking for 2 hours in 12% NaCl solution, and

4) Rinsing with six bed volumes of DI water.

All the solutions were pumped up-flow with a sm#bw rate of 80 mL/min.

Chemical oxygen demand (COD) of the rinsate sahstiafter each step of fouling

removal procedure was measured.

Table 3.12. - Fouling Removal and Disinfectiond&aure Used after Bioregeneration

Process
Fouling removal Applied Retention time
reagent volume
12% NaCl + 1.5BV 12 hours
2% NaOH
Fouling removal 12% NaCl + 1.5BV 4 hours
procedure 2% NaOH
12% NaCl 1.5BV 2 hours
DI water rinse 3 BV N/A
100 mg/L free 1.5BV 15-20 min
- : chlorine using
Disinfection . .
sodium hypochlorite
procedure

DI water rinse

until no residual chlorine is deéstt

in the rinsate

108



The resin was disinfected with 1.5 BV of 100 mgitisim hypochlorite solution.
The disinfectant agent was pumped up-flow to tHama with a small flow rate of ~80
mL/min. The residence time was 15 to 20 minut€ke resin was then rinsed with six
BVs of DI water. Total Coliform test using IDEXX u@anti-Tray method (IDEXX
Laboratories, Inc., Westbrook, ME) was performed the rinsate solution after
disinfection step. The bioregenerated and distatecesin was then loaded batch wise
again (section 3.2.2.2) to commence the new biorgéion cycle. The process was
repeated five times consecutively.

3.2.2.7. Resin Capacity Measurement

It was expected that bioregeneration would resultiecreased resin capacity after
each cycle. Therefore, the total capacity of frastl bioregenerated resin was measured.
To measure the capacity, 15 mL of wet resin wasequlain a pipette filled with a
stopcock. One L of 4.0% HCI was passed throughrésan bed to convert the resin to
the chloride form. Next the resin was rinsed witlh. of DI water to rinse interstitial
chloride. One L of 1.0 N NaN{solution was then passed through the resin t@acepl
the chloride ions with nitrate. The effluent fraime NaNQ rinse was collected and
titrated with AQNQ to measure the chloride concentration. Theonétjicaach mole of
detected chloride in the effluent corresponds on&rof nitrate exchanged by the active
functional groups. The resin capacity in equivedén is then calculated using the

chloride measurements.
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3.3. Analytical Methods
3.3.1. Analysis of Perchlorate, Nitrate, and Claeri

All perchlorate concentrations and low concentraiof chloride was measured
using Dionex ICS-2000 lon Chromatograph (IC) (Dw&orporation, Sunnyvale, CA),
consisting of an lon Suppressor-ULTRA Il (4 mm)nRac AS16 (4 mm) analytical,
AG16 (4 mm) guard columns, and an AS16 autosamgter. perchlorate, EPA method
314.0 was used with a current of 100 mA and a NaOktentration of 35 mM with a
flow rate of 1.0 mL/min. A calibration curve wast&blished using perchlorate standard
solutions with concentrations between 5 and 10Q {ig¢. 5, 10, 25, 50, 75, and 100
pHa/L). A coefficient of determination of 99.97% svased for calibration. Similarly, a
current of 100 mA and a NaOH concentration of 35 mith a flow rate of 1.0 mL/min
were used to measure low-concentration chloride Galibration curve for low-
concentration chloride was plotted with standarditszns with concentrations between
100 and 500 pg/L (100, 200, 300, 400, and 500 paiing a coefficient of
determination of 99.97%. For nitrate, sulfate, argh concentrations of chloride anions,
lonPac AS20 (4 mm) analytical and AG16 (4 mm) guzolimns were used on the same
IC with a current of 110 mA and a NaOH concentrattb 30 mM and a flow rate of 1.0
mL/min. The calibration curve for nitrate, sulfand high concentrations of chloride
anions measurement was prepared for concentrabietvgeen 1 and 10 mg/L and a
99.99% coefficient of determination.

3.3.2. Residual Perchlorate Measurement (OxygenbDstion Bomb Method)
The amount of perchlorate left in the resin sampés analyzed indirectly using

Oxygen Parr Bomb apparatus (Parr Bomb 1108, Patruments, Moline, IL). Parr
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Bomb (oxygen combustion bomb) was used to ignieerdsin sample and convert the
residual perchlorate in the resin sample to chéor@hs. Parr Bomb, as it is shown in
Figure 3.3, is a closed stainless steel cylinddrs stainless steel cylinder can tolerate an
inside pressure of 100 psi. The detailed Parr Bpnolsedure, developed by UNLYV, is

shown in Appendix A.

Figure 3.3: Oxygen Combustion Bomb 1108 (Parr ims@nts)

3.3.3. Total Suspended Solids (TSS)

The total suspended solids (TSS) was measured adiiftgation apparatus (Thermo
Fisher Scientific, Waltham, MA). A glass microfitfdter with an average pore diameter
of 0.45 um (Whatmann glass microfiber filters (GF@jas placed in the filtration
apparatus as the filter paper. The initial weighta microfiber filter paper and an
aluminum dish (Thermo Fisher Scientific, WalthamAMvas measured and recorded. A
known volume of the sample was measured using eopifette and passed through the

filter paper. Then the filter paper in the alumimdish was dried in 105°C oven (Thermo
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Fisher Scientific, Waltham, MA) for 60 min. The aomt of TSS was then calculated by
subtracting the initial weight from the final wetgtivided by the volume of the sample.
3.3.4. Chemical Oxygen Demand (COD)

Chemical Oxygen Demand (COD) was measured usindy K€D digestion vials
(Hach Company, Loveland, CO) in three differentges high range (0-1500 mg/l), low
range (0-150 mg/l) and ultra low range (0-40 mgBased on the strength of the sample,
the appropriate Hach COD vial was selected and.uBddtions performed to ensure the
COD of the sample is in these ranges, when it veesled. Two mL (2 mL) of sample
was pipetted and placed in the COD vial. The Ha€lb vial was then placed in a Hach
DRB-200 Dry Thermostat COD digester (Hach Comp&ayeland, CO) for 120 min at
the constant temperature of 150°C. After 120-mgestion time, the vial was cooled
down for 20 min at the room temperature. Lastlg @OD of the vial was measured
using a Hach DR-3000 spectrophotometer (Hach Compaveland, CO).

3.3.5. pH

The pH of the samples was measured using a Figientiic model AR25 pH meter
(Thermo Fisher Scientific, Waltham, MA). Every d#y pH meter was calibrated
according to the pH meter operation instructioms:o standard pH solutions of 7.00 and
of 10.01 (Thermo Fisher Scientific, Waltham, MA) neaised to perform the calibration

procedure. If the slope was above 90%, the pHmede considered calibrated.
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3.3.6. Conductivity

The conductivity of the samples was measured u¥iBy (Model # 30/10 FT)
conductivity meter (YSI, Inc., Warm Springs, OHlhe temperature of the samples was
22+2°C for the conductivity analysis.

3.3.7. Dissolved Oxygen (DO)

The dissolved oxygen (DO) of the samples was medsusing YSI Model 58
Dissolved Oxygen meter (YSI, Inc., Warm Springs,)OHhe Dissolved Oxygen meter
was calibrated daily according to the operatiortrutsions. Barometric pressure and
room temperature were used to calibrate the DO mdBarometric pressure and room
temperature was measured using Princo barometeglmb8 (Princo Inc., Southampton,
PA).

3.3.8. Turbidity

The turbidity of the samples was measured using@ehHurbidimeter Model 2100N
(Hach Company, Loveland, CO). The turbidimeter weadibrated before every
measurement. According to the operation instrastidive company-sealed Formazin
standard turbidity vials were used to calibratetthibidimeter.

3.3.9. Absorbance and Optical Density (OD)

The absorbance and optical density of the sampére measured using a Hach DR
3000 Spectrophotometer (Hach Company, Loveland,. CO)I water was used to
calibrate the spectrophotometer before each maasute The samples were scanned for
all wavelengths, and the maximum hits were selettedise as the wavelength of

measurement.
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3.3.10. Scanning Electron Microscopy (SEM)

Fresh and bioregenerated resin samples were rimigedd BVs of DI water and air-
dried for 24 hours at 22+2°C. Scanning electrorosicopy imaging of the resin
samples was performed using Jeol JSM-7500F SEM LJE@., Tokyo, Japan)
employing secondary electron detector at 1.00 kV.

3.4. Analysis of Data
3.4.1. Introduction

In this research, several bioregeneration expetsnarere performed. Chemical
analyses were conducted to evaluate the performaintiee bioregeneration tests. The
main chemical analysis was the determination ofdusd resin-attached perchlorate in
the resin sample with time for which an oxygen Pamb method was developed. Other
analyses included perchlorate, nitrate, chloriawel sulfate measurements by IC, COD,
TSS, and optical density (OD). The experimentdahdaere analyzed statistically in
order to interpret the obtained results.

3.4.2. Bioregeneration Data Analysis — Issue One
3.4.2.1. Data Analysis for Hypothesis 1

Hypothesis 1 of issue one involved batch bioregeimr experiments using different
amounts of chloride. In the batch bioregeneratioperiments, resin samples were taken
according to the schedule (Table 3.6), and residaain-attached perchlorate was
analyzed in the samples. For each set of the batpleriments (Table 3.6), residual
resin-attached perchlorate was plotted against ti(ne. day) to observe the
bioregeneration of perchlorate throughout the ddyst each resin type (i.e. perchlorate-

selective and non-selective resins), four curvegresenting four initial chloride
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concentrations were plotted. Each set of experisneontain 5 data points, 2 of which
have replicates (i.e. day 1 and day 8). The dhtaimed from replicate samples were
compared using independent t-test assuming a 95%gdeace interval (p<0.05) in Excel
spreadsheet. The null hypothesis was that theerdiite in residual resin-attached
perchlorate concentration between replicates ig.zdie alternate hypothesis was that
the residual resin-attached perchlorate conceotrdtetween the replicate samples is
different. Up to 5% deviation per the average h# teplicate values was acceptable,
otherwise the residual resin-attached perchlonadtyais were repeated.

To evaluate the effect of chloride between fouradaets of bioregeneration
experiments and to observe whether the data setsignificantly different, two-way
analysis of variance (i.e. ANOVA) using the F stial test was performed on the
replicated data points (i.e. day-1 and day-8) (@&hlL3). SPSS Statistics, version 16.0,
(SPSS Inc., Chicago, IL) was used to perform théOAA test.

The confidence interval was 95% for statistical Igsia (p<0.05). The null
hypothesis of the test was that the biodegradaiionall four initial chloride
concentrations are similar. The alternate hypasheas that the residual resin-attached
perchlorate degradation pattern associated witleréifit initial chloride concentrations
among the data sets is significantly different.

3.4.2.2. Data Analysis for Hypothesis 2

Hypothesis 2 of issue one investigated the complstep in the bioregeneration

envisioned model by evaluating the effect of rgzamticle size on the bioregeneration

process (Table 3.7). The collected data (i.e.du=di resin-attached perchlorate
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concentration) were plotted against time (i.e. day) total, 5 bioregeneration curves
were plotted.

The data obtained from replicate samples of eaateeneration test were compared
using an independent t-test assuming a 95% corded@merval (p<0.05). The null
hypothesis was that the difference in the residesih-attached perchlorate concentration
between replicates is zero. The alternate hypthvess that the residual resin-attached
perchlorate concentration between the replicatepteams different. Up to 5% deviation
per the average of the replicate values was adaeptatherwise the residual resin-

attached perchlorate analysis were repeated

Table 3.13. Data Input Arrangement for SPSS todP@rfANOVA Test for the
Experiment Evaluating the Effect of Initial ChlogidConcentration

Initial chloride
concentration Day-1 Day-8
(mg/L)
0 D1-0 D8-0
0 D1-0-QC D8-0-QC
500 D1-500 D8-500
500 D1-500-QC D8-500-QC
1000 D1-1000 D8-1000
1000 D1-1000-QC D8-1000-QC
5000 D1-5000 D8-5000
5000 D1-5000-QC D8-5000-QC

To evaluate the effect of resin size among fiveadaets of bioregeneration

experiments, two-way analysis of variance (i.e. AN using the F statistical test was
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performed on the replicated data points (i.e. dayd day-8) assuming 95% confidence
interval (Table 3.14). The null hypothesis of teet was that the biodegradation data in
all five experiments with different resin sizessisiilar. The alternate hypothesis was
that the biodegradation experiments among the skt associated with different resin
sizes are different.
3.4.2.3. Data Analysis for Hypothesis 3

In the experiments associated with hypothesis 3chb@rate-selective and non-
selective resins in the form of gel- and macropsiyype were subjected to
bioregeneration process (Table 3.8). The obtainath di.e. residual resin-attached
perchlorate) were plotted against time (i.e. dayh total, 4 bioregeneration curves
representing two gel-type resins (i.e. perchlossiective and non-selective resins) and

two macroporous resins (i.e. perchlorate-seleetna non-selective resins) were plotted.

Table 3.14. Data Input Arrangement for SPSS todP@rfANOVA Test for the
Experiment Evaluating the Effect of Resin Bead Size
Resin particle size

Day-1 Day-8

(mm)

0.924 D1-0.928 D8-0.928
0.924 D1-0.928-QC D8-0.928-QC
0.778 D1-0.778 D8-0.778
0.788 D1-0.778-QC D8-0.778-QC
0.652 D1-0.652 D8-0.652
0.652 D1-0.652-QC D8-0.652-QC
0.547 D1-0.547 D8-0.547
0.547 D1-0.547-QC D8-0.547-QC
0.128 D1-0.128 D8-0.128
0.128 D1-0.128-QC D8-0.128-QC
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All data obtained from replicate samples were camgbaising an independent t-test
assuming a 95% confidence interval (p <0.05). Tl hypothesis was that the
difference in the residual perchlorate concentrati@tween replicates is zero. The
alternate hypothesis was that the residual peratdaroncentration between the replicate
samples is different. Up to 5% deviation per threrage of the replicate values was
acceptable, otherwise the residual resin-attackechforate analysis were repeated

To evaluate the effect of resin structure (i.e-tgpk vs. macroporous resin) among
four data sets of bioregeneration experiments, wag- analysis of variance (i.e.
ANOVA) using the F statistical test was performedtioe replicated data points (i.e. day-
1 and day-8) assuming 95% confidence interval. filehypothesis of the test was that
the biodegradation data in all four experimentwiifferent resin sizes is similar. The
alternate hypothesis was that the two biodegradatigeriments for gel-type resins (i.e.
ASB-1 and SIR-110HP) are different with the two degradation experiments for
macroporous resins (i.e. SIR-110HP-MACRO and SR-7).

3.4.3. Bioregeneration Data Analysis — Issue Two

Issue two of this research involved batch loadind BBR bioregeneration of SIR-
110-MP resin for five consecutive cycles. Dailyllected data (i.e. residual resin-
attached perchlorate concentration) were plotteminag) time (i.e. day) to observe the
bioregeneration rate of the FBR bioregeneratiorcgss. In total, 5 bioregeneration
curves were plotted.

Descriptive statistical analyses, including medandard error, standard deviation,
variance, sample range, and skewness, on eaclselataere performed. The broader

sample range (i.e. the difference between first dagl last day of bioregeneration
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process) indicated the more efficiency in perchirsiodegradation. In addition, the
higher skewness in the data sets indicated thdiitiiegeneration curve is steeper at first.

The resin capacity loss for each bioregeneratiarecyas calculated by subtracting
the final resin capacity after each bioregeneratigele from the initial capacity of the
resin before that particular cycle. Descriptivatistical analyses, including mean,
standard error, and standard deviation on the rempacity loss data were performed.
Lastly, the total capacity loss for the resin beasvealculated by subtracting the final
capacity of the resin from the initial capacitytoé virgin resin.

3.5. Quality Assurance/Quality Control (QA/QC)
3.5.1. Introduction

The quality assurance / quality control evaluat®ressential to guarantee the quality
of the results collected during the experimentalggh Minimizing the systematic errors
(i.e. procedure, instrumental, and human erronirassthe quality of the analysis, while
checking the accuracy, precision, and detectiontdimf the employed methods control
the quality of the collected data.

3.5.2. Quality Assurance

The critical parameters being analyzed in this aege were the residual resin-
attached perchlorate concentration, chloride, perate, COD, optical density (DO),
TSS, pH, DO, and conductivity. Residual resingkte perchlorate analysis was
directly involved in determination of the bioregemt@n process’ performance. TSS,
DO, COD, pH, conductivity, chloride, and perchleranalyses were critical to maintain
the fermentor / master seed culture in an apprgpadandition. The goal was to collect

all the data through the experimental phase acayraHowever, error can occur through
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data collection. The main sources of errors ingbsed experimental procedures were:
human error, lack of balance calibration, lackaf Chromatograph (IC) calibration, lack
of pipette calibration, lack of turbidimeter cahition, lack of pH meter calibration, lack
of DO meter calibration, and inappropriate resimglke rinsing and/or preservation
procedure. To minimize the error sources, thetalg precautions were taken:

1) The IC that was used to measure chloride, perdielongrate, and sulfate was
calibrated weekly. The calibration curve for péochte with standard
solutions was performed between 5 and 100 ppb5(i.€0, 25, 50, 75, and 100
ppb) using 99.97% coefficient of determination. r How-concentration
chloride, the calibration curve was between 100 0@ ppb (100, 200, 300,
400, and 500 ppb) using 99.97% coefficient of deieation. For nitrate,
sulfate, and high concentrations of chloride thidcation curve was between
1 and 10 ppm (i.e. 1, 2.5, 5, 7.5, and 10 ppm)gu9©.99% coefficient of
determination.

2) To prevent carry over in the IC measurements, tiepgred samples were
measured from low to high concentrations. Furtheemblank samples (i.e. DI
water) were introduced between the samples to @as$lsere is no carry over.

3) The calibration of the analytical balances, whicaswused to weigh the
chemicals for the solutions and the resin samp¥as, checked weekly. Five
grams (5 g) and 50 g standard weights were usezhltbrate the balances
every week. In the Environmental Engineering LalJBILV, the balances

were also calibrated every six months by a contract
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4)

5)

6)

7

8)

9)

10)

11)

12)

13)

The micropipettes were calibrated every week. &exivolumes of water
were weighed using an analytical balance. If tieggim of the water in grams
was the same as the volume of transferred watenmikropipette considered
as calibrated, otherwise, it was sent to the oetsahtractor for calibration.
The appropriate pipette tips as it is recommendgdti®e micropipette
manufacture were used.

The spectrophotometer was calibrated before evary u

The turbidimeter was calibrated before every usegustandard Formazin
solutions.

A thermometer was maintained in the oven, and & manitored every week
to ensure the consistent temperature.

All resin samples were rinsed at least six time$ Wil water to ensure that all
the cells have been rinsed off from the sampletharck is no electron donor /
electron acceptor is in contact with the resin damp

All the resin and culture samples were stored @r#frigerator immediately.
All glass micro-fiber filter papers, which were dse measure TSS, were
stored in the desiccators prior to use to avoidstnog interference.

Aluminum dishes which were used for TSS analysisevwpeignited at 550°C
for about an hour to avoid weight loss during ti8STanalysis.

DO and pH meters were calibrated every day. Twadard pH solutions of
7.00 and of 10.01 were used perform the calibragimtedure. If the slope

was above 90%, the pH meter was considered agatalib DO meter was
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14)

15)

16)

17)

18)

19)

20)

21)

calibrated using 100% air saturation method. R method, the barometric
pressure and temperature were measured using Pxancmeter.

All the stock solution were capped properly andesloin the refrigerator to
avoid chemical/biological reactions and also evafon.

Deionized (DI) water was used to prepare solutioimse the glassware, and
rinse the resin samples. The resistance of thedddr was monitored daily to
be above 17 Mohm-cm. When the resistance valugspdd below 17 Mohm-
cm, the IX column of the DI water system was repthc

The temperature of the COD digester was monitorgdgua thermometer
every time to ensure the digester is at 150°C.

A stop-watch was used to record the time intervyaisall of the proposed
experimental procedure specially for the resideatplorate analysis.

All the Parr bomb ignitions were cooled down inwcket of DI water for 20
minutes.

All components (except the resin) of the contrdbetsi of the experiments
associated with issue one, were autoclaved to ertbat there is no bacteria
present in the blank tubes.

All the parameters measured for the QA/QC purposewecorded in a bound
logbook.

Glassware were soaked in soap for at least sixshand washed with tap

water and triple rinsed with DI water.
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3.5.3. Quality Control
Accuracy, precision, detection limit, and the cimé$ht of determination (§ of the
chemical analyses that were used in this reseaechséed in Table 3.15. The accuracy
of the obtained data was determined by using thewknstandard solutions. The
precision was determined by performing replicateasneements. For the Parr bomb
method, the precision was repetition of the redidussin-attached perchlorate

concentration measurement by replication the whodeedure for every five samples.

Table 3.15: Accuracy, Precision, Detection Limndahe Coefficient of Determination
of the Chemical Analyses of Various Parameters
n Detection

Parameter Method Limit Precisiofi Calibration Range
0 i
Perchlorate IC 09997  5ppb % ﬁfnri‘tf'dence 5 — 100 ppb
Chloride (High 95% confidence
Range) IC 0.9999 1 ppm limit 1-10 ppm
Chloride (Low 95% confidence
Range) IC 0.9997 100 ppb limit 100 — 500 ppb
0 i
Nitrate IC 09999  1ppm % ﬁfnri‘tf'dence 1-10 ppm
0 i
Sulfate IC 09999  1ppm % ﬁfnri‘tf'dence 110 ppm
. HACH )
COD (High 95% confidence
Range) Manlgl:llanese NA 0.1 ppm limit 0 — 1500 ppm

#Replicate samples were run every five samples.
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CHAPTER 4
INVESTIGATION OF POTENTIAL MECHANISMS OF ION-EXCHANEE RESIN
BIOREGENERATION
4.1. Abstract
lon-exchange (IX) is possibly the most feasiblehtexdogy for perchlorate removal.

Perchlorate-selective and non-selective IX resmrescammercially available. Selective
resins are incinerated after one time use, andsetettive resins produce a regenerant
waste stream that contains high concentration othperate. A process involving
directly contacting spent IX resin containing péocate with perchlorate-reducing
bacteria (PRB) to bioregenerate the resin has besmntly developed. In this process
PRB biodegrade perchlorate ions that are strorttgglaed to the functional groups of the
resin. In this study, the potential mechanisms bmregeneration of resin-attached
perchlorate (RAP) were envisioned and investigatell. was envisioned that the
bioregeneration process involves four steps. FR&P ions are desorbed from their
original functional groups promoted by chloride .ionSecond, perchlorate ions are
diffused through the pores of the resin. It isewtpd that this diffusion is affected by
both resin bead size and structure. Third, peratdoions are transferred through the
liquid film surrounding the resin to the bulk ligui Forth, perchlorate ions are utilized by
the PRB present in the bulk liquid. It is hypotlzed that mass transfer is controlling the
bioregeneration process. In this research, baftohedeneration experiments were
performed using resin samples loaded with perctdortn the batch tests, different initial
chloride concentrations were used to investiga¢eetffiect of chloride as the desorbing

agent. Different resin bead sizes were used tmanathe effect of resin bead size on the
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pore diffusion (i.e. second step). Gel-type anctnm@orous resins with uniform bead
size were used to study the effect of resin streat pore diffusion, as well. The results
of the bioregeneration experiments suggested thlaride, the product of perchlorate
biodegradation, is more likely the desorbing ageft RAP, and increasing the
concentration of chloride enhances the bioregeioergbrocess. For commercially
available resins, both film and pore diffusion fduto be effective in the rate of mass
transfer. Also, macroporous resins were found nedfiective than gel-type resins in the
bioregeneration process. The outcome of this stughjies that in resin bioregeneration,
the use of macroporous resin with relatively snihd size in presence of higher
chloride concentration would be preferred. Chlerabncentration, however, should be
monitored and kept below the inhibitory level fdRE microbial activities.
4.2. Introduction

Perchlorate is both a man-made and a naturally rangucontaminant, and is a
national drinking water concern because of its gfalead use in aerospace and defense
industries (USEPA, 2003; Rao, et al., 2007). Herake has been on the United States
Environmental Protection Agency’'s (USEPA’s) drinkimwater Contaminant Candidate
List (CCL) since 1998 (Brandhuber and Clark, 2086) is a regulated drinking water
contaminant in nine states in the United States) (OQ%kanen, 2006; Sellers et al.,
2007). Toxicity of perchlorate is well-known thgluits interference with iodide uptake
by thyroid gland through functioning of the sodiha’) / iodide (I) symporter in the
gland, resulting in deficiency of thyroid hormor{&srk, 2006; Wolff, 1998, Stoker et al.,
2006). The most effective technologies to remoselporate from waters are biological

reduction and IX (Logan et al., 2001; Gingras aatidda, 2002; Lehman et al., 2008).
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Biodegradation is mostly practical for waters whiilgh concentrations of perchlorate,
due to the relatively high half-saturation consttmmtperchlorate degradation (Logan et
al., 2001; Waller et al., 2004). Biological redaatof perchlorate dissolved in water has
been well studied. All the PRB known to date ar@gnegative bacteria (Waller et al.,
2004; Shrout et al., 2005). It has been proven tiia perchlorate-reduction pathway
goes from perchlorate (Ck) to chlorate (CI@), then to chlorite (Cl®), and finally to
chloride (CI) (Rikken et al.,, 1996; Logan, 1998). Stoichionuaillty, 1 mole (M)
chloride is released as the reduction waste prodidt M perchlorate (Rikken et al.,
1996). Hence, chloride ion is always present lmoaeactor, where PRB are grown using
perchlorate as the electron acceptor. Additionallyrpas been shown that the PRB use
two distinct enzymes located in the periplasmi@askethe cell to reduce perchlorate to
chloride (Rikken et al., 1996; Kengen et al., 1999%gan, 1998), and c-type
cytochrome(s) is(are) involved in the respiratokycton transfer chain (Coates et al.,
1999; Bender et al., 2005). Free perchlorate ilongater are transferred across the outer
membrane of the PRB cell to the periplasmic arelagres the enzymes required for
perchlorate reduction are located. Therefore, dingent knowledge dictates that the
perchlorate ion is biodegraded inside PRB cell.

lon-exchange is currently the technology of choioeremove perchlorate from
drinking waters contaminated with low concentrasioof perchlorate (Gingras and
Batista, 2002; Lehman et al., 2008). Perchlorate lwe effectively removed from water
by perchlorate-selective and perchlorate-non-sekecesins. Based on their structure,
both perchlorate-selective and non-selective resars be categorized into gel-type or

macroporous-type. The average pore size and gagewater retention in macroporous
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resins are considerably higher than those of ge-tesins (Sherman et al., 1986). The
average size of micropores in gel-type resins msutl®.0005 pum, while macroporous
resins in addition to have micropores, contain m@eres with the average size of 0.6
pm (Kun and Kunin, 1968; Dale et al., 2001). Wagtention of macroporous resins is
approximately 11% higher than that of gel-type negiDu et al., 2010). The use of
macroporous resins compared to gel-type resinsxpareling due to their stability,
resistance to oxidation, and less vulnerabilityaigling (Weber, 1972; Li and SenGupta,
2000).

Although IX is a well-known technology to water lities, it has some deficiencies.
First, it only separates perchlorate from water srdbes not destroy it. Second, in the
case of non-selective resins, the regenerant gag@m contains a high concentration of
perchlorate that must be treated and disposedhathe case of selective resins, the resin
cannot be effectively regenerated and therefaseirticinerated. This constitutes a major
challenge and cost for perchlorate removal witlpt&¥cess.

Resin bioregeneration as a new concept in IX teldgyohas been developed and
patented (Batista, 2006). This concept is baseddicgctly contacting perchlorate-
containing I1X resin with a PRB culture under andai@erobic conditions. Although the
biological reduction of free perchlorate ions interehas been well studied (Logan, 1998;
Coates and Achenbach, 2004), the biological rednadf RAP ions has only recently
been initiated (Wang et al., 2009; Venkatesan ¢t28110). Perchlorate-selective and
non-selective 1X resins can be directly bioregetegfdBatista and Jensen, 2006; Batista
et al., 2007b; Wang et al., 2008b), leading to ¢baversion of RAP on the resin to

innocuous free chloride ions. However, the medmani involved in resin
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bioregeneration have not yet been fully elucidatedn this research, potential
mechanisms responsible for resin bioregeneratiemaestigated.
4.2.1. Potential Mechanism for lon-Exchange Resarégjeneration

It has been shown that, typically, perchlorate-oauy bacteria isolates are rod-shape
with cell sizes ranging between 1.0 pm x 3.0 pmABdum x 7.0 pm (Wolterink et al.,
2002), while the average pore size of gel-typeraadroporous resins are 0.0005 um and
0.6 um, respectively (Kun and Kunin, 1968; Dalalet2001). Hence, it is not possible
for PRB to enter the pores of IX resin beads duthng bioregeneration process. The
known involvement of c-type cytochrome(s) in thepieatory electron transfer chain
(Coates et al., 1999; Bender et al., 2005) andtituag attachment of perchlorate ions to
the active functional groups of the IX resin briigsquestion the mechanisms by which
RAP can be degraded. In this research, it is emasl that the degradation of RAP ions
involves four steps as following: (1) Desorptionpafrchlorate from the resin’s functional
groups. Itis hypothesized that perchlorate deswrps promoted by chloride ions which
are the waste product of perchlorate biodegradatmmhare available in all PRB reactors
fed perchlorate as the electron acceptor (Rikkeralget1996); (2) Diffusion of the
desorbed perchlorate from the interior of the résad to the resin bead surface through
the resin pores. Pore diffusion is controlled bythbeoesin bead size and the resin
structure. If the bioregeneration process is atieti by pore diffusion, reducing the
resin bead size would accelerate the diffusion ggedHelfferich, 1962). Additionally,
macroporous resins, which have higher water coraedtlarger pore sizes compared to
gel-type resins, are expected to have higher diffugates and as a result better

performance in the bioregeneration process; (3juBidn of perchlorate ion through a
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liquid film on the surface of resin bead to thekbmlicrobial fluid; and (4) biodegradation
of the perchlorate ion by PRB in the bulk microlflaid, where nutrients and electron
donors are present. Perchlorate ions should eéhéeperiplasmic region of the PRB
where the enzymes responsible for perchlorate testuare located. The envisioned
conceptual model for biodegradation of RAP is shown Figure 4.1. The

bioregeneration mechanisms hypothesized above assdnat some initial chloride

concentration is already present in the microlbiatifused in the biodegradation process.

Diffusion of desorbed perchlorate
Micropores 1on trough the pore mats

Ferchlorate-reducing bacteria
Liguid film
Bulls liguid

[Z resin pore matns

Perchlorate 1on

Chloride 10n

I functional group

Figure 4.1. Conceptual Model for BiodegradatiofRekin-attached Perchlorate in the
Bioregeneration Process. It Is Envisioned thabadiodegraded, RAP ions Should: 1)
Desorb from the Functional Group Located in theilRBgad Matrix, 2) Diffuse from the
Resin Bead to the resin Surface through the Rewmies?3) Transfer through a liquid fim
on the resin surface to the Bulk Liquid, and 4)dEnhe Periplasmic Region of the PRB
to Be Biodegraded.

It is essential to mention that although chlorisiehiought to be the desorption agent

for perchlorate attached to the resin, at highemceatrations it negatively affects
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perchlorate biodegradation. Several studies haea Ipublished on the negative effects
of chloride (i.e. salinity) on perchlorate degraolat(Logan et al. 2001; Gingras and
Batista, 2002; Okeke et al.,, 2002). These studiesv that significant reduction in
perchlorate degradation occurs at salinity levetatgr than 5000 mg/L. Therefore, in
bioreactors used for resin bioregeneration, chéotelels should be kept below toxic
levels to PRB.

Recent research has shown that biodegradation &fiBAs has a slower degradation
rate compared to biological degradation of freeclplerate ions (Venkatesan et al.,
2010). Figure 4.2 shows typical perchlorate deagiad curve during the bioregeneration
process obtained through preliminary experimentstio$ research. At first the
biodegradation rate is fast and then it slows dawd stabilizes with time. This pattern
can be thought as being either kinetic or diffustomtrolled (Batista and Jensen, 2006;
Venkatesan et al, 2010). In the case of kinetidrobd, the slower degradation rate could
be explained by the slower degradation of perckdoi@r low perchlorate concentrations
as compared to initially higher concentrations. the case of diffusion control, it is
envisioned that it takes longer for perchloratesitotated deep into the bead to reach the
surface; that is, perchlorate ions located in thwero portion of the resin bead are
degraded first. In this research, we will exploreether the bioregeneration process is
controlled by kinetics or by pore diffusion.

4.2.2. Mechanism of Desorption

lon exchange involves diffusion of ions through tixe resin porous matrix and

exchange reaction, in the functional group, betwlercounter ion (i.e perchlorate ion in

this research) and the free ion (i.e chloride iorthis research) soluble in the liquid
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phase. It is widely accepted that in ion exchartbe, controlling step of the whole
process is diffusion rather than the actual chel@gahange reaction in the functional
group (Helfferich, 1962; Helfferich, 1965; Nkedi#ga et al., 1984). lon exchange
reaction rate constants may be defined for IX mees, but in reality these numbers do
not represent the actual exchange reaction rateff¢Hch, 1962). Since the actual
exchange reaction is instantaneous, pore diffusfdhe involved ions is determining the

rate of ion exchange.

Residual resin-attached perchlorate (g/L

Figure 4.2. Typical Perchlorate Degradation duthrgBioregeneration Process

In this research, it is thought that chloride raaglfrom perchlorate biodegradation
exchanges with the RAP ions in the resin bead poeé=asing them. It is known that the
larger and more hydrophobic ions, such as perdedohave more potential to bind to the
IX resin compared to smaller and less hydrophobitsisuch as chloride (Diamond,

1963; Xiong et al., 2007; Lehman et al., 2008).e &ffinity of the ions to be adsorbed to
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the functional groups of the resin is commonly esged as either selectivity coefficient
or separation factor. Selectivity coefficient ohloride compared to selectivity
coefficients of perchlorate in common non-selecstgenic resins used for perchlorate
removal are about 1 to 150 (Crittenden et al.,, 2083d 1 to 1300 for common
perchlorate-selective styrenic resins (Tripp andff@t, 2000). High selective
perchlorate resins may have selectivity coeffigeat about 3500 (ResinTech, West
Berlin, NJ). Given the high affinity of perchloeatfor ion-exchange, regeneration
efficiency of 1X resins containing perchlorate Haeen found to be limited particularly
for styrenic-type resins (Batista et al, 2000) a&rdy high concentrations of chloride are
needed to perform the regeneration (Sodaye e2@).7). Although perchlorate attaches
very strongly to the functional groups of perchteraelective resins, in the presence of
chloride a small portion of RAP ions may exchangdh® chloride ions instantaneously
(Lehman et al., 2008). However, a significant mdrthe exchanged perchlorate will re-
exchange and re-attach to the resin (Lehman et2@08), because perchlorate is a
monovalent-hydrophobic ion with high selectivityrif@nden et al., 2005; Sodaye et al.,
2007).
4.2.3. Mechanisms of Diffusion

It is thought that transfer of chloride ions fronetbulk liquid to the functional groups
of resin and release of RAP involves pore diffusiothin the resin and film diffusion in
the liquid layer surrounding the resin. Film dd€fon mostly depends on flow rate,
turbulence, and viscosity, which affect the thickef the diffusion boundary layer
(Helfferich, 1962; Weber, 1972; Lahav and GreenQ@0Xiong et al., 2007). Pore

diffusion is influenced by viscosity, concentratigradient, resin bead size, degree of
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crosslinking in the structure of resin, and resanepsize (Helfferich, 1962; Xiong et al.,
2007). The degree of crosslinking is different gat-type and macroporous resins. On
average, gel-type resins have about 8% divinylbe@zeosslinking, while, macroporous
resins have about 20-25% percent divinylbenzensstnking (Crittenden et al., 2005).
Increasing the degree of crosslinking decreasesdiffesion (Weber, 1972). lon
exchange resins have two types of pores; microptregpores within the gel structure of
resin, and macropores, the pores between the mloeoss of macroporous resins
(Crittenden et al., 2005). Gel-type resins havg aricropores, while macroporous resin
have both micropores and macropores, resultingghen water content in macroporous
resins (Du et al., 2010) (Figure 4.1). In additithre resin capacity in macroporous resins
is smaller than gel-type resins due to more watatemt in macroporous resins compared
to gel-type resins (Crittenden et al., 2005). @Alitbh the degree of crosslinking in
macroporous resins is higher than gel-type resins, expected that the overall mass
transfer rate in macroporous resins is higher thah of gel-type resins due to presence
of macropores.

Resin bead size is also an important parameterfiasitn process in IX resins.
Increasing the resin size decreases the overal oftion exchange in the resin
(Helfferich, 1962; Weber, 1972). The shrinking e&anodel (Arevalo et al., 1998;
Pritzker, 2005), in which the counter ions in thates region of the resin bead are
desorbed and diffused to the bulk liquid prior he tounter ions that are located deep
inside the resin bead, has been shown to be ao@mte model to describe the effect of

resin bead size in the diffusion process in IXnegVenkatesan et al., 2010).
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Mass transfer control by either pore diffusion kmfdiffusion for IX resins can be

expressed mathematically as (Helfferich, 1962):

ég§ (5+2af) <<1 pore diffusion control (4.2)

r.O

ég§ (5+2af)~1 pore [ film diffusion control (4.2)
r0

ég§ (5+2af) >>1 film diffusion control (4.3)
r.O

where: X is concentration of fixed ionic group iVle, C is the concentration of the free

ion in solution in eg/LD is the pore diffusion coefficient in éfs, D is the film diffusion

coefficient in cn/s, K is the mean resin bead radius in énis the liquid film thickness
in cm, anda/ is the selectivity coefficient for the involvedni& Xiong et al. (2007) has

calculated the pore diffusion coefficient for pdorhte ion in IX process for different
resins. Four granular macroporous resins and Bu resin were used in their
experiments. The macroporous resins were A-53GBMX6, IRA 900, and IRA 958,
which were all granular, with water content of 504 40-46%, 58-64%, and 66-72%,
respectively, and the fibrous (i.e. not granula$im was Smopex-103x with water
content of less than 5%. The pore diffusion caedfit for granular macroporous resins
has been reported to vary from 4.67 x°16 1.67 x 1¢ cnf/s (Xiong et al., 2007).
Although the pore diffusion coefficient for the fdus resin was not reported, their results
showed that the porosity of the IX resin has aadflieéfect on accessibility of functional
groups and diffusion rate of the involved ions. eTiim diffusion coefficient in IX
processes has been reported a8 dief/s (Helfferich, 1962; Lahav and Green, 2000).

The liquid film thickness in a well-mixed conditionas been reported as3@m
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(Helfferich, 1962; Lahav and Green, 2000; Crittendg al., 2005). The selectivity
coefficient for highly perchlorate-selective redmas been determined to be > 3500
(ResinTech, West Berlin, NJ). Table 4.1 shows vhkies of the above-mentioned

parameters involved in the mass transfer contiolétion.

Table 4.1. Mass Transfer Parameters for IX Resins

Parameter Value Unit Reference

Helfferich, 1962; Lahav

d, liquid film thickness 18 (well-stirred condition) cm and Green. 2000

' e 5 Helfferich, 1962; Lahav

D, film diffusion 10 cnfls and Green, 2000

o, pore diffusion 1.67 x 10- 4.67 x 10 cnfls Xiong et al., 2007
aE’?, selectivity coefficient 3500 NA ResmTecT\iJWest Berlin,

4.2.4. Perchlorate Biodegradation Kinetics

Perchlorate degradation follows first-order kingtinder typical concentrations of
perchlorate in the environment, which is in thetypar-billion range (Logan et al., 2001).
The observed biodegradation rate of perchloraté®’B varies between 0.0007 to 20
mg/L.min (Logan et al., 2001). A broad range ofghdorate biodegradation rates occures
because of the differences in the concentratiopesthlorate in the bioreactor. Since
biodegradation obeys first-order kinetics underdgpconcentrations of perchlorate in
the environment, which is in the part-per-billioange (Logan et al., 2001), higher
concentration of perchlorate results in higher ole biodegradation rate. The kinetic
parameters for some perchlorate reducing bactBet Have been studied to date are

listed in Table 4.2.
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Table 4.2. Kinetic Parameters for Perchlorate ReduBacteria

Culture Kinetic parameters Reference
Oma(d?) K (Mg/L)
PDX 0.41 12+4 Logan et al., 2001
KJ 1.32 33+9 Logan et al., 2001
INS 4.34 18 Waller et al., 2004
ABL1 5.42 4.8 Waller et al., 2004
SN1A 4.60 2.2 Waller et al., 2004
RC1 6.00 12 Waller et al., 2004
PC1 3.09 0.14 Nerenberg et al., 2006
HCAP-C 4.39 76.6 Dudley et al., 2008
Mixed culture 0.49 <0.1 Wang et al., 2008a

4.2.5. Comparison of Kinetic and Diffusion Control

The Thiele modulus, a dimensionless number whidnisicceptable measure of the
comparison of diffusion-limited to kinetic-limitedeactions, can be employed to
determine whether resin bioregeneration is diffasoy kinetically controlled (Thiele,
1939; Helfferich, 1962). As discussed earlier,gicesses which occur in the IX resin
bead are diffusion-controlled (Helfferich, 1962; édk-Kizza et al., 1984). In the case of
bioregeneration process, the Thiele modulus carudsxl to determine whether the
bioregeneration process is controlled by biologaadradation or pore diffusion. The
Thiele modulus for processes involving reaction difdision in ion-exchange resins can

be calculated mathematically as follows (HelfferitB62; Hong et al., 1999):
M, =2 |— 4.4
=3 (4.4)

where M is Thiele modulus (dimensionless numbey)srthe mean resin bead radius in
cm, D. is the diffusivity coefficient in cfifs, and k is the reaction kinetic coefficient in

1/sec. Diffusivity coefficient for perchlorate itX process is shown in Table 4.1.
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According to Helfferich (1962), low Thiele modul{iglT < 3) indicates that the reaction
kinetics are not the controlling step in the bi@mgration process, and the process is
mass transfer limited.

Although the feasibility of IX bioregeneration haeen proven, the mechanism of
RAP reduction has not been elucidated thus fare Jgecific objectives of this research
were to: (1) investigate the effect of differenttial concentrations of chloride as the
desorbing agent for RAP release in the IX resirdgeneration process, (2) study the
influence of resin bead size and different resincstires (i.e. gel-type and macroporous)
in the resin bioregeneration process, and (3) tipete the controlling step in the
envisioned conceptual model of IX resin bioreget@ngprocess.

4.3. Materials and Methods
4.3.1. Experimental Approach

Batch resin bioregeneration tests were performediesi the envisioned resin
bioregeneration mechanism. The tests were perfbrine batch-bioreactor tubes
containing desired amounts of resins loaded withclperate, PRB culture, micro
nutrients and buffer, and acetate as the electroapgior. For each experiment, a series
of batch-bioreactor tubes was prepared and a taser@moved and sacrificed at desired
time intervals to determine perchlorate biodegradatates. Resin samples from the
bioreactor tubes were submitted to an oxygen Pamlbprocedure, developed for this
research, to determined remaining perchlorate enrésin with time. Three series of
batch bioregeneration experiments were performeéniguga) different initial chloride
concentrations to test the effect of chloride om diesorption of RAP, (b) different resin

bead sizes to examine whether pore diffusion is tmmtrolling step in the
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bioregeneration process, and (c) gel-type and rpacoois type selective and non-
selective resins to evaluate the effect of resurcstire on the bioregeneration process.
4.3.2. Resin Characteristics

Two perchlorate-selective resins, SIR-100HP and HIBHP-MACRO (Resin Tech,
West Berlin, NJ), and two non-selective resins, KONASB-1 and IONAC SR-7
(Lanxess Sybron Chemicals IncBirmingham, NJ), were used in the batch
bioregeneration experiments (Table 4.3). The perate-selective macroporous resin,
SIR-110HP-MACRO, was manufactured specially fosthesearch (Resin Tech, West
Berlin, NJ). All resins have a styrenic matrixIRSL1I0HP-MACRO and IONAC SR-7
have macroporous structure, while SIR-100HP andAOMSB-1 are gel-type (Table
4.3).

4.3.3. Resin Loading

The resin samples were loaded batch-wise insteadatolumn. Batch loading was
selected to shorten the time period required td tha resin, and to assure homogeneous
distribution of the ions through the resin bea@odium perchlorate (NaClpsalt was
used to load the resin. For each milliliter ofinesample, 1 mL of loading solution
(Table 4.4) was prepared and added to a 2-L gleiske b The bottle was then placed on a
rotary mixer (Associate Design Mfg. Co., Alexandni&d) at 40-50 rpm and 22+2°C.
After 24 hours, the mixer was stopped, and thenresis separated from the liquid using
a paper filter. Preliminary experiments showed tha contact time should be at least 6
hours to reach equilibrium in the loading step.e Tiquid phase was sampled for residual

perchlorate analysis.
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Perchlorate was measured in the original solutb@fpre resin addition, and after
exchange took place. The difference between ratd final concentrations in solution
was assumed to be the perchlorate loaded to the fes RAP). Perchlorate

concentrations were measured using lon Chromatbgrdfs) analysis.

Table 4.3. Characteristics of the Resins Used telBBioregeneration Experiments

Water

Commercial name . Capacity Resin .
(manufacturer) Resin Type Co((;tsnt. (eq/L) structure Functional group
Tri-n-butyl-
(??IeRs-iln%l'OeF(iE) ClO,-selective 35-55 0.6 Styrene, Gel amine
(CHo)s"CIl
Tri-n-butyl-
SlR'llOHP'MACRG ClO,-selective 58-65 0.6 Styrene, amine
(ResinTech) Macroporous -
(C4Ho)s Cl
IONAC SR-7 . Styrene Quaternary
NOs-selective 52-67 0.8 ’ ammonium
(Sybron) Macroporous PR
(CHg)s™ CI
) Quaternary
IONAC ASB-1 Non-selective 43-48 1.4 Styrene, Gel ammonium
(Sybron) CHA* CF
(CHg)s™ CI

& specially made to this research

The resin samples were loaded fully to their cagaoi eliminate the original counter
ion (i.e. chloride) from the functional groups tiketresins. Table 4.4 shows the initial
and final concentrations of perchlorate in solutasrd the percent capacity of the resin

occupied by perchlorate after loading.
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Table 4.4. Resin Loading for Batch Bioregenerakaperiments

Volume of Added Residual Capacity Percent
. Volume of ; . ) X :
Resin name resin. mL loading concentration concentration, occupied, g- Capa_lCIty
’ solution, mL g'C|O4/Lsolution g'C|O4/ I—solution CIO4’/Lresin OCCUpled, %

SIR-11I0HP 500 500 119.68 30.48 80.19 134.3%
SIR-110HP-
CHoAPT 100 100 119.68 33.97 8571  143.5%
QAC 100 100 119.68 32.86 86.82 109.1%
IONAC
OIS 500 500 149.26 20.97 12828  92.1%

After loading, the resin was then rinsed 12 timéb W L of de-ionized (DI) water for
30 minutes to remove all the residual unattachedhp@rate ions. Rinsing solutions were
submitted to perchlorate analysis using IC. Aft@rtimes rinsing, no perchlorate was
detected in the rinsing solution. The resins wien air-dried at room temperature
(22+2°C) for 6 hours, labeled, and stored in tHiegerator.

4.3.4. Resin Size Separation

The bead sizes of commercially available for geetysIR-110HP resin ranges from
1.19 to 0.297 mm, which corresponds to U.S. screessh number 16 and 50,
respectively. To evaluate the effect of resin bea (i.e. bead diameter) on the
bioregeneration process, loaded SIR-110HP residsbe&re sorted into different sizes
(i.e. 0.924, 0.778, 0.652, and 0.547 mm). A Ut&ndard stainless-steel series of sieves
(Fisher Scientific, Inc., Waltham, MA) with meslzes of 0.853, 0.710, 0.599, 0.500,
0.150, and 0.106 mm was used for size separatidimeofesin beads (Table 4.5). Resin

was screened for 20 minutes. To obtain a sma&nrsize (i.e. 0.128 mm), the loaded
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resin beads were crushed using a mortar and petHherefore, it is expected that these
crushed bead pieces will behave differently, bus mot possible to obtain smaller bead
size by a different manner. Scanning electron osiwopy (SEM) imaging of the crushed
resin was performed using Jeol JSM-7500F SEM (JE@L, Tokyo, Japan) and the

resin particles appear rough in shape. The SEMyéntd the crushed resin is shown in

Figure 4.3. However, all the resins used in thislg were assumed to be spherical.

100pm JEOL
1.00kV SEI LM WD 4.5mm

Figure 4.3. SEM Image of the Crushed Resin

Five different bead sizes of 0.924, 0.778, 0.6534D, and 0.128 mm were used in
the experiment evaluating the effect of bead siz¢he bioregeneration process. These
bead sizes are geometric means of the top andnbaiieve sizes and account for sizes
equal or larger than the retaining bead size (Taldg

For the experiment comparing biodegradation in ayel macroporous resin types,

resin beads with the representative bead size7f80mm (i.e. retained on 0.710 mm
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sieve) were used in. For the experiments evalgdhe effect of initial chloride on the
bioregeneration process, SIR-110HP and ASB-1 resere not sieved and used as it

comes from manufacturer.

Table 4.5. SIR-110HP Resin Size Distribution in Tiest Evaluating the Effect of
Initial Chloride on the Bioregeneration Process

Sieve Sieve opening Geometric mean resin External surface area per
number size (mm) size (mm) volume of resin sphere (1/mm)

18 1.000 NA NA

20 0.853 0.924 6.494

25 0.710 0.778 7.712

30 0.599 0.652 9.202

35 0.500 0.547 10.969

100 0.150 NA NA

140 0.106 0.128 46.875

20.924 = (1.000 x 0.853%)

4.3.5. Perchlorate-reducing Enrichment Culture
Perchlorate-reducing microbial culture was takemmfrtwo master seed cultures,
called BALI | and BALI I, enriched and grown in éhEnvironmental Engineering
Laboratory at UNLV. The sources of perchloratediedg bacterial inocula were the Las
Vegas Wash and Lake Mead. The culture was enridneér anaerobic conditions by
providing perchlorate as the electron acceptoriadeeas the electron donor, and a

mineral/nutrient/buffer broth for the seed (Tabl6é)4 The nitrogen source used to grow
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PRB was NHH,PQ, The PRB culture has been characterized using rEG$A

sequencing (Kesterson et al., 2005).

Table 4.6. Nutrients and Buffer Stock Solution Feeding the Perchlorate Degrading

Culture
Solution Name Components Concentration of stodk)(g/
Buffer KoHPO, 155.00
(100X) NaH,PQ,.H,0 97.783
NH;HPO, 50.000
MgSQ,. 7H,O 5.500
EDTA 0.300
ZnSQ,.7H,0 0.200
CaCb.2H,0 0.100
MnCl,.4H,0 0.100
Nutrients/Minerals FeSQ.7H,O 0.400
(100X) Na;M00,.2H,0 0.040
CuSQ.5H,0 0.020
CoCl.6H,0 0.040
NiCl,.6H,0 0.010
NaSeQ 0.010
H3BO; 0.060

4.3.6. Biomass Extraction from Master Seed Culture
For the series of batch bioregeneration experimémés were performed using

different concentrations of chloride, two liters BRB microbial culture obtained from
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the master seed cultures were rinsed five consectitnes using 1X phosphate buffer
solution (Table 4.6) to eliminate the presence ldbride ion in the liquid phase. The
culture was centrifuged using a Legend RT Sorvatitafuge (Kendro, Thermo Fisher
Scientific, Inc., Waltham, MA) at the rotationalesgl of 3850 rpm for 45 minutes at’22
C. The liquid phase containing chloride was didedrand 1X phosphate buffer solution
(Table 4.6) was added to the concentrated bionmaebthin a SS concentration of 1500
mg/L. The biomass was then resuspended usingdaniep orbital shaker (Cole-Parmer,
Series 51704) for 20 min at 80-100 rpm. This pdoce was repeated five times to
ensure the elimination of chloride from the cultur® sample of culture rinsing solution
was then submitted for chloride analysis by IC andcchloride was detected. Detection
limit for chloride ion in the IC was 100g/L.
4.3.7. Batch Testing Procedure

All the bioregeneration experiments were perfornmetatch-bioreactor tubes with a
capacity of 25 mL. For each experiment, a seridsatch-bioreactor tubes were used so
that a tube was sacrificed at desired time intsrf@ sampling (Table 4.7). The culture
was diluted to 1000 mg-SS/L in the batch-bioreattibes by adding nutrient, buffer, and
acetate media (Table 4.6) and DI water.

Initial concentrations of 0, 500, 1000, and 5000Laf sodium chloride (NaCl) were
used for the series of bioregeneration experimewdtuating the effect of varying initial
chloride concentration on bioregeneration processatio of 1.7 mole of acetate to mole
of perchlorate (Chaudhuri and Coates, 2002) (90@fLrof acetate) was used for the

batch-bioreactor tubes to supply required electi@mor.
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Approximately 1.2 g of resin (about 2 mL) was adtiee@ach batch-bioreactor tube.
All the solutions (i.e. nutrient, buffer, and adetatock solutions, and DI water) were
purged with nitrogen gas for 30 minutes prior tartsthe experiment to completely
remove dissolved oxygen. After all the solutionsrevadded to the batch-bioreactor
tube, they were sealed using aluminum-crimpled lbutibber-stopper (Wheaton

Industries, Inc., Millville, NJ), labeled, and p&ton a rotary shaker at 22+2°C and 40-

50 rpm.
Table 4.7. Experimental Design for Batch Bioreadtobes
. . Amount of Initial Bioregeneration
Resin name Resin bead size, Resin in each "¢ of length, days
mm tube, g NacCl,
mg/L
Series #1 (Evaluation of the Effects of ChlorideBiadegradation)

SIR-110HP Original distribution 1.2 0 8
SIR-110HP Original distribution 1.2 500 8
SIR-110HP Original distribution 1.2 1000 8
SIR-110HP Original distribution 1.2 5000 8

ASB-1 Original distribution 1.2 0 8

ASB-1 Original distribution 1.2 500 8

ASB-1 Original distribution 1.2 1000 8

ASB-1 Original distribution 1.2 5000 8

Series #2 (Evaluation of Resin Bead Size on Diffoki
SIR-110HP 0.924 1.2 NA 8
SIR-110HP 0.778 1.2 NA 8
SIR-110HP 0.652 1.2 NA 8
SIR-110HP 0.547 1.2 NA 8
SIR-110HP 0.128 1.2 NA 8
Series #3 (Evaluation of Resin Matrix on Bioregatien)
SIR-110HP 0.778 1.2 NA 8
SIR-110HP-MACRO 0.778 1.2 NA 8
ASB-1 0.778 1.2 NA 8
SR-7 0.778 1.2 NA 8

& Initial concentration of chloride was not chanded. it was the same concentration as the master
seed cultures).
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Each series of bioregeneration experiment contabhdmhtch bioreactor-tubes (i.e.
days 1, 2, 4, 6, and 8), 2 replicates for qualdgtml (i.e. day-1-QC and day-8-QC), an
abiotic control tube (i.e. resin and nutrient/bufheetate medium, no microbial culture),
and a replicate for abiotic control.

For the series of bioregeneration experiment etalydhe effect of varying initial
chloride concentration, two other control tubes evgrepared: (a) an abiotic tube
containing resin and DI water (i.e. no microbidlsseno nutrient/buffer/acetate medium),
and (b) a batch-bioreactor tube containing resiierabial cells, and buffer solution (i.e.
no nutrient/buffer/acetate medium). The abioti¢cbaeactor tubes were autoclaved
immediately after preparation to avoid any microlaetivity, then sealed and labeled.
All the control tests were performed in duplicate.

After the desired bioregeneration time had beepseld, batch bioreactor-tubes were
taken from the shaker, opened and sacrificed os day, 4, 6, and 8. The resin was
allowed to settle and the microbial culture wademted and tested for COD, pH, and SS.
The resin sample was then rinsed 5 times with 5anDI water to remove remaining
microbial cells and organics which might have reradi in the resin. Preliminary
experiments by measuring % transmittance of theinghsolution showed that after 5
times rinse, the % transmittance of the rinsingitsoh before and after rinsing does not
change. The resin sample was then submitted fo-agtsiched residual perchlorate
analysis using an oxygen Parr-bomb.

All the control tubes were removed from the shalet sacrificed after 8 days. In the
abiotic tests, the liquid phase was submitted t@lperate analysis by IC. The resin

from the control tubes containing microbial celleauffer solution was rinsed 5 times
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with 5 mL of DI water to remove remaining microbie¢lls and organics, and then
submitted to resin-attached residual perchloraédyars using an oxygen Parr-bomb.
4.3.8. Residual Perchlorate Analysis

In this research the method of residual RAP measemé developed by Venkatesan
et al. (2010) was used. In this method, small $asngf resin (i.e. about 100 to 200 mg)
are ignited in closed stainless steel oxygen Ramtbcylinder (Parr Instruments, Moline,
IL), to incinerate the polymer structure of theimesnd convert the resin-attached residual
perchlorate to chloride (resin-CJO+ O, —» CO, + CI). Thus, the resulting soluble
chloride can be measured by IC.

Prior to ignition, the resin sample has to undgugeliminary treatment. One mL of
resin is placed in 100 mL of nitrate solution (0ng/L as N@) and mixed in a shaker
for 24 hours to exchange the chloride ions presetite functional groups of the resin
with nitrate. The goal is to eliminate any chlerigreviously loaded to the resin so that
any chloride measured after ignition originatednfrgerchlorate. The resin is then
allowed to settle for 3 minutes, and the liquid sghés submitted to perchlorate analysis
by IC. Next, the resin is rinsed with DI wateriges to remove residual anions. The
resin sample is then dried at 105°C for 1 hour tB330GM VWR oven (VWR, West
Chester, PA). About 100 mg of the dried resin 46d mg of paraffin oil are measured
and placed in the small crucible of the oxygen Bamb. Three mL (3 mL) of 3%,
and 10 mL of 35 mM NaOH are added to the cylind&éhen, the oxygen Parr bomb
cylinder is pressurized to about 500 psi (30-35)atith oxygen gas. The oxygen Parr
bomb is submerged in 5-L of DI water to control thgh temperature resulting from the

ignition, and the resin is ignited using 10 cm atkel fuse wire. After ignition, the
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cylinder is kept in DI water for 20 minutes for ¢iog. Then, the Parr bomb cylinder is
opened and its content is rinsed with small pogiohDI water and transferred to a 250
mL volumetric flask. The resulting solution irethsubmitted to chloride analysis in the
IC. Ultimate coal (Alpha Resources Inc., StevelfsvMI) sample with known chloride
content is used for quality assurance. The standaror for replicate coal samples
measured in the Parr bomb is 2.4%.
4.3.9. Chemicals and Analyses

Sodium perchlorate (NaClpand sodium nitrate (NaN{salts were ACS grade and
obtained from VWR (West Chester, PA). DI waterhaatresistivity of 17.5 i cm was
acquired from a Barnstead water purification sys{Burouque, 1A) and used in all steps.
The pH values were determined with an Orion 920A+ mpeter (Orion Research,
Boston, MA). The % transmittance was measured gusitn Hach DR 5000
Spectrophotometer at the wavelength of 600 nm.pé&wed solids (SS) were measured
based on Standard Methods 2540-D (Greenberg éx0dl5). Chemical oxygen demand
(COD) was analyzed using high range (0-1500 mgAstHCOD digestion vials (Hach
Co., Loveland, CO).

Concentrations of perchlorate and low concentratmfirchloride were analyzed using
a Dionex ICS-2000 ion chromatography (Sunnyvale).CPhe IC system consisted of an
ion Suppressor-ULTRA Il (4 mm), lonPac AS16 (4 manplytical, AG16 (4 mm) guard
columns, and an AS16 autosampler. EPA method 3®&€ used for perchlorate
analysis with a current of 100 mA and an EGC Il KG#uent cartridge with
concentration of 35 mM and a flow rate of 1.0 mldmilC calibration was performed

using standard solutions of 5, 10, 25, 50, 75, Hd@ pg/L with 99.97% coefficient of
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determination. For low concentrations of chlorid® lonPac AS16 column with a
current of 100 mA, an EGC Il KOH eluent concentmatof 35 mM, and a flow rate of
1.0 mL/min were used. Coefficient of determinatifmm low chloride concentration
analysis (100 — 1000 pg/L) was 99.99%. For highceatrations of chloride, lonPac
AS20 (4 mm) analytical and AG16 (4 mm) guard colsmvere used with a current of
110 mA, an EGC Il KOH eluent concentration of 30 raktl a flow rate of 1.0 mL/min.
Coefficient of determination for high concentrasoof chloride analysis (1-5 mg/L) was
99.99%.
4.3.10. Statistical Analysis

Analysis of variance (ANOVA) was performed to detere whether there was a
significant difference in perchlorate biodegradatiates for varying initial chloride
concentrations in the microbial medium, resin bgiad, and with different resin structure
(gel-type vs. macroporous). SPSS Statistics, @er$6.0, (SPSS Inc., Chicago, IL) was
used to perform the statistical analysis.

4.3.11. Investigation of Diffusion and Reaction @ohof Bioregeneration

In this research, it was envisioned that to be aldeql, resin-attached perchlorate ions
should be: a) desorbed from the functional growasated inside the resin bead, b)
diffused from the inside region of the resin beathe surface through the pore matrices,
c) transferred through the liquid film covering thaface of resin bead, and d) degraded

by PRB to obtain energy.
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Figure 4.4. Perchlorate Distribution in the Resea Against riy(r: Radius of Corepr
Radius of Resin Bead) (Modified from Venkatesaal£t2010)

It is widely accepted that desorption of RAP (s&ep a) is not the rate controlling
step when compared to diffusion of desorbed peratdofrom the inside region of the
resin bead to the surface through the pore mat(idelferich, 1962; Helfferich, 1965;
Nkedi-kizza et al., 1984). It is assumed that R&#s are homogeneously distributed in
the resin bead; thus, the desorbed perchloratentieh are located in the outer region of
resin bead can diffuse out of the resin in a shoiige compared to the ions located deep
in the resin. The shrinking core model (Arevalalet 1998; Pritzker, 2005) can be used
to describe perchlorate desorption and utilizatioriX resin bead. Figure 4.4 shows
theoretical perchlorate distribution verses raditisesin bead. As shown in Figure 4.4,
about 90% of perchlorate load is located betwgén=10.5 and ¢r =1.0. Reducing the
resin bead size will accelerate the diffusion psscand a result bioregeneration of resin,
if the bioregeneration process is controlled by epdaliffusion (Helfferich, 1962).

According to the shrinking core model, reducing rte&n bead size exposes more surface
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to the liquid phase, and if the bioregeneratiorcess is pore diffusion controlled, it will
enhance the process.

In addition to pore diffusion, it is thought thaif diffusion is also involved in the
bioregeneration process. Film diffusion limitatimcreases with decreasing resin bead
size, while, decreasing resin bead size resulitsciease of pore mass transfer flux. The
rate controlling step in mass transfer process ban mathematically identified

(Helfferich, 1962):

ég§ (5+2af) <<1 pore diffusion control (4.2)
r.O
XDo (5+2a.) =1 pore / film diffusion control (4.2)
CD ®
r0
ég§ (5+2af) >>1 film diffusion control (4.3)
r.O

The experiment to evaluate the controlling stepiofegeneration involved SIR110-
HP resin which was loaded with 7@e@hioratélresin  Chloride concentration detected in
the liquid phase of the PRB culture before startimg bioregeneration experiment was
approximately 2000 mgoricdLsoiution The presence of chloride is a consequence of
feeding the PRB stock culture with perchlorate,clhis degraded to chloride. The pore
diffusion coefficient for perchlorate ion in Tabliel, which ranges from 4.67 x 1o
1.67 x 10 cnf/s (Xiong et al., 2007) is for macroporous resimkile SIR110-HP resin
used in this study is a gel-type resin. Xiongle{2007) has concluded that the porosity
of the IX resin has a direct effect on diffusiorteraf the involved ions; hence for
SIR110-HP resin, the pore diffusion coefficient fmrchlorate ion is expected to be less

than the reported value in Table 4.1 for macropsnasins. Therefore, the minimum
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pore diffusion coefficient in Table 4.1 (i.e. 4.6710° cn¥/s) was used as the pore
diffusion coefficient for perchlorate ion in SIR-QHP resin. Hence:

X = concentration of fixed ionic group (78e@nioratéLresin Or 0.78 €@erchioratbLresin)

C = concentration of solution (approximately 200®@c#BrigdLsoution Or 0.056
€Chhloridd L solution)

D = pore diffusion coefficient (4.67 x &nf/s) (minimum value from Table 4.1)

D = film diffusion coefficient (10 cnf/s) (Table 4.1)

ro = mean particle radius (0.924 — 0.128 mm) (Tablg¢ 4

8 = assumed liquid film thickness (¥@m) (Table 4.1)
af = selectivity coefficient (3500) (Table 4.1)

Regardless of whether pore diffusion or film diffus is the controlling step in the
mass transfer process of bioregeneration, massféranf desorbed perchlorate ions (i.e.
either step 2 or step 3 of the envisioned concéptuadel) can be compared to
biodegradation of perchlorate ions in the bulk iigu The Thiele modulus is an
understood measure of the comparison of diffusionitdd to kinetic limited reactions
(Thiele, 1939; Helfferich, 1962; Hong et al., 1999)n the bioregeneration process,
Thiele modulus can be used to examine whetherribeeps is controlled by diffusion of
perchlorate ion thought the resin pores or by ibéogical reduction of perchlorate in the
bulk liquid

The Thiele modulus for a process involving reactowl diffusion can be calculated

mathematically as following (Helfferich, 1962; Hoagal., 1999):

M, =2 [ = (4.4)
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where:

M+ = Thiele modulus

ro = mean particle radius (0.924 — 0.128 mm) (Tabil¢ 4

De = pore / film diffusion coefficient (Table 4.1)

k = first-order kinetic coefficient (1/s)

Pore diffusion and film diffusion coefficients alisted in Table 4.1. If the mass
transfer process is pore diffusion controlled, gore diffusion coefficient should be
employed as the D and if the mass transfer process is film diffasaontrolled film
diffusion coefficient should be employed as the [Since SIR110-HP resin used in this
research is a gel-type resin and the reported sdarepore diffusion coefficient in Table
4.1 are for macroporous resins, the minimum diéfnsioefficient as of 4.67 x Taxnf/s
was used in calculation for Thiele modulus.

In order to find the biodegradation rate constdqt,the data for perchlorate
biodegradation in water from Cox et al. (2000), &0g2001a), and Logan et al. (2005)
were used assuming the degradation of perchlotagsdirst-order kinetics, and k value
was calculated as 1.61 x3,07.66 x 1¢, and 4.69 x 18 1/s, respectively. In similar
researches, Tan et al. (2004) has reported thélpeaite biodegradation rate constant in
sediment ranging between 1.50 x®1énd 5.32 x 18 1/s. Hiremath et al. (2006) has
measured the perchlorate biodegradation rate aanstabrine solution in 6.8% brine
solution using salt-tolerant PRB as of 6.67 £ 10s. In all the above mentioned studies,
perchlorate biodegradation obeys first-order kogeti In this research, the highest and
lowest perchlorate biodegradation rate constantf @66 x 1¢ 1/s and 1.50 x 191/s

were used in this study to calculate the Thiele uhasl
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4.4. Results

4.4.1 Potential Mechanism Involved in the Desorptd Resin-attached Perchlorate

Figures 4.5.a and b show the RAP biodegradatigrenchlorate-selective (i.e. SIR-
110HP) and non-selective (i.e. ASB-1) resins wahying concentrations of chloride (i.e.
0, 500, 1000, and 5000 mg/L of NaCl) present inrherobial solutions. Table 4.8
shows the biodegradation rates as mg of perchlodagraded per day (rgd) in
perchlorate-selective and non-selective resinsdfy-0 to day-2 and day-2 to day-8
period of times. As shown in Table 4.8, excepttha bioregeneration experiments with
0 mg/L of initial chloride, the rate of perchlorategradation was fast during the first two
days of bioregeneration and then decreased signtfic after the second day. In the
bioregeneration experiments with 0 mg/L of initchiloride, perchlorate biodegradation
rate increased for day-2 to day-8 compared to dayday?2 in both perchlorate-selective
(i.e. SIR-110HP) and non-selective (i.e. ASB-1)nes

Figure 4.5.a shows that after 8 days of bioregeioerfor perchlorate-selective resin
(i.e. SIR-110HP), the overall observed perchlolatelegradation rate was 0.375, 0.497,
0.504, and 0.535 mgl for initial NaCl concentrations 0, 500, 1000daB000 mg/L,
respectively. For non-selective resin (i.e. ASBHi¢ biodegradation rate was 0.370,

0.527, 0.549, and 0.583 pid, respectively (Figure 4.5.b).
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Figure 4.5. Residual Resin-attached Perchlorate€&udration in Presence of
Different Initial Concentrations of Chloride Addé&mnlBioregeneration Tubes for: (a)
Perchlorate-selective Resin (SIR-110HP), and (b)-Bkelective Resin (ASB-1)

Analysis of significance in both perchlorate-sdlexiand non-selective resins at 95%
confidence level showed that RAP degradation isitgntly affected by the initial

NaCl concentration. Analysis of significance shdwikat in both perchlorate-selective

155



and non-selective resins the bioregeneration exyst results of initial NacCl
concentration of 0 mg/L compared to 500 mg/L, a@f hg/L compared to 5000 mg/L
are significantly different, however, there is nignificant difference between initial
chloride concentrations of 500 and 1000 mg/L inhbpérchlorate-selective (p=0.082)
and non-selective resins (p=0.141). The most sogmt difference in the results in both
perchlorate-selective and non-selective resinsusd between 0 mg/L of NaCl and the
presence of NaCl as a whole. The results suglastie addition of NaCl had a positive
effect on increasing the overall bioregeneratiorigugenance in both resins.

Analysis of the control tests with different inltehloride concentrations (Figure 4.6)
shows that increasing the amount of initial NaGQh@ntration increased the amount of
RAP desorption into the liquid phase as free perelté ions. Figure 4.6 shows that no
perchlorate desorption was observed in the tests Wi water and bacteria/buffer
solution. However, in the control test with nuttibuffer/acetate solutions, with 500
mg-NaCl/L, 1000mg-NaCl/L, and 5000 mg-NaCl/L, thergentage of RAP desorbed
was 0.02%, 0.31%, 0.49%, and 0.64%, respectivety(SIR110-HP) resin, and for non-
selective resin the amount desorbed RAP was 0.0B29%, 3.35%, and 7.37%,
respectively. Resin-attached perchlorate desarptiall the control tests was less than
8% (Figure 4.6), however, in Figure 4.5 more RAR wasorbed and biodegraded. The
reason for smaller desorption in control testssiatdishment of equilibrium in the batch
control tests, while in the bioregeneration teatssoon as RAP is released to the bulk

microbial fluid, it is degraded, and the systemaraeaches an equilibrium point.

156



Table 4.8. Resin-attached Perchlorate Biodegrad&ates for Day-0 to Day-2 and Day-
2 to Day-8 of the Bioregeneration Experiments ferdRlorate-selective and Non-
selective Resins

- Observed perchlorate Observed perchlorate Observed
Initial NaCl . . . . overall
. . biodegradation rate  biodegradation rate
IX Resin concentation perchlorate
for day-0 to day-2 for day-2 to day-8 . .
(mg/L) (mgyd) (m/d) biodegradation
o/ o/ rate (mg/d)
Perchlorate-selective
(SIR110-HP) 0 0.324 0.392 0.375
Perchlorate-selective
(SIR110-HP) 500 1.321 0.223 0.497
Perchlorate-selective
(SIR110-HP) 1000 1.373 0.214 0.504
Perchlorate-selective
(SIR110-HP) 5000 1.499 0.214 0.535
Non-selective
(ASB-1) 0 0.350 0.376 0.370
Non-selective
(ASB-1) 500 1.625 0.160 0.527
Non-selective
(ASB-1) 1000 1.640 0.185 0.549
Non-selective
(ASB-1) 5000 1.886 0.149 0.583

Although the resin was rinsed well (i.e. 12 timpsdr to the experiments to remove
all the unattached perchlorate ions to preventdgakof perchlorate to the liquid phase
during the desorption tests, RAP was desorbed entdébts with nutrient/buffer/acetate
solutions. The possible explanation for desorptibperchlorate in these tests could be
presence of 0.991 mg/L of chloride ion in the comgus of nutrient medium (i.e.
CoCh.6H,O, NiCkL.6H,O, CaC}.2H,0, and MnC}.4H,O) (Table 4.6). The effect of
phosphate buffer medium can be neglected due teethdt of control tests with bacterial
cells, and buffer solution (Figure 4.6), showingRAP was desorbed in the presence of
buffer solution. Residual RAP analysis (i.e. Hasmb analysis) of the resin collected
from the tests with bacterial cells, and bufferusoh confirmed that no perchlorate

degradation occurred.
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Figure 4.6. Decrease in the Amount of Resin-attddterchlorate for Perchlorate-
selective Resin (SIR-110HP) and Non-selective RES8B-1)

Perchlorate desorption in the bioregeneration m®c&envisioned to be according to
the following reaction:

[R-N-(C4Hg)3]-ClO4 + CI > [R-N-(C4Ho)3]-Cl” + CIOy
where [R-N-(GHo)3] is the functional group of the resin. Accorditgthis exchange
reaction, increasing the concentration of chloridéhe left side of the reaction makes it
to produce more free-perchlorate ion in the rigidles Thus, increasing the NaCl
concentration has a positive effect on desorptidRAP as shown in Figure 4.6.

Figures 4.5.a and b show that 32% and 18% of tiialiRAP in SIR-110HP and
ASB-1 resins was biodegraded during 8 days of bpmmeration with initial NaCl
concentration of 0 mg/L, respectively. The potanteason for desorption while the
initial NaCl concentration was 0 mg/L (Figures 4.5and b) is possibly due to the
presence of 0.991 mg/L of chloride ion introducgdalddition of nutrient/buffer/acetate

medium to the batch bioreactor-tubes. Figure AdWws a significant increase of RAP
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biodegradation rate while the initial concentratadnNaCl in the batch bioreactor-tubes
increases. In Figure 4.7, the actual concentradfomitial chloride, including initially
added chloride and the chloride ion resulted fralditeoon of nutrients medium to batch

bioreactor-tubes, is calculated as 1, 304, 608 3@3% mg-CIL.
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Figure 4.7. Resin-attached Perchlorate Degrad&taia in Presence of Different
Initial Concentrations of NaCl for Perchlorate-stie Resin (SIR-110HP) and Non-
selective Resin (ASB-1)

Sensitivity analysis on the data in Figure 4.7 sholat even a slight change of the
initial chloride ion concentration in the low comteation range (i.e. less than 100 mg/L
of chloride ion) noticeably affects the RAP biodsdation rate. A larger change of
initial chloride ion concentration in high conceatton range (i.e. more than 1000 mg/L

of chloride ion) has the same effect on the RARIGgradation rate.
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Employing yield coefficient of 0.54ggacetate(LOgan et al., 2001) and stoichiometry
of the overall reaction of free-perchlorate degtataof 1.7 MOlgcetaréMOl&erchiorate
(Waller et al. 2004), it is estimated that in ordergrow 1000 mg/L of PRB in a
acetate-fed bioreactor, about 2040 mgike Of perchlorate should be utilized which
contributes to 730 mg&lure Of chloride is the system. Therefore, any PRBuralgrown
by perchlorate, as the electron acceptor, contsirfiscient chloride concentration, and
can be used in the IX resin bioregeneration process

4.4.2. Determination of the Rate Controlling Stephie Resin Bioregeneration Process

Perchlorate degradation curves of SIR-110HP resinrdsin bead sizes of 0.924,
0.778, 0.652, 0.547, and 0.128 mm are shown inr€ig8. The observed average RAP
degradation rate for resin sizes of 0.924, 0.77852) 0.547, and 0.128 mm through 8
days of bioregeneration process was 0.406, 0.4¥410 0.458, and 0.796 nid,
respectively. Statistical analysis showed thatiioelegradation curves of the five bead
sizes are significantly different, and perchlordegradation in the 0.128 mm resin is
significantly higher than that of the other sizésowever, the bioregeneration curves of
0.547 mm and 0.652 mm resins, 0.652 mm and 0.778resms, and 0.778 mm and
0.924 mm resins are not significantly differentpiars, while the bioregeneration curves

of 0.547 mm and 0.778 mm resins are significanffgient (p=0.047).
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Figure 4.8. Residual Resin-attached Perchlorate€udmation for Different Resin
Bead Sizes for Perchlorate-selective Resin (SIRHP)0

Mass balance calculations showed that if all thePRéontent inside the batch
bioreactor-tube had desorbed entirely and suddéelg;perchlorate concentration inside
the batch bioreactor-tube would be approximateigd/Lc,iwre 1IN Figure 4.8, it takes 8
days for resin size of 0.128 mm to have 71% reductif the initial perchlorate load.
Assuming that the degradation of perchlorate obfgd-order kinetics, using the
biodegradation rate constant, k, from the datapknrchlorate biodegradation in water
from Cox et al. (2000), Logan (2001a), and Logaalef2005) as 1.61x10) 7.66x10,

and 4.69x10 1/s, respectively, the time needed to reach 718éct®n of the initial
perchlorate load (i.e. 7 mg/L) can be calculatedCasC,e™, where, C is the

concentration at a certain time (mg/L)y (S the initial concentration (mg/L), k is the
biodegradation rate constant (1/s), and t is tis)e (Accordingly, about 11 hours is

needed to have 71% degradation of initial percidoreoncentration of 7 mgl/L.
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However, in the bioregeneration experiments a fgamt amount of perchlorate was still
present in the resin after 8 days of bioregenaraffeigure 4.8). Hence, there is a
controlling step involved in the bioregeneratiogass that slows it down as compared
to perchlorate degradation in water. The perchkdordegradation rate, however,

significantly improved by increasing the ratio beem the external surface area per

volume of the resin bea{(f nd” ):1} of resin brad (Figure 4.9), suggesting that resin
2d®/6) mm

bead size have a significant effect on biodegradattes.
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Figure 4.9. The Effect of Increasing External Sceférea per Volume of Resin

Sphere on Biodegradation of Resin-attached Peattielor

Shrinking core modeling (Arevalo et al., 1998; Edr, 2005; Venkatesan et al.,
2010) was used to study the effect of resin bead sn the bioregeneration process.

Based on the shrinking core model, in the bioreg®imn process, RAP ions in the outer
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region of the resin are utilized prior to the RAIRS that are located deep inside the resin
bead. For resin bead sizes of 0.924, 0.778, 08527, and 0.128 mm, respectively,
36.1%, 37.3%, 38.8%, 40.6%, and 70.8% of the ingexchlorate load was degraded
after 8 days of bioregeneration. According to sheinking core model the unused core
containing RAP ions within the resin for thesesneaszes has the radius of 0.398, 0.333,
0.277, 0.229, and 0.042 mm, respectively. Figul® £hows the results of shrinking
core model analysis as resins bead size versussradiunused core within the resin
bead. As shown in Figure 4.10, reducing the ré®ad size has a direct effect on

decreasing the ratio of radius of unused core e@ordldius of resin bead @)r In Figure

4.10, the volume of outer region of the resin b%@d!fj} «100%» 1N which the perchlorate

rO
load is depleted has been calculated as 36.1%%388.8%, 40.6%, and 70.8% for the

resin bead sizes of 0.924, 0.778, 0.652, 0.5470d®B mm, respectively.

0.924 mm 0.778 mm 0.652 mm 0.547 mm 0.128 mm

r'i,=0.861 #/F 0.856 rfr= 0.849 rir=0.839 rig= 0.656

Figure 4.10. Changing the Unused Core ContainimgHRarate within the Resin
Bead Based on Shrinking Core Model, r is Radiudrmised Core ang rs the Total
Radius of Resin Bead.
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The results of analysis of mass transfer contrgligtep in resin bioregeneration
process are shown in Table 4.9. The results gp#udt for the resin sizes of 0.924,

0.778, 0.652, and 0.547 mm, pore diffusion is atemutally fast as film diffusion since

the {XDﬁ G+ 20(;\)} value is about 1. Thus both film and pore diffusinfluence the rate
CD

fo

of mass transfer. However, bioregeneration protmsthe resin size 0.128 mm is film
diffusion controlled. Hence, for the resin sizés0®24, 0.778, 0.652, and 0.547 mm
both mass transfer mechanisms (i.e. pore diffuarmh film diffusion) influence the rate
of mass transfer, and any change in the processithances either pore diffusion or film
diffusion enhances the overall bioregeneration. rdtas well-established that in an ion
exchange process controlled by pore diffusion, elging the resin bead size enhances
the overall rate of exchange (Helfferich, 1962; el 972). Accordingly, since the
overall performance of the bioregeneration process improved by increasing
decreasing the resin bead size, mass transfensftioough the pores seems to play an
important role in the bioregeneration process. &lmv, decreasing the resin size
increases the relative magnitude of film diffusimm the process. Yet, film diffusion is
not as significant as pore diffusion, because éndaise of a resin bead size of 0.128 mm,
although the process is film diffusion controllede overall biodegradation is superior
compared to the other sizes (Figure 4.10). Thesetthe influence of pore diffusion is
more considerable than the influence of film diitusin determining the rate of the

process.
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Table 4.9. Mathematical Expression of the Mass JtearControlling Step in the
Bioregeneration Process
Resin

(eq?Lr) D (entls) (c?n) (eocC|/LS) (cn?zls) (f;fﬁ) fo(Cm) Seclze;éi;./ity égrf (5+205)
078 467x18 10° 0.056 10 0.924  0.0462 3500 0.99
078 467x18 10° 0.056 10 0.778  0.0389 3500 1.17
078 467x18 10° 0.056 10 0.652  0.0326 3500 1.40
078 467x18 10° 0.056 10 0.547  0.0273 3500 1.67
078 467x18 10° 0.056 10 0.128  0.0064 3500 7.12

The results of calculation of Thiele modulus arevem in Table 4.10. Since the
effect of pore diffusion is similar to the effect fm diffusion for the resin sizes of
0.924, 0.778, 0.652, and 0.547 mm, diffusivity ¢ioefnt, De, for both pore diffusion and
film diffusion was used to calculate the Thiele mlod. For resin size of 0.128 mm,

diffusivity coefficient, Q, for film diffusion was used.

Table 4.10. Calculation of Thiele Modulus for thief@generation Process

Resin size (mm) ol(cm) My for D? - 4.'6.7 x 10 (cp?/s) .MT fpr D? - 10° (sz_ls)
(pore diffusivity coefficient) (film diffusivity coefficient)
0.924 0.0462 1.97-0.28 4.26E-02 — 5.96E-3
0.778 0.0389 1.66 - 0.23 3.59E-02 — 5.02E-3
0.652 0.0326 1.39-0.19 3.01E-02 — 4.21E-3
0.547 0.0273 1.17-0.16 2.52E-02 — 3.53E-3
0.128 0.0064 NA 5.90E-03 — 8.28E-4

2 The highest perchlorate biodegradation rate cohssof 7.66 x 1®1/s was used to calculaterM
® The lowest perchlorate biodegradation rate consmof 1.50 x 16 1/s was used to calculaterM
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The results show that bioregeneration process is governed by kinetics of
biodegradation of desorbed perchlorate ions by PRBhae calculation shows that
bioregeneration process is controlled by diffusisince Thiele modulus was found less
than 3 (Helfferich, 1962).

4.4.3. Effect of lon-exchange Resin Structure @Bloregeneration Process

Perchlorate degradation curves of gel-type (i.eR-B10HP and ASB-1) and
macroporous (i.e. SIR-110HP-MACRO and SR-7) rewiits uniform resin bead size of
0.778 mm are shown in Figures 4.11.a and b. IorEig.11.a, the degradation curves
start at different initial RAP load because of thterences in the loading stage (Table
4.4),

Table 4.11 shows the average observed resin-atigerehlorate degradation rate for
the batch bioregeneration experiments. Figure.d.$hows concentration of RAP to
initial concentration of RAP (C/, since in Figure 4.11.a, initial concentrationFAP
in the resin is different in different resins. Tlaerage observed resin-attached
perchlorate degradation rate for ASB-1 and SIR-1A.0ékins which are gel-type is 0.607
and 0.419 mgd, respectively, while it is 0.688 and 0.681 jdgfor SIR-110HP-
MACRO and SR-7 macroporous resins, respectively.

The average observed free-perchlorate degradasitenfrom other studies is also
shown in Table 4.11. The average observed retactetd perchlorate degradation rate is
about one order of magnitude lower than the averalgserved free perchlorate
degradation rate. As it was discussed in sectidri?24the resin-attached perchlorate
degradation is likely limited by mass transfer lie fpores of the resin beads. Statistical

analysis revealed that perchlorate biodegradationacroporous resins was significantly
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more effective than that of gel-type resins, altitoall the employed resins had uniform
resin bead size (Table 4.7). However, no signiticaifference in perchlorate
biodegradation between perchlorate-selective $lB-110HP and SIR-110HP-MACRO)

and non-selective (i.e. ASB-1 and SR-7) resinsfeasd.

Resin-attached residual perchlorate (g/L
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Figure 4.11. Residual Resin-attached Perchlorate€dration in Gel-type (ASB-1
and SIR-110HP) and Macroporous (SR-7 and SIR-11PARRO) Resins.
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Table 4.11. Resin-attached Perchlorate Degradati@el-type and Macroporous

Resins
Observed Observed
Resin name, ClO, ion perchlorate perchlorate Reference
structur type situation biodegradation  biodegradation
rate (mg/mgsJd) rate (mg/d)
ASB-1, Attached to 0.031 0.607 This Study
gel resin
SIR-110HP, Attached to 0.022 0.419 This Study
gel resin
SIR-110HP-MACRO,  Attached to 0.035 0.688 This Study
macroporous resin
SR-7, Attached to 0.035 0.681 This Study
macroporous resin
_ Korenkov et
NA Free in water 1.68 NA al. 1976
_ Attaway and
NA Free in water 2.57 NA Smith., 1993
NA Free in water 0.36 NA Log;goit &l
_ Shrout and
NA Free in water 0.64 NA Parkin, 2006
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Figure 4.12. Resin-attached Perchlorate Biodeg@u&ate Verses Water Content
for ASB-1 and SIR-110HP (i.e. Gel-type Resins), &d7 and SIR-110HP-MACRO
(i.e. Macroporous Resins)
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The results of section 4.4.2 suggest the pore sidfu of the desorbed perchlorate
ions to the surface of the resin bead is likely tinain controlling step in the
bioregeneration process. Macroporous resins haaerapores which contributes to
higher water content compared to gel-type resirabl@ 4.3) (Sherman et al., 1986).
Considering the overall biodegradation rates of nm@@rous and gel-type resins and the
difference among their water content (Figure 4.ikppears that mass transfer control is
stronger in gel-type resins than that of macropsm@sins. Table 4.11 shows the RAP
biodegradation rate in tested resins with differgater contents. The possible reason for
stronger mass transfer limitation in gel-type resiand as a result lower RAP
biodegradation rate could be the resin structlires likely that smaller pore size in gel-
type resins results in stronger pore diffusion tanon, due to less availability of liquid
phase to carry hydrated perchlorate ions, and nthlegsioregeneration process slower in
the case of gel-type resins.

4.5. Discussion

A conceptual model for resin bioregeneration presesas envisioned in this research
involving detachment of perchlorate from the refsinctional site, its diffusion through
the resin pores and liquid film, and its biodegtamainside the PRB cells. Accordingly,
the objectives of this research were defined todbhedy the effect of different initial
concentrations of chloride as the envisioned désgragent for RAP release; investigate
the effect of resin size and different resin sues (i.e. gel-type and macroporous) in the
bioregeneration process; and explore the contgpBiep in the conceptual model of resin

bioregeneration process.
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The results showed that chloride is likely to be tlesorbing agent for desorption of
RAP ions in the bioregeneration process. Also isvi@nd that increasing the initial
chloride concentration significantly improves therbgeneration performance in both
perchlorate-selective (i.e. SIR-110HP) and nonesile (i.e. ASB-1) resins. Based on
the results, even in very low concentrations ofoote (i.e. 1 mg/L of chloride)
bioregeneration process can be initiated. Howemereasing the chloride concentration
from 500 mg/L to 5000 mg/L as NaCl only slightly hemces bioregeneration
performance. Chloride, as the product of percidobdodegradation, is the anion which
is always present in all perchlorate-reducing eekdugrown using perchlorate. As
mentioned before, the minimum of 730 mgfk. of chloride occurs if a minimum of
2040 mg/L of perchlorate is used as the electrae@or to grow 1000 mg/L of PRB
suspended solids. Therefore, any PRB culture growperchlorate as the electron
acceptor contains sufficient chloride concentrgtiand can be used in the IX resin
bioregeneration process.

Increasing the chloride concentration by adding Nsaélt to PRB to boost the
performance of bioregeneration process can be deresl in 1X resin bioregeneration
plants. However, very high concentrations of dderhave inhibitory effects on the
biological path of perchlorate biodegradation (Loga al., 2001, Gingras and Batista
2002). NaCl concentrations of 1-1.5% (10,000-150@{L) can reduce perchlorate
biodegradation rates over 90% (Gingras and Ba2@@2). Thus, chloride concentration
levels should be monitored at all times, especiafhen NaCl salt is used to boost the

performance of the bioregeneration process.
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The results indicated that decreasing the resenfsmm 0.924 mm to 0.128 mm has a
significant positive effect on the bioregeneratjgerformance. Except for very small
resin size (i.e. 0.128 mm), the effects of poréudibn were found to be about as equal to
film diffusion in the mass transfer process of bgegneration. For the very fine resin
bead size (i.e. 0.128 mm), the mass transfer ragefim diffusion limited.

The bioregeneration process was found to be massfar limited rather than
biodegradation kinetics limited due to the follogiifour evidences: First, the results of
the experiments in this research showed that imgbi@ size of 0.128 mm, 71% of initial
perchlorate load can be degraded after 8 days. eMeny if the perchlorate load was
dissolved in the liquid phase, 71% reduction diahperchlorate would be obtained after
about 11 hours. This evidence shows that the demeration process is not
biodegradation kinetic limited. Second, resin semuction improved the performance of
bioregeneration process, showing that pore diffusias improved while the resin bead
size was reduced. Third, macroporous resins wanad to be more effective in the
bioregeneration process, due to their higher wetdetent and pore size which lead to
higher pore diffusion rate in macroporous resinsgared to pore diffusion rate in gel-
type resins. Forth, the Thiele modulus calculaishowed that the process is mass
transfer limited rather than biodegradation ratatkd.

The typical sizes of ion-exchange resin beads mesatly between 1.1 mm to 0.3 mm
(ResinTech, West Berlin, NJ), however, most commaskd IX resins are about 0.7 mm
in size. For bioregeneration, employing smallsirrdead sizes would be preferable due
to higher pore mass transfer flux. Using smalksinm beads, however, increases the

potential chance of losing resin in the loadingregeneration process. Film diffusion
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can be controlled by increasing the turbulencéneliioregeneration reactor. Increasing
the flow rate in the bioregeneration process resulthigher turbulence and a thinner
quiescent liquid film (boundary layer) surroundithg resin beads. If bioregeneration is
performed in a fluidized bed reactor (FBR) (Venkate et al., 2010), higher flow rates
constitute a greater expansion of the resin bei;hwtorresponds to larger FBR volume
needed. Additionally, higher flow results in a lineg pressure drop since a very fine
screen is needed to keep the small resin beadsifrBR, leading to a higher energy
consumption in the FBR. Temperature also shouldhbeitored in the bioregeneration
process, since even slight temperature drops bomérito increasing the viscosity and
higher film diffusion control.

Macroporous resins (i.e. SIR-110HP-MACRO and SRwith higher water content
and larger pore sizes were found to be more efieati the bioregeneration process when
compared to gel-type resin (i.e. SIR-110HP and A$B- Mass transfer flux in
macroporous resins is known to be higher thandhgel-type resins. Thus, employing
macroporous resins is recommended due to higheedeaeration performance. In
addition, macroporous resins are more resistanbxidation and less vulnerable to
fouling when compared to gel-type resins. Howevasjng macroporous resins
contributes to higher capital costs due to highimepcompared to gel-type resins.

The overall recommendations are as follows: a) gl NaCl concentrations
between 1000 mg-NaCl/L and 5000 mg-NaCl/L, b) namsalt level in the PRB culture
to keep it below the inhibitory level for PRB mibial activities, ¢) use IX resin with

smaller resin bead size to increase pore massférary enhance turbulence in the
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reactor to minimize negative effects of film diffos, €) use of macroporous resins to
have higher pore mass transfer rates.
4.6. Conclusions
The specific conclusions of this work can be sunmredras follows:

1) Chloride ion, which is the product of perchloratedegradation
and available in all PRB cultures fed with perchter is likely the
desorbing agent of RAP in IX bioregeneration preces

2) Increasing the concentration of chloride in thenotital solution
has a positive effect on perchlorate desorptiomftbe resin. Degradation
rates for selective and non-selective resins rdisjede were 0.375 and
0.370 mg/d when no chloride was added as compared to (ah850.583
mgy/d when 5,000 mg/l chloride was present.

3) The results show that decreasing the resin beadfom 0.924
mm to 0.128 mm has a significant positive effect X resin
bioregeneration process (i.e. 55% improvement endberall perchlorate
biodegradation rate), while, decreasing the resie fom 0.778 mm to
0.652 mm and from 0.652 mm to 0.547 mm was notifstgnt positive
effect on IX resin bioregeneration process.

4) Bioregeneration is mass transfer controlled rathiéran
biodegradation kinetic controlled. Both the kinstof desorption of RAP
ions and kinetics of biodegradation of desorbedlgderate ions were found

not to control the overall rate of bioregeneration.
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5) For the resin sizes of 0.924, 0.778, 0.652, andObm, which are
the common sizes of resins available in the marketh mass transfer
mechanisms (i.e. pore diffusion and film diffusiom¢re found to control
the bioregeneration process. For small resin siz€.128 mm, film
diffusion was found to be the controlling step iarbgeneration.

6) Macroporous resins were more effectively bioregateer
compared to gel-type resins. This result can h@agxed by larger water
content and larger average pore size in macroparonpared to gel-type

resins.
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CHAPTER 5
MULTI-CYCLE BIOREGENERATION OF SPENT PERCHLORATE QOAINING
MACROPOROUS SELECTIVE ANION EXCHANGE RESIN
5.1. Abstract

lon-exchange (IX) using perchlorate-selective resinpossibly the most feasible
technology for perchlorate removal. However, comuiadly available gel and
macroporous resins cannot be regenerated usingdred brine desorption. The use of
macroporous resins compared to gel-type resingpargling because of their stability
and greater resistance to fouling. In water tresthapplications, selective resins are
currently used once and then incinerated, makirgg I¥h process economically and
environmentally unsustainable. A new concept feenldeveloped involving biological
regeneration of resin containing perchlorate. Tdaecept involves directly contacting
perchlorate-containing resins with a perchloratkioing microbial culture. In this study,
the feasibility of multi-cycle loading and bioregeation of a macroporous perchlorate-
selective resin was investigated. Loading anddgeneration cycles, using a bench-scale
fermenter and a fluidized bed reactor (FBR), fokowby fouling removal and
disinfection of the resin were performed. The lissievealed that selective macroporous
resin can be successfully employed in a consecldaading-bioregeneration IX process.
Resin capacity loss stabilized after a few cycledioregeneration indicating that the
number of loading and bioregeneration cycles thatlze performed is likely greater than
the five cycles tested. The results also revetladmost of the capacity loss in the resin
is due to perchlorate buildup in the resin as aequence of clogging of the pores of the

resin beads. Perchlorate buildup was found to Hee major drawback of the
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bioregeneration process. Perchlorate buildup nmayt the reuse of the resin after
bioregeneration, if the treated resin cannot predugvater quality that meets the desired
standards or if the amount of bed volumes proceissgidnificantly reduced. The results
further indicate that as bioregeneration progressegging of the resin pores results in
the decrease in mass transfer flux from the inoetign of the resin to the bulk microbial
culture contributing to stronger mass transfertatnon in the bioregeneration process.
5.2. Introduction

Perchlorate (CIQ) contamination has been detected in several surfacd
groundwater sources in 26 states in the United eStaparticularly in the arid
Southwestern region (USEPA, 2003; Brandhuber aadkCR005), and it has been on the
United States Environmental Protection Agency’s EB8’s) drinking water
Contaminant Candidate List (CCL) since 1998 (Brarmn and Clark, 2005). Most of
the perchlorate contamination in the environmerlis to rocket fuel manufacturing and
use (Urbansky et al., 2000). In addition, perchtieis used in other industries to produce
explosives, matches, firework supplements, air bagsl other products. (Wu, et al.,
2008). Recent studies show that electrical digghdhrough chloride aerosol in the
atmosphere potentially can produce perchlorateraledse it to the environment by rain
and snow (Rao, et al., 2007, Dasgupta, et al., R0®erchlorate in the human body
interferes with the natural process of iodine agon by the thyroid gland, inhibits
thyroid hormone production, and causes iodine actaton in the gland (Wolff, 1998;
Kirk, 2006). The Interim Drinking Water Health Adery level for perchlorate has been

issued as 15 micrograms per liter (ug/L) in 200RQ(\ 2005).
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Biological reduction and IX are the most effectigehnologies to remove perchlorate
from waters (Logan et al., 2001; Gingras and Bati2002). Although bioremediation is
a cost-effective technology for perchlorate rempitals not an efficient technology for
low concentrations because degradation rates slomndvith decreasing perchlorate
concentration (i.e. perchlorate biodegradationrblively high half-saturation constants
(Logan et al., 2001; Dudley et al., 2008) (Tabl&)p. lon-exchange is currently the
technology of choice to remove low concentratiohperchlorate from drinking waters
(Gingras and Batista, 2002; Lehman et al., 2008)rphologically, perchlorate-selective
resins can be categorized into gel- and macropesgéesresins. The average pore size
of gel-type resins is about 0.0005 pum, while magrops resins have an average pore
size of about 0.6 um (Kun and Kunin, 1968; Dalalet2001). The percent crosslinking
of the backbone polymer chains in gel-type and opmous resins varies. Gel-type
resins have about 4-10% crosslinking, whereas rpacoos resins have 20-25%
crosslinking in average (Crittenden et al., 2005Jhe use of macroporous resins
compared to gel-type resins is expanding due to gtability, resistance to oxidation,
and less vulnerability to fouling (Weber, 1972;dn0d SenGupta, 2000).

There are many pilot and full scale operational ander-construction water supplies
treatment plants using IX technology to remove pperate from drinking water
throughout the United States. These plants hapaadti#zes varying from 23 to 55,000
m*/day (4 to 10,000 gpm) and influent perchloratecemtration varying from 7 to 350
Hg/L. These plants can remove perchlorate to g/ft (NASA, 2006). In recent years,
IX resins with high affinity for perchlorate ion.¢i perchlorate-selective) have been

manufactured (Seidel et al., 2006). Even thouglsdiresins can treat a large number of

177



bed volumes (BVs) of water before perchlorate himakigh occurs, regeneration by
traditional brine desorption technique cannot bepleged, and the spent perchlorate-
selective resin is incinerated or disposed in dfiirafter one time use. Incineration of

the resin produces greenhouse gases, and lamgifiiresents the potential for re-

contamination of the environment with perchloratdthough a regeneration method has
been developed employing Fe&ICl solution as the regenerant for one type of
perchlorate-selective gel-type resin (Gu et alQ1d0regeneration of most commercially

available perchlorate-selective resins using Naflebis not feasible and is not currently

practiced.

Table 5.1. Half-saturation Constant and MaximuntRlerate Utilization Rate for
Degradation of Free Perchlorate lon in Water

Culture Kinetic parameters Reference
Oma(d@?) K (mgll)
PDX 0.41 12+4 Logan et al., 2001
KJ 1.32 33+9 Logan et al., 2001
INS 4.34 18 Waller et al., 2004
ABL1 5.42 4.8 Waller et al., 2004
SN1A 4.60 2.2 Waller et al., 2004
RC1 6.00 12 Waller et al., 2004
PC1 3.09 0.14 Nerenberg et al., 2006
HCAP-C 4.39 76.6 Dudley et al., 2008
Mixed culture 0.49 <0.1 Wang et al., 2008a

Resin bioregeneration as a new concept in IX teldgyohas been developed and
patented (Batista, 2006). This concept is basedir@atly contacting IX resin containing
perchlorate with a perchlorate-reducing microbialltuwe under anoxic/anaerobic
conditions. The feasibility of this concept hageeported on perchlorate-selective and

non-selective gel-type resins (Batista and JerX@06; Batista et al., 2007b).
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Although the biodegradation of free perchloratesiam water has been well studied
(Logan, 1998; Coates and Achenbach, 2004), theodidl reduction of attached-
perchlorate ions to a medium such as IX resinsohésrecently been initiated (Wang et
al., 2008b; Wang et al., 2009; Venkatesan et 8102 Investigation has shown that
biological degradation of resin-attached perchioréas a slower degradation rate
compared to biological degradation of free percit(Venkatesan et al., 2010).

A main concern in resin bioregeneration is capdo$g due to biological fouling of
the resin beads (Batista et al., 2007a). Macraporesins are less susceptible to bio-
fouling than gel-type resins. Although resin bgeeeration has several environmental
benefits, to be economically viable, the cost ofchasing fresh resin must be equal or
greater than costs of resin bioregeneration. Toexe resin bioregeneration is
sustainable only if the process can be repeatedsdoeral consecutive exhaustion-
bioregeneration cycles.

Bioregeneration of gel-type resins loaded with pknmate has been investigated
recently (Venkatesan et al., 2010). Biodegradatibmacroporous resins has not been
fully investigated, to date. In this research, fisasibility of multi-cycle bioregeneration
of macroporous perchlorate-selective resin, whihhiought to be less susceptible to
fouling, has been investigated. The specific dbjes of this research were to: (1)
evaluate the feasibility of multi-cycle bioregerteva of macroporous IX perchlorate-
selective resin, (2) estimate the capacity losgrafthe multi-cycle bioregeneration
process, (3) evaluate the influence of resin fgulon mass transfer mechanism of
bioregeneration process, and (4) compare the dagpad rate of resin-attached

perchlorate in the macroporous resin with degradatate of soluble perchlorate in
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water. The findings of this research can be usefdletermining potential capacity loss
during bioregeneration. Capacity loss is a magatdr influencing economics and full-
scale application of bioregeneration as a techryologperchlorate treatment.
5.3. Materials and Methods
5.3.1. Experimental Approach

A bioregeneration system that includes a fermeatet a FBR was designed and
built. The resin was loaded batchwise and placedhe FBR (Figure 5.1). A
perchlorate-reducing microbial culture presentha fermenter was passed through the
FBR containing the resin. At pre-determined timeeivals, resin samples were taken
from the FBR and residual perchlorate concentraitiothe resin was determined. An
oxygen Parr bomb method was developed to deterth@eamount of resin-attached-
residual perchlorate with time. Following bioregeation, the resin was defouled and
disinfected with sodium hypochlorite and the resipacity was measured. This
procedure was repeated for five consecutive cyafiésading and bioregeneration.

5.3.2. Experimental Setup

A small scale system was assembled to bioregenénateselected resin for five
cycles. The set-up consisted of a 10-gallon (87 .Bolyethylene fermenter and a 3-inch
diameter (7.6 cm) x 50-inch (127 cm) tall plexigl&BR. Three ports were drilled along
the FBR column to take resin samples (Figure 1he Termenter for cultivation of
perchlorate-reducing bacteria (PRB) was equippet wutomatic oxidation reduction
potential (ORP), pH, dissolved oxygen (DO), andgemture probes. A stirrer was used
to gently mix the bacterial enrichment culture e fermenter at 25-30 rpm rotational

speed. Before each bioregeneration cycle, theefeten was purged with nitrogen gas
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for 30 minutes to establish anaerobic conditioRserchlorate loaded resin (section 5.3.4)
was placed in the FBR column and the bacteriatbnrent culture was fed upflow using
a peristaltic pump to achieve 30-40% expansiorhefresin bed. The microbial culture
was then recirculated back to the fermenter wheetate (i.e. the electron donor),
nutrient, and minerals were added to sustain batgnmowth. After the bioregeneration

cycle, the resin was rinsed, defouled, and distefic

) Electron donor
Perchlarate/nitrate Mutrignts
contaminated water f —

— 7
A
lon lon
sxchange g exchange s o
resin beads tesin beads | Fluidized *+— _ Microbial
lon exchange Bed " culture
Reactar Reactor # Fermgnter
0, e

= 5]

Disinfectant
and
Traated ; Rinse water
water
Loading Cyw Bioregeneration
Cycle perchlorate Acetate

Figure 5.1. Schematic of the Resin Bioregenerdigstem Technology (Left: Loading of
Resin with Perchlorate during Water Treatment; RiBioregeneration of Spent Resin
Using a Microbial Culture).
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5.3.3. Composition of the Enrichment Culture

A mixed enrichment bacterial culture was used is thsearch. The sources of PRB
inocula were waters from Lake Mead and the Las ¥ég@msh in southern Nevada.
These areas have been contaminated with ammoniuchlpeate for the past five
decades and were presumed likely sources of PRIB.PRB were enriched under anoxic
conditions in an acetate, perchlorate, and minartaient/buffer broth (Table 5.2).
Although resin-attached nitrate was available mBBR as the nitrogen source for PRB,
NHsH.PO, was added to the microbial culture to supply ¢ needed through the

bioregeneration process (Table 5.2).

Table 5.2. Nutrient and Buffer Stock Solution faelding the Culture

Stock solution Components Concentration of compb(wh)
EDTA 0.300
ZnSQ,.7H,0 0.200
CaCh.2H,0 0.100
FeSQ.7H,0 0.400
. Na,M00O,.2H,0 0.040
Nutrients CuSQ.5H,0 0.020
CoCb.6H,0 0.040
MnCl,.4H,0 0.100
NiCl,.6H,0O 0.010
NaSeQ 0.010
H3BO; 0.060
Ko,HP O, 155.0
Buffer NaH,PO,.H,O 97.783
NH,H,PO, 50.0
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A 3:1 molar ratio for acetate/perchlorate was udaihg the enrichment phase. The
PRB enrichment culture was then characterized usuwegdifferent molecular methods,
Restriction Fragment Length Polymorphism (RFLP) ah@S rRNA sequencing
(Kesterson et al., 2005).

5.3.4. Resin Loading

The resin used in this research was ResinTech $MRMACRO which is a
macroporous perchlorate-selective strong base aohange resin has tri-n-butyl-
amine ((GHg)sN) functional groups having a nominal resin capa®f 0.6 eq/L
(ResinTech, Inc., West Berlin, NJ). The resin beae& ranges from 1.18 mm to 0.30
mm (i.e. from #16 to #50 U.S. standard mesh sizélhis resin was specially
manufactured for this research.

The resin used for the bioregeneration tests wadeld batchwise instead of in a
column. Loading was performed batchwise becauskeofarge volume of water needed
to load the resin in a column and to shorten thee tperiod required to load the resin.
Additionally, in the batch loading process, the soare distributed homogeneously
through the resin beads. The composition of thethgfic solution and residual
concentrations used to load the resin for five eychre given in Table 5.3. The feed
water composition was chosen to simulate the amaoiuahions that would be present in
the resin when waters with high perchlorate comaginhs, typically found in industrial

sites, are treated with IX.
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Table 5.3. Resin Loading Data through Five Cycleh® Experiment

Cycle # Anion Added feed Residual Capacity Capacity Percent
conc., mg/L  conc. after 24 occupied, g/L occupied, capacity
hr, mg/L resin meg/Lresin  occupied
ClOs 11061 0.257 11.06 111.16 17.5%
NO; 491 12.6 0.478 7.71 1.2%
Cycle 1 Cl 514 >2100 N/A N/A N/A
SQ,? 532 251 0.281 5.85 0.9%
HCO; 500 800 N/A N/A N/A
Cloy 10151 0.265 10.15 102.01 16.1%
NO; 499 15.4 0.484 7.81 1.2%
Cycle 2 Cl 495 2988 N/A N/A N/A
SQ,? 532 133 0.3987 8.31 1.3%
HCO; 500 750 N/A N/A N/A
Cloy 10229 0.502 10.23 102.79 16.2%
NO; 468 12.4 0.456 7.35 1.2%
Cycle 3 Ci 511 2891 N/A N/A N/A
SO, 506 161.2 0.344 7.17 1.1%
HCO; 500 690 N/A N/A N/A
ClOs 10082 1.305 10.08 101.31 16.0%
NO; 464 12.8 0.451 7.27 1.1%
Cycle 4 Ci 508 2886 N/A N/A N/A
Slele 516 163 0.353 7.35 1.2%
HCO; 500 635 N/A N/A N/A
Cloy 10018 1.061 10.02 100.67 15.9%
NO; 458 7.47 0.451 7.27 1.1%
Cycle 5 Cl 506 2964 N/A N/A N/A
SQ,? 495 199.2 0.296 6.16 1.0%
HCO; 500 610 N/A N/A N/A

Total capacity = 0.64 eqg/Lresin

A volume of 1300 mL of resin was selected for us®ugh five cycles of loading,

bioregeneration, fouling removal, and disinfectidn.the loading step, the initial volume
of resin was measured and added to a glass botteequal volume of feed solution
(Table 5.3) was prepared and added to the bottlee bottle was then placed in a rotary
mixer (Associated Design MFG Co., Alexandria, VA)38 rpm and 22+2°C. After 24
hours, the mixture was allowed to settle for 3 mifhe supernatant was sampled for
residual analysis of anion and the left over sugiamt was decanted. The initial and
in the solutioerenv then submitted to lon

residual concentrations of anions

Chromatography (IC) analysis. The loaded resin svased 6 times with 2 BVs of de-
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ionized (DI) water to remove residual anions. Qerivity measurements of the rinsate
solution showed that rinsing six times with 2 BMsDd water was effective to remove
the excess ions from the loaded resin. After theing, the resin was stored in the
refrigerator until the start of the bioregeneratexperiments.

5.3.5. Resin Bioregeneration

The resin bioregeneration process was continued the residual perchlorate
concentration in the resin remained constant. Bibesgeneration processes ran for a
period of 9-14 days. Daily, 4 mL of resin samplergvtaken from the ports along the
FBR column using a 20-mL syringe. The resin samyds then rinsed 6 times with 5
BVs of DI water to remove microbial cells and exxesions, labeled, and stored in the
refrigerator. The residual perchlorate in the das)was then measured.

During the bioregeneration cycles, the effluene lirom FBR to the fermenter was
monitored for perchlorate daily, and no perchlorates detected. Chemical oxygen
demand (COD), suspended solids (SS), and condiycaimalysis were performed on the
samples taken form the fermenter on a daily basis.

Through the bioregeneration cycles, the volumehef microbial solution was 30L.
The SS in the fermenter was maintained at 1000-206/.. Whenever the SS dropped
too much owing to electron acceptor limitation, PR#&8Is originating from the stock
enrichment culture were concentrated by centrifogand added to the fermenter to
increase the biomass. The amount of electron daetate) in the fermenter was
measured as COD and maintained above 1500 mg/ter &fe bioregeneration process
was complete, the microbial culture in the FBR wassferred from the bottom of FBR

to the fermenter using a peristaltic pump. Thenr@gas then rinsed with 1 BV of DI
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water 5 times to remove microbial cells. The resas then submitted to the fouling
removal process.
5.3.6. Bio-fouling Removal and Disinfection

Biological fouling is a consequence of bioregenerat The procedure used for
fouling removal was developed in the EnvironmenElgineering Laboratory at
University of Nevada Las Vegas (UNLV) (Batista &t 2007a) (Table 5.4). As shown
in Table 5.4, fouling removal procedure includesofisecutive steps. First, 1.5 BVs of
fouling removal reagent (i.e. 12% NaCl / 2% NaOkktoie) was pumped up-flow to the
FBR column containing resin. After 12 hours, tiesate solution was decanted and
sampled. Second, 1.5 BVs of fouling removal readena. 12% NaCl / 2% NaOH
mixture) was pumped up-flow to the FBR column, aftér 4 hours, the rinsate solution
was emptied and sampled. Third, 1.5 BVs of fouliamoval reagent (i.e. 12% NaCl)
was pumped up-flow to the FBR column, and afterofrf, the rinsate solution was
decanted and sampled. Last, the resin was rinsd3sBVs of DI water to remove
excessive amount of ions. The rinsate solutionpdasncollected after each step of
fouling removal were submitted for COD analysis.

Following fouling removal procedure, the resin wdisinfected using 1.5 BVs of
sodium hypochlorite with the concentration of 10@/inas free chlorine which was
pumped up-flow to the FBR column. After 15-20 nteggricontact time, the solution was
decanted. The resin then was rinsed until no wesichlorine was detected in the rinsate
solution. Residual chlorine measurement using t@hpControls Series 1772000
amperometric titrator (Steven Trent Services, FastWngton, PA) showed that rinsing

with 2 BVs of DI water six times is sufficient t@move to remove all the residual
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chlorine from resin. Total coliform analysis usifiREXX Quanti-Tray method (IDEXX

Laboratories, Inc., Westbrook, ME) was performedrenDI water rinsate solutions after

disinfection step. No coliform bacteria were dé&dcin the rinsate solutions collected

from the resin after disinfection procedure. Therdgenerated, defouled, disinfected,

and rinsed resin was then submitted to loading ge®cagain to initiate the next

bioregeneration cycle.

Table 5.4. Fouling Removal and Disinfection Procedused after Bioregeneration

Process

Fouling removal / Applied Retention time
disinfection reagent | volume
12% NaCl + 1.5BV 12 hours
2% NaOH
Fouling removal 12% NaCl + 1.5BV 4 hours
procedure 2% NaOH
12% NaCl 1.5 BV 2 hours
DI water rinse 3 BV N/A
100 mg/L free 1.5BV 15-20 min
Disinfection chIo_rine using .
sodium hypochlorite
procedure

DI water rinse

until no residual chlorine is deégkt

in the rinsate

5.3.7. Residual Perchlorate Analysis

For this research, a method has been developeccésure resin-attached residual

perchlorate remaining as bioregeneration progresseshis method, small samples of

resin are ignited in an oxygen Parr bomb (Parrrumsénts, Moline, IL) and the

perchlorate present is converted to chloride i@si(-CIQ + O, — CO, + CI). The

chloride concentration is then measured using IC.
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Prior to ignition in the Parr bomb, 1 mL of resiangple was placed in 100 mL of
concentrated nitrate solution and mixed for 24 Bour a rotary shaker. This was
performed to assure that all chloride ions attadwethe resin functional groups were
replaced by a nitrate ion. Thus, chloride ionsedetd after ignition are associated with
perchlorate load. The resin was then separated fih@ supernatant by filtering through
a filter paper and rinsed 6 times with DI waterémove anions not attached to the resin.
Next, the resin was dried in a gravity oven (VWRe&VChester, PA) at 105°C for 1
hour. Then, 50 to 200 mg of the dried resin sanaplé 400 mg of paraffin oil were
weighed and placed in the Parr bomb. Ten mL (10 ail35 mM NaOH and 3 mL of
3% HO, were also added to the Parr bomb. The Parr bowrb thhen capped and
pressurized with 500 psi (30-35 atm) oxygen gase flesin sample was then ignited
using 10 cm of nickel fuse wire. During the igortj perchlorate was converted to
chloride ion. The Parr bomb cylinder was then @geand its content was rinsed with
small portions of DI water and transferred to a 290 volumetric flask. Chloride ion
was then determined in the resulting ignition dolutusing ion chromatograph (IC).
Because combustion of one mole of perchlorate pvidlduce one mole of chloride, the
amount of perchlorate in the resin sample can beuleded. Ultimate coal (Alpha
Resources Inc., Stevensville, MI) sample with avin@hloride content was used as the
chloride standard for quality assurance. In thiseca known amount of coal was ignited
in the Parr bomb and the chloride concentratiothan product solution was measured.

Measurements were 99.73% accurate.
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5.3.8. Resin Capacity Measurement

It was expected that bioregeneration would resultiecreased resin capacity after
each cycle. Therefore, the total capacity of frastl bioregenerated resin was measured.
To measure the capacity, 15 mL of wet resin wagequlain a pipette filled with a
stopcock. One L of 4.0% HCI was passed throughrésan bed to convert the resin to
the chloride form. Next the resin was rinsed witlh. of DI water to rinse interstitial
chloride. One L of 1.0 N NaN{solution was then passed through the resin tacepl
the chloride ions with nitrate. The effluent fraime NaNQ rinse was collected and
titrated with AQNQ to measure the chloride concentration. Theonétjcaach mole of
detected chloride in the effluent corresponds oné&rof nitrate exchanged by the active
functional groups. The resin capacity in equivedén is then calculated using the
chloride measurements.

5.3.9. Chemicals and Analyses

All perchlorate concentrations and low concentraiof chloride were measured
using a Dionex ICS-2000 IC (Dionex Corporation, ®urale, CA), consisting of an lon
Suppressor-ULTRA 1l (4 mm), lonPac AS16 (4 mm) gtehl, AG16 (4 mm) guard
columns, and an AS16 autosampler. For perchloERé, method 314.0 was used with a
current of 100 mA and a NaOH concentration of 35 mith a flow rate of 1.0 mL/min.
A calibration curve was established using perchdoratandard solutions with
concentrations between 5 and 100 pg/L. A coefiice determination of 99.97% was
used for calibration. Similarly, a current of 160A and a NaOH concentration of 35
mM with a flow rate of 1.0 mL/min were used to maaslow-concentration chloride ion.

Calibration curve for low-concentration chloridesyalotted with standard solutions with
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concentrations between 100 and 500 pg/L using dficeat of determination of
99.97%. For nitrate, sulfate, and high concertratiof chloride anions, lonPac AS20 (4
mm) analytical and AG16 (4 mm) guard columns weseduon the same IC with a
current of 110 mA and a NaOH concentration of 30 srM a flow rate of 1.0 mL/min.
The calibration curve for nitrate, sulfate, andhhigoncentrations of chloride anions
measurement was prepared for concentrations betdemmd 10 mg/L and a 99.99%
coefficient of determination.

Bicarbonate and suspended solids wereasured according to Standard Methods
4500-CO2-D and 2540-D, respectively (Greenberglet2805). Chemical oxygen
demand (COD) was measured using high range (0-afgf)) Hach COD digestion vials
(Hach Co., Loveland, CO). The pH values were nregbswsing a Fisher Scientific
model AR25 pH meter (Springfield, CO). Conduciivivas determined using YSI
(Model # 30/10 FT) conductivity meter (YSI, Inc.,&Wh Springs, OH). The DO in the
FBR was measured using YSI Model 58 Dissolved Orygester (YSI, Inc., Warm
Springs, OH). The % transmittance was measureshgusa Hach DR 5000
Spectrophotometer at the wavelength of 600 nmwa&ier with a resistivity of 17.5
cm was obtained from a Barnstead water purificasigstem (Dubuque, 1A) and used in
all steps, unless otherwise noted. All the usdis seere ACS grade and obtained from
VWR (West Chester, PA).

5.3.10. Scanning Electron Microscopy (SEM)

Fresh resin and bioregenerated resin, samplec a&rtth of cycle 5, were rinsed with

DI water and air-dried for 24 hours at 22+2°C. Tasins were then glued on a metal

surface and allowed to air-dry for 20 1 hour. Thée glued resins were scratched using
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soft sandpaper to expose the inner portion of b for imaging. The samples then
rinsed with DI water air-dried for 24 hours at 22€2 Scanning electron microscopy
imaging of the resin samples was performed usig J8M-7500F SEM (JEOL Ltd.,
Tokyo, Japan) employing secondary electron deteattdr.00 kV. After SEM imaging,
the bioregenerated resin sample was then soakedDOGnmg/L sodium hypochlorite
solution for 20 minutes. The sample was then dngih DI water air-dried for 24 hours
at 22+2°C, and submitted for SEM imaging again.
5.4. Results
5.4.1. Enrichment Culture Characterization

Previously published characterization of the PRBcament culture (Kesterson et
al., 2005) revealed that the culture is composedtdeast 6 bacterial genera, two of
which are able to degrade perchlorate as an eteettoeptor. All 6 isolates are gram-
negative and facultative anaerobic bacteria. Thetdial genera that have been
identified in the culture includd’seudomonas, Azospira (formerly Dechlorosoma),
Dechloromonas, Aeromonas, and Rhizobium, which are typically present in soils and
waters (Kesterson et al., 2005).

5.4.2. Fermenter Performance

Typical values of COD, SS, pH, and conductivitytied microbial enrichment culture
present in the fermenter through the bioregenaratigrles appears in Figure 5.2.a-d.
The SS varied between 1000-2000 mg/L during fiveles/of bioregeneration. As it is
shown in Figure 5.2.a and 5.2.c, there was a deergathe amount of biomass in the
fermenter as bioregeneration progressed. Theylikehson for this decrease was

shortage of electron acceptor (i.e perchloratefifermicrobial culture since the electron
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donor (i.e. acetate, measured as COD) was availabthe system. At some points
during bioregeneration (e.g. day-2 and day-3 inufggs.2.a), concentrated PRB cells
originating from the master seed cultures were dddethe fermenter to increase the
biomass. Figure 5.2.a and 5.2.c also show a drdpel COD values that was due to the

consumption of acetate as the electron donor sdayrtlee bacteria.
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‘ —&— pH —&— conductivity

(a) COD and SS in the fermentor during cycle 2 (b) pH and conductivity in the fermentor during cycle 2
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Figure 5.2. Typical Fermenter Operating Conditidag:and (c) Decrease of COD and

SS during Cycles 2 and 4, (b) and (d) IncreaggHpfand Conductivity in the Fermenter
during Cycles 2 and 4.

The pH of the fermenter was maintained betweeraidl8.0 using phosphate buffer.
There was an increase in the pH values as thedsnezation proceeded (Figures 5.2.b

and 5.2.d). The observed increase in pH is liklelg to biodegradation of resin-attached
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nitrate (i.e denitrification). The loaded resimtained several anions, including nitrate
and the bacterial culture used is known to degtamtb nitrate and perchlorate. Only
perchlorate degradation was monitored in this stugigures 5.2.b and 5.2.d also show a
slight increase of the conductivity in the micrdbulture. This increase in the
conductivity in the microbial culture was due te tonversion of resin-attached residual
perchlorate to chloride during bioregeneration.

ORP and temperature of the fermenter also weretoredi. ORP varied from (-)390
mV to (-)470 mV and temperature of the system varietween 22+2°C. DO
concentrations were always below 0.2 mg/L.

5.4.3. Resin Bioregeneration

Perchlorate biodegradation for all five cycles afrbgeneration is shown in Figures
5.3.aand 5.3.b. Cycles 1, 2, and 3 were run 4oddys, while cycles 4 and 5 were run
for 9 and 8 days, respectively. The stabilizatbthe residual perchlorate concentration
in the resin bed was the criterion to stop thedgeneration cycle (Figure 5.3.a). The
data show that perchlorate biodegradation is fagnd the first days, and then it slows
down and stabilizes. In Figure 5.3.a, all the dataept day-O are Parr-bomb
measurements of resin-attached perchlorate rengainirthe resin as bioregeneration
progresses. Initial perchlorate concentration {agy-0) for each cycle is the amount of
perchlorate loaded to the resin at the beginninghat cycle (Table 5.3) plus the
remaining perchlorate in the resin from the presiaycle. For cycle 1 the initial
perchlorate concentration is the amount of pereltdoloaded to the resin at the beginning
of the cycle. Notice in Figure 5.3.a that theialiperchlorate concentration in the resin

for each cycle differs. The reason for that ischlrate buildup in the resin after each
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cycle. At the end of bioregeneration, the remarperchlorate values in cycles 1-5 are
3.1 Gerchioratblresin 5.4 Gerchioratblresin 7.4 Gerchioratblresin 8.5 Gerchioratblresin and 8.8

Operchloratbl resin

(g/L of resin)

Residual perchlorate in resin

500
450
400
350
300
250
200
150
100

Residual perchlorate per L of
culture (mg/L of culture)

Figure 5.3. Residual Perchlorate ConcentratiomduFive Cycles of Bioregeneration:
(a) Residual Resin-attached Perchlorate Concemtisadind (b) Residual Perchlorate
Content in the Resin per Liter of Microbial Culture

Table 5.5. Resin-attached Perchlorate and FredBeaite Biodegradation Rates
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Cycle # Initial perchlorate Observed Theoretical Reference

situation  concentration perchlorate (Calculated)
(Mg’ Leurturd biodegradation biodegradation
rate (mg/mgsdd) rate (mg/mgsdd)

1 (1st day) 422 0.096 0.362 5.854 This Study
to resin

2 (1st day) 361 0.066 0.357 - 5.838 This Study
to resin

3 (1st day) 296 0.065 0.352 -5.819 This Study
to resin

4 (1st day) 336 0.039 0.341-5.780 This Study
to resin

5 (1st day) 177 0.066 0.321-5.704 This Study
to resin

NA Free in 298 1.68 0.338 - 5.768 Korenkov et
water al., 1976

NA Free in 915 2.57 0.383 -5.922 Attaway and
water Smith., 1993

NA Free in 100 0.36 0.353 - 5.357 Logan et al.,
water 2001

NA Free in 250 0.64 0.385-5.725 Shrout and
water Parkin, 2006

& Calculated using Kand g, from Loganet al., 2001
b Calculated using Kand g, from Walleret al., 2004

¢ Not Applicable

Figure 5.3.b depicts the resin-attached residuahparate mass as g of C{(er liter

of microbial culture. In all five cycles depictéu Figure 5.3.b, the highest perchlorate
biodegradation rate was obtained in the first dafy®ioregeneration, and then it was

reduced throughout the rest of the experiment. ifii@l perchlorate load at the start of

cycles 1-5 was 481 Mglkwure 433 MyY/leuiture 385 MY/ leuiture 314 MQ/Leyiure and 231

Mg/Leuure  respectively (Figure 5.3.b).
perchlorate load was the decrease of resin voluame £305 mL in cycle 1 to 375 mL in
cycle 5 due to sampling. Samples were taken duriogegeneration for the Parr-bomb

and resin capacity measurement while the volumehef microbial culture in the

fermenter was kept constant at 30 L for all fiveleg.
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The observed degradation rate for resin-attachedhjogate expressed as mg of
perchlorate biodegraded per mg of SS per day/(hgdd) for day 1 of cycle 1-5 is
shown in Table 5.5. For comparison, the degradatade for free perchlorate ion in
water from other studies is also shown in Table 5.5

Theoretical degradation rates were calculated uMiogod’s kinetics (Table 5.5)
(Rittman and McCarty, 2001), which is an acceptedi@hfor perchlorate biodegradation

in water (Waller et al., 2004):

dS = XS

— 5.1
dt S+K, 1)

where, S is concentration of perchlorate (mgdike; t is the time (d); gax is the
maximum perchlorate utilization rate{d X is the SS in the system (mg/L); and ik
the half-saturation constant for perchlorate (mg/Njine pairs of Kand Ghax from other
studies (Table 5.1) were used to calculate the adiegion rates and the lowest and
highest theoretical rates are reported in Table 5.5

In Chapter 4, a conceptual model for resin bioregaion process was envisioned
which involves four steps as follows: a) Desorptdmesin-attached perchlorate from the
functional groups located in the resin bead math; Diffusion of the desorbed
perchlorate from the inner portion of the resindeathe surface through the resin pores;
c) Diffusion of perchlorate through the liquid filoovering the surface of resin bead to
the bulk microbial fluid; and d) Biodegradation mérchlorate in the periplasmic region
of PRB. In all five cycles of bioregeneration, thieserved perchlorate biodegradation
rate in the first day of the bioregeneration prscess one order of magnitude smaller
than the smallest calculated theoretical biodedradlaate of free perchlorate (Table

5.5). This observation could be attributed to tpaiential explanations: (1) kinetics
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control: perchlorate biodegradation rate is conegioin dependent and it slows down for
perchlorate concentrations smaller that the halfraion constant for perchlorate (Cox et
al., 2000; Logan, 2001, Tan et al., 2004; Hirenetthl., 2006), and/or (2) mass transfer
control: perchlorate biodegradation rate dependsthen diffusion of the desorbed
perchlorate ions from the original functional greulpcated in the resin bead to the
bacteria located outside the resin bead (i.e. ste@sd d of the above-mentioned
conceptual model). Based on the results of Chaptdyoth pore diffusion and film
diffusion mechanisms are controlling in resin bgaeeration process for perchlorate-
selective resins. Hence, the reason for higheerobd perchlorate biodegradation rate
for free perchlorate compared to resin-attachedhperate (Table 5.5) is the limitation in
the mass transfer flux.
5.4.4. Capacity Loss Evaluation

Figure 5.4 depicts the amount of loaded perchlot@tthe resin, initial perchlorate
(i.e. loaded perchlorate plus remaining perchlofaien the previous cycle), remaining
perchlorate in the resin, and biodegraded perdaanathe resin in each cycle. In cycles
1-5, 72.0%, 59.2%, 52.7%, 51.4%, and 52.5% of thgal perchlorate (i.e. loaded
perchlorate plus remaining perchlorate from presiawycle) was degraded during
bioregeneration, respectively (Figure 5.4). ltlikely that every time the resin was
loaded, there was a core in the resin (in the ceotethe bead) that was not
bioregenerated. It seems that the size of this from cycle 1 to cycle 5 grew, and every
time the resin was loaded, perchlorate was replactdte outer portion of the resin bead,
and permanent perchlorate in the center of bead caased over to the next cycle.

Notwithstanding the remaining perchlorate in thsinmecarried over from the previous
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cycles, in cycles 1-5, 72.0%, 77.3%, 80.4%, 89.4A6 97.0% of the perchlorate, which
was loaded to the resin in each cycle (section, 2vék utilized, respectively. These
results show that the amount of perchlorate loadded in the loading step, that was
being bioregenerated in the bioregeneration proicessased from cycle 1 (i.e. 72%) to
cycle 5 (i.e. 97%). Although the initial perchltedoad of the resin was almost the same
during all five cycles (i.e. 11.06 pdchioratblresin  10.15  @erchioratblresin  10.23
Operchioratblresin  10.08  @erchioratblresin - and  10.02  @rchiorarblresin for cycles 1-5,
respectively), for cycle 1 and cycle 5, 72.0% aidd®of the initial perchlorate load was
biodegraded, respectively. Figure 5.5 depicts that undegraded perchlorate load
buildup was fast through cycles 1 and 2, and begastabilize in cycles 4 and 5. The
reason for this observation could be that somehef functional groups of the resin
located in the center of resin bead could not lgenmerated and were permanently
occupied by perchlorate throughout the bioregereratycles. These functional groups
are occupied by perchlorate because the resulBaaf bomb measurement of resin
samples at the end of bioregeneration process #hatvperchlorate ion is available in the
resin.

Bio-fouling and as a result clogging of the resargs can be the potential reason for
perchlorate permanent load build-up in the re#\n\SEM analysis of the rinsed and air-
dried fresh resin and bioregenerated resin that seagpled after cycle 5 revealed that
some of the pores of the bioregenerated resin alegged, while the pores in the fresh
resin bead were clearly accessible (Figures 5./6da586.b). After SEM imaging, the
bioregenerated resin sample was soaked in 100 saglium hypochlorite solution for 20

minutes, rinsed with DI water, and air-dried. A NbEanalysis of the treated-
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bioregenerated resin sample showed that most tres peere unclogged after treatment
with sodium hypochlorite solution (Figure 5.6.cdiggesting that the clogging materials
are likely organics that can be removed using sodwypochlorite solution. Although,

the substance that is clogging the pores has ot tearacterized because it was difficult
to remove it from the pores in significant amouortdn analysis, it is likely that the pores
are clogged by bacterial debris or biodegradatigprdducts. The perchlorate load

buildup may be due to slowing down of mass transfethe resin pores because of

clogging.

Perchlorate load (9/Lresin)

1 2 3 4 5
Cycle No.

@ ClO4- at the beginning of cycle
Loaded ClO4- into the resin

O Biodegraded ClIO4-

W Remaining ClO4- after bioregeneration

Figure 5.4. Initial Perchlorate (i.e. Loaded Peochile plus Remaining Perchlorate
from the Previous Cycle); Loaded Perchlorate toRbsin; Biodegraded Perchlorate;
and Remaining Perchlorate for Each Cycle of Bionegation. However Loaded

Perchlorate Stayed Approximately Constant throudfeient Cycles, Total Initial
Perchlorate-Load at the Beginning of Each Cycledased from Cycles 1 through
Cycle 5 Due to Residual Perchlorate Leftover from Previous Cycle. The Amount

of Biodegraded Perchlorate Also Increased from €¢do Cycle 5.
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The results of Chapter 4 revealed that bioregeioergtrocess is controlled by mass
transfer. Since the desorbed perchlorate must lsmmeiffuse through the pore matrix
of the resin bead and reach the bacteria, any a&ena the pore diffusion flux due to
clogging affects bioregeneration process. The SiBRYing showed that after the resin
was fouled some of the pores in the resin weregedg Thus, during the establishement
of clogging in the resin through the bioregeneratiorocess, pore diffusion flux
decreased. It appears that establishment of fpuéind as result, clogging causes lower
mass transfer flux compared to mass transfer ifiuxot-fouled resin. Therefore slower
perchlorate biodegradation rate at the end of gemeration process can be expected as
Figure 5.3.a, since: a) just because of pore ddfysit takes longer for perchlorate
located deep into the bead to arrive to the surfdemkatesan et al., 2010) independent
on pore clogging, and b) if there are clogged pdines the mass transfer slows down

even more.

10

Residual ClO4- after bioregeneration
(g/Lresin)

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Bioregeneration Cycle

Figure 5.5. Permanent Perchlorate Load Builduputindd Cycles of
Bioregeneration: The Load Buildup is Stabilizedha Last Cycles
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]
X 50,000 1.00kV SEI

—
X 50,000 1.00kV SEI

X 50,000 1.00kV SEI

Figure 5.6. SEM Images of the (a) Fresh Resin (Nihmal Pores), (b)
Bioregenerated Resin Sampled after Cycle 5 (ArrBhwsw the Clogged Pores), and
(c) Bioregenerated Resin Which is Treated with &@3L Sodium Hypochlorite
(Arrows Show the Unclogged Pores).
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Resin was treated for biological fouling after eabloregeneration cycle (as
expressed in Table 5.4), and the COD of the rinsate measured (Figure 5.7). Prior to
the fouling removal procedure, the resin was rinsgld 1 BV of DI water for 5 times to
remove the remaining microbial cells and organid¢sctv might remain in the resin.
Table 5.6 shows the typical data of the % tranamdt of the rinsate solutions, indicating
that the employed rinsing procedure removed theaiimg microbial cells from the resin
effectively. Even though the resin was rinsed WitBV of DI water for 5 times prior to
the bio-fouling treatment, significant amounts ofjanics were detected in the fouling
removal rinsate solutions (Figure 5.7). In cycle$, 3840 mg.COD/ksin 4778
Mg.COD/Lesin 5745 mg.COD/lesin 4650 mg.COD/lesin and 3465 mg.COD/Lsjn Of
organic substances, resulting from biodegradatimre removed from the resin. The
nature of the organic substance removed was neastigated, but it is thought to be
byproducts of biodegradation.

The resin treated by the fouling removal and desttibn procedure had a yellowish
brown color which made the resin look differentnfréhe fresh resin. Though applying
higher concentrations of the disinfectant agent im@yble to retrieve the original light
color of the resin, treatment with concentratednfiistant reagent potentially increases
the risk of oxidation of the active functional gpsuof the resin beads, which may result

in capacity loss of the resin.
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COD of the rinsate (mg/L)
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12% NaCl + 2% NaOH12% NaCl + 2% NaOH 12% NacCl (2 Hr)
(12 Hr) (4 Hr)

‘ —o— Cycle 1 —#— Cycle 2 —&— Cycle 3 —>— Cycle 4 —¥— Cycle 5‘

Figure 5.7. COD of Eluate Obtained during Foulirep®val Process Applied on the
Resin.

Table 5.6. Typical Data for Rinsing the Resin witBV of DI Water for 5 Times Prior to
the Biofouling Removal Procedure

Number of rinsing % transmittance of the rinsatéGd nm
1 79.8%
2 97.6%
3 100.0%
4 100.0%
S 100.0%

Resin capacity was measured before bioregenerdigfore disinfection, and after
disinfection in each cycle. Table 5.7 shows tis#nreapacity measurements from cycle 1
through cycle 5 of bioregeneration. The resin capaneasurement method (section 2.8)

was not able to account for perchlorate load bugdin the resin. The reason is the
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method uses Clion to convert the resin to the chloride form, ahee to the higher
affinity of the perchlorate-selective resin for g@orate than chloride, perchlorate cannot
be replaced by chloride during the first step ef tApacity measurement method. Hence,
the observed capacity loss reported in Table 5duésin part to perchlorate load build-up
in the resin in addition to other possible factush as disinfection and microbial activity
effects. Capacity measurement at different stéymsvs that the capacity loss is not
cumulative throughout the consecutive loading-lgereration cycles. Capacity loss did
not increase with each cycle of bioregeneratioramg@aring pre-disinfection and post-
disinfection values from Table 5.7, it appears that applied disinfection step had very
little effect on the resin capacity.

Table 5.7 indicates that after five cycles of leaglibioregeneration, fouling removal,
and disinfection of the resin, the total capaaitysl was about 15.6%, which corresponds
to 9.93 g CIQ/Lesin if the total capacity of the resin is 0.64 egfkih There is 1.13 g
ClO4 /L esin difference between 9.93 g CJ.sin Capacity loss (Table 5.7) and the
permanent perchlorate load of 8.80 g of £Qesin (Figure 5.4, Cycle 5).

A significant finding of this study is that the bémeneration process can be
performed as a multi-cycle process. The capad$g was mostly due to remaining
perchlorate load, and it was stabilized after a Ii@ovegeneration cycles. Although after
cycle 5 there was about 9 g of Glesin permanent perchlorate load in the resin, it is
only about 15% of the total capacity and the redih can be used in the loading-

bioregeneration process.
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Table 5.7. Resin Capacity Measurement and Caplegy for Five Cycles of
Bioregeneration

Cycle # Sampling point Capacity (eq/L) Capacitysl¢#)
Pre-bioregeneration 0.64 0.0
Cycle 1 Pre-disinfection 0.61 4.7%
Post-disinfection NA NA
Pre-bioregeneration 0.52 18.8%
Cycle 2 Pre-disinfection NA NA
Post-disinfection 0.54 15.6%
Pre-bioregeneration 0.54 15.6%
Cycle 3 Pre-disinfection 0.54 15.6%
Post-disinfection 0.54 15.6%
Pre-bioregeneration NA NA
Cycle 4 Pre-disinfection NA NA
Post-disinfection 0.56 12.5%
Pre-bioregeneration NA NA
Cycle 5 Pre-disinfection 0.54 15.6%
0.55 14.1%

Post-disinfection
2 Virgin resin capacity was assumed 0.64 eq/L

5.5. Discussion
A main concern in resin bioregeneration is capalass of the resin. The results
showed that there is a perchlorate load buildupught to be in the center of resin,
through cycle 1 to cycle 5. The perchlorate loaddop is a major reason for resin
capacity loss through bioregeneration cycles. Tapacity loss resulting from
perchlorate load buildup is more significant throulge first cycles and stabilizes after a
few cycles. It is thought that there is a regiorthe center of resin bead where some the

functional groups of the resin are unavailable padnanently occupied by perchlorate
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throughout the bioregeneration cycles. The possibhason for unavailability of the
functional groups in that region of resin beadikely to be clogging of the resin pores,
which has been observed by SEM imaging. Howewes, broader view, capacity loss of
the resin can have another potential reason intiaddio clogging of pores in the resin
structure which is oxidation of some of functiogabups in the resin due to exposure to
disinfectant agent (i.e. sodium hypochlorite).

Perchlorate buildup was found to be the major demkbof the bioregeneration
process. Evaluation is needed to determine whdilmgegenerated resins, containing
some residual perchlorate, can be used to prodater that meets the regulatory levels
for perchlorate. Clearly, since capacity lossnigolved in the bioregeneration process,
lower bed volumes of water can be processed tdreagakthrough point. If perchlorate
leakage occurs when using bioregenerated resirth@ndX column containing fresh
resin can be used to polish the effluent. Thikspimg IX column can last for a very
long time since the leakage of the 1X column caritag bioregenerated resin is expected
to be much less than the influent perchlorate ceinagon to the water treatment plant.

Obviously one has to evaluate the economical féagilmf the bioregeneration
process. Two factors play main roles in the ecaoaimevaluation of IX resin
bioregeneration process. On the one hand, tharesisof purchasing fresh resin in the
places where spent resin is incinerated. On ther dtand, there are costs associated with
resin bioregeneration process. Capital costs diechuilding fermenter, the FBR, pumps,
and pipelines. Operating costs include personmelrgy, and purchasing electron donor,
nutrients/minerals, and buffer chemical costs. atidition there is a reduction in the

volume of processed water because of capacitydbfise resin due to bioregeneration.
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Considering the number of loading-bioregeneratipries and the 15% capacity loss due
to bioregeneration process, bioregeneration iskfasnly if its costs are less than the
costs of replacing the spent resin with fresh redihe results of economical assessment
of the trade-off between bioregeneration and udeesh resin (Appendix B) showed that
from economical point of view employing resin bigemeration process decreases the
cost of perchlorate removal from water about $T@ere are also environmental costs to
be considered when spent resins are incinerategpermling on regulations concerning
minimizing greenhouse gases, in some states, camgalits could be awarded to water
utilities that stop resin incineration. In the d¢pterm, resin bioregeneration can be the
technology of choice for water utilities dealinghvperchlorate contamination.

Biodegradation of resin-attached perchlorate ioss slower than biological
degradation of free perchlorate ions. It has lsewn that resin bioregeneration process
is mass transfer controlled. Results of resin dgeneration from different studies
showed that at first the biodegradation rates asé dnd then slow down and stabilize.
There are two reasons involved in slowing down e tlegradation of resin-attached
perchlorate ions: a) pore diffusion itself indepemidon pore clogging: it takes longer for
perchlorate ions located deep into the bead tweata the surface, and b) pore clogging:
SEM imaging showed that as bioregeneration progsggmore clogging establishes in the
resin bead which causes the mass transfer slows degan more.

5.6. Conclusions

The objective of this research was to determinetidremacroporous perchlorate-

selective resins can be bioregenerated for manlesy@he results obtained from this

study revealed that macroporous perchlorate-seéedX resins can be bioregenerated
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and reloaded for five cycles. However, the cagdoss is significant (i.e. about 15%)
but not cumulative after multi-cycle loading-bioesgration process. Capacity loss is
mostly due to permanent perchlorate load builduphi resin. This perchlorate load
buildup is fast through the first two cycles anthasét stabilizes through cycles 4 and 5.
The following can be concluded from the resultthig research:

7) The reason for perchlorate load buildup could bavaitability of
some of the functional groups located in the ceoteesin due to clogging
of the pores of the resin. The applied foulingatmeent and disinfection
methods were effective during the regenerationesycand could remove
significant amount of organics from the resin.

8) As bioregeneration progresses, establishment dinfpwcauses
lower mass transfer flux in the resin compared tssntransfer flux in
unfouled resin.

9) Slower perchlorate biodegradation at the end of the
bioregeneration process can be attributed to: gy gibfusion independent
of pore clogging: it takes longer for perchloratedted deep in the bead to
arrive at the surface, and b) pore clogging: a doatlon of slower
diffusion due to location within the bead and cloggof the pores by
bacteria causes the mass transfer slows down epen m

10) The perchlorate biodegradation rate of resin-a#dcperchlorate

is significantly slower than the biodegradatiorerat soluble perchlorate.
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CHAPTER 6
CONCLUSIONS, IMPLICATIONS, AND RECOMMENDATIONS FORURTHER
RESEARCH
6.1. Conclusions

Resin bioregeneration as a new concept in IX teldgyohas been developed and
patented (Batista, 2006). This concept is baseddicectly contacting perchlorate-
containing I1X resin with a PRB culture under andaimaerobic conditions. Generally,
the process consists of a fermenter, which holdshp#rate-reducing microbial culture,
and a fluidized bed reactor (FBR), which holds gechlorate-laden resin. In this
process, first the fresh resin is used to treaewahfter the capacity of the ion exchange
resin is exhausted, the resin is transferred toRBB column. Next, the perchlorate-
reducing microbial culture is pumped from the fentee to the FBR upward. In this
process, perchlorate-selective and non-selectiveexchange resins can be directly
bioregenerated by perchlorate-reducing bacteriaBjPReading to the conversion of
perchlorate ions to innocuous chloride. An etattdonor such as acetate needs to be
provided to the bacteria. Although the feasibibfyperchlorate-laden 1X bioregeneration
process has previously been proven (Batista andeder2006; Batista et al., 2007b;
Wang et al., 2008b; Venkatesan et al., 2010), thechanism of resin-attached
perchlorate reduction has not been elucidated fdaus The objectives of this research
were:

a) to understand the mechanisms of degradation af-edtsached perchlorate, and

b) to investigate the feasibility of bioregeneratidnian-exchange resin for several

exhaustion-bioregeneration cycles.
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Bioregeneration tests using both batch and fludlized reactor were performed to
investigate these two issues. The results of tbsearch revealed that there is a
desorption step involved in biodegradation of redtached perchlorate (RAP). Chloride
ion, which is the product of perchlorate biodegtemapresent in all PRB cultures grown
using perchlorate, is likely the desorbing agenR&P in the bioregeneration process.
Increasing the concentration of chloride in the RRRBure, below the chloride inhibitory
level to PRB, enhances the IX resin bioregeneratimtess. It was also found that
macroporous resins, which have higher water costantl larger average pore sizes
bioregenerate better than gel-type resins. Lgoges sizes in macroporous resins result
in higher pore diffusion. The results further sleomthat decreasing the resin bead size
has a significant positive effect on resin bioregation process. Mass transfer of
desorbed perchlorate from the original functionalugp in the resin to the bulk microbial
liquid was found to be the controlling step in tKebioregeneration process.

Another goal of this research was to study the ilbidag of multi-cycle
bioregeneration and estimate the capacity lossauesin bioregeneration. A significant
finding of this study is that the bioregeneratiangess can be performed several times.
Perchlorate-selective macroporous IX resins casulseessfully employed in consecutive
loading-bioregeneration IX process. It was fouhdttcapacity loss is significant (i.e.
about 15%) after five multi-cycle loading-bioregeat®n process. However, this loss is
not cumulative. Capacity loss is mostly due tonpmrent perchlorate load build-up.
Perchlorate load buildup is fast in the first cgcend it stabilizes through the rest of the
cycles. The results showed that bioregeneratisaltein resin fouling. Although there

is no knowledge of the exact composition of theaargs that cause fouling, fouling
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removal procedure and disinfection methods usedhis research were effective to
remove significant amount of organics from the mesChlorine worked very well as a
disinfectant and a fouling removal agent. Estaioient of fouling during
bioregeneration causes lower mass transfer flushénresin compared to mass transfer
flux in unfouled resin. The results further showlkdt slower perchlorate biodegradation
at the end of bioregeneration process can be w@idbto: a) pore diffusion; it takes
longer for perchlorate located deep into the beadrtive to the surface, and b) pore
clogging; slower diffusion due to clogging of thergs by bacterial debris causes mass
transfer to slow down.
6.2. Implications

In general, the results of this research revediatlit is possible to bioregenrate resins
laden with perchlorate and that the process istdithby mass transfer. However, the
accumulation of un-degraded perchlorate is a seliggaue and may lead to economically
unfavorable outcome. The results of this reseaarhbe applied for future development
of IX resin bioregeneration as a new technologwater treatment industry. According
to the results, chloride solution can be appliedatlitate bioregeneration. However,
designers of such systems should assure that @bl@oncentration does not exceed
toxicity levels for PRB microbial activities (i.a@lnity > 1.5%). Smaller resin bead sizes
are recommended if resins are to be bioregeneradteavever, designers should account
for excessive hydraulic head loss in the FBR reacémsed by smaller bead sizes. In
addition, operators should be mindful of the negagffects of the boundary liquid film
for resin sizes smaller than 0.5 mm that may coéritre biodegradation rate of resin-

attached perchlorate, if the hydraulic loading fate fluidization) of the resin bed is not
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sufficient. Higher surface loading rate (i.e. leghilow rate) should be used to increase
film diffusion. However, potential resin loss digehigh hydraulic loading should also be
minimized. Macroporous resins should be used twaece pore diffusion. However,
there is a trade-off involved in using macroporoesins which have relatively smaller
capacity compared to gel-type resins. Fouling nahs a vital step in bioregeneration
and should be incorporated to any bioregeneratesigd. Fouling can be removed
satisfactory by soaking the resins in mixturesaafism chloride and sodium hydroxide
and by rinsing with chlorine solutions.
6.3. Recommendations for Future Research

This research could be followed with additional ktrat would contribute to further

understanding of the mechanisms for biodegradatioasin-attached perchlorate:

1. Investigating other monovalent anions such as hitemiand iodide as the
desorbing agent of resin-attached perchlorate emesin bioregeneration process
and comparing the results with those of resin lgeneration process using
chloride ion.

2. Investigating the effect of divalent anions suchsalate as the desorbing agent
for resin-attached perchlorate on the bioregermrgtrocess and comparing the
results of resin bioregeneration process using waleat anions.

3. Studying the bioregeneration of resin loaded withate and the effect of initial
concentrations of chloride, bromide, sulfate, awdide on bioregeneration

process.
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4. Investigating the feasibility of bioregenerationesther gel-type or macroporous
resins for more than five consecutive cycles angstigate ways of minimizing
accumulation of perchlorate in the resin..

5. Evaluating the economic feasibility of bioregenenmat considering cost of
purchasing fresh resin, and costs associated hatinesin bioregeneration process
(i.e. capital costs and operating costs).

6. Determining whether bioregenerated resins, comtgisome residual perchlorate,
can be used to produce water that meets the regulatels for perchlorate.

7. Studying the specific composition of organics tteise resin fouling.

8. Studying the changes of resin water content and pese clogging (as important
factors on mass transfer) during multi-cycle biemgration of ion-exchange
resins.

6.4. Contributions of this Research to the FieléPefchlorate Removal Using lon-

Exchange Process

Providing clean water is one of the major challenge the world. Sustainable
development of communities requires reliable methdd provide clean water.
Perchlorate (CIQ) ion as a water contaminant is known to affectftivectioning of the
thyroid gland of humans. lon exchange is the teldgy of choice to remove perchlorate
from drinking waters and its use for this purpoas heen increased significantly during
the last decade. Since the spent perchloratestaomased ion-exchange resin is not
currently regenerable using the common regeneratiethods, the incineration/disposal
of spent resin is the major challenge and costriokithg water utilities. In case of

incineration, it produces significant amounts okayhouse gases, and in case of
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landfilling, it has potential to re-contaminate tbevironment. Bioregeneration, which
uses perchlorate-reducing bacterial culture, igranronmentally sustainable technology
because it allows reusing of ion-exchange resinpragdents a major innovation in water
treatment technology. The goal of this research twastudy the mechanism, controlling
factors, and feasibility of multi-cycle bioregentoa of ion-exchange resin. Therefore,
the results of this research have direct valuepmieations of ion-exchange technology
in water treatment utilities to treat waters contaated with perchlorate.

The water treatment industry can employ the regutisented here to further develop
bioregeneration as a technology for water treatméthe technology can be developed
successfully, the cost of treating perchlorate ammated waters can be reduced
significantly.  Furthermore, such a technology wdouksult in less generation of
greenhouse gases because it would make incineratiolbaded resin unfeasible.
Depending on regulations concerning minimizing grerise gases, in some states,

carbon credits could be awarded to water ultilitied stop resin incineration.
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APPENDIX A
PROCEDURE TO MEASURE RESIDUAL PERCHLORATE IN ION-EXIANGE
SAMPLES USING OXYGEN PARR-BOMB
Introduction
In the past, UNLV developed a potassium iodine) @4traction method to measure
perchlorate contained in ion-exchange resins. The&hod works well for nitrate-
selective resins, but it does not remove percldoraell from gel-type perchlorate-
selective resins. In order to measure the residuadunt of perchlorate in the ion-
exchange resin samples, a procedure has been pedeln UNLV Environmental
Laboratory using oxygen Parr Bomb. The methodased on conversion of perchlorate
to chloride when a resin sample is combusted imosed combustion chamber. The
chloride resulting in the combustion is then meaduby ion-chromatography. The
method uses an oxygen Parr Bomb apparatus ashibvgn in Figure 3.3.
Materials and Instruments
The materials and instruments needed for the ptveeate listed below:

1) Parr Bomb or Oxygen Combustion Bomb apparatus: UNEMWironmental
Laboratory uses Parr Bomb apparatus number 1018 6€©Z507 M17210; from
the Parr Instrument Company.

2) lon-chromatograph (IC) system. UNLV uses a Dion&xS£000 (Dionex
Corporation, Sunnyvale, CA) consisting of an lop@essor-ULTRA Il (4 mm),
lonPac AS16 (4 mm) analytical, AG16 (4 mm) guartuoms, and AS16 auto-
sampler.

3) Bench-top orbital shaker (Cole-Parmer, Series 51704
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4) 105°C oven (Thermo Fisher Scientific, Waltham, MA)

5) 10,000 mg NO3-/L nitrate solution

6) Paraffin oil (EMD Chemicals, Inc., San Diego, CA)

7) Aluminum dish (Thermo Fisher Scientific, WalthamAM

8) A 500-ml volumetric flask

9) A 500-ml Erlenmeyer flask

10)3% hydrogen peroxide solution

11)35 mM sodium hydroxide solution

12)Compressed pure oxygen cylinder with a regulator

13) A 5-L water bucket that fits the Parr-Bomb

Safety Warning: Heat is generated during combasti The Parr-Bomb must be
placed inside a water bucket during combustion.e Harr bomb uses compressed
oxygen. The oxygen cylinder must be securely feestdo a bench to avoid falling.

To operate the Parr Bomb for residual perchlomagasurement the following
procedure has been developed:

Step 1. Measure approximately 1 mL of resin sample

Step 2: Rinse the resin sample gently using Demat remove suspended solids and

organic/inorganic materials (e.g. microbes, silt,)e

Step 3: Place the rinsed resin sample in a 50Endnmeyer and add 100 mL of

10,000 mg N@/L. The goal of this step is to exchange eachratdostill remaining

in the resin’s functional group with a nitrate iom this manner, the only chloride

ions that will result from the combustion are thoslated to perchlorate;
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Step 4: Place the Erlenmeyer containing the remmple and the nitrate solution on a
bench-top orbital shaker (Cole-Parmer, Series 51&080-60 rpm for 24 hours;

Step 5: After 24 hours, carefully decant the n&raplution, measure the amount of
desorbed perchlorate in the solution, and rinsedbm sample six times with 100 mL
of DI water;

Step 6: Drain the residual water from the sampl@lbging it on a filter paper. Air-
dry the sample for 30 minutes;

Step 7: Place the sample in a pre-weighed cleamialm dish (Thermo Fisher
Scientific, Waltham, MA) and weigh the aluminum hdisontaining resin sample.
Record the measurement;

Step 8: Place the aluminum dish in 105°C ovensifnb Fisher Scientific, Waltham,
MA) for 60 minutes to completely dry the resin sdenp

Step 9: Weigh the aluminum dish containing thedlisample in order to calculate
the water content of the resin;

Step 10: Weigh 100 mg of the sample carefullydesthe pre-heated Parr-Bomb
crucible;

Step 11: Add 400 mg paraffin oil (EMD Chemicdls;., San Diego, CA) to the
crucible;

Step 12: Place the crucible inside the cradlep(lelectrode) which is attached to the
bomb cap;

Step 13: connect the two electrodes present irPre Bomb cap using a 10 cm of

nickel-chromium fuse wire;
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Step 14: Add 3 mL of 3% hydrogen peroxide and 10 @h 35 mM sodium
hydroxide solution to the bottom of Parr Bomb appas. Sodium hydroxide
(NaOH) is used to match the eluent solution (i.eOM) that is used in the Dionex
ICS-2000 lon Chromatograph (IC) (Dionex CorporatiSannyvale, CA);

Step 15: Close the Parr Bomb properly make susesit tight;

Step 16: Inject the oxygen gas inside the Parr Bapypmaratus up to 500 psi (30-35
atm) pressure;

Step 17: Completely immerse the Parr Bomb appanatusater in a 5-L water
bucket;

Step 18: Ignite the sample. During combustionatthched perchlorate anions are
converted to chloride anion. The chloride dissslveo the NaOH solution inside the
apparatus;

Step 19: Thirty minutes (30 min) after the ignitjapen the cap of the Parr-Bomb
and use 250 ml of DI water, in small portions etucte, to transfer the contents of the
bomb to a 250-ml glass volumetric flask;

Step 20: Measure the concentration of the chlawndein the rinsate from the Parr-
Bomb using lon-chromatograph (IC) analysis; and

Step 21: Convert the measured concentration ofridelon the solution to residual

perchlorate in the resin sample.
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APPENDIX B
ECONOMIC ASSESSMENT FOR THE TRADE-OFF BETWEEN
BIOREGENERATION AND USE OF FRESH RESIN
Introduction

Two factors play main roles in the economical esin of ion-exchange resin
bioregeneration process. On the one hand, thaeresisof purchasing fresh resin in the
places where spent resin is incinerated. On ther dtand, there are costs associated with
the resin bioregeneration process. Capital castecgated with bioregeneration include
design and construction cost for the fermenter BBR, purchase of pumps, pipelines,
and instrumentation. Operating costs include persh energy to fluidize the FBR,
transportation of resin from the source to the dgjeneration facility, and purchasing of
electron donor, nutrients/minerals, and buffer.

Because the resin is not fully regenerated evecleayue to mass transfer limitations
and biofouling, bioregenerated resins have lesaagpthan fresh resins. Therefore, the
volume of perchlorate-contaminated water that ecessed, when bioregenerated resin is
used, will be less than when fresh resin is us€wnsidering the number of loading-
bioregeneration cycles and the 15% resin capac$g lobserved in this research,
bioregeneration is feasible only if its costs agslthan the costs of replacing the spent
resin with fresh resin. There are also environmectats to be considered when spent
resins are incinerated. Depending on regulatiarsc@&ning minimizing greenhouse
gases, in some states, carbon credits could bedad/ao water utilities that stop resin

incineration.
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In the following example, operating costs includpgrsonnel, energy, transportation,
and purchasing chemical costs are compared toote associated with purchasing fresh
resin. All the calculations are for T #f perchlorate-selective resin. Table B.1 shows

the total costs to replace perchlorate laden reghnfresh resin.

Table B.1. Total Costs to Replace Perchlorate L&ksin with Fresh Resin

Iltem Cost

Purchasing fresh perchlorate-selective resin $250thof resin

Disposal (incineration) of perchlorate laden resin
(typical incineration cost for California from $14 per f of resin
Cameron Environment Inc., Torrance CA)

Total $264.00 per tof resin

Capital costs and operating / maintenance costsnaodved in the bioregeneration
process. According to a study performed in Civid aEnvironmental Engineering
Department at UNLV, total capital costs to desigd &uild a bioregeneration plant with
a capacity of 4900 ¥tof resin per year is approximately $4,100,000e €kpected life of
the bioregeneration plant is 20 years. Assumirtgrést rate of 6% and 20 years
investment time period, the bioregeneration plargts $358,000 per year. Hence, the
capital costs for 1 ttof resin would be $43.06 per fif resin. The other costs associated
to bioregeneration process are operating and nm@inte costs. Table B.2 shows the

operating costs involved in bioregeneration of &sin.
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Table B.2. Total Costs Associated with Bioregenenadf IX Resin

ltem Cost
Transportation to 3 .
bioregeneration facility $0.50 per ft” of resin
$0.06 per ft° of resin

Macro and Micronutrient
for bioregeneration

Estimated assuming DAP (diammonium phosphate) aza as the
sources of nitrogen and phosphate and can be EpadHieom
Brenntag Pacific, Santa Fe Springs, CA). Microeuntrmedia is the
same used in this research (Table 4.6)

NaCl salt needed for
fouling removal

Salt price = $100 per ton, 1 Bed volume (BV) =128

Salt needed for steps 1 and 2 of fouling removab(@& 5.4) = 28 L x
1.5 BV x 60 g/L x 2 = 5040 g of NaCl

Salt needed for step 3 of fouling removal (Tabl 528 L x 1.5
BV x 120 g/L = 5040 g of NaCl

Total Salt = 10 kg of NaCl

Salt cost =$1.10 per ft° of resin

NaOH needed for fouling
removal

NaOH price = $1/L (conc. of 50%), 1 BV =28 L

NaOH needed for step 1 of fouling removal (Tab#® 5.28 L x 1.5
BV x 20 mL = 840 mL of 50% NaOH

NaOH needed for step 2 of fouling removal (Tab# 5.28 L x 1.5
BV x 20 mL = 840 mL of 50% NaOH

Total NaOH = 1.68 L of NaOH

NaOH cost =$1.68 per ft° of resin

NaOCI needed for
disinfection

NaOCI price = $0.25/L (conc. of 6%), 1BV =28L

NaOCI needed (Table 5.4) =28 L x 1.5 BV x 16 mZG® mL of
6% NaOCI

Total NaOCI = 0.7 L of NaOCI

NaOCI cost $0.175 per ft° of resin

Water rinsing

Water price = $0.005/ gal

Water needed = 6 BV

Total water cost = 6 BV x 28 L/BV x 0.264 gal/L 8.805/ gal =
$0.22 per ft° of resin

Electricity cost

Estimate #1: Electricity as was used in the expenitad FBR reactor
(Chapter 5)

Power needed to obtain 40% expansion fesfftesin = 0.9 hp
Bioregeneration time = 10 days

Electricity price = $0.1/kw-hr

Energy needed to run the pump for 10 days = 0.8 6fy456 kw/hp
x 24 hr/day x 10 day = 160.2 kw-hr

Electricity cost = 160.2 kw-hr x 0.1/ kw-hr$16.02 per ft* of resin
Estimate #2: Utilities cost = 0.02 x capital costderson, 2009)
Utilities cost = 0.02 x 4,100,000 = $82,000 perryea

Utilities cost per ft of resin = 82,000 / 4900 $16.73 per ft* of resin

Maintenance and labor
costs

Labor cost = $76,000 per year (Anderson, 2009)

Labor cost = $76,000 per year/4900dt resin =$15.51 per ft* of
resin

Maintenance cost = 0.02 x capital cost (Anders6092
Maintenance cost = 0.02 x 4,100,000 = $82,000 par y
Maintenance cost perfof resin = 82,000 / 4900 $16.73 per ft* of
resin

Total operating and
maintenance cost

$53.63 per ft° of resin
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As it is shown in Table B.2, operating costs inelsitkansportation to bioregeneration
facility site, costs associated with purchasingrieat chemical, salt (NaCl), sodium
hydroxide (NaOH), and sodium hypochlorite (NaOCR|ectricity, labor, and
maintenance costs.

The results of this research (i.e. Chapter 5) sklothat perchlorate-selective resin
can be successfully bioregenerated for five corntsertimes. The economical feasibility
of bioregeneration process here can be estimaiad tie results of Table B.1 and B.2.
Using perchlorate-selective resin, it is expecteat 100,000 BV of water contaminated
with 50 pg/L of perchlorate can be processed before breakgjir of 4ug/L occurs
(Seidel et al., 2006). Two different situatione assumed to treat a water contaminated
with 50 ug/L of perchlorate (Table B.3). In situation #iteathe capacity of the resin is
exhausted, the resin is transferred to a facilitgf encinerated. In situation #2, after the
capacity of the resin is exhausted, the resiraisstierred to a bioregeneration facility.

For situation #2, the bioregeneration process peated five times. Although the
results of this research showed that after fiveeinoading and bioregeneration, resin
capacity loss is about 15%, here it is assumedatitert each cycle of bioregeneration, the
volume of water that can be treated using the gemerated resin reduces by 10,000 BV.
It is important to emphasize that column loadingbidregeneration resins was not
performed in this research. Therefore, the 10@d@eduction is an assumption used for
illustration purposes only. Tests should be penta to determine the actual reduction
in BVs to breakthrough.

As it is shown in Table B.3, the volume of treateater generated in situation #1 is

larger than the volume of water treated using 8ina#2. However, in situation #1, the
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cost of the treatment process is $0.0036 per galldreated water, while for situation #2

it is $0.0016 per gallon of treated water, whiclowh that using bioregeneration, the

costs of perchlorate removal reduce by approxim&ig?o.

Table B.3. Total Costs for 1*fof Perchlorate-Selective Resin in: a) A Process
Involving Purchasing New Resin, and b) A Processliring Resin Bioregeneration

Situation #1 Situation #2
Resin Incineration Resin Bioregeneration
Volume of treated . Volume of treated .
Cumulative cost Cumulative cost

water, BV water, BV

100,000

(cycle 1) $264 100,000 $250
200,000

(cycle 2) $528 190,000 $34%
400,000

(cycle 3) $792 270,000 $444
300,000

(cycle 4) $1056 350,000 $541
500,000

(cycle 5) $1320 410,000 $637

4$528 = $264 + $264

P $276 = $250 + $43.06 + $53.63 ($43.06 is the ahpitd $12.49 is the operating and maintenance
costs associated with the bioregeneration process)
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