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a b s t r a c t

Selective ion-exchange resins are very effective to remove perchlorate from contaminated waters.
However, these resins are currently incinerated after one time use, making the ion-exchange process
incomplete and unsustainable for perchlorate removal. Resin bioregeneration is a new concept that
combines ion-exchange with biological reduction by directly contacting perchlorate-laden resins with a
perchlorate-reducing bacterial culture. In this research, feasibility of the bioregeneration of perchlorate-
eywords:
on-exchange
erchlorate
ioregeneration
luidized bed reactor

laden gel-type anion-exchange resin was investigated. Bench-scale bioregeneration experiments, using
a fluidized bed reactor and a bioreactor, were performed to evaluate the feasibility of the process and to
gain insight into potential mechanisms that control the process. The results of the bioregeneration tests
suggested that the initial phase of the bioregeneration process might be controlled by kinetics, while the
later phase seems to be controlled by diffusion. Feasibility study showed that direct bioregeneration of
gel-type resin was effective in a fluidized-bed reactor, and that the resin could be defouled, reused, and

sing t
ioremediation repeatedly regenerated u

. Introduction

Excessive use of perchlorate (ClO4
−) as an oxidizer in rocket

uels and munitions over the years has lead to the release of this
ontaminant in large quantities in surface and groundwaters. Per-
hlorate has been detected in more than 270 sites all over United
tates, out of which more than 45 sites are in the National Prior-
ty List [1]. Perchlorate is highly soluble and stable compound and
ence can have an extensive plume in groundwaters [1]. Various
echnologies exist to remove perchlorate from water, out of which
iological reduction and ion-exchange technology are prominent.
iological reduction of perchlorate is a well established process

or perchlorate removal. There exist several species of microorgan-
sms that are capable of utilizing perchlorate as electron acceptors
or their metabolisms [2]. Perchlorate has been degraded success-
ully in various bioreactors using these microorganisms; commonly
nown as Perchlorate Respiring Bacteria (PRB) [3–5].

Ion-exchange is the most predominant technology used cur-
ently to remove low concentrations of perchlorate from drinking

ater. In recent years, resins have been developed which are highly

elective for perchlorate (i.e. selective resins) [6–7]. Selective resins
an be classified into gel (microreticular) and macroporous (or
acroreticular) based on their pore sizes [8]. The pore size of a typ-

∗ Corresponding author. Tel.: +1 702 895 1585; fax: +1 702 895 3936.
E-mail address: jaci@ce.unlv.edu (J.R. Batista).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.092
he method applied in this research.
© 2010 Elsevier B.V. All rights reserved.

ical gel-type resin is between 5 and 50 Å (0.0005 and 0.005 �m) [9],
whereas for a macroreticular resin it can be up to 10,000 Å (1 �m)
with an average value of 600 Å (0.6 �m) [10]. Commercially avail-
able perchlorate-selective resins and their major characteristics,
shown in Table 1, were compiled from the websites of the resin
manufacturers. These resins allow for processing of large number
of bed volume of water before breakthrough of low level of perchlo-
rate occurs. Regrettably, most of these resins cannot be regenerated
and are disposed by incineration after one time use [11]. Due to
their high cost, disposal of these resins after one time use makes
the ion-exchange technology incomplete and economically unsus-
tainable for perchlorate removal.

Bioregeneration of ion-exchange resin is a new concept that
integrates ion-exchange technology and biological perchlorate
reduction [12]. In this process, ion-exchange is used to remove per-
chlorate from water and the resulting perchlorate-laden resin is
placed in contact with a perchlorate-reducing bacterial culture for
regeneration. The bioregenerated resin can then be reused, rather
than incinerated. Bioregeneration of perchlorate-selective macrop-
orous resins have been carried out successfully in the past [13–14].
Bioregeneration of perchlorate-selective and non-selective resins
in the presence of sodium chloride, using batch tests has been

reported recently [15–16]. It was reported that the addition of
sodium chloride enhanced desorption of perchlorate ions from the
ion-exchange resin, which are ultimately utilized by PRBs [15–16].

The current research investigates the bioregeneration of gel-
type resins using a fluidized bed reactor. Gel-type resins have

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jaci@ce.unlv.edu
dx.doi.org/10.1016/j.jhazmat.2009.12.092
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Table 1
Characteristicsa of commercially available perchlorate-selective resins.

Manufacturer Name Matrix/type Functional group Water retention
capacity (%)

DOW DOWEX PSR-3 Styrene-DVB, Macroporous Tri-n-butyl amine (C4H9)3N 50–65
DOW DOWEX PSR-2 Styrene-DVB, Gel Tri-n-butyl amine (C4H9)3N 40–47.5
Purolite A530E Polystyrene-DVB, Macroporous Quaternary Ammonium 50
Purolite A532E Polystyrene-DVB, Gel Bifunctional Quaternary amines 36–45
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ResinTech SIR-110-HP Styrene-DVB, Gel
Rohm and Hass PWA-2 Gel

a Characteristics taken from the technical data sheet provided by manufacturer.

maller pores than macroporous resins and are more susceptible
o bio-fouling, a major concern in bioregeneration. Yet, gel-type
esins have higher perchlorate capacity than macroporous resins
nd most commercially available perchlorate-selective resins are
el-type. The objective of this research is to investigate the feasi-
ility of the bioregeneration process for a gel-type anion-exchange
esin and to gain insight into potential mechanisms that control gel-
ype resin bioregeneration. Three cycles of bioregeneration were
erformed.

. Experiments and methods

.1. Culture enrichment

Perchlorate-degrading culture for the experiments was taken
rom an enrichment culture which has been maintained in the Envi-
onmental Engineering Laboratory at the University of Nevada Las
egas (UNLV) for over 8 years. The seed culture was enriched from
amples taken from Lake Mead and the Las Vegas Wash (Las Vegas,
evada) and was kept viable by feeding and wasting weekly. The
utrient medium used to feed the culture is shown in Table 2. For
his research, five liters of the seed culture were taken and grown
n a separate 20-gallon master bioreactor built of high density
olyethylene (HDPE). This bioreactor was equipped with monitor-

ng probes for dissolved oxygen (DO), oxidation reduction potential
ORP) and pH. The bioreactor was sealed completely to ensure
naerobic environment for the culture. Initially, the reactor was
lso purged with nitrogen gas to remove any oxygen present in the
ead space. The culture was mixed by a stirrer at 30 rpm to keep
he bacteria in suspension.
The microbial culture was grown progressively to a volume of
wenty liters by feeding it with sodium perchlorate, sodium acetate,
nd nutrients (Table 2). Acetate was used as the carbon source and
lectron donor for the bacterial culture. An acetate-to-perchlorate
ass ratio of 3:1 was maintained in the bioreactor for sufficient

able 2
tock solutions for culture enrichment.

Solution name Components Concentration of
stock (g/L)

Electron donor/carbon source CH3COO− (sodium form) 120

Buffer K2HPO4 155
NaH2PO4·H2O 97.783
NH4H2PO4 50

Nutrients MgSO4·7H2O 5.500
EDTA 0.300
ZnSO4·7H2O 0.200
CaCl2·2H2O 0.100
FeSO4·7H2O 0.400
Na2MoO4·2H2O 0.040
CuSO4·5H2O 0.020
CoCl2·6H2O 0.040
MnCl2·4H2O 0.100
NiCl2·6H2O 0.010
NaSeO3 0.010
H3BO3 0.060
Tri-n-butyl amine (C4H9)3N 35–55
N/A 34–42

supply of electrons. The pH in the culture was maintained between
7 and 8 using phosphate buffer, which is the optimum range for
PRB growth [4]. The culture was monitored daily by measuring DO,
ORP, pH, conductivity, suspended solids and COD (as a measure of
acetate content).

2.2. Resin loading

SIR-110-HP (ResinTech, West Berlin, NJ) gel-type anion-
exchange resin was used in this study. Some characteristics of the
resin are shown in Table 3. The resin was loaded with a synthetic
solution containing perchlorate, nitrate, sulfate, chloride, and bicar-
bonate to simulate typical resin loading found when treating water
contaminated with high levels of perchlorate, such as those found in
industrial sites where perchlorate was used or manufactured. Con-
centrations of ions in the solution used to load the ion-exchange
resin are shown in Table 4. The concentrations of anion stock solu-
tion were calculated based on mass balances to achieve an initial
loading of around 30 g of perchlorate per liter of resin. Other anions
like nitrate, sulfate, etc. were added to the stock to simulate con-
taminated groundwater as these anions exist as co-contaminants
along with perchlorate.

One liter of resin was mixed with one liter of stock solutions of
desired concentration of perchlorate, nitrate, sulfate, chloride and
bicarbonate ions (Table 4) in a three liter glass jar using a rotary
mixer (Associate Design & Mfg. Co., Alexandria, VA). The contents
were mixed for 24 h to ensure equilibrium and complete loading of
the ions to the ion-exchange resin. The concentrations of anions in
the resin before and after the loading process were measured using
Dionex ICS 2000 Ion Chromatography (Dionex, Sunnyvale, CA). The
perchlorate content in the ion-exchange resin was measured using
oxygen combustion bomb 1108 (Parr Instruments, Moline, IL). After
24 h of mixing, the solution was decanted and the resin was washed
ten times with 2 L of deionized water to remove any residual ions.
The loaded resin was transferred to a labeled glass container and
stored in a refrigerator until the start of the experiments.
2.3. Resin bioregeneration in FBR

Three cycles of bioregeneration were performed to test the
reusability of the bioregenerated resins and also to test the effi-

Table 3
Characteristics of SIR-110-HP.

Characteristics Details

Polymer structure Styrene with DVB
Functional group Tri-n-butyl amine (C4H9)3N
pH range 0–14
Ionic form Chloride
Water retention 35–55%
Solubility Insoluble
Swelling ∼12%
Temperature range 35–104 ◦F
Average radius 0.705 mm
Total capacity 0.6 meq/mL
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Table 4
Concentration of anion stock solutions for resin loading.

Cycle # Component Concentration of anion
in stock before loading
(mg/L)

Concentration of
anion after
loading (mg/L)

Amount of anion
attached to the resin
(resin load) (g/Lresin)

% Resin capacity
occupied by the
anion

Cycle 1 Perchlorate 31,910 2.46 31.91 53.45
Nitrate 605.6 2.65 0.602 1.62
Sulfate 651.7 304 0.348 1.21
Chloride 663.55 5374 – 43.72
Bicarbonate 500 683 – –

Cycle 2 Perchlorate 30,960 2.75 30.95 51.85
Nitrate 526.82 13.04 0.51 1.38
Sulfate 551.98 173.08 0.379 1.32
Chloride 632.6 6130 – 45.45
Bicarbonate 500 650 – –

Cycle 3 Perchlorate 28,900 2.083 28.90 48.41
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Nitrate 580
Sulfate 479
Chloride 632.6
Bicarbonate 500

iency of the process. Due to time constraint, the number of cycles
as restricted to 3 and each cycle was run for a period of 21–25
ays. The experimental set-up for the bioregeneration experiment

s showed in Fig. 1 and includes a fluidized bed reactor (FBR) and a
ioreactor. A fluidized bed reactor, 30 in. in length and 2 in. diam-
ter plexi-glass column was used to hold 500 mL of loaded resin. A
elf-priming pump was used to circulate the perchlorate-reducing
ulture from a 20-gallon master bioreactor through the FBR. The
ulture was pumped at a flowrate of 210 mL/min (∼2.5 gpm/ft2 of
olumn). Five mL resin samples were taken daily via sampling ports
rilled on the side of FBR column. The resin samples were rinsed
ix times thoroughly with 50 mL deionized water and stored in the
efrigerator for further analysis.

Fifty mL culture sample from the 20-gallon master reactor was
aken daily to monitor COD and suspended solids. The pH, ORP
nd DO were monitored directly from the probes placed inside
he bioreactor. Throughout the bioregeneration process, the sus-
ended solids was maintained around 1500–2000 mg/L. Whenever
he suspended solids concentration dropped below 1500 mg/L, con-
entrated centrifuged culture, taken from the stock seed culture,
as added to the reactor to increase suspended solids concentra-

ion. The transferred concentrated culture contained of acetate and
ence increased the acetate concentration in the bioreactor. Cycle
bioregeneration test was run for 21 consecutive days. After cycle

was complete, the bioregenerated resin was subjected to bio-

ouling removal and disinfection. After disinfection and rising, the
ioregenerated resin was loaded again with perchlorate and other

ons (Section 2.2) and submitted to a new cycle of bioregeneration.

Fig. 1. Experimental set-up for bioregeneration of gel-type resin.
10.37 0.57 1.53
75 0.104 0.36
00 – 49.7
08 – –

Bio-fouling of the resin was observed after the bioregeneration
process. However, it was possible to remove bio-fouling using a
three-step procedure. Firstly, two bed volumes containing 1:1 vol-
umetric ratio of 12% NaCl and 2% NaOH solution was re-circulated
through FBR for 15 h. Next a fresh solution of the same compo-
sition (two bed volumes) was again pumped through the FBR for
3 h. Finally, a solution of 12% NaCl (two bed volumes) was pumped
through the FBR for 2 h. The resin was rinsed thoroughly with ten
bed volumes of deionized water. The resin was disinfected using
two bed volumes sodium hypochlorite solution (1% as total chlo-
rine) with a contact time of 15–20 min. Following fouling removal,
the resin was again rinsed with fifteen bed volumes of deionized
water and stored in refrigerator until the start of next loading cycle.

Under the microscope, samples of defouled and fresh resin
had very similar appearance. Reloading of bioregenerated resin
revealed that the capacities of defouled and fresh resins were simi-
lar as well. The bioregenerated resin from cycle 1 was again loaded
with perchlorate, nitrate, sulfate, chloride and bicarbonate for cycle
2. Notice that the amount of resin to be regenerated in subsequent
cycles is smaller than that used in cycle 1 because resin samples
were taken from each cycle. A resin sample of 360 and 250 mL
were loaded for cycles 2 and 3, respectively. For cycle 2 and cycle 3
bioregeneration, a seven liter glass bioreactor was used instead of
the 20-gallon bioreactor used in cycle 1. This reactor was placed on
a magnetic stirrer and was sealed properly to maintain anaerobic
conditions. The bioreactor was initially flushed with nitrogen gas
to help establish anaerobic conditions.

2.4. Perchlorate analysis in resin

Currently, there are no published or standard methods to mea-
sure perchlorate in ion-exchange resins. In this research, residual
perchlorate in the resin sample was analyzed using an oxygen
combustion bomb (Parr Instruments, Moline, IL). This method was
developed by the Environmental Engineering laboratory at UNLV
for this research and this is the first report of the method. Treated
resin samples were burnt inside the combustion bomb, thus con-
verting the residual perchlorate ions to chloride ions.

ClO4
− → 2O2 + Cl−
One mL of resin sample was treated with a concentrated nitrate
solution to replace all chloride ions present in the un-exchanged
sites of the resin bead. It must be noted that nitrate ions do not
replace perchlorate ions, as perchlorate ions are strongly attached
to resin beads due to its very high affinity to the functional group.
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Table 5, for all three cycles.
The concentration of perchlorate in resin after 10 days of

bioregeneration in cycles 1, 2 and 3 is about 2697, 3540 and
596 mg/Lculture, and the respective degradation rates from the tenth
A.K. Venkatesan et al. / Journal of H

ence after this treatment, only nitrate and perchlorate ions are
resent in the resin sample and the measured chloride after com-
ustion corresponds to the combustion product from perchlorate
lone.

The treated resin was then rinsed with deionized water and
ried at 105 ◦C to remove moisture content. About 100 mg of resin
ample was burnt in the oxygen combustion bomb in the presence
f oxygen. The bomb was completely submerged into a bucket of
eionized water prior to ignition. The oxygen bomb was rinsed
ith 500 mL of deionized water after combustion and the rinse

olution was analyzed for chloride using ICS 2000 ion chromatogra-
hy (Dionex, Sunnyvale, CA), after appropriate dilutions. Ultimate
oal standard sample (Alpha Resources Inc., Stevensville, MI), with
.13% chloride content, was used as a chloride standard and for
uality assurance. The accuracy of this parr bomb was tested by
pplying this method to samples with known perchlorate load in
he resin calculated through mass balance, as shown in Table 4.
he measured perchlorate value for the same resin (cycle 1) by this
ethod was 32.13 g/Lresin, compared to 31.91 g/Lresin calculated

hrough mass balance (error = 0.7%). The error is negligible, and the
ercentage error when compared to calculated mass balance values
anged between 1 and 4% for the other two cycles.

.5. Analytical methods

Concentration of perchlorate, nitrate, sulfate and chloride was
etermined using Dionex ICS 2000 (Sunnyvale, CA). IonPac AS16
olumn with 4 mm × 250 mm dimension was used for the analysis.
hromleon 6.70 (SP2a Build 1871) software was used to run the IC.
ionex RFIC EluGen Cartridge containing sodium hydroxide was
sed as the eluent. The eluent concentration for the analysis was
et to 35 mM and the current was set to 100 mA for perchlorate
nalysis, while 30 mM concentration and 110 mA current were used
or nitrate, sulfate and chloride analysis.

Suspended solids concentrations were measured using a fil-
ration apparatus with a 47 mm Whatman glass microfiber filters
GFC) according to Standard Methods. COD analysis was performed
sing high range HACH COD digestion vials (Hach Company, Love-

and, CO). The pH was measured using a Fisher Scientific model
R25 pH meter. The dissolved oxygen content of the culture was
nalyzed daily using YSI Model 58 Dissolved Oxygen meter (YSI,
nc., Warm Springs, OH). Grab samples from the bioreactor were
mmediately analyzed for conductivity using YSI (Model # 30/10
T) conductivity meter (YSI, Inc., Warm Springs, OH).

.6. Statistical analysis

Statistical analysis was performed to determine whether there is
significant difference in perchlorate biodegradation rate between

he three bioregeneration cycles. The statistical significance of the
ifferences was determined using single factor ANOVA test using
he software Excel.

. Results and discussions

.1. Perchlorate degradation during three cycles

Figs. 2 and 3 show the combined data of perchlorate degra-
ation for all three bioregeneration cycles. In Fig. 2, the residual
erchlorate remaining per liter of resin with time is depicted while
n Fig. 3 the perchlorate remaining per liter of culture present is
hown. Notice that for all three cycles, perchlorate degradation rate
as fast during the first ten days (i.e. Phase 1), but then it slowed
own significantly after ten days (i.e. Phase 2). There are at least
wo possible interpretations for these findings: (1) mass transfer
Fig. 2. Perchlorate degradation in 3-cycle bioregeneration tests.

control—perchlorate degradation is controlled by diffusion of per-
chlorate from the inner portion of the resin bead into the PRB cell
or (2) kinetics control—perchlorate degradation is concentration
dependent. In the case of mass transfer control, it is envisioned that
perchlorate ions located in the outer sphere of the resin bead are
degraded first. For kinetics control, the hypothesis is that degrada-
tion is faster for the initial high concentrations of perchlorate and
slower for the lower remaining perchlorate levels.

Maximum perchlorate degradation occurred during the first 12
days for cycles 1 and 2, and during the first 9 days for cycle 3. Ini-
tial perchlorate load in the resin at the start of cycles 1, 2 and 3
when expressed in terms of concentration (mg of Perchlorate/L of
culture) is about 10,926, 7782 and 4743 mg/Lculture, respectively
(note that units are converted to concentration of perchlorate in
the whole system, which includes the total volume of the bacterial
culture along with resin volume). This conversion was done to com-
pare the degradation rates of perchlorate in water obtained from
literature in similar units. Also the initial concentration is different
during 3 cycles due to the different volume of resin present in the
system, even though all 3 cycles had the same initial load of about
30 g/Lresin. The volume of resin reduced in the successive cycles
due to resin sample removal for perchlorate measurement). The
average degradation rate expressed as mg of perchlorate degraded
per mg of suspended solids per day (mgp/mgss/d) during the max-
imum degradation period (phase 1) for cycles 1, 2 and 3 is about
0.5, 0.24 and 0.22, respectively. The observed perchlorate degrada-
tion rates of perchlorate attached to the resin, for the three cycles,
are lower than the published degradation rates for perchlorate in
waters (Table 5), notwithstanding the initial perchlorate concen-
tration were much higher than the initial concentrations shown in
Fig. 3. Residual perchlorate concentration during 3-cycle bioregeneration.
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Table 5
Perchlorate degradation rates in water from literature.

Initial perchlorate concentration (mg/L) Observed
degradation rate
(mgp/mgss/day)

Theoretical
degradation rate
(mgp/mgss/day)

Carbon source Reference

250 0.64 1.16–4.04+ Lactate Shrout and Parkin, 2006
100 0.36/1.17 0.3/0.99* Acetate Logan et al., 2001
204 1.02 1.13–3.9+ Lactate AWWA, 2004

+Calculated using Ks and qmax from Logan et al., 2001 and Wang et al., 2008.
*Calculated using Ks and qmax from Logan et al., 2001.

Table 6
Perchlorate degradation rates for 3-cycle bioregeneration.

Cycle # Initial
perchlorate
concentration in
FBR (mg/Lculture)

Average perchlorate
degradation rate during first 10
days of cycle (phase 1)
(mgp/mgss/d)

Theoretical
degradation rate
(mgp/mgss/d)

Perchlorate
concentration in
FBR after 10 days
(mg/Lculture)

Average perchlorate
degradation rate from tenth
day to the end of cycle (phase
2) (mgp/mgss/d)

Theoretical
degradation rate
(mgp/mgss/d)

1 10,926 0.5 1.32–4.33* 2697 0.18 1.30–4.31*

31–4.
31–4.
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varies between 0.41 and 5.42 d as shown in Table 7. Theoretical
value range was calculated using the average Ks and qmax values,
while the published perchlorate degradation rates might have been
observed at different Ks and qmax values. However the difference in
rate between theoretical values and published results are much less
2 7782 0.24 1.
3 4743 0.22 1.

Calculated using Ks and qmax from Logan et al., 2001 and Wang et al., 2008.

ay to the end of the cycle are 0.18, 0.06 and 0.003 mgp/mgss/d,
espectively. Note that the concentration of perchlorate is higher
n cycle 2 when compared to cycle 1. This is because, the bioreac-
or volume used in cycles 2 and 3 was 7 L when compared to the
0 L bioreactor in cycle 1. The bioreactor volume was reduced in
ycles 2 and 3 in order to avoid the heavy biomass decay observed
uring cycle 1. Perchlorate degradation rates for all three cycles
re summarized in Table 6. The perchlorate degradation rates from
enth day to the end of the cycle (phase 2) are about ten times lower
han the published rates of degradation in waters. Again notice that
he concentrations are higher than those shown in Table 5. Higher
egradation rate was observed for cycle 1 when compared to cycle 2
nd cycle 3. In cycle 1, 97.8% perchlorate degradation was achieved
n a span of 21 days. However in cycles 2 and 3, only 88.3% and 89.7%,
espectively, was achieved in 21 days. This may be because the resin
sed in cycle 1 was fresh. Eventhough bio-fouling was treated after
very cycle and resin reloading was successful, it is possible that
ome degree of fouling remains in the resin after treatment, which
an affect the mass transfer of perchlorate ions from the resin dur-
ng bioregeneration process. This might possibly be the reason for
he observed reduction in perchlorate degradation rates for cycles
and 3.

It is generally accepted that perchlorate degradation in water
ollows Monod’s kinetics [17] (Eqs. (5.1) and (5.2)).

dS

dt
= −qmaxXS

S + Ks
(1)

here S is the perchlorate concentration (mg/L); t is the time (d);
max is the maximum specific perchlorate removal rate (d−1); Ks

s the half saturation constant for perchlorate (mg/L); and X is the
icrobial concentration (Wang et al., 2008). Dividing both sides of

he equation by the microbial concentration (X), the rate of sub-
trate utilization per unit microbial concentration (rate) can be
ritten as:

1
X

dS

dt
= − qmaxS

S + Ks
(2)

A hypothetical plot of the rate of degradation versus initial per-
hlorate concentration (S) is shown in Fig. 4. The degradation rates

ere calculated at average, low and high values of Ks and qmax

eported in the literature [17–18] (Table 7). Fig. 4a shows that the
aximum perchlorate degradation rate is about 2.4 mg perchlo-

ate/mg SS/day for average values. Perchlorate degradation rates
ncrease with increasing perchlorate concentrations, but it levels
33* 3540 0.06 1.31–4.31*

32* 596 0.003 1.25–4.21*

off for perchlorate concentrations above 3000 mg/L. Also, perchlo-
rate degradation rate increases with increase in Ks and qmax values
as shown in Fig. 4a and b. The degradation rates obtained during
phase 1, except for cycle 1, are much smaller than those observed
for perchlorate degradation in waters. Phase 2 degradation rates
were several orders of magnitude smaller than those for waters.

The published values for degradation rates in water also differ
from the theoretical values. This is because, the half saturation con-
stant varies within a wide range from 0.14 to 76.6 mg/L, while qmax

−1
Fig. 4. Variation of degradation rate with initial substrate concentration: (a) plotted
with average, low and high Ks and qmax values; (b) plotted with Ks and qmax values
obtained from Logan et al. (2001) and Wang et al. (2008).
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ig. 5. Variation of % perchlorate distribution with resin radius for a 0.7 mm radius
esin bead.

ompared to the difference between degradation rates in the resin
nd theroretical values.

Diffusion might control the degradation of perchlorate attached
o resin beads and may perhaps explain the reduction in perchlorate
egradation during phase 2 (Fig. 2). It is assumed in this research
hat perchlorate desorption from the resin bead follows shrinking
ore model, in which the perchlorate ions in the outer region of the
esin becomes available to PRBs prior to the ions that are attached
eep inside the resin bead. This assumption was based on models
eveloped for ion uptake by resins following shrinking core model
19,20]. The model shows that ions first occupy the outer region of
he resin, and progressively moves to the inner unused resin core
ith time [19,20]. Based on these models, it is reasonable to assume

hat perchlorate ions in the outer region of the resin bead becomes
vailable to PRBs more easily when compared to perchlorate ions
resent in the inner core of the resin. Hence during phase 1, per-
hlorate ions present in the surface and outer region of the resin
ead are readily available for PRB uptake and the degradation rate

s relatively faster. However during phase 2, perchlorate ions that
re deep inside the resin bead need to diffuse through pores to reach
utside the resin and become available for PRB uptake. The amount
f time for this diffusion will depend on pore length, pore tortuosity
nd how deep the perchlorate ion is present in the bead. Assuming
omogeneous distribution of perchlorate ions in a spherical resin
ead, a relationship between perchlorate content and the radius of
he resin bead was developed in this research. This relationship was
eveloped by calculating the capacity of one SIR-110-HP resin bead
nd correlating it with the maximum number of perchlorate ions
hat can attach to the available free sites in the resin bead. Fig. 5
hows the distribution of perchlorate (%), with resin bead radius.
resin radius of 0.705 mm, which is the radius of the resin beads

sed in this research, was considered.
The derivation for perchlorate distribution in resin is as follows:
Let ‘r’ be the resin bead radius in mm.
Volume of 1 resin bead = 4/3�r3 = 4.187r3 mm3.
SIR-110-HP resin capacity = 0.6 meq/mL.
1 mL = 1000 mm3.

able 7
inetic parameters for perchlorate degradation in waters from literature.

Culture Kinetic parameters Electron donor Reference

qmax (d−1) Ks (mg/L)

KJ 1.32 33 ± 9 Acetate Logan et al., 2001
PDX 0.41 45 ± 19 Acetate Logan et al., 2001
SN1A 4.60 2.2 Acetate Wang et al., 2008
ABL1 5.42 4.8 Acetate Wang et al., 2008
INS 4.34 18 Acetate Wang et al., 2008
PC 1 3.09 0.14 Acetate Waller et al., 2004
HCAP-C 4.39 76.6 Acetate Dudley et al., 2008
Fig. 6. Variation of unused resin core containing perchlorate with time for 3-cycle
bioregeneration.

Hence, resin bead capacity/mm3 = 0.6 (meq/mL) × (1 mL/
1000 mm3).
1 resin bead capacity = Volume × Resin capacity/volume.
=4.187r3 × (0.6/1000)
=2.51 × 10−3 r3 meq.
For ClO4

−, 1 mol = 1 eq = 6.022 × 1023 ions (Avagadro’s Number).
Or, 1 meq = 6.022 × 1020 ClO4

− ions.
Hence, 1 resin bead can occupy (2.51 × 10−3 r3 × 6.022 × 1020)
ClO4

− ions.
Also, 1 meq of ClO4

− = 99.5 mg of ClO4
− (or 6.022 × 1020 ClO4

− ions
weigh 99.5 mg).
Therefore, mg of ClO4

− present in 1 resin bead of radius ‘r’.

= (2.51 × 10−3 r3 × 6.022 × 1020) × (99.5 mg/6.022 × 1020)
= 0.24975 r3 mg
= 249.75 r3 �g.

(3)

SIR-110-HP resin bead radius = 0.705 mm.

Hence at r = 0.705 mm, 100% perchlorate is present in the bead.
Substituting various values of ‘r’ in Eq. (3) gives the percentage of
perchlorate at that radius. A curve was plotted between radius ‘r’
and percentage of perchlorate, and the equation of the curve was
determined as,

r = 0.151 (% perchlorate at radius ‘r’)0.333 (4)

Eq. (4) was used to determine the unused resin bead core for the
3 cycle bioregeneration process.

Perchlorate content in the resin bead increases significantly
with increase in radius. Considering ‘r’ (0.705 mm for SIR-110-HP)
to be the radius of the resin bead, the perchlorate content of the
bead at a distance of ‘r/2’ (i.e. at 0.35 mm radius) from the centre
of the bead is only about 10% of the total perchlorate content of
the resin. Hence 90% of the loaded perchlorate in the resin bead is
present at a radius greater than r/2 (Fig. 5). With this relationship
between perchlorate distribution and resin radius, the variation of
unused resin core with time is plotted for the three bioregenera-
tion cycles (Fig. 6). Perchlorate degradation slows down when the
unused core reaches a radius of 0.2 mm for cycle 1 and a radius of
0.35 mm for cycles 2 and 3.

Fig. 6 suggests that, perchlorate present in between 0.35 and
0.705 mm (total radius of resin bead) radius is more easily utilized
by PRBs, while perchlorate attached deep inside the resin (<0.3 mm
radius) needs to diffuse through pores of longer path to reach out-
side of resin, and hence not available easily. Hence this theory
suggests that perchlorate degradation deep inside the resin bead is

likely to be controlled by diffusion. Diffusion may explain reduced
perchlorate degradation observed during phase 2. Since perchlo-
rate is easily utilized from the outer region of the resin bead, it
can be assumed that it will reach the water phase more easily, and
hence perchlorate degradation might be also kinetics controlled in
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ig. 7. Suspended solids and COD variation in the bioreactor for 3 cycle bioregen
oncentrated culture was added to the bioreactor to maintain high suspended solid

his case. In general, it can be summarized that the initial phase
phase 1) of the bioregeneration process might be controlled by
inetics, while the later phase (phase 2) is likely to be controlled by
iffusion.

.2. Bioreactor performance

Fig. 7 shows the variation of suspended solids and COD con-
entration along with the degradation of perchlorate for all three
ioregeneration cycles. Cycle 1 started with an initial suspended
olids concentration of about 3000 mg/L. Cycles 2 and 3 started
ith initial suspended solids of around 2000 mg/L. The suspended

olids decreased with time in all the three cycles as shown in Fig. 7.
hen the suspended solids dropped to 1500 mg/L, centrifuged

ulture from the 20 gallon master reactor with high suspended
olids was added to the bioreactor to maintain the suspended solids
oncentration between 1500 and 2000 mg/L throughout the biore-
eneration experiment. The arrows shown in the graph points to
he days in which concentrated culture was added to the bioreactor
o maintain suspended solids concentration. The decrease in sus-
ended solids indicates that the rate of microbial decay is greater
han that of microbial growth. Since acetate (electron donor) and
utrients were provided in sufficient amounts in the reactor, the
navailability of sufficient perchlorate ions is the reason for the
ecreased production of suspended solids.

The amount of residual acetate in the bioreactor was measured
s Chemical Oxygen Demand (COD), since 1 mg/L acetate is approxi-
ately equal to 1 mg/L COD. The COD in the reactor was maintained
ell above the required 3:1 ratio of acetate-to-perchlorate in all the

hree cycles to make sure that bioregeneration process is not lim-
ted by carbon source. By the end of the bioregeneration process in
ll three cycles, about 3000–4000 mg/L of acetate was still present
n the culture (Fig. 7). Very high initial acetate concentration was
resent in cycle 2 (8000 mg/L) when compared to cycles 1 and 3
about 5000 and 3000 mg/L, respectively). However when compar-
ng the rates for all three cycles, there was no significant increase
n perchlorate degradation rates for cycle 2. These data support
eported findings [21] that excessive supply of electron donor does

ot improve the degradation kinetics due to lack of electron accep-
ors and/or insufficient biomass to utilize them. The increase in
cetate concentration seen in Fig. 7 (marked by arrows) is due to
he addition of concentrated culture to maintain suspended solids
oncentration, which contained significant amount of acetate in it.
n (a) cycle 1; (b) cycle 2; (c) cycle 3. The arrow mark indicates the day on which

From Fig. 7 it is clear that acetate was consumed by PRBs during
perchlorate degradation.

The ORP values in the bioreactor for Cycle 1 and Cycle 3 varied
between −500 and −550 mV. The ORP in Cycle 2 varied between
−350 and −450 mV. This ORP range lies well below the reported
maximum ORP of −110 mV for perchlorate degradation [22]. The
dissolved oxygen content in the bioreactor was maintained below
0.1 mg/L. However in Cycle 3, a higher DO level around 0.4 mg/L
was observed on day 5 and day 6 but eventually was reduced to
<0.1 mg/L by purging the bioreactor with nitrogen gas. Reduced DO
was maintained to avoid biomass increase from oxygen utilization
by PRBs over perchlorate, which in turn leads to longer biore-
generation cycles. pH in all three bioregeneration cycles varied
between 7.1 and 7.9 which is in the optimal range for perchlorate
degradation. The conductivity during bioregeneration process var-
ied between 18.5 and 24.9 mS. This increase of conductivity is due
to the increase in chloride concentration, which is the end product
of perchlorate degradation by PRBs.

Statistical analysis was performed to determine whether there
is a significant difference in perchlorate degradation between the
three cycles during phase 1. The results from the single factor
ANOVA test at 95% confidence level show that the difference is sig-
nificant (p = 0.009) for the three cycles. The difference was due to
the observed higher degradation rates for cycle 1 when compared
to cycles 2 and 3.

4. Conclusions

Results from the current study confirms the feasibility of
gel-type anion-exchange bioregeneration, similar to the biore-
generation of macroporous anion-exchange resin. The direct
bioregeneration of gel-type anion-exchange resin was effective in
regeneration of perchlorate loaded resin, and the resin could be
reused and repeatedly regenerated with the method applied in this
research.

A relationship was established between perchlorate distribution
and the radius of resin bead, assuming homogeneous distribution
of ions in spherical resins. Results from this relationship suggests

that perchlorate ions that are present deep inside the resin bead
(<0.3 mm radius), are not easily available for PRB uptake due to
diffusion. However perchlorate present in the outer region of the
resin bead are more easily utilized by PRBs. Hence it can be sum-
marized that perchlorate degradation is controlled by both kinetics
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