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a b s t r a c t

A 20-month pilot-scale study was conducted to examine the impact of temperature on the

performance of an anaerobic biological contactor used to treat perchlorate-contaminated

water. The contactor was successfully acclimated with indigenous microorganisms.

Influent temperatures varied from 1.4 to 30 �C. The objectives of the study were to investi-

gate the effects of temperature on perchlorate removal, nitrate removal, nitrite formation,

dissolved oxygen consumption, sulfide production, and nutrient acetate consumption. The

results confirmed that consistent biological perchlorate removal to 2 mg/L is feasible at

temperatures above 10 �C. Effluent concentrations of perchlorate, nitrate, and dissolved

oxygen varied inversely with temperature, while sulfide varied positively with

temperature. Under the conditions that prevailed during this study, 10 �C was a threshold

temperature below which microbial activity, including perchlorate reduction, decreased

dramatically.

Published by Elsevier Ltd.

1. Introduction

The perchlorate ion (ClO4
�) is an oxidant that has the potential

to interfere with iodide (I�) uptake by the thyroid gland. The

decreased iodide uptake can lead to decreased production of

thyroid hormones which, in turn, could cause developmental

problems in vulnerable sub-populations. Industrial produc-

tion of perchlorate salts in the United States and Europe began

in the early part of the 20th century (Schumacher, 1960).

Perchlorate compounds are used in products and applications

ranging from military ordnance, to matches, to electro pol-

ishing (Schumacher, 1960; Trumpolt et al., 2005). In addition to

anthropogenic sources, researchers (Dasgupta et al., 2005)

have proposed a mechanism for perchlorate formation by

atmospheric processes. Perchlorate deposition from these

processes is hypothesized as a source of dissolved perchlorate

in regions with no apparent anthropogenic sources (Rajago-

palan et al., 2006; Rao et al., 2007).

Perchlorate is highly soluble and mobile in aqueous solu-

tion and has been detected in numerous drinking water

supplies. In a large survey in the United States (U.S. Environ-

mental Protection Agency, 1999; U.S. Environmental Protec-

tion Agency, 2006; U.S. Environmental Protection Agency,

2007), perchlorate was detected at concentrations ranging

from 4 to 200 mg/L, with a mean of 10 mg/L, in the influents of 69

ground water treatment systems. The same survey detected

perchlorate in the influents of 52 surface water treatment

systems, at concentrations ranging from 4 to 420 mg/L, with

* Corresponding author. Tel.: þ1 513 569 7239; fax: þ1 513 569 7172.
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a mean of 10 mg/L. The population data provided with the

survey indicates a potentially high number of exposed indi-

viduals. Of the 69 ground water treatment systems, 51

systems served 10 thousand to 100 thousand people, and 13

systems served populations of more than 100 thousand. Of the

52 surface water treatment systems, 22 systems served 10

thousand to 100 thousand people, and 27 systems served

populations of more than 100 thousand.

Perchlorate contamination also occurs outside the United

States. A sampling campaign in Japan’s Tome river watershed

(Kosaka et al., 2007) detected perchlorate at concentrations

ranging from 0.08 to 2300 mg/L in the upper watershed and

0.73–25 mg/L in the middle and lower portions of the water-

shed. A sampling effort in Korea (Quinones et al., 2007)

detected perchlorate at concentrations ranging from 0.15 to

60 mg/L in the Nakdong river watershed and 0.08–2.3 mg/L in

the Yeongsan river. The Tome, Nakdong, and Yeongsan rivers

all serve as water sources for major population centers.

Evolving knowledge of the occurrence and health effects of

perchlorate has spurred research into treatment technologies

that include modified activated carbon, ion exchange, electro

dialysis, reverse osmosis, and anaerobic biological treatment.

Of these, biological treatment has the advantages of not

requiring media regeneration or brine treatment. The biolog-

ical process utilizes facultative anaerobic bacteria which,

under the proper conditions, use perchlorate as an electron

acceptor during metabolism (Xu et al., 2003; Coates and

Achenbach, 2004). Through this metabolic pathway, perchlo-

rate is reduced to chlorate (ClO3
�), then chlorite (ClO2

�), and

finally chloride (Cl�). Several pilot-scale studies (Min et al.,

2004; Brown et al., 2005; Fuller et al., 2007) have demonstrated

the ability of a biological process to treat influent waters

contaminated with 40–100 mg/L perchlorate and produce

effluents with concentrations of 4 mg/L perchlorate or less.

These studies ran from 92 to 166 days and investigated the

treatment of perchlorate contaminated well waters. Min et al.

(2004) reported an average temperature of 20 �C� 0.7 �C.

Brown et al. (2005) reported temperatures of 16 �C and 19 �C

from wells sampled prior to the initiation of their study. Fuller

et al. (2007) maintained temperatures of 12–15 �C. Seasonal

temperature fluctuations in ground water, if present at all, are

mild compared to those observed in many surface waters.

Given the number of surface water perchlorate detections, an

investigation of temperature impacts on biological treatment

would be a useful addition to the existing body of knowledge

on perchlorate treatment. To address this gap, a 20-month

pilot-scale trial was undertaken using surface water with

a temperature that varied from 1.4 to 30 �C. The objectives of

the study were to investigate the impacts of temperature on

perchlorate removal, nitrate (NO3
�) removal, nitrite (NO2

�)

formation, dissolved oxygen (O2) consumption, sulfide (S2�)

production, and nutrient acetate (CH3COO�) consumption.

2. Materials and methods

2.1. Pilot-scale contactor

For the pilot-scale treatment system shown in Fig. 1, granular

activated carbon contactor influent from the Greater Cincin-

nati Water Works’ Ohio River treatment plant (Greater Cin-

cinnati Water Works, 2007) was used as raw water for the

system. The raw dissolved organic carbon, pH, and turbidity

over the course of the study averaged 1.9 mg/L (sn�1¼ 0.50 mg/

L), 7.6 (sn�1¼ 0.26), and 0.11 NTU (sn�1¼ 0.023 NTU), respec-

tively.2 This water did not contain a disinfectant residual and

had not been treated with disinfectants of any kind prior to

use in the pilot-scale system. The contactor was acclimated

with microorganisms indigenous to this water supply. No

additional organisms were seeded into the system during the

study.

The raw water flowed into a constant head tank and from

there was pumped to the top of the anaerobic contactor with

a constant speed pump (March Pumps, Glenview, Illinois,

USA). A valve was used to adjust the influent flow rate to 3 L/

min. The contactor influent line was constructed of 1.3-cm

inside diameter schedule 80 polyvinyl chloride (PVC) pipe and

1.3-cm outside diameter teflon or stainless steel tubing. The

influent line was equipped with four injection ports to facili-

tate the feeding of chemicals into the flow stream. All chem-

icals were of reagent grade and were fed with peristaltic

pumps (Cole Parmer, Vernon Hills, Illinois, USA).

Sodium perchlorate (NaClO4$H2O) and monobasic sodium

phosphate (NaH2PO4$H2O) (Fisher Scientific, Pittsburgh,

Pennsylvania, USA) were fed to achieve final target concen-

trations of 50 mg/L as ClO4
� and 100 mg/L as phosphate (PO4

3�) for

the duration of the study. Phosphate served as a microbial

nutrient. Acetic acid (CH3COOH) (GFS Chemicals, Powell, Ohio,

USA) was fed to supply acetate (CH3COO�), which served as

a carbon source and electron donor. During Phase I, a high

initial acetate concentration (60–80 mg/L) was fed to ensure

that acetate was not rate limiting. The influent acetate

concentration was subsequently varied in response to

observed utilization in the contactor, stabilizing at 18–27 mg/L

during Phase II. The acetate injection port was initially located

upstream of the static mixer; however, acetate addition

promoted luxuriant biomass accumulation that led to

Nomenclature

mg/L micrograms per liter
�C degrees Celsius

L/min liters per minute

cm centimeters

mm millimeter

mg/L milligram per liter

ppm parts per million

MDL method detection limit

D10 grain size for which 10 percent of the grains in

a sample (by weight) are smaller

D60 grain size for which 60 percent of the grains in

a sample (by weight) are smaller

T temperature

HDPE high density polyethylene

V volts

Eo reduction potential

sn�1 standard deviation

2 sn�1¼ standard deviation.
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frequent clogging of the influent plumbing. To facilitate easy

cleaning, the acetate injection port was placed immediately

upstream of the point where the influent discharged into the

contactor head water. No flow problems were observed after

the relocation.

The biological contactor was operated in a downflow

mode. The contactor was a high density polyethylene (HDPE)

tank (Snyder Industries, Lincoln, Nebraska, USA), with

a height and inside diameter of 145 cm and 76 cm, respec-

tively. The contactor was supported 46 cm off the floor to

make room for pumps and plumbing. The inside bottom of the

contactor was fitted with a manifold to collect effluent and

evenly distribute backwash water. The manifold was fabri-

cated of 3.8-cm inside diameter schedule 80 PVC pipe, sealed

at the ends, and drilled with 0.6-cm holes at regular intervals.

The manifold was covered with a bed of graded gravel

(Northern Filter Media, Muscatine, Iowa, USA) to a depth of

31 cm. A 31-cm bed of anthracite media (Northern Filter

Media, Muscatine, Iowa, USA) was placed on top of the gravel.

The anthracite had an effective diameter (D10) of 1.0 mm and

a uniformity coefficient (D60/D10) of 1.3. The water depth over

the top of the filter bed was 61 cm. Four overflow fittings, each

5.1-cm inside diameter, were installed around the perimeter

of the contactor to collect overflow and carry backwash water

to waste. A variable speed gear pump (Micropump, Vancouver,

Washington, USA) was used to maintain a hydraulic loading

rate of 0.26 m/h. The contactor effluent line was equipped

with a sight tube, pressure sensor (Dwyer Instruments,

Michigan City, Indiana, USA), and flow meter (Georg Fisher

Signet, El Monte, California, USA) to monitor head loss and

flow rate.

A 1.1 kW centrifugal pump (EBARA, Rock Hill, South Caro-

lina, USA) was used to pump backwash water from a 1900-L

holding tank (Snyder Industries, Lincoln, Nebraska, USA). The

holding tank was filled with the same raw water used to

supply the contactor. All backwash plumbing was 3.8-cm

inside diameter schedule 80 PVC pipe. Backwashing was per-

formed for 10 min at a time at a surface loading rate of 37 m/h.

The contactor was backwashed weekly or when head loss

exceeded 25 cm.

2.2. Sampling and analysis

Temperature was measured manually, either with a thermo-

couple (Cole–Parmer, Vernon Hills, Illinois, USA) or alcohol

thermometer. The pH was measured with a combination

electrode and meter (Thermo Electron, Pittsburgh, Pennsyl-

vania, USA), calibrated daily at pH 4, 7, and 10. Perchlorate was

measured according to EPA Method 314.0 (U.S. Environmental

Protection Agency, 2000) using a Dionex DX2500 ion chro-

matograph (Sunnyvale, California, USA) equipped with an

AS11 column, guard column, and self-regenerating

suppressor. Acetate was measured using a Dionex DX500 ion

chromatograph equipped with an AS16 column, guard

column, and self-regenerating suppressor. The eluent was

10 mM sodium hydroxide (NaOH). Dissolved organic carbon

was measured according to Standard Method 5310-C (Stan-

dard methods, 2005) using a Dohrmann Phoenix 8000 analyzer

(Mason, Ohio, USA). Perchlorate, acetate, and dissolved

organic carbon samples were filtered through 0.2 mm

membranes into 40-mL glass vials at the time of collection.

Nitrate and nitrite samples analyzed in the laboratory were

measured according to EPA Method 353.2 (U.S. Environmental

Protection Agency, 1993). Ammonia (NH3) was analyzed in the

laboratory according to EPA Method 350.1 (U.S. Environmental

Protection Agency, 1993). Laboratory analyses for nitrate,

Overflow

Raw
water

Constant head tank

Holding
tank

Overflow

3 - way
valve

Headloss
sight tube

Pressure
sensor

Effluent
pump

Flow
meter

Overflow

610 mm headwater

310 mm anthracite

310 mm graded gravel

Influent
pump

Valve

ClO4
-

PO4
3-

CH3COO -
Static
mixer

Raw
water

Backwash pump

Fig. 1 – Pilot-scale treatment system.
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nitrite, and ammonia were carried out on a Westco

Smartchem 200 discrete analyzer (Brookfield, CT, USA). Field

measurements for nitrite and total sulfides were performed

according to Hach Methods 8507 and 8131 (Hach Company,

2008), respectively, using a DR2000 spectrophotometer (Hach

Company, Loveland, Colorado, USA). The sulfide method did

not differentiate between the various sulfide compounds that

may have been present. High (>0.8 mg/L) and low (�0.8 mg/L)

range dissolved oxygen concentrations were measured

according to Hach Methods 8166 and 8316 (Hach Company,

2008), respectively, using a DR2000 spectrophotometer. Iron

(Fe) and sulfate (SO4
2�) were measured according to EPA

Method 200.7 (U.S. Environmental Protection Agency, 1994)

using a Thermo Electron iCAP 6000 inductively coupled

plasma emission spectrometer. Laboratory samples for

nitrate, nitrite, ammonia, iron, and sulfate were collected in

60-mL HDPE bottles.

3. Results

3.1. Phase I

Phase I was an 85-day acclimation period, defined as the time

necessary for the contactor effluent perchlorate concentration

(Fig. 2) to stabilize at or below the method detection limit

(MDL) of 2 mg/L. The water temperatures on the first and last

days of Phase I were 5.7 �C and 20 �C, respectively.

Indications of microbial activity were observed early on

while the water was still cold. The differences between

influent and effluent dissolved oxygen (Fig. 3) during the first

and second weeks averaged 1.5 mg/L (sn�1¼ 0.44 mg/L) and

3.8 mg/L (sn�1¼ 1.2 mg/L), respectively. Effluent dissolved

oxygen concentrations dropped to less than 1 mg/L

(MDL¼ 0.008 mg/L) after 30 days and less than 0.5 mg/L after

37 days. In contrast, the average influent dissolved oxygen

over the first 37 days was 11 mg/L (sn�1¼ 1.2 mg/L). The water

temperature by day 37 was 8.1 �C. Effluent nitrate concentra-

tions (Fig. 4) began decreasing by day 16 and had stabilized at

or below the MDL of 0.020 mg/L by day 28. The influent nitrate

concentration over this same time period averaged 0.97 mg/L

(sn�1¼ 0.25 mg/L). Effluent nitrite concentrations (Fig. 5) were

at or below the MDL of 0.01 mg/L until day 16, when they

began increasing to a peak of 0.12 mg/L on day 28. Nitrite

levels then dropped off rapidly, returning to the MDL by day

36. Influent nitrite concentrations were always below the

MDL. The acetate (Fig. 6) utilization rate remained constant,

averaging 34% (sn�1¼ 5.1%). The influent acetate concentra-

tion was progressively decreased during Phase I in order to

bring the applied acetate into line with the amount utilized in

the contactor.

Significant decreases in effluent perchlorate (Fig. 2)

concentrations, compared to the influent, were observed by

day 35. The timing of this decrease coincided with the estab-

lishment of stable effluent nitrate concentrations at or below

the 0.020 mg/L MDL. Effluent perchlorate concentrations

decreased steadily from then on, approaching the MDL of

2.0 mg/L by day 65. The water temperature on day 65 was 16 �C.

From then until the end of Phase I, however, effluent

perchlorate fluctuated between 3.6 and 15 mg/L before stabi-

lizing completely at the MDL by day 85. By comparison, the

influent perchlorate concentration during Phase I averaged

52 mg/L (sn�1¼ 7.4 mg/L).

The pilot system raw pH, prior to acetic acid addition,

averaged 8.0 (sn�1¼ 0.19) during Phase I. The pH dropped by

almost 2 units following acetic acid addition. The influent pH

averaged 6.1 (sn�1¼ 0.086) during the first week, rising to an

average of 6.3 (sn�1¼ 0.094) during the last week of Phase I.

The rise in influent pH was due to the progressive decrease in

acetic acid dose that occurred during Phase I. Effluent pH

increased from an average of 6.3 (sn�1¼ 0.11) during the first

week, to 6.8 (sn�1¼ 0.044) over the same set of time intervals.
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Fig. 2 – Perchlorate and temperature: Contactor influent concentration (left axis), Contactor effluent

concentration (left axis), Temperature (right axis), Perchlorate MDL [ 0.002 mg/L.
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The pH increase across the contactor was attributed to

microbial uptake of undissociated CH3COOH.

Effluent iron concentrations (Fig. 7) began to increase

significantly, versus the influent, by day 35. The beginning of

this increase coincided with effluent dissolved oxygen levels

dropping below 1 mg/L. Effluent iron concentrations reached

0.21 mg/L by the end of Phase I. Influent iron concentrations

over the same time intervalaveraged<4.3 mg/L (sn�1¼ 2.4 mg/L).3

3.2. Phase II

Phase II was a 508-day quasi steady-state operational period

that was defined as beginning when the effluent perchlorate

stabilized below the 2.0 mg/L MDL. The goal during Phase II was

to feed the minimum amount of acetate necessary to main-

tain full biological perchlorate reduction. The process of

lowering influent acetate concentrations, begun during Phase

I, was continued until effluent acetate levels dropped below

the MDL of 1.0 mg/L between days 26 and 35 of Phase II. From

this point on, influent acetate concentrations were raised or

lowered as needed to provide sufficient electron donor while

maintaining effluent concentrations between the MDL and

5 mg/L. This dosing strategy was adopted to ensure that

acetate was not a limiting factor in contactor operation. One

consequence of this strategy, though, was the frequent pres-

ence of acetate in the anaerobic contactor effluent. These

acetate concentrations would necessitate the installation of

an aerobic biologically active filter to polish and stabilize the

effluent prior to the distribution system.

Effluent perchlorate (Fig. 2) concentrations, which had

remained below the 2.0 mg/L MDL for the first four weeks of

Phase II, began to increase steadily on day 28. Effluent perchlo-

rate peaked at 46 mg/L on day 33, before falling back below the

MDL by day 39. The average influent concentration during this

excursion was 50 mg/L (sn�1¼ 3.9 mg/L). Possible reasons for the

excursion are presented in the second paragraph of the

following discussion section. With one exception, effluent

perchlorate concentrations then stayed below the MDL from

days 39 to 189. Byday 189, the temperature had dropped to 11 �C.

From this point onward, effluent perchlorate concentrations

rose until, by day 264, there was no significant difference

between influent and effluent. The period of zero removal

continued until day 285 and coincided with the lowest temper-

atures of the winter. The temperatures fell from 4.1 �C on day

264 to 1.5 �C on day 285. Effluent perchlorate concentrations

then began to drop steadily, reaching the MDL for the first time

on day 322, when the temperature had risen to 10 �C. From this

point on, however, the contactor effluent did not stabilize below

the MDL until day 385, when the temperature reached24 �C. The

effluent perchlorate during this time interval ranged from the

MDL to 21 mg/L, with a mean of<4.6 mg/L. Effluent acetate (Fig. 6)

concentrations between days 322 and 385 averaged 3.4 mg/L

(sn�1¼ 4.7 mg/L) with zero non-detects, indicating that suffi-

cient electron donor had been made available. Effluent

perchlorate concentrations then remained below the MDL from

day 385 through the end of Phase II.

The time course of nitrate reduction during Phase II coin-

cided almost exactly with the observed time course of

perchlorate reduction. Effluent nitrate (Fig. 4) concentrations

remained stable at or near the 20 mg/L MDL for the first 28 days

and then spiked rapidly to a peak of 0.82 mg/L on day 33. The

timing of the effluent nitrate peak coincided with the timing of

a 46 mg/L effluent perchlorate peak and a 2.1 mg/L influent
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nitrate peak. This peak influent nitrate concentration was

more than four standard deviations greater than the mean

influent nitrate of 0.90 mg/L (sn�1¼ 0.27 mg/L) observed for

the entire study. Following this excursion, effluent nitrate

concentrations from days 40 through 187 stabilized between

the MDL and 50 mg/L, averaging <24 mg/L (sn�1¼ 8.2 mg/L).

From day 187, when the temperature was 11 �C, effluent

nitrate levels increased to a peak of 0.93 mg/L on day 285,

when the temperature had dropped to 1.5 �C. Effluent nitrates

then began to decrease steadily, dropping to below 50 mg/L for

the first time on day 322, when the temperatures had climbed

to 10 �C. However, effluent nitrate levels did not stabilize

below 50 mg/L until day 383, when the temperature reached

24 �C. With the exception of isolated excursions on days 462,

482, and 497, effluent nitrates were then stable between the

MDL and 50 mg/L for the remainder of Phase II.

With two exceptions, effluent nitrite (Fig. 5) concentrations

during Phase II stayed at or below the 10 mg/L MDL. An effluent
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peak occurred on days 28 and 33, measuring 91 and 77 mg/L,

respectively. This peak coincided with the perchlorate and

nitrate excursions observed in the same time interval. A

period of unstable effluent nitrite, with concentrations

ranging from the MDL to 30 mg/L, was observed between days

252 and 315. This time interval coincided with the coldest part

of the winter and the observed deterioration in perchlorate

and nitrate reduction.

Testing for sulfide (Fig. 8) in the contactor effluent was

initiated on day 110 of Phase II, after a sulfide odor had become

apparent. Effluent sulfide concentrations peaked at 6.4 mg/L on

day 147. By this time, the temperature had fallen to 25 �C

from the summertime peak of 30 �C. From its peak, effluent

sulfide dropped as the temperature dropped, plateauing below

0.1 mg/L between days 257 and 309. This time interval, begin-

ning and ending at 6.1 and 6.7 �C, respectively, enclosed the
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lowest winter time temperature of 1.4 �C. As temperatures

warmed, effluent sulfides increased, reaching a peak of 7.6 mg/

L on day 501. At this time, the temperature had fallen to 27 �C

from its summertime peak of 30 �C. Influent sulfate concen-

trations during Phase II averaged 79 mg/L (sn�1¼ 20 mg/L).

Sulfide was never detected in the contactor influent. The

sulfide method used in this study did not test specifically for

hydrogen sulfide (H2S). However, pilot plant personnel were

equipped with hydrogen sulfide monitors while sampling and

maintaining the unit. Ambient hydrogen sulfide concentra-

tions never exceeded the 20 ppm permissible exposure level

set by the U.S. Occupational Safety and Health Administration

(Occupational Safety and Health Standards, 2009).

Effluent ammonia (Fig. 9) concentrations in Phase II signif-

icantly exceeded influent concentrations during two separate

time intervals. From days 21 to 110, effluent and influent

ammonia concentrations averaged 0.11 mg/L (sn�1¼ 0.061 mg/

L) and< 0.039 mg/L (sn�1¼ 0.025 mg/L), respectively. From

days 357 to 469, effluent and influent ammonia concentrations

averaged 0.16 mg/L (sn�1¼ 0.042 mg/L) and< 0.037 mg/L

(sn�1¼ 0.016 mg/L), respectively. Both effluent ammonia

excursions began in late spring and ended in the late summer.

The MDL for ammonia during the study was 0.03 mg/L.

Effluent dissolved oxygen (Fig. 3) levels during Phase II

displayed the same time course as effluent perchlorate,

nitrate, and sulfide. In the first two weeks of Phase II, effluent

dissolved oxygen averaged 0.11 mg/L (sn�1¼ 0.045 mg/L).

These concentrations decreased throughout the spring,

summer, and early autumn, averaging 0.037 mg/L

(sn�1¼ 0.022 mg/L) on days 189 through 202. The temperature

on day 202 was 10 �C. From this point, the effluent dissolved

oxygen rose rapidly, to 2.5 mg/L by day 215. This increase in

effluent dissolved oxygen occurred approximately two weeks

after the observed cold weather increase in effluent perchlo-

rate and nitrate levels. From day 215, the effluent dissolved

oxygen rose to a peak of 5.4 mg/L by day 286, when the

temperature was 1.7 �C. The timing of the effluent dissolved

oxygen peak coincides exactly with the timing of the effluent

nitrate and perchlorate peaks. The influent dissolved oxygen

concentration on day 286 was 12.4 mg/L. The resulting dis-

solved oxygen utilization of 7 mg/L implied the existence of

significant microbial activity in the contactor, even during

very cold weather. As temperatures increased, effluent dis-

solved oxygen declined steadily; dropping below 1 mg/L by

day 302 when the temperature had reached 5 �C. From this

day through day 361, effluent dissolved oxygen was unstable,

swinging between 0.90 and 0.036 mg/L, with a mean of

0.30 mg/L (sn�1¼ 0.29 mg/L). This period of unstable effluent

dissolved oxygen, between days 302 and 361, overlapped

approximately with the period of unstable post-winter

effluent perchlorate (days 322 through 385) and nitrate (days

322 through 383) concentrations. From days 361 through the

end of Phase II, effluent dissolved oxygen remained low and

stable, averaging 0.032 mg/L (sn�1¼ 0.019 mg/L).

During Phase II, the median effluent perchlorate (Fig. 2)

concentration in the 20 �C< T� 30 �C and 10 �C< T� 20 �C

temperature ranges was less than the 2 mg/L MDL (Table 1).

However, the median effluent perchlorate concentration rose

to 32 mg/L when the temperature dropped below 10 �C.

Similar behavior was observed for nitrate, sulfate, and dis-

solved oxygen. Median effluent nitrate levels were below the

20 mg/L MDL when 20 �C< T� 30 �C, 22 mg/L when

10 �C< T� 20 �C, and 420 mg/L when T� 10 �C. Median

effluent dissolved oxygen (Fig. 3) concentrations in the three

temperature ranges were, from highest to lowest tempera-

ture: 0.033, 0.060 and 1.2 mg/L, respectively. Sulfide (Fig. 8), on
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the other hand, varied directly with temperature. Median

effluent sulfide concentrations in the three temperature

ranges were, from highest to lowest temperature: 4.5, 1.3 and

0.13 mg/L, respectively.

Effluent iron (Fig. 7) concentrations peaked at 1.5 mg/L on

day 49 of Phase II, rising from a relative low of 0.038 mg/L on

day 33. The timing of the low iron concentration coincides

exactly with the timing of the effluent perchlorate and nitrate
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Table 1 – Distribution of influent and effluent perchlorate, dissolved oxygen, nitrate and sulfide as a function of
temperature during Phase II.

Analyte Temperature (�C) Sample point Percentile

10th 25th 50th 75th 90th n

Perchlorate (mg/L) T� 10 Influent 43 47 49 54 57 30

Effluent 12 18 32 37 44 30

10< T� 20 Influent 42 45 48 51 53 34

Effluent <2 <2 <2 2.8 8.9 34

20< T� 30 Influent 43 45 50 54 60 34

Effluent <2 <2 <2 <2 4.1 34

Dissolved Oxygen (mg/L) T� 10 Influent 11 12 13 13 13 43

Effluent 0.18 0.65 1.2 2.6 4.5 75

10< T� 20 Influent 8.1 8.4 10 11 12 51

Effluent 0.019 0.024 0.060 0.087 0.20 76

20< T� 30 Influent 5.9 6.3 6.9 7.5 8.3 125

Effluent 0.016 0.023 0.033 0.051 0.079 186

Nitrate (mg/L) T� 10 Influent 0.81 0.89 0.95 1.0 1.2 31

Effluent 0.11 0.20 0.42 0.60 0.76 30

10< T� 20 Influent 0.55 0.66 0.77 0.86 0.96 30

Effluent <0.02 <0.02 0.022 0.052 0.13 30

20< T� 30 Influent 0.53 0.62 0.78 0.92 1.3 78

Effluent <0.02 <0.02 <0.02 0.040 0.050 78

Sulfide (mg/L) T� 10 Influent <0.001 <0.001 <0.001 0.003 0.004 33

Effluent 0.011 0.026 0.13 0.27 0.36 32

10< T� 20 Influent <0.001 <0.001 0.002 0.004 0.007 25

Effluent 0.51 0.90 1.3 2.2 3.6 25

20< T� 30 Influent <0.001 <0.001 0.002 0.003 0.004 49

Effluent 3.3 3.8 4.5 5.5 6.0 51

NOTE: A ‘‘ < ‘‘ before a table entry indicates that the value is reported at the detection limit.
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peaks. From its peak on day 49, effluent iron trended gradually

downward for the remainder of Phase II, averaging 3.8 mg/L

(sn�1¼ 6.5 mg/L) during the last three months of the phase. By

comparison, the influent iron concentration throughout Phase

II averaged< 6.2 mg/L (sn�1¼ 1.8 mg/L).

Raw pH, prior to acetic acid addition, averaged 7.5

(sn�1¼ 0.15) during Phase II. Influent and effluent pH values

during Phase II averaged 6.4 (sn�1¼ 0.20) and 6.8 (sn�1¼ 0.16),

respectively. The pH depression from raw to influent was less

pronounced than during Phase I because acetic acid doses

were lower.

4. Discussion

Despite low temperatures, significant biological activity was

observed within the first two weeks of contactor operation.

The time progression of biological activity, with respect to the

initiation of perchlorate reduction, agrees with previously

published investigations of microbial perchlorate metabolism

and reduction potentials in aqueous systems. The reduction

of nitrate to molecular nitrogen (N2) has a reduction potential

(Eo) of 1.25 V (Pankow, 1991). The Eo for the reduction of

perchlorate to chloride is 1.29 V (Coates and Achenbach, 2004).

Because of their similar reduction potentials, nitrate can

compete with perchlorate as an electron acceptor (Coates and

Achenbach, 2004). In the current study, the initiation of nitrate

reduction and a transient period of nitrite formation preceded

the initiation of perchlorate reduction. In contrast, Brown

et al. (2005) observed concurrent establishment of nitrate and

perchlorate reduction during their acclimation phase. The

difference in results observed by Brown et al. (2005) may have

been due to their use of adsorptive (activated carbon) instead

of inert media, repositioning of their acetate injection point

during acclimation, higher temperatures, or a different

microbial consortium.

Competition with nitrate may also explain the transient

episode observed between days 28 and 39 of Phase II, when

perchlorate reduction ceased completely. The influent nitrate

during this period rose to a peak more then four standard

deviations greater than the mean for the entire study. The

stable and almost complete consumption of acetate and dis-

solved oxygen during this period indicate a high level of

microbial activity. Under these conditions, it is possible that

preferential reduction of the high transient nitrate left insuf-

ficient electron donor available to support perchlorate reduc-

tion. In fact, the effluent data imply the possibility of

insufficient electron donor to fully reduce even the influent

nitrate. Nitrate was still present in the effluent, at a concen-

tration 70 percent lower than the influent. Nitrite was also

present in the effluent, implying that not all of the reduced

nitrate was completely converted to nitrogen. Brown et al.

(2005) observed similar results when the influent nitrate was

increased by a factor of 4.8 without a corresponding increase

in influent acetate. Influent nitrate was still reduced by more

than 90 percent. However, perchlorate removal deteriorated

from 100 percent to 20–60 percent, and nitrite appeared in the

effluent. The negative impact of transient nitrate spikes on

perchlorate reduction implies that any microbial perchlorate

treatment process would need to incorporate a back-up

treatment, such as ion exchange. The probability of perchlo-

rate excursions would be further reduced through the

adjustment of influent electron donor concentrations in

response to real-time monitoring of influent dissolved oxygen,

nitrate, and perchlorate levels. This would ensure that

influent electron donor concentrations, in this case acetate,

are sufficient to satisfy electron donor:acceptor molar ratios of

4:1, 5:1, and 8:1 for dissolved oxygen, nitrate, and perchlorate,

respectively. Acetate above and beyond these molar require-

ments would need to be added to ensure sufficient concen-

trations for the maintenance and synthesis of microbial cells

within the anaerobic contactor.

Microbial sulfate reduction, and the resulting production of

sulfide, was a significant nuisance factor. Of the pilot-scale

studies discussed in the Introduction, only Brown et al. (2005)

reported testing for sulfide. Brown and coworkers did not

detect sulfide above their method reporting limit of 0.1 mg/L

and reported only occasional detections by smell. Influent

sulfate concentrations and acetate doses in Brown’s study

ranged from 140 to 250 mg/L as sulfate, and 17 to 30 mg/L as

acetate, respectively. During Phase II of the current study,

contactor influent sulfate concentrations averaged 79 mg/L

(sn�1¼ 22 mg/L), and acetate concentrations ranged from 18 to

27 mg/L. Higher sulfide production during the current study

may have been due to a longer empty bed contact time of

1.2 h, versus 0.17–0.5 h reported by Brown et al. Higher

temperatures during the current study may also account for

some of the observed differences in effluent sulfide concen-

trations. While reducing the contact time may suppress

sulfide production, it may also impair the ability of a biological

contactor to eliminate perchlorate at lower temperatures. The

conversion of sulfate to hydrogen sulfide has an Eo of 0.30 V

(Pankow, 1991), so perchlorate is preferentially reduced. Thus,

reducing the influent acetate concentration, while still main-

taining complete perchlorate reduction, might be an effective

method of suppressing sulfide formation. However, such tight

control of influent electron donor concentrations requires the

ability, not available during this study, to analyze perchlorate

in real time in order to ensure that the primary objective of

perchlorate reduction is not compromised. Even if a drinking

water utility has real-time perchlorate analysis capabilities,

conservative design principles and safety considerations

would dictate the downstream installation of an off-gas

control process.

The formation of ammonia observed in the contactor could

be attributed to the activity of sulfate reducing bacteria

(Muyzer and Stams, 2008; López-Cortés et al., 2006; Moura

et al., 1997; Dalsgaard and Bak, 1994; Keith and Herbert, 1983)

or ammonifiers (Ferguson and Richardson, 2004). The pres-

ence of ammonia in the effluent has the potential for negative

impacts on downstream treatment processes. These include

higher chlorine demand and an elevated potential for distri-

bution system nitrification. It is possible that ammonia

production could also be suppressed through tighter control of

influent electron donor concentrations.

Support gravel was the most likely source of the iron

observed in the contactor effluent. The long-term downward

trend in the effluent iron concentration over the course of the

study implies a finite reservoir, such as that contained in

a gravel bed. Iron (III) in the gravel would have been reduced to
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soluble iron (II), either chemically or microbially. A relative

minimum in effluent iron concentrations on day 33 of Phase II

coincides exactly with the previously discussed influent

nitrate spike and attendant deterioration in perchlorate

reduction. The reduction of iron (III) to iron (II) has an Eo of

0.77 V (Pankow, 1991), lower than that of perchlorate or

nitrate. Thus, iron reduction could have been upset by the

temporarily high concentrations of a competing electron

acceptor. The effluent iron and its probable source indicate

that support media and underdrains for a full-scale downflow

anaerobic system would need to be chosen with care. The

underdrain/support structure would either require gravel

with a low iron content or be of the type that does not require

gravel.

The impact of cold temperatures on effluent perchlorate,

nitrate, dissolved oxygen, and sulfide was significant (Table 1).

As temperatures dropped from the highest to the middle

temperature range, median perchlorate remained below its

MDL, median dissolved oxygen doubled, median nitrate

increased from below to barely above its MDL, and sulfide

decreased by 71 percent. However, at temperatures below

10 �C, median effluent perchlorate, dissolved oxygen, and

nitrate concentrations increased by>1.2, 1.3, and 1.3 orders of

magnitude, respectively, compared to the middle

(10 �C< T< 20 �C) temperature range. Effluent sulfide

concentrations dropped by 1 order of magnitude under the

same circumstances. These results indicate that 10 �C may be

a critical threshold temperature for effective microbial

perchlorate reduction under the conditions prevailing in this

study. The process is fairly robust above 10 �C, but severely

limited below that temperature. These results indicate the

need for a non-biological backup process in situations with

wide seasonal temperature variations.

5. Conclusions

An anaerobic biological perchlorate treatment reactor was

successfully acclimated using indigenous microorganisms.

The contactor was operated continuously for 20 months over

a wide seasonal temperature range. The data collected during

the study confirm the feasibility of biologically treating

perchlorate to consistently low (<2 mg/L) levels at tempera-

tures above 10 �C. However, the results also demonstrate that

tight operational control and process redundancy are required

for reliable long-term operation in a surface water application,

where temperatures and influent quality can vary widely.

Successful operation would require at least daily real-time

analyses of acetate, sulfide, perchlorate, and competing elec-

tron acceptor concentrations. Operators would require

training to interpret the results and adjust feed chemical

concentrations accordingly. The biological process would

require a secondary downstream removal process, such as ion

exchange. This downstream process would be needed to

remove residual perchlorate from the bioreactor effluent

during the winter and during upsets. Finally, the biological

system produces an effluent that is potentially low in dis-

solved oxygen and high in sulfide, ammonia, soluble microbial

products, and acetate. All of these have the potential to

negatively impact distribution system water quality by

contributing to unpleasant odors, increased microbial activity,

higher chlorine demand, and higher disinfection by-product

formation. Further research is currently underway to inves-

tigate the downstream control of particles, sulfide, organic

compounds, and disinfection by-product formation potential

by aeration, biologically active aerobic granular media filtra-

tion, and ultrafiltration.
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