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bstract

Batch experiments were conducted to investigate the kinetics of perchlorate reduction by heterotrophic and mixed perchlorate-reducing bacteria.
ubstrate-utilizing and cellular maintenance models were employed to fit the experimental data for microbial perchlorate reduction. The half
aturation constant, Ks, obtained in this study was below 0.1 mg/L, which indicated that perchlorate-reducing bacteria are effective at utilizing low
oncentrations of perchlorate. The effect of pH on the kinetics of microbial perchlorate reduction was also studied. Perchlorate reduction occurred

hroughout the pH range from 5.0 to 9.0. Nevertheless, the rates of perchlorate removal by a unit mass of bacteria were significantly different at
arious pHs with a maximum rate at pH 7.0. The variation of qmax with pH was described well with a Gaussian peak equation. This equation is
xpected to be applicable for practical purposes when pH effects need to be considered.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Perchlorate (ClO4
−), a key ingredient in rocket fuel and

xplosives, has emerged as a significant new threat to drinking
ater supplies and the environment in the USA [1]. The majority
f anthropogenic perchlorate contamination stems from histori-
al disposal practices by the aerospace and ordnance industries,
he military and chemical manufacturers. Minor natural sources
ere also found in the hyperarid Atacama Desert, in Chilean
itrates with their derived nitrate fertilizer, in southeastern Cal-
fornia caliche nitrate deposits [2,3], and many rain and snow
amples formed by a variety of simulated atmospheric processes
4]. Studies have also detected perchlorate in commercial sam-
les of lettuce [5] and milk as well as in human breast milk [6].
erchlorate affects thyroid hormone function by inhibiting the
ptake of iodide anion into the thyroid gland and subsequent
hyroid hormone synthesis [7,8]. To minimize the health risk,
he EPA set a drinking-water-equivalent level of 24.5 �g/L in

ebruary 2005.

Because perchlorate is kinetically stable and inert at low
oncentration, most traditional physicochemical water and
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astewater treatment processes are not applicable to the removal
nd decomposition of perchlorate ion [9]. Biological approaches
or treating perchlorate have proven to be effective and economi-
ally attractive [1]. Perchlorate-reducing bacteria are ubiquitous,
asily obtainable in the environment [10], and mostly have a
ide range of metabolic capacities [11]. The kinetic param-

ters for biological perchlorate reduction are thus necessary
or designing biological treatment systems, and predicting and
valuating their performance. Previous studies [12–16] have
eported some parameters for both mixed and pure heterotrophic
acteria, but the effect of pH on the rate of microbial perchlo-
ate reduction by a unit mass of bacteria was not systematically
tudied. The quantitative relationship between pH and the rate
f microbial perchlorate reduction is important for practical
pplications. Besides, previous reports [12–16] showed that the
ange of the half saturation constant, Ks, for mixed or pure het-
rotrophic bacterium was 2.2–33 mg/L. These values conflicted
ith the general conclusion that terminal electron acceptors
ften have Ks values at the �g/L level when mass transport
s not included in Ks and simple electron-donor substrates are
onsidered [17].
The purpose of this study was to investigate the pH effect
n the kinetics of microbial perchlorate reduction by mixed and
eterotrophic bacteria. Based on the obtained data, a quantitative
elationship between pH and the rate of perchlorate reduction

mailto:xmeng@stevens.edu
dx.doi.org/10.1016/j.jhazmat.2007.09.010
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y a unit mass of bacteria was established. Special importance
as also attached to the examination of the low value of Ks at

he �g/L level by fitting the numerically calculated data to the
xperimental results.

. Methods

.1. Cultivation and enrichment of perchlorate-reducing
ixed bacteria

Unless noted otherwise, the fresh culture medium was a
eutral (adjusted to pH 7.0 by 1.0 M NaOH) and anoxic
olution (purged with oxygen-free nitrogen), containing per
iter: 1.44 g NaH2PO4, 0.1 g (NH4)2SO4, 0.1 g MgSO4, 4.0 mg
eSO4, 0.6 mg Na2MoO4·2H2O, 1.0 mg NaSeO3, and 0.6 mg
3BO3.
Anaerobic sludge collected from the wastewater treatment

lant in Bergen County, NJ was washed with tap water to remove
he coarse solid particles in the sludge. The gravity-settled sludge
as subsequently collected and used as the seed of heterotrophic
erchlorate-reducing bacteria. The seed was then cultivated for
he enrichment of perchlorate-reducing bacteria in a sealed con-
ainer.

During each cycle of batch cultivation, the seed was mixed
ith a culture medium, which was spiked with 1000 mg/L

cetate (sodium salt) and 500 mg/L perchlorate (potassium,
mmonium, or sodium salt). After about 23 h mixing in each
ycle, the seed was allowed to settle for about an hour. Two thirds
f the supernatant was decanted and was replaced by fresh cul-
ure medium. 1000 mg/L acetate and 500 mg/L perchlorate were
piked again before the start of the next cycle. Repeated batch
ultivation was continuously performed for about 2 months at
ur lab. Effective microbial perchlorate reduction was observed
fter some cultivation cycles. Rapid and repeatable perchlorate
eduction was achieved before the end of cultivation (data not
hown).

.2. Batch kinetic tests

.2.1. The maximum observed microbial yield on
erchlorate

Twenty-one BOD bottles containing the same amount of
iomass each were filled with 300 ml of fresh culture medium
piked with 1200 mg/L perchlorate and 2000 mg/L acetate. The
ottles were then sealed with stoppers and covered with Parafilm
Fisher Scientific). They were shaken in an orbital incuba-
or at a rotation speed of 150 rpm (revolutions per minute).
riplicate samples were taken at different times to measure

he concentrations of biomass and the remaining perchlo-
ate.

.2.2. Microbial perchlorate reduction kinetics
Three BOD bottles containing the same amount of biomass
nd 300 ml of culture medium each were spiked with 24.1 mg/L
f perchlorate and 500 mg/L of acetate. The bottles were sealed
nd shaken by the same methods as above. Triplicate samples
500 �l for each) were taken from the 3 BOD bottles at different

Y
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imes. The bottles were then filled up with DI (deionized) water,
ealed again, and shaken again in the incubator. All samples
ere analyzed to measure the residual perchlorate concentra-

ions.

.2.3. pH effect on the microbial perchlorate reduction
inetics

The medium spiked with about 25.0 mg/L perchlorate and
00 mg/L acetate was adjusted to a pH range from 5.0 to 9.0 with
.0 M HCl and 1.0 M NaOH. Twenty-one BOD bottles contain-
ng a specific amount of biomass each were evenly divided into
groups and were filled up with 300 ml of the medium at differ-

nt pH values. They were then sealed and shaken by the same
ethods. Triplicate samples (500 �l for each) from each group
ere taken at different times. The bottles were then filled up
ith DI water, sealed again, and shaken again in the incubator.
ll samples were analyzed to measure the remaining perchlorate

oncentrations.

.3. Analytical methods

Perchlorate concentrations were analyzed by ion chromatog-
aphy in a Model IC25 (Dionex, Sunnyvale, CA) with a
mm × 250 mm AS 16 column (Dionex). Biomass concentra-

ions were determined by the dry weight (DW) method. The
iomass was collected by filtering the suspension through poly-
arbonate membrane filters (47 mm, 0.4 �m pore diameter)
nd rinsed with DI water. The filters in triplicates were dried
t 105 ◦C for 4 h and cooled in a desiccator prior to being
eighed.

. Results and discussion

.1. The maximum observed microbial yield on perchlorate

Mixed and heterotrophic perchlorate-reducing bacteria grow
n the respiration of perchlorate. Bacteria growth occurred
oncurrently with the perchlorate degradation. Given sufficient
cetate and nutrients, the kinetics of bacterial growth and per-
hlorate reduction can be described by the substrate-utilizing
odel (Eq. (1)) and cellular maintenance model (Eq. (2))

18,19]:

dS

dt
= −qmaxXS

S + Ks
(1)

dX

dt
= μmax

[
S

S + Ks

]
X − bX (2)

here S is the perchlorate concentration (mg/L), t the time (h),
max the maximum specific growth rate (h−1), qmax the maxi-
um specific substrate removal rate (h−1), Ks the half saturation

onstant (�g/L), X the microbial concentration (mg/L), and b is
he endogenous decay rate (h−1).
The observed yield coefficient, Y, is defined as:

= dX

−dS
(3)
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0.10 mg/L, a value that was the same as the detection limit for the
perchlorate analysis in this study. The results in Fig. 2 showed
that qmax was 0.020 (mg-perchlorate)/[(mg-DW) h] and Ks was
0.1 mg-perchlorate/L with a P value <0.01 for the fitting. How-
ig. 1. The maximum observed yield on perchlorate for mixed and heterotrophic
acteria.

t can be further used to derive the maximum observed yield
oefficient Ymax as follows:

= dX

−dS
= dX/dt

−(dS/dt)

= μmax[S/(S + Ks)]X − bX

qmaxXS/(S + Ks)
= μmax

qmax
− b(S + Ks)

qmaxS

=
(

μmax

qmax

) (
1 − b(S + Ks)

μmaxS

)
(4)

hen the perchlorate concentration is much higher than Ks
S � Ks), the Ymax is:

max =
(

μmax

qmax

) (
1 − b

μmax

)
(5)

q. (5) indicates that when S � Ks the microbial yield on per-
hlorate is a constant. Thus by integrating Eq. (3) a linear
elationship between X and S is derived:

= X0 + S0Ymax − YmaxS (6)

here X0 is the initial biomass concentration (mg/L) and S0 is
he initial perchlorate concentration.

Ymax was therefore directly determined as showed in Fig. 1.
he residual perchlorate concentration in Fig. 1 was controlled
t a level higher than 300 mg/L, which is much larger than the
nown Ks values for mixed or pure perchlorate-reducing bacte-
ia as summarized in Table 1. The results in Fig. 1 indicate that
he maximum observed yield coefficient for the mixed and het-
rotrophic bacteria in this study is 0.20 mg-DW/mg-perchlorate.

.2. Microbial perchlorate reduction kinetics
Microbial perchlorate reduction occurs concurrently with
acterial growth. The relationship between the time and the
oncentrations of biomass and perchlorate can be quantitively
escribed by Eqs. (1) and (2). According to Eq. (5), the following

F
b
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quation for μmax is obtained:

max = qmaxYmax + b (7)

ubstituting Eq. (7) into Eq. (2), we get:

dX

dt
= (qmaxYmax + b)

(
S

S + Ks

)
X − bX (8)

hus the microbial perchlorate reduction coupled with bacteria
rowth can be described by Eqs. (1) and (8).

There are four parameters in these two equations. They are
max, Ymax, b, and Ks. b should be relatively constant since it is
n intrinsic property of the microorganisms [23]. The reported
alue of 0.05 day−1 for the similar type of metabolism of deni-
rification [17,22] was, therefore, directly applied. Ymax has been
etermined in the above section. This parameter is also relatively
onstant because the reaction stoichiometry involving perchlo-
ate and acetate is expected to be at most only slightly changed
n this experiment. Accordingly, the microbial yield based on
hermodynamics should be stable. The other two parameters Ks
nd qmax were determined by fitting the numerically calculated
ata to the experimental results in Fig. 2. The reason is that the
eported Ks range in Table 1 conflicts with the general conclu-
ion that terminal electron acceptors often have Ks values below
.0 mg/L [17,23]. Also, qmax proved to be the parameter most
ensitive to the fitting, as discussed below.

The fitting method adopted is detailed as follows. Eqs. (1) and
8) were solved numerically by the finite-difference method with
finite-difference of �t = 0.00625 h and with an initial guess of
max and Ks. The optimal qmax and Ks were then obtained by
hanging their values in Microsoft Excel Solver to reach the min-
mum SSE between the model-calculated and observed data. To
e noted is that the minimum available Ks in Solver and the
n-detectable experimental data for the fitting were both set to
ig. 2. Kinetics of microbial perchlorate reduction by mixed and heterotrophic
acteria, X0 = 11.6 mg/L.
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Table 1
Summary of kinetic parameters for pure and mixed heterotrophic perchlorate-reducing bacteria

Pure or mixed culture Kinetic parameters Growth modela pH T (◦C) Biomass analysis
methodsb

Electron donor References

μmax (day−1) qmax
c (day−1) Ymax Ks (mg/L) tdd (day) b (day−1) Smin

e (mg/L)

Vibrio dechloraticans N/A 1.67 N/A N/A N/A N/A N/A N/A N/A N/A DW ROSf [12]
Mixed culture N/A 2.57 N/A N/A N/A N/A N/A N/A 7.5 32 DW PBCSg [13]
GR-1 2.38 6.16h N/A N/A 0.29 N/A N/A N/A 7.0 30 P Acetate [14]
KJ 3.36 1.32 2.6i 33 0.21 N/A N/A Monod N/A N/A OD, P Acetate [15]
PDX 5.04 0.41 12i 12 0.14 N/A N/A Monod N/A N/A OD, P Acetate [15]
SN1A 1.66 4.60 0.36 2.2 0.42 N/A N/A Monod N/A N/A CC, P Acetate [16]
ABL1 2.06 5.43 0.38 4.8 0.34 N/A N/A Monod N/A N/A CC, P Acetate [16]
INS 1.61 4.35 0.37 18 0.43 N/A N/A Monod N/A N/A CC, P Acetate [16]
RC1 2.04 6.00 0.34 12 0.34 N/A N/A Monod N/A N/A CC, P Acetate [16]
Mixed culture 0.15 0.49 0.20 <0.1k 7.0 0.05j <0.1k Maintenance ∼7.0 ∼27 DW Acetate This study

a If the Monod growth model was used to determine kinetic parameters in the references, b was assumed to be zero when solving for the other parameters.
b P, OD, and CC in the column of Biomass analysis method represent Protein, Optical Density, and Cell Count, respectively.
c Lower qmax values in the range of 0.17–0.03 day−1 for other bacteria isolates were also reported in the German literatures [20,21] as noted by Attaway and Smith [13].
d td, the minimum doubling time, was calculated by the equation: td = ln(2)/(μmax − b).
e Smin [17] was calculated by the equation: Smin = Ksb/(Ymaxqmax − b).
f Readily-oxidized organic substances.
g Rich protein-based carbon sources.
h It was calculated based on the assumption that one mole perchlorate yields one mole chloride [13,14]. The reported rates in the Ref. [14], 0.043 mmol chloride formed mg protein−1 h−1 possibly should be

corrected as 0.043 mmol chloride formed g protein−1 min−1.
i They are two high yield values. One possible reason might be that two different methods for biomass analysis were employed when determining the μmax (OD methods) and qmax (Protein methods).
j This value is directly quoted from the similar type of metabolism of denitrification [17,22].
k They mean their values are below the detection limit of 0.1 mg/L in this study.
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Fig. 3. pH effect on the kinetics of microbial perchlorate reduction. The experi-
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Thus Eq. (9) would be expected to be useful for some practical
applications by substituting σ = 0.84 into the equation when the
effect of pH needs to be considered.
C. Wang et al. / Journal of Haza

ver, if we set the minimum available Ks to a lower value, a better
tting with a smaller SSE could be obtained. Thus the Ks should
e a value below 0.1 mg/L. The low Ks is consistent with the
eneral conclusion that terminal electron acceptors often have
s values below 1.0 mg/L [11]. It indicates that the perchlorate-

educing bacteria are effective at utilizing low concentrations of
erchlorate. A sensitivity analysis was performed subsequently
o evaluate the impact of a ±10% change of each of the qmax,
max, b, and Ks on the SSE [23]. This change caused less than
.2% deviation of SSE except for qmax, which produced a 46.1%
hange of SSE. Thus the fitting is proved to be highly sensitive
o qmax.

A summary of kinetic parameters for pure and mixed het-
rotrophic perchlorate-reducing bacteria, including those from
revious reports, is presented in Table 1. Some factors, such as
he growth model, biomass analysis methods, pH, temperature,
nd electron donor, affect these parameters. The weight of these
actors in affecting the parameters is not explicit and sometimes
s significant. Therefore, the parameters cannot be simply com-
ared without uniform testing methods and testing conditions.
he values presented in Table 1 give an alternative data source for

hose who work on the design of biological treatment systems,
r on the prediction and evaluation of their performance.

.3. pH effect on microbial perchlorate reduction kinetics

A kinetic study of the pH effect on perchlorate reduction by
eterotrophic and mixed bacteria was examined between pH 5.0
nd 9.0. Low concentrations of phosphate in the culture medium
ere used to buffer the pH and to minimize the possible inhi-
ition caused by excessive buffer salt. By this method most pH
alues were well controlled. The final pH values deviated no
ore than 0.1 unit from the initial. There were two exceptions,

owever. For the experiment with initial pH 9.0, the final pH
ropped to 8.8 after 6 days. For the experiment with the initial
H 8.5, the pH dropped to 8.3 when half of the perchlorate was
educed after 1.5 days. In this experiment the pH kept decreasing
s time went by, and thus it was stopped.

Fig. 3 presents the occurrence of microbial perchlorate reduc-
ion as a function of pH. All pHs labeled in Fig. 3 were the initial
alues. The results in Fig. 3 indicate that microbial perchlo-
ate reduction by the mixed and heterotrophic bacteria occurred
hroughout the pH range from 5.0 to 9.0. Nevertheless, the
ates of perchlorate removal by a unit mass of bacteria were
ignificantly different at various pHs. To make a better com-
arison, the data in Fig. 3 were then fitted by Eqs. (1) and
8). The parameters b, Ymax, and Ks in the equations were
xed to 0.05 day−1, 0.020 (mg-perchlorate)/[(mg-DW) h], and
.1 mg/L, respectively. qmax was used as the fitting parameter.
his method proved to be acceptable because subsequent sensi-

ivity analysis results showed that qmax was the most sensitive
arameter and a ±10% change of each of Ymax, b, and Ks caused
o more than 5% deviation of SSE. Statistical analysis also indi-

ates that all fittings have a P value <0.01, except that at pH
.0 there is no statistically significant relationship between per-
hlorate concentration and time as described by Eqs. (1) and
8). This is because at pH 5.0 the bacteria were not able to

F
t

ental points were the average values of triplicate samples. The initial biomass
oncentration was 11.6 mg/L in all systems except for pH 5.5 and pH 8.5 systems
here the concentration was 50.1 mg/L.

egrade perchlorate in this study. Thus one set of Ymax, b, and
s together with a changing qmax at different pH values can well
t all experimental data in Fig. 3.

A plot of the qmax against pH is shown in Fig. 4. A transformed
aussian peak equation, Eq. (9), was used to fit the calculated

max by changing σ in Excel Solver to achieve a minimum SSE.

max,pH = qmax,pH 7.0 exp

[
− (pH − 7.0)2

2σ2

]
(9)

here qmax,pH − qmax at a specific pH, qmax,pH 7.0 − qmax at pH
.0 and σ is the standard deviation. The results indicate that a σ

alue of 0.84 can best fit the data in Fig. 4 with a P value <0.01.
ig. 4. Gaussian peak fit of qmax against pH for the microbial perchlorate reduc-
ion by mixed and heterotrophic bacteria.
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Table 2
Summary of pH ranges for both pure and mixed heterotrophic perchlorate-
reducing bacteria

Pure or mixed
culture

pH range for perchlorate reducing bacteria References

Perchlorate
reduction

Bacteria growth

Acinetobacter N/A 6.0–7.5, optimum
6.8–7.2

[25]

Mixed culture 6.6–7.5, optimum
7.1

Wider range [13]

HAP-1 N/A 6.5–8.0, optimum
7.1

[26]

CKB N/A 6.5–8.5, optimum
7.5

[27]

Perclace 6.5–8.5, optimum
7.0–7.2

N/A [28]

Mixed culture 5.0–9.0, optimum
7.0

N/A This study

Note: the Acinetobacter are 20 close chlorate-reducing strains and their capabil-
ity of perchlorate reduction was not demonstrated in the reference though they
are most possibly able to reduce perchlorate. The occurrences of perchlorate
r
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[

eduction by some strains at adverse pH values as low as 5 (heterotrophic or
utotrophic is not known.) and as high as 9 (not heterotrophic but autotrophic)
ere also reported [29,30].

The results in Fig. 4 show that though microbial perchlorate
eduction by a unit mass of mixed and heterotrophic bacteria
ccurred throughout the pH range from 5.0 to 9.0, the maximum
eduction was obtained at pH 7.0. This optimum pH is consis-
ent with most of the previous reports for both pure and mixed
erchlorate-reducing bacteria [13,24,25,27] as summarized in
able 2. When pH shifted away from 7.0, the reduction rate
ccordingly decreased as described by Eq. (9). The preference
or neutral pH for perchlorate-reducing bacteria indicates that
hey could be normally found in neutral environments [30]. This
endency along with their other preferences, such as mesophile
13,25–27] and facultative environments, and with their capa-
ility of alternative growth on nitrate and oxygen [27] as the
lectron acceptors and some simple organics [26,31] as the
lectron donors, might explain their ubiquity [10,26] in very
iverse environments, since these environmental requirements
or their life are commonly met in underground water, ground-
ater, sludge, soils, and sediments.
The mechanism of the pH effect on the perchlorate reduction

y perchlorate-reducing bacteria is still not fully understood.
he process of respiration of perchlorate as a terminal electron
cceptor by a bacterium cell is quite complex. Some enzymatic
rocesses might be involved in this overall biochemical reac-
ion. Generally, it is known that pH effects on enzyme activity
an be attributed to three possible mechanisms [32]: (a) vari-
tions of the pH in the environment change the ionic form of
he acid and base groups on the active sites of an enzyme; (b)
hanges in pH alter the three-dimension shape of the enzyme;
nd (c) the pH in the environment affects the ionic groups on
he substrates in some cases and hence varies the affinity of the

ubstrates for the enzyme. Thus further studies on how the pro-
on concentration outside the cell affects the key enzyme in the
erchlorate reductive pathway might improve our understanding
f the mechanisms.

[
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. Conclusions

Kinetic parameters for microbial perchlorate reduction by
ixed and heterotrophic perchlorate-reducing bacteria were

ummarized, including those currently determined and previ-
usly reported. The half saturation constant, Ks, obtained in this
tudy was below 0.1 mg/L, which indicated that perchlorate-
educing bacteria are effective at utilizing low concentrations
f perchlorate. Microbial perchlorate reduction by mixed and
eterotrophic bacteria occurred throughout the pH range from
.0 to 9.0. However, the rates of perchlorate removal by a unit
ass of bacteria were significantly different at various pH val-

es with an optimum at pH 7.0. A Gaussian peak equation was
alibrated by the experimental results and could well describe
he variation of qmax as a function of pH. It can be used for
ractical applications when the pH effect needs to be taken into
onsideration.
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