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Abstract In the present study, hexavalent chromium (Cr(VI)) reduction potential of chromium
reductase associated with the cell-free extracts (CFE) of Arthrobacter rhombi-RE species was
evaluated. Arthrobacter rhombi-RE, an efficient Cr(VI) reducing bacterium, was enriched and
isolated from a chromium-contaminated site. Chromium reductase activity of Arthrobacter
rhombi-RE strain was associated with the cell-free extract and the contribution of extracellular
enzymes to Cr(VI) reduction was negligible. NADH enhanced the chromium reductase
activity. The enzyme activity was optimal at a pH of 5.5 and a temperature of 30 °C. Among
the ten electron donors screened, sodium pyruvate was the most effective one followed by
NADH and propionic acid. Michaelis–Menten constant, Km, and maximum reaction rate,
Vmax, obtained from the Lineweaver–Burk plot were 48 μM and 4.09 nM/mg protein/min,
respectively, in presence of NADH as electron donor and 170.5 μM and 4.29 nM/mg protein/
min, respectively, in presence of sodium pyruvate as electron donor. Ca2+ enhanced the
enzyme activity while Hg2+, Cd2+, Ba2+, and Zn2+ inhibited the enzyme activity. Among the
various immobilization matrices screened, calcium alginate beads seemed to be the most
effective one. Though immobilized enzyme system was able to reduce Cr(VI), the
performance was not very encouraging in continuous mode of operation.
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Immobilized enzyme

Introduction

Hexavalent chromium is released into the environment through a large number of industrial
operations which include manufacturing of alloys, dyes and pigments, electroplating, metal
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finishing, petroleum refining, leather tanning, and wood preservation. It is also used as
corrosion inhibitor in conventional and nuclear power plants [1]. Hexavalent chromium is
highly toxic, carcinogenic, and mutagenic in living organisms. Hence, treatment to reduce/
remove this pollutant before discharging the effluent into the environment is necessary.

Conventional method for the removal of Cr(VI) involves reduction of toxic Cr(VI) to a
less toxic Cr(III) using reducing agents, followed by precipitation. However, these methods
require large quantities of chemicals and produce large amounts of sludge that pose serious
problems to the environment [2].

Many reports are available on the biotransformation of Cr(VI) under aerobic and anaerobic
conditions [3–5]. The reduction of Cr(VI) to Cr(III) was possible by pure and enriched mixed
cultures of microorganisms [3, 4, 6]. Most of the biological systems for the treatment of Cr
(VI)-containing wastewater are operated in batch mode [7–9], probably due to eventual loss
of active biomass as a result of metal toxicity. Several researchers have reported that it is
almost impossible to continuously remove Cr(VI) on a long-term basis without intermittently
reseeding the biological system [10]. However, in recent years, continuous-flow and fixed-
film bioreactors have been employed for biological reduction of Cr(VI) [11–14]. In these
reactors, carbon sources as electron donors were supplied externally to the wastewater
depending upon the requirement. Use of highly active Cr(VI) reducing enzymes may be a
suitable option for the effective biotransformation of Cr(VI) [15–19].

It is reported that partially purified chromate reductase from Pseudomonas ambigua and
Pseudomonas putida were able to reduce Cr(VI) using NADH and NAD(P)H as electron
donors [15]. The presence of additional electron donors like NADH and NAD(P)H
accelerated Cr(VI) reductase activity of CFE of Bacillus sphaericus AND 303 [20].
Fractionation and assay of CFE of Bacillus ES 29 have revealed that a soluble NADH-
dependent enzyme was responsible for the catalytic reduction of Cr(VI) [16]. Most of the
chromium reductases reported in aerobic conditions are normally associated with a soluble
protein fraction utilizing NADH or NAD(P)H as electron donor and the occurrence of
reduction process is either internal or external to the plasma membrane [14, 21]. Under
anaerobic conditions, Cr(VI) is used as a terminal electron acceptor and is reduced in the
membrane during anaerobic respiration [22]. Though many partially purified and crude
enzymes are reported to have significant Cr(VI) reduction potential, their application in Cr
(VI)-contaminated wastewater treatment is limited due to the expensive and tedious
separation of free enzymes from the waste streams.

Immobilized enzymes have many advantages such as (1) cost reduction of process because
they can be reused many times, (2) easy separation from reaction mixtures, and (3) the
possibility of using higher enzyme activity per unit volume in the reactor [23]. Several natural
and synthetic support materials such as agar, alginate, carrageenan, cellulose, and its
derivatives like collagen, gelatin, polyacrylamide, polyester, polystyrene, and polyurethane
have been used for cell immobilization [24]. With the advancement in enzyme immobilization
technology, it is speculated that the application of immobilized Cr(VI) reductase could be a
promising approach for bioremediation of Cr(VI)-contaminated wastewater over a wide range
of environmental conditions. Though many reports are available on the use of whole cell
reactors for the treatment of Cr(VI)-contaminated wastewater, data on the application of
enzyme-immobilized reactors for the same is scanty [25].

In the present study, Cr(VI) reduction potential of chromium reductase associated with
the CFE of Arthrobacter rhombi-RE was evaluated. The optimal conditions for Cr(VI)
reduction and the effect of various metals on chromium reductase activity were also
evaluated. An attempt was made to employ immobilized chromium reductase in a
continuous system for Cr(VI)-bearing wastewater treatment.
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Materials and Methods

Enzyme Preparation

Arthrobacter rhombi-RE, a potential Cr(VI)-reducing bacterium, grown for 18 h in nutrient
medium, was harvested by centrifugation, washed, and re-suspended in 50 mM potassium
phosphate buffer of pH 6 (1 g (wet weight) cell in 5mL buffer). The cells were lysed by sonication
(five cycles of 40 s on and 40 s off at 175W), centrifuged (10,000 ×g and 4 °C) and the CFE was
collected. The crude CFE is referred as intracellular enzyme. Supernatants from the culture
media, after separating the cells by centrifuging at 1,000 ×g for 10 min, were employed for
extracellular enzyme activity studies. Total protein was estimated by Lowry’s method [26]. All
assays were carried out in triplicate. All the batch experiments were carried out in triplicate at
30 °C and the error bars represent the standard deviation from the mean values.

Chromium Reductase Assay

Chromium reductase activity was assayed using NADH as an electron donor. The reaction
mixture consisted of 0.1 mL (0.39 mg protein) crude enzyme, 0.1 mM NADH (1 mM), and
38.46 μM of Cr(VI) in 50 mM potassium phosphate buffer (pH 6) in a total volume of
1 mL. Assay mixtures comprising similar composition as given above except enzyme or
NADH were used as respective controls. The assay mixtures were incubated at 30 °C for
60 min. The amount of residual Cr(VI) in the reaction mixture was quantified.

Effect of pH and Temperature

Chromium reductase activity was measured at 30 °C and at different solution pH. pH of the
mixtures were adjusted using various buffers, namely 50 mM sodium acetate, for pH
between 4 and 5.5; 50 mM sodium phosphate, for pH between 5.5 and 8; and 50 mM
sodium carbonate, for pH between 8 and 10. Enzyme samples were incubated in different
buffers (pH 4.5–9.0) at 30 °C for 60 min and the residual enzyme activity was measured in
terms of Cr(VI) reduction. To study the effect of temperature on enzyme activity, enzyme
was incubated at temperatures ranging from 10 to 70 °C and at a pH of 6 for 60 min, cooled
in an ice bath, and the residual enzyme activity measured in terms of Cr(VI) reduction.

Effect of Metal Ions

Metal ions employed in the present study were Zn2+, Na+, Hg2+, Mn2+, Ag
2+, K+, Ni2+,

Cd2+, Pb2+, Li2+, Ba2+, Co2+, Al3+, and Ca2+. The reaction mixture consisted of 0.1 mL
(0.4 mg protein) of CFE, 0.1 mL of metal ions (10 mM), 0.1 mL of NADH (1 mM), and
38.46 μM of Cr(VI) in 50 mM potassium phosphate buffer (pH 6) in a total volume of
1 mL. The reaction mixture was incubated at 30 °C for 60 min and the residual activity was
assayed as described earlier.

Effect of Electron Donors

Effect of different electron donors on the performance of CFE was also evaluated. Electron
donors employed for the present study were propionic acid, sodium lactate, formic acid, sodium
pyruvate, NADH, dextrose, lactose, and maltose. The reaction mixture (total volume of 1 mL)
consisted of 0.4 mg of CFE (measured as protein), 100 mM of electron donor (except NADH
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(1 mM)), and 38.46 μM of Cr(VI) in 50 mM potassium phosphate buffer (pH 6). The residual
Cr(VI) concentration was measured after 60 min of incubation at 30 °C.

Kinetic of Cr(VI) Reduction

Kinetics of Cr(VI) reduction by CFE was evaluated using different initial Cr(VI)
concentrations varying from 10 to 860 μM. Reaction mixtures consisted of 0.1 mL CFE
(0.47 mg protein), 0.1 mL of NADH (1 mM), and different concentrations of Cr(VI) in
50 mM sodium acetate buffer (pH 5.5) in a total volume of 1 mL, and they were incubated
for 30 min at 30 °C. The amount of residual Cr(VI) in the reaction mixture was quantified.
Michaelis–Menten equation was used to determine the Michaelis constant (Km) and
maximum velocity of the enzyme (Vmax). Km and Vmax were estimated by linear regression
analysis of the values obtained in the assay.

Immobilization Matrices

Five different matrices, namely polyvinyl alcohol (PVA)–boric acid beads, alginate beads,
polyacrylamide beads, gelatin gel, and zeolite resin, were employed as enzyme
immobilization matrices. The following procedures were employed for the immobilization.

Immobilization of reductase enzyme in PVA–boric acid beads Twenty milliliters of PVA
aqueous solution (20%, w/v) was mixed thoroughly with 5 mL of CFE (21 mg protein).
Drops of resulted mixture were allowed to fall into saturated boric acid solution to form
spherical beads. To complete the polymerization, the beads were kept in saturated boric acid
solution for 20 h. They were then taken out and washed with distilled water before use.

Immobilization of reductase enzyme in polyacrylamide beads Twenty milliliters of aqueous
solution containing 5 g of acrylamide monomer (ACAM), 0.75 g of N,N′-methylene
bisacrylamide, and 0.05 g of sodium alginate was mixed with 5 mL of CFE (21 mg
protein). Drops of the resulted mixture were allowed to fall into a solution containing 0.1 g
of potassium persulfate, 1 mL of 25% N,N,N′,N′ tetramethylene diamines, and 1.0 g of
calcium chloride. The beads were immersed in the solution for 30 min at room temperature
and then washed with distilled water before further use.

Immobilization of reductase enzyme in gelatin gel Two grams of gelatin was dissolved in
20 mL of water to prepare a 10% (wt) aqueous solution. The solution was gently heated to
facilitate the dissolution process and the temperature was adjusted to 35–40 °C. Temperature
was kept relatively high so that the gelatin solution was not too viscous to cause enzyme
denaturation. Five milliliters (21 mg protein) of CFE and 2 mL of the hardening solution
(formaldehyde 20% (v/v); ethanol 50% (v/v); water 30% (v/v)) were added to 20 mL of this
solution. Then the mixture was poured into a small beaker and frozen at −28 °C for 4 h to
facilitate the gel formation. The gel thus formed was cut into small cubes of approximately
3 mm size and was gently washed with distilled water before use.

Immobilization of reductase enzyme in alginate beads Five milliliters (21 mg protein) of
CFE was mixed with 20 mL of 3% (w/v) sodium alginate solution. The beads were allowed
to form by dripping the polymer solution from a height of approximately 20 cm into a
beaker containing 100 mL of stirred 0.2 M CaCl2 solution, using a syringe and a needle at
room temperature. A typical hypodermic needle produced beads of 0.5–2 mm in diameter.
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The beads were left in the calcium solution to cure for 0.5–3 h. Beads thus formed were
then washed with distilled water. Effects of alginate concentration on CFE immobilization
was studied by varying the alginate concentration from 1% to 4% (w/v).

Immobilization of reductase enzyme in Zerolite resin (cation exchange resin) Extrudate-
shaped Zerolite resin (20 g) was added to the flask containing 50 mL of deionized water.
The flasks were shaken at 200 rpm for 3 h in order to remove the weak binder. After the
treatment was complete, the Zerolite particles were washed with deionized water and the
washed wet Zerolite particles were then dried at 100 °C for 6 h. Ten grams of dried Zerolite
resin and 50 mL of CFE (0.8 mg protein) in the relevant buffer (pH 6) were added to 125-
mL flasks. Each flask was sealed to prevent evaporation and placed in a shaking water bath
at 200 rpm and 25 °C for 30 min. After that, the resin was gently washed with distilled
water.

Batch Experiments with Immobilized Enzymes

Activities of immobilized enzymes on various matrices were determined using batch
experiments. A reaction mixture consisting of 10 mM of electron donor (pyruvate) and
38.46 μM of Cr(VI) in 50 mM buffer (pH 5.5) medium (40 mL) was taken in a 125-mL
conical flask. Five grams (wet weight) of enzyme-immobilized beads was added to the
reaction mixture and placed on a rotary shaker at 150 rpm and at 30 °C. The residual Cr(VI)
concentration with respect to time was monitored.

Continuous Reactor Studies with Immobilized Enzyme

Experiments were conducted in continuous packed-bed reactors containing enzyme-
immobilized alginate beads. Reactors were made of Pyrex glass with an internal diameter
of 1.2 cm and a height of 20 cm. Ninety percent of the reactor volume was occupied by
enzyme-immobilized alginate beads. Influent solution (38.46 μM of Cr(VI) and 1 mM of
sodium pyruvate in 50 mM acetate buffer with a pH of 5.5) was pumped upwards through
the columns at a flow rate of 10 mL/h. The reactor was operated at ambient temperature
with a hydraulic retention time (HRT) of 2 h corresponding to a Cr(VI) loading rate of 24 g
of Cr(VI)/m3/day. Samples were withdrawn at 1-h intervals and analyzed for residual Cr
(VI) concentration. Control column packed with alginate beads without enzyme was also
operated in the same manner.
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Analytical Procedures

Cr(VI) concentration was determined by diphenyl carbazide method (reference number
3500-Cr B colorimetric method) by measuring the absorbance at 540 nM using a UV–vis
spectrophotometer (Techcom, UK) [27]. pH was measured using a Cyber scan 510 meter
(Eutech Instrument, UK). Total protein was estimated by Lowry’s method [26].

Results and Discussion

Kinetics of Cr(VI) Reduction by CFE and Extracellular Enzymes of Arthrobacter
rhombi-RE

Cr(VI) reduction experiments were conducted using CFE and extracellular enzymes of
Arthrobacter rhombi-RE to understand the component responsible for biotransformation of
Cr(VI) and the results are presented in Fig. 1. The specific Cr(VI) reduction activity
obtained for CFE at 30 °C and a pH of 6.0 was 0.46 nM Cr(VI) reduction/mg protein/min.
Addition of NADH enhanced the chromate reductase activity (0.77 nM Cr(VI) reduced/mg
protein/min). Even when there was no external electron donor supply, a lower but
significant level of Cr(VI) reduction was observed in presence of CFE. Residual organic
matter present in the CFE might have acted as the electron donor for Cr(VI) reduction [4].
The supernatant obtained after harvesting the cells (extracellular enzymes) showed less
chromium reductase activity (0.13 nM Cr(VI) reduction/mg protein/min) compared to CFE.
This clearly showed that the Cr(VI) reduction was associated with the soluble fraction of
the cells and not with extracellular enzymes, which corroborates the earlier studies with
Escherichia coli [2], Desulfovibrio vulgaris [28], P. putida [29], and Bacillus QC1-2 [30].
Bopp and Ehrlich reported that necessary enzymes for the transfer of electrons from NADH
to chromate are membrane bound in a strain of Pseudomonas fluorescens grown aerobically
[31]. Garbisu et al. [21] have shown that reduction of chromium by Bacillus subtilis was
affected by a constitutive system associated with the soluble protein fraction and not with
the membrane fraction. However, Wang et al. [32] found that the chromate reductase
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activity of the anaerobically grown Enterobacter cloacae HO1 was preferentially associated
with the membrane fraction of the cells.

Effect of pH

The effect of pH on Cr(VI) reduction by crude CFE was assessed in a pH range of 4.5 to
8.0 using acetate buffer (4.5 to 5.5) and phosphate buffer (6.0 to 8.0). Significant chromium
reductase activity was observed in a narrow pH range with an optimum at pH 5.5 (Fig. 2).
More than 40% of the activity at optimum pH (at pH 5.5) was lost when the pH was
changed to 4.5 or 8.0. As seen in Fig. 2, at pH less than 5.5, the enzyme stability (activity)
reduced drastically. The decrease in enzyme activity was less in alkaline condition (with
respect to optimum pH) compared to acidic condition. Wang et al. [32–33] have reported
that Enterobacter strain was able to reduce Cr(VI) at a pH range of 6.5–8.5 and Cr(VI)
reduction was strongly inhibited at pH 5 and 9. Chromate reduction in Agrobacterium
radiobacter EPS-916 was observed in a range of 5 to 8 and optimum reduction was
between pH 7 and 7.5 [34]. It may be noted that Cr(VI) reduction is enzyme mediated.
Changes in pH affect the degree of ionization of the enzyme and change the protein’s
conformation. As a result, the enzyme activity gets affected [35].

Effect of Temperature

The optimal temperature of chromium reductase activity was determined by changing the
incubation temperatures from 10 to 50 °C. Maximum chromium reductase activity was
observed at 30 °C for a pH of 6 (Fig. 3). Activity at 20–25 °C was 85% of that at 30 °C and at
15 °C, the activity was only 75% of the optimum activity. Decrease in chromium reductase
activity was observed for temperatures above 30 °C. Further increase of temperature resulted
in rapid loss of enzyme activity. Losi et al. [36] reported an optimal temperature of 30 to
37 °C for Cr(VI) reduction by Cr(VI)-resistant bacteria. Wang et al. [32] reported that no
chromate reduction was observed at 4 and 60 °C by E. cloacae. The optimum pH and
temperature for chromate reductase extracted from Bacillus sp. ES 29, Bacillus sphaericus

0

0.2

0.4

0.6

0.8

1

15 20 25 30 35 40 45 50

Temp. °C

S
p

e
c

if
ic

 C
r(

V
I)

 r
e

d
u

c
ti

o
n

(n
M

 o
f 

 c
r(

V
I)

/(
m

g
o

f 
p

ro
te

in
.m

in
))

CFE with electron donor

CFE without electron donor

Fig. 3 Effect of temperature on chromium reductase activity. The assay mixture (1.0 mL) contained
38.46 μM of Cr(VI) in 50 mM phosphate buffer (pH 6.0), 1 mM of NADH, and 0.1 mL of CFE, incubated
for 60 min

Appl Biochem Biotechnol (2010) 160:81–97 87



AND 303, E-coli ATCC 33456, Actinomycete, and Arthrobacter crystallopoietes ES 32 were
reported to be between pH 5 to 9 and 30 °C, respectively [16, 18, 37].

Effect of Metal Ions and Metabolism Inhibitors on Chromium Reductase

The effect of metal ions on Cr(VI) reduction by crude CFE was studied at a pH of 5.5 and a
temperature of 30 °C, using NADH as electron donor. Among the various metal ions

Fig. 5 a Effect of various electron donors on chromium reductase activity. The assay mixture (1.0 mL)
contained 38.46 μM of Cr(VI) in 50 mM phosphate buffer (pH 6.0), 0.1 mL of CFE, and 100 mM of electron
donor (except NADH (1 mM)) incubated at 30 °C for 60 min. b Effect of various concentration of sodium
pyruvate (electron donor) on chromium reductase activity. The assay mixture (1.0 mL) contained 38.46 μM
of Cr(VI) in 50 mM phosphate buffer (pH 6.0) and 0.1 mL of CFE, incubated at 30 °C for 60 min. c Effect of
various concentration of NADH (electron donor) on chromium reductase activity. The assay mixture
(1.0 mL) contained 38.46 μM of Cr(VI) in 50 mM phosphate buffer (pH 6.0) and 0.1 mL of CFE, incubated
at 30 °C for 60 min
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employed, presence of Ca2+ enhanced the activity of chromate reductase by 8%. Mg2+, K+, and
Co2+ did not have any effect on chromate reductase activity, whereas other metal ions like Hg2+,
Cd2+, Ba2+, and Zn2+ inhibited the chromate reductase activity by different amounts (Fig. 4a).
The enzyme activity was indeed greatly inhibited by Ag2+, Cd2+, Hg2+, and Zn2+. Hg2+ and Cd2+

are known to form a mercaptide bond with sulfhydryl group(s) of the enzyme molecule, thus
inhibiting enzyme activity. Thus, the inhibitory effect by heavy metal ions is probably related to
the oxidation of sulfhydryl group(s) on the surface of the enzyme molecule. The inhibitory effect
of Hg2+ was expected, because mercury binds to a variety of enzyme systems with a specific
affinity for ligands containing SH− systems. Effect of Hg2+ on Cr(VI) reduction by P. putida and
other chromate reductases were reported [15, 17, 29]. Cadmium metal was selected to determine
the inhibition mechanism of sulfur seeking metals on chromium reductase. Concentration of metal
was varied between 1 and 10 mM, while the substrate concentration was varied between 19.23 and
38.46 μM.When 1/v (reciprocal of reaction velocity, 1/μmol/min/mg protein) was plotted against
1/[S] (Lineweaver–Burk plot) for three different substrate concentrations, the three lines crossed
approximately at the same point on the X-axis. This indicated that Michaelis constant (Km)
remained constant for different concentrations of cadmium, while Vmax (maximum velocity)
decreased with increase in cadmium concentrations (Fig. 4b). 1/v was also plotted against inhibitor
concentration [I] (Dixon plot) since Dixon plot is used frequently to identify the type of inhibition

Table 1 Kinetic parameters (Km and Vmax) for Cr(VI) reduction by cell-free extracts of various
microorganisms.

Microorganism Electron
donor

Vmax (nM of Cr(VI)/
min/mg protein)

Km (μM of
Cr(VI))

Reference

Pseudomonas putida NADH 6 as CrO4
2− 40 as CrO4

2− [29]
Bacillus sp. QC1-2 NADH 416 as CrO4

2− 1.25 as CrO4
2− [30]

Bacillus sp. ES 29 NADH 171 7.09 [16]
GST–EcNfsA–chromium reductase NADH 3.8 11.8 [39]
GST–EcNfsB NADH 3.9 23.5
GST–VhNfsA NADH 10.7 15.4
P. ambigua NADH 27 13
Bacillus sphaericus AND 303 NADH 1.432×103 158.12 [20]
Escherichia coli ATCC 33456 NADPH 322.2×103 47.5 [18]

NADH 130.7×103 17.2
Thermus scotoductus SA-01 NADH 6.2±0.2×103 3.5±0.3 [40]

NADPH 16±0.4×103 8.4±0.1
Arthrobacter rhombi-RE NADH 4.09 48 Present study

Sodium pyruvate 4.29 170.5

0

5

10

15

20

25

30

Alginate beeds Poly
acrylamide

beeds

PVA Gelatin  gel  Zeolite

%
 C

r(
V

I)
 r

e
d

u
c

ti
o

n With enzyme

control

Fig. 7 Screening of various en-
zyme-immobilized matrices
(40 mL working volume
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and at 30 °C for 60 min)
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and to determine the Ki value (dissociation constant for inhibitor binding). Both of these plots
suggest that the inhibition by cadmium is apparently noncompetitive. From the intersecting point
of the three lines, the Ki value was determined as 21.5 mM. The noncompetitive type inhibition by
heavy metal ions suggest that the binding site for the heavy metal differs from the catalytic site of
the enzyme. It probably corresponds to a sulfhydryl group or imidazole group on the surface of the
enzyme molecule [38]. Camargo et al. [16] reported that mercury was a noncompetitive inhibitor
for Cr(VI) reduction by a cell-free extract of Bacillus sp. ES 29.

Effect of Electron Donors

In most of the biological reactions, electron transfer from organic substrate is mediated
through NADH and NADPH. Fractionation and assay of the CFE of Arthrobacter rhombi-
RE revealed that a soluble NADH-dependent enzyme is responsible for the catalytic
reduction of Cr(VI). However, NADH is not a cost-effective electron donor for large-scale
wastewater treatments systems. Hence, the effects of various electron donors, on Cr(VI)
reduction by CFE of Arthrobacter rhombi-RE, were evaluated. Electron donors employed
in the present study were propionic acid, sodium lactate, formic acid, sodium pyruvate,
NADH, dextrose, lactose, and maltose. Figure 5a shows the Cr(VI) reduction by CFE in
presence of different electron donors. For uniformity, concentrations of all electron donors
were maintained at 100 mM of electron donor (except NADH (1 mM)). As shown in
Fig. 5a, Cr(VI) reduction rate was high (1.1 nM of Cr(VI)/mg protein/min) when sodium
pyruvate was used as the electron donor. This system exhibited a two-fold increase in Cr
(VI) reduction compared to blank (without CFE). Though CFE was able to reduce Cr(VI),
the presence of electron donors improved the Cr(VI) reduction. Among the ten electron
donors screened, sodium pyruvate has shown maximum specific Cr(VI) reduction followed
by NADH. Though propionic acid was an effective electron donor, it caused a significant
reduction in system pH. Hence, propionic acid was not used for further studies. As sodium
pyruvate is much economical compared to NADH as an electron donor, it was used as the
electron donor for the remaining studies. High concentration of NADH alone (in absence of
enzyme) was reducing Cr(VI) completely. Hence, a lower concentration of NADH was
employed in the present study.

To optimize the Cr(VI) reduction, it is critical to determine the concentration of electron
donor required to achieve the desired treatment level. The minimization of electron donor
supply decreases the residual electron donor concentration in the treated effluent, thereby
reducing treatment cost and post-treatment requirements. An experiment was performed to
determine the minimum concentration of electron donor required to achieve and sustain
complete removal of 38.46 μM Cr(VI) at pH 6.0 and 30 °C. Different concentrations of
sodium pyruvate (0.5–300 mM) and NADH (0.5–4 mM) were employed to reduce Cr(VI)
and the results are presented in Fig. 5b and c. It is clear that both pyruvate and NADH
showed almost the same net specific Cr(VI) reduction capacity. One millimolar of sodium

Fig. 8 a Effect of alginate concentration on chromium reductase immobilization (40 mL working volume
contained 38.46 μM of Cr(VI) in 50 mM acetate buffer (pH 5.5) and 10 mM of electron donor (pyruvate),
incubated at 150 rpm and at 30 °C). b Effect of Cr(VI) concentration of enzyme immobilized in calcium
alginate beads. The assay mixture 40 mL contained 38.46 μM of Cr(VI) in 50 mM acetate buffer (pH 5.5),
10 mM of electron donor (pyruvate), and 5 g wet weight (approximate) enzyme-immobilized beads,
incubated at 150 rpm and at 30 °C. c Reusability studies of enzyme immobilized in calcium alginate beads
(40 mL working volume contained 38.46 μM of Cr(VI) in 50 mM acetate buffer (pH 5.5), 10 mM of electron
donor (pyruvate), and 5 g wet weight (approximate) of enzyme-immobilized beads, incubated at 150 rpm and
at 30 °C)

b
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pyruvate showed a net specific Cr(VI) reduction of 0.725 nM Cr(VI) reduced/mg protein/
min and same concentration of NADH showed a net specific Cr(VI) reduction of 0.74 nM
Cr(VI) reduced/mg protein/min. A considerable amount of Cr(VI) reduction was observed
in both sodium pyruvate and NADH abiotic blanks (Fig. 5b, c). It was also observed that
1 mM was the minimum sodium pyruvate concentration required for maximum reduction
of 38.46 μM of Cr(VI) (Fig. 5b). From the results, it is clear that sodium pyruvate is cost
effective compared to NADH and it can be used to treat large volumes of industrial
wastewater containing Cr(VI).

Kinetics of Cr(VI) Reduction by Chromium Reductase

To determine the kinetic parameters, Cr(VI) reduction by the CFE was assessed for
different Cr(VI) concentrations (0–854 μM) with sodium pyruvate as well as NADH as
electron donors. The assay mixture was incubated at 30 °C for 30 min. Kinetic parameters
(Km and Vmax) were determined using the Michaelis–Menten equation [35].

Vo ¼ Vmax

Km þ S
ð1Þ

where Vmax is the maximum nonspecific rate or maximum specific velocity and Km is the
Michaelis–Menten constant. Figure 6a shows that the specific chromium reduction rate
(sodium pyruvate as electron donor) increased rapidly with an increase in initial Cr(VI)
concentrations up to 707 μM, beyond which the rate was reduced. Kinetics of Cr(VI)
reduction by CFE fitted well with the linearized Lineweaver–Burk plot (Fig. 6a). Km and
Vmax values obtained from the Lineweaver–Burk plot are 170.5 μM and 4.29 nM/min/mg
protein, respectively.

Even in the case of NADH as electron donor, specific Cr(VI) reduction increased rapidly
(Fig. 6b) with an increase in initial Cr(VI) concentrations up to 574 μM, beyond which the
rate was reduced. Km and Vmax values for this case are 48 μM and 4.09 nM/min/mg protein,
respectively. Table 1 presents the various values for Km and Vmax reported in the literature
for CFE from different microorganisms. Behavior of electron donors varies with molecular
structure and environmental conditions. As a result, Cr(VI) reduction rates and biokinetic
parameters (Vmax and Km) of the system also vary depending on the electron donors [41].
Vmax for sodium pyruvate system is slightly higher than that of NADH system, though Km

was higher for pyruvate.

Cr(VI) Reduction Using Immobilized Enzyme

The Cr(VI) reduction by CFE-immobilized matrices was evaluated in batch experiments
and the results are presented in Fig. 7. The activity of enzyme immobilized on alginate
beads and Zerolite resin was higher than that on gelatin gel, polyacrylamide gel, and PVA.
It was also observed that, except Zerolite resin (cation exchange resin), all other matrices
adsorbed Cr(VI).

Effect of Sodium Alginate Concentration on Enzyme Activity

It has been reported that the porosity of the calcium alginate beads depends upon the alginate
type and the gelling agent concentration [42]. Hence, various quantities of sodium alginate
were used for the preparation of calcium alginate beads in order to vary the relative degree of
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cross linking, which would create different pore size, and the results are presented in Fig. 8a.
Maximum immobilization efficiency was achieved (72.55%) for a 2% (w/v) sodium alginate
solution and lowest (60%) for 8% (w/v) sodium alginate solution. Leakage of the CFE
(protein) was observed at different alginate concentrations up to 6% (w/v). However, beads
prepared by using 8% sodium alginate solution did not show any enzyme leakage. At 4% of
sodium alginate, there was no breakage and good agglomeration of beads was observed.

Kinetics of Cr(VI) reduction by CFE-immobilized alginate beads was carried out with
different Cr(VI) concentrations (19, 38, 73, 112, and 152 μM) using sodium pyruvate as
electron donor and the result is presented in Fig. 8b. After 3 h, 52% of the Cr(VI) was
reduced in the reaction mixture with an initial Cr(VI) concentration of 19 μM. At 9 h of
incubation, Cr(VI) reduction was increased to 64%. However, Cr(VI) reduction ceased after
9 h of incubation irrespective of initial Cr(VI) concentration.

The reusability of CFE-immobilized alginate beads was determined by using the same
beads for four reaction cycles with an initial Cr(VI) concentration of 38 μM. Cr(VI)
reduction activity was measured after each cycle of incubation, and the beads were
recovered and washed with phosphate buffer (pH 6) before reuse. Results (Fig. 8c) show
that enzyme immobilized in alginate beads can be reused in many cycles of operation
though there was 37% reduction in efficiency by the end of the fourth cycle.

Continuous Reactor Studies

The efficiency and longevity of immobilized chromate reductase were also evaluated using
continuous flow reactors. Columns were packed with chromium reductase-immobilized alginate
beads and a solution containing 38.46 μM of Cr(VI), 10 mM of sodium pyruvate with a pH of
5.5 was pumped at a flow rate of 10 mL/h (0.088 m3/m2/h). Enzyme-immobilized system was
operated at a HRT of 2 h with an influent Cr(VI) concentration of 38.46 μM, which
corresponds to a chromium loading rate of 462 mM of Cr(VI)/m3/day. The columns were able
to achieve a Cr(VI) reduction of 75% in 1 h. However, the Cr(VI) reduction efficiency reduced
and stabilized at 40% after 8 h of operation (Fig. 9). These results revealed that the
immobilized enzyme system was ineffective in reducing Cr(VI) in a continuous mode.

Conclusions

Cr(VI) reductase activity of Arthrobacter rhombi-RE was associated with the soluble
fraction of the cells and the contribution of extracellular enzymes on Cr(VI) reduction was
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negligible. The specific Cr(VI) reduction activity of the cell-free extract was 0.46 nM Cr
(VI) reduction/mg protein/min at pH 6.0 and 30 °C. Addition of NADH significantly
enhanced the chromate reductase activity (0.77 nM Cr(VI) reduced/mg protein/min). Km

and Vmax values were 48 μM and 4.09 nM/min/mg protein, respectively, in presence of
NADH as electron donor. Among the various electron donors screened, sodium pyruvate
was found to be the most effective, followed by NADH, propionic acid, formic acid, and
sodium lactate. It was observed that the minimum sodium pyruvate (electron donor)
concentration required for the complete reduction of 38.46 μM Cr(VI) at pH 6.0 and 30 °C
was 1 mM. Km and Vmax were 170.5 μM and 4.29 nM/mg protein/min, respectively, when
sodium pyruvate was used as electron donor. The enzyme activity was enhanced in the
presence of Ca2+, while it was inhibited by Hg2+, Cd2+, Ba2+, and Zn2+. Inhibition of
chromium reductase by Cd2+ was noncompetitive in nature, with a Ki of 21.5 mM. Alginate
beads appear to be a better immobilization medium for crude chromium reductase. The
efficiency and longevity of immobilized chromium reductase was also evaluated using
continuous flow reactors.
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