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Reduction of Cr(VI) by hydrazine in solution saturated with KHCO3
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Abstract

Cr(VI) that exists in many industrial wastes is considered highly toxic. One of the most common ways to dispose of these wastes is to reduce
Cr(VI) to Cr(III), which is less toxic and can be easily removed or fixed. Reduction of Cr(VI) by hydrazine in aqueous solutions saturated
with potassium bicarbonate was studied in this paper. The content of Cr(VI), molar ratio of hydrazine to Cr(VI) and reaction temperature were
200–1000 ppm, 2:1–10:1 and 25–70◦C, respectively. Results showed that the overall reaction was third-order, i.e. first-order with respect to
hydrazine and second-order with respect to Cr(VI). The apparent empirical activation energy was 75.6 kJ mol−1. The reaction kinetics could
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e interpreted by a three-step mechanism. Effect of the oxygen in the solution on the reduction of Cr(VI) was negligible.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The production process of chromate is a typical heavy
ollution source. Traditional production process of chromate
roduces a large amount of harmful wastes. Among those
astes, solid residue containing Cr(VI) is the most harmful
ecause there is no effective ways to treat it[1,2]. To solve the
roblem, some researchers[3–6] tried, based on the concep-

ion of “green chemistry” or “cleaner production” to develop
new process to delete the pollution from the very begin-

ing of the production. Li et al.[7] invented the “cleaner
roduction process of chromate”, which uses liquid oxida-

ion instead of the kilin roasting. The schematic diagram of
he process is shown inFig. 1.

With potassium hydroxide as reaction medium and
hrough liquid oxidation and a series of separation steps, the
ain components of chromite ore, Cr, Fe, Al, Mg and Si, can
e separated effectively. Therefore, no solid residue comes
ut. It can be found fromFig. 1 that the solution of potas-
ium bicarbonate, which contains Cr(VI), is a by-product of
he process. How to use and/or treat the lye is one of the

key factors affecting the profits of the process. One o
choices is to reduce and remove the Cr(VI) to produce c
mercial potassium carbonate. Quite a few methods for th
moval of Cr(VI) can be found in the literatures[8–22], such
as biosorption, ion exchange, solvent extraction, nanofi
tion, micelle-enhanced ultra filtration, adsorption with in
ganic sorbent materials, reduction and precipitation an
on. However, none of them can be directly used to this
pose due to two critical requirements. First, the method
be effective to concentrated lye. Second, it has not to i
duce other ions, such as SO4

2− and Cl−, which are difficulty
to separate, into the lye. Cheng et al.[2] described a metho
that uses ferrous pentacarbonyl, which is an acute pois
reduce Cr(VI). Reduction of Cr(VI) by hydrazine in aque
solutions saturated with potassium bicarbonate was st
in this paper.

2. Experimental

2.1. Materials and set-up
∗ Corresponding author. Tel.: +86 371 7789524; fax: +86 371 7789524.
E-mail address:tgwang@haut.edu.cn (T. Wang).

All the materials—potassium bicarbonate, potassium
dichromate and hydrazine hydrate, were of reagent grade.
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Fig. 1. Schematic diagram of cleaner production process of chromates.

The reduction was carried out in a conical flask immersed in
a water-bath of constant temperature.

2.2. Procedures

Stock solutions of Cr(VI) and hydrazine were prepared,
respectively, by dissolving potassium dichromate in distilled
water and by diluting the solution of hydrazine hydrate with
distilled water. Potassium bicarbonate and distilled water
were mixed to be saturated solution in a conical flask placed
in a thermostat. The solutions of Cr(VI) and hydrazine, ac-
cording to predetermined molar ratio, were added into the
lye while stirring. Samples were taken at time intervals.
Cr(VI) concentrations were measured using a spectropho-
tometer (Model 722S, Leng Guang Teck., Shanghai, China)
atλ = 372 nm, according to the method proposed by Oumed-
jbeur and Thomas[23].

3. Results and discussion

3.1. Effect of amount of hydrazine added on reduction of
Cr(VI)

The effect of the molar ratios of hydrazine to Cr(VI) on
the reduction of Cr(VI) is shown inFigs. 2–5. Fig. 2 shows
t e
f alf
a ounts
o y in

half an hour when the molar ratio of hydrazine to Cr(VI)
reaches 10:1. When the molar ratio of hydrazine to Cr(VI)
is less than 4:1; however, Cr(VI) cannot be reduced com-
pletely even if reaction time reaches 3 h.Figs. 3–5shows
the results of different temperatures and different initial con-
centrations of Cr(VI). Similarly, Cr(VI) cannot be reduced
fully when the molar ratios of hydrazine to Cr(VI) are 2:1
and 3:1. Theoretically, the reduction reaction takes place as
follows:

4CrO4
2− + 3N2H4 + 4H2O = 3N2 + 20OH− + 4Cr3+

(1)

F
(

he results at 60◦C and initial Cr(VI) 1000 ppm. It can b
ound that most of the Cr(VI) was reduced in the first h
n hour. Reduction extents increase with increasing am
f hydrazine. Cr(VI) can be reduced almost completel
ig. 2. Effect of the molar ratio of Cr6+/N2H4 on the reduction of Cr6+

60◦C, Cr06+ = 1000 ppm).
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Fig. 3. Effect of the molar ratio of Cr6+/N2H4 on the reduction of Cr6+

(60◦C, Cr06+ = 200 ppm).

Fig. 4. Effect of the molar ratio of Cr6+/N2H4 on the reduction of Cr6+

(70◦C, Cr06+ = 200 ppm).

Fig. 5. Effect of the molar ratio of Cr6+/N2H4 on the reduction of Cr6+

(70◦C, Cr06+ = 1000 ppm).

Reduction of 1 mol Cr(VI) only needs 0.75 mol hydrazine.
Why Cr(VI) cannot be reduced completely even the molar
ratio of hydrazine to Cr(VI) reaches 3:1 to 4:1? There are
two presumable causes: (1) the oxygen dissolved in the so-
lutions consumed a part of the hydrazine and (2) time is not
long enough for the reduction to reach completion. Although
we did not measure the oxygen dissolved in the solutions,
in term of the data provided by Schlautman and Han[24]
and O’Brien and Woodbridge[25], it could not be more than
10 ppm. Comparing to the Cr(VI) in the solutions, reductant
consumed by the oxygen was negligible. Therefore, the oxy-
gen dissolved in the solutions should not affect the reduction
of Cr(VI) substantially.

To investigate the effect of oxygen on the reaction, the fol-
lowing procedures were adopted: at the beginning, hydrazine
was added in the solution in a proportion of 10 mol hydrazine
per mol Cr(VI); after half an hour of reaction, hydrazine and
Cr(VI) were added in a lower molar ratio. We postulated that
the oxygen in the solution would be consumed in the first
half an hour; therefore, hydrazine required for the reduction
in the later stages would decrease and using lower molar ra-
tios might obtain the same results as those of the beginning.
The results are shown inFigs. 6–8. It can be found that the
results are only partially consistent with the assumption. At
60◦C and after 0.5 h (Fig. 8), 1 mol hydrazine can reduce
1 mol Cr(VI). However, at 25 and 40◦C (Figs. 6 and 7), to
e unts
o etric
r the
d nt of
C

3

can
a er-
a at
m com-
p he
nsure the reduction of Cr(VI) to be completion, the amo
f the hydrazine added still must excess the stoichiom
atio. This indirectly shows that it is kinetic factors, not
issolved oxygen, which determines the reduction exte
r(VI).

.2. Effect of temperature on reduction of Cr(VI)

The effect of temperature on the reduction of Cr(VI)
lso be found inFigs. 2–8. It can be seen that higher temp
tures favor the reduction of Cr(VI).Fig. 9demonstrates th
ore clearly. Because potassium bicarbonate begins de
osing at 65◦C in water, pH of the solution rises with t

Fig. 6. Reduction results of Cr6+ in steps (25◦C, Cr06+ = 1000 ppm).
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Fig. 7. Reduction results of Cr6+ in steps (40◦C, Cr06+ = 1000 ppm).

Fig. 8. Reduction results of Cr6+ in steps (60◦C, Cr06+ = 1000 ppm).

decomposition of potassium bicarbonate and efficacy of the
reduction is poor above pH 10[26], the investigation of the
effect of temperature was conducted at no more than 70◦C.
Obviously, molar ratio is more important than temperature.

Fig. 9. Effect of temperature on the reduction of Cr6+ (Cr06+ = 1000 ppm).

With enough hydrazine, Cr(VI) can be reduced completely
at 40◦C even a lower temperature.

3.3. Reduction kinetics

From the review of Beattie and Haight[20], reduction
mechanism of Cr(VI) by hydrazine may be expressed as

2Cr(VI) + N2H4
k1−→ 2Cr(IV) + N2 (2)

2Cr(IV)
k2−→ Cr(V) + Cr(III) (3)

Cr(V) + 0.5N2H4
k3−→ Cr(III) + 0.5N2 (4)

First step is attributed to be rate determining and the fol-
lowing rate expression is obtained:

r = −dCA

dt
= k1C

2
ACB (5)

whereCA andCB represent the concentrations of Cr(VI) and
hydrazine, respectively. If the reaction took place as Eq.(1)
indicates,CA andCB would have the following relationship:

CB = CB0 − 3

4
(CA0 − CA) = 3

4

(
4

3
CB0 − CA0 + CA

)

(6)
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hereCA0 andCB0 are the initial concentrations of Cr(V
nd hydrazine in the solution, respectively. Using Eq.(6) to
eplaceCB in Eq.(5) gets:

dCA

dt
= 3

4
k1C

2
A

(
4

3
CB0 − CA0 + CA

)
(7)

Integrating Eq.(7) gets the following equation:

= k1t (8)

here

= 4

3b2

[
b

(
1

CA
− 1

CA0

)
+ ln

CA(b + CA0)

CA0(b + CA)

]

= 4

3
CB0 − CA0

Using Eq. (8) to fit the data in Fig. 9, the re-
ult is shown inFig. 10. It can be found that Eq.(8)
ay interpret the data very well. Obtained values ok1
re 0.05 L2 mmol−2 min−1 (50◦C), 0.10 L2 mmol−2 min−1

60◦C) and 0.26 L2 mmol−2 min−1 (70◦C). Fendorf and L
17] obtained a rate constant 56.3± 3.7 L0.6mmol−0.6min−1

or the reduction of Cr(VI) by Fe(II). Considering that red
ion of Cr(VI) by Fe(II) is much faster than that by hydrazi
hesek1 values are reasonable. The empirical activation
rgy of the reaction was estimated based on the valu
1. The result is shown inFig. 11, which gave an empiric
ctivation energy 75.6 kJ mol−1.
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Fig. 10. Fitting results of the data ofFig. 9by Eq.(8).

Fig. 11. Recovery of apparent activation energy.

4. Conclusions

Cr(VI) in aqueous solutions saturated with potassium bi-
carbonate can be reduced by hydrazine. The molar ratio of
hydrazine to Cr(VI) is a key factor affecting the reduction
extent. A higher temperature benefits the reduction as well.
Effect of the oxygen in the solution is negligible. The reaction
mechanism can be represented by

2Cr(VI) + N2H4
k1−→ 2Cr(IV) + N2

2Cr(IV)
k2−→ Cr(V) + Cr(III)

Cr(V) + 0.5N2H4
k3−→ Cr(III) + 0.5N2

First step was considered to be rate determining and rate
equation can be expressed as

r = −dCA

dt
= k1C

2
ACB

The apparent empirical activation energy was calculated
to be 75.6 kJ mol−1.
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