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a b s t r a c t

The kinetics of reduction of potassium dichromate (K2Cr2O7) by Fe2+ ions in sulfuric acid (H2SO4) solution
have been investigated under well-defined hydrodynamic conditions. The reaction has been monitored
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lectrochemistry

potentiometrically by measuring volt values between saturated calomel electrode and a Pt electrode.
The effect of stirring rate, particle size, temperature, Fe2+ and H+ concentrations have been studied. It
was found that the reaction kinetic model achieved in the study was chemical reaction control model. The
reaction has been analyzed using kinetic equation t = �(1 − (1 − x)1/3). The rate has been found proportional
to [Fe2+]0.5[H+]0.5 and the apparent activation energy has been determined as 46.18 kJ mol−1.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Chromium is widely used in various industrial applications. If
hromium polluted waters are discharged into the environment
ithout any treatment, chromium content of surface and ground-
ater and soil considerably increases [1,2]. Chromium appears to be
nutrient for at least some plants and animals, including humans,
lthough chromium(VI) species have been reported to be toxic to
acteria, plants, and animals. Chromium(III) is generally absorbed
hrough cell membranes albeit to a significantly lesser degree than
hromium(VI). Because Cr(VI) is more toxic than Cr(III), Cr(VI) ana-
yzed in environmental samples is more important and has been
ccepted as more problematic chromium form in comparison to
r(III). Although Cr(VI) is a strong oxidant, Cr(III) does not have not
n oxidation property. Second important difference is that Cr(III)
ons may cross easily and speedily from cell diaphragm than Cr (IV)
3].

The permissible limit of Cr(VI) in potable water is 0.05 mg l−1,
ut for industrial and mining effluents the discharge value is around
.5 mg l−1. Since most of the industrial and mine effluents con-
ain higher than the permissible limit, treatment to reduce/remove
he pollutant before discharge into the environment becomes
nevitable [4].
There are numerous works in literature dealing with the removal
f chromium. In one of the works, a new possibility to selectively
emove neutral salts contained in spent chromium tanning solu-
ions has been presented with a view to achieving more efficient

∗ Corresponding author. Tel.: +90 4422314555; fax: +90 4422360957.
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ecycling of unused chromium as well as water. The membrane sep-
ration procedure described here offers a new possibility to reuse
ater, neutral salts and chrome without any attendant problems in
rocess control or effluent treatment [5].

Greju and Lovi [6] studied the kinetics of Cr(VI) reduction
y scrap iron in batch system, for aqueous solutions having low
uffering capacities, as a function of pH (2.10–7.10), tempera-
ure (10–40 ◦C) and Cr(VI) concentration (19.2–576.9 �M). They
eported that a kinetic expression was developed to describe reduc-
ion of chromium by scrap iron over the pH range of 4.17–7.10 and
r(VI) concentration range of 19.2–38.4 �M [6].

The batch removal of hexavalent chromium (Cr(VI)) from
astewater under different experimental conditions using various

dsorbents has been investigated [7].
According to the work of Hossain [8], the reaction rate expres-

ion for Cr(VI) reduction is nonlinear and the rate constants are
valuated by employing nonlinear optimization techniques. The
utcome of the optimization techniques, in general, depends on
he initial estimate of the kinetic parameters which is not always
vailable. A graphical approach based on sound mathematical rea-
oning has been developed which is accurate, simpler to use, and
an provide the best initial estimate for nonlinear optimization [8].

During the electrochemical reduction period of porous titanium
ioxide in the calcium chloride solution, consecutive reactions have
een observed Alexander et al. [9]. Under well-defined hydrody-
amic conditions, reduction kinetics of MnO2 by Fe2+ has been
nvestigated [10].
The aim of this study is to explore the kinetics of Cr(VI) reduction

y Fe2+ ions in sulfuric acid (H2SO4) solution under well-defined
ydrodynamic conditions. The effect of stirring rate, particle size,
emperature, Fe2+ and H+ concentrations have been studied. It was

http://www.sciencedirect.com/science/journal/13858947
mailto:fsevim@atauni.edu.tr
dx.doi.org/10.1016/j.cej.2008.03.013
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Nomenclature

b stoichiometric coefficient
CA FeSO4 concentration
CB H2SO4 concentration
e electrode potential
Ea activation energy (kJ mol−1)
E emf between Pt and saturated calomel electrode (V)
F Faraday constant
k reaction rate constant (s−1)
ks rate constant for surface reaction (cm s−1)
k0 Frequency or pre-exponential factor (s−1)
m0 amount of K2Cr2O7 charged in the reactor (g)
R universal gas constant (kJ mol−1 K−1)
Rs 0.4275 × 10−3 m (average radius of solid particles)
t reaction time (s)
T temperature (K)
V reaction volume (m3)
x K2Cr2O7 conversion
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RT [Fex ]
�B 9.102 × 10 mol m (K2Cr2O7’s molar density)
� time required for complete conversion (s)

ound that the reaction kinetic model obtained in this study was
hemical reaction control model.

. Experimental

Experiments were conducted in a 0.75 l jacketed cylindrical
lass reactor of 0.1 m diameter. It was equipped with four baffles
qually spaced. The flanged cover of the reactor contained sockets
or a stirrer, a thermometer, a reflux condenser, inert gas entrance,
Pt electrode and a salt bridge. The stirring rate was controlled to
1 min−1 and temperature of the reactor was maintained within
0.1 ◦C. Helium gas was passed through the reactor to prevent oxi-
ation of Fe2+ by air.

All aqueous solutions were prepared with pure water. The chem-
cals used were as received without further purification: potassium
ichromate (K2Cr2O7), H2SO4, Ferro(II) sulfate (FeSO4·7H2O),
otassium chloride (KCl) (Merck, Germany) was prepared accord-

ng to the method described in Furmann [11]. In addition, the
amples were sieved using ASTM standard sieves, giving particle
ize fractions of 0.550, 0.427, 0.303, 0.215 mm. The volume of FeSO4
nd H2SO4 solutions (constant 500 ml) was charged in the reactor,
hile the amount of K2Cr2O7 used in the experiments was in the

ange of 0.2–0.35 g.
The maximum concentration change in all experiments was lim-

ted to 5%. Temperature and reactant concentrations were carefully
elected so that no Fe(OH)3 precipitate and higher conversion was
etected at the end of experiments. The experimental facility for
r4+ removal process is schematically shown in Fig. 1.

The most important property of this process is to evaluate the
cid pickling solution which is being the waste product of steel
ndustry. Acid pickling solution includes H2SO4 0.5–10% and FeSO4
0–12%.

The reaction of K2Cr2O7 with Fe2+ ions in an acidic medium is
overned by the equation:
r2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O E0 = 1.33 V (1)

Fe2+ → 6Fe3+ + 6e− E0 = −0.771 V (2)

E

E

ig. 1. Schematic diagram of the experimental setup: (1) water cooled bath; (2) Pt
lectrode; (3) mechanical stirrer; (4) salt bridge; (5) reactor; (6) calomel electrode;
7) multimeter.

r2O7
2− + 6Fe2+ + 14H+ → 2Cr3+ + 7H2O + 6Fe3+ E = 0.559 V

(3)

The reaction was monitored by measuring the electromo-
ive force (emf) between a saturated calomel electrode and a Pt
lectrode. For this purpose a voltmeter, with 0.5 mV precision, con-
ected to a computer was used.

According to above reaction, volt change obtained with oxi-
ation of Fe2+ ions into Fe3+ ions was graphed versus time by
omputing the values obtained from multimeter. The conversion
alues were computed using the recorded millivolt values and these
stimates were introduced into kinetic equations.

The reaction conversions from voltage measurements were cal-
ulated as follows:

The emf of the cell is:

= e0 − RT

F
ln

[
aFe2+
aFe3+

]
= [eFe2+/Fe3+ − ecal] − RT

F
ln

[
aFe2+
aFe3+

]
(4)

The calomel electrode (ecal) was used as an anode. According
o given as e0 = 0.2415 V standard electromotive force for saturated
alomel electrode, e0 = 0.77 V standard electromotor force for Fe2+

nd Fe3+ redox double:

= 0.5285 + RT

F
ln

[
aFe3+
aFe2+

]
(5)

As the composition of the solution changes very little during
eaction, the ionic strength and the activity coefficients remain
lmost constant. It is shown as E0 electromotive force in initial, E1
or x = 1 and Ex for any x conversion, and thus Eq. (5) may be written
s:

0 = A + RT

F
ln

[Fe0
3+]

[Fe0
2+]

(6)

3+

x = A +

F
ln

[Fex
2+]

(7)

1 = A + RT

F
ln

[Fe1
3+]

[Fe1
2+]

(8)
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reaction rate is inversely proportional to particle size. The results
show that the particle size has a significant effect on the dissolu-
tion rate of chromate. It is seen that the percentage dissolution of
chromate increases with time and decreases with particle size. This
F. Sevim, D. Demir / Chemical En

The initial concentration ratio, [Fe0
3+]/[Fe0

2+], was approxi-
ately equal to 10−3 in each experiment, so E0 values were in the

ame order magnitude.
During experiment, [Fex

2+] = [Fe0
2+] may be accepted, since Fe2+

hanges maximum to 5%. When Eqs. (6) and (7), (6) and (8)
xtracted side by side using this acceptance

x − E0 = RT

F
ln

[
[Fex

3+]
[Fe0

3+]

]
(9)

1 − E0 = RT

F
ln

[
[Fe1

3+]
[Fe0

3+]

]
(10)

Eqs. (9) and (10) are obtained. These equations are rearranged:

Fex
3+] = [Fe0

3+] exp
Ex − E0

RT/F
(11)

Fe1
3+] = [Fe0

3+] exp
E1 − E0

RT/F
(12)

Stoichiometry of reaction (3) into consideration, following
quality between concentration of Fe3+ and the mass of K2Cr2O7
as been obtained (m0 = K2Cr2O7 amount (g), V = Fe3+ volume of
olution (l), x = K2Cr2O7 conversion).

m0x

294V
= [Fex

3+] − [Fe0
3+] (13)

And, for x = 1:
m0

294V
= [Fe1

3+] − [Fe0
3+] (14)

The expressions are obtained. If Eqs. (13) and (14) are compared
ach other:

= [Fex
3+] − [Fe0

3+]
[Fe1

3+] − [Fe0
3+]

(15)

Finally, from Eqs. (11), (12) and (15)

= exp[(Ex − E0)/(RT/F)] − 1
exp[(E1 − E0)/(RT/F)] − 1

(16)

sing Eq. (16), volt values have been transformed to transformation
alues.

. Results and discussions

.1. Kinetic analysis

Fluid–solid heterogeneous reaction systems have many appli-
ations in chemical and hydrometallurgical processes. A successful
eactor design for these processes depends strongly on kinetic data.
n such systems, the reaction rate can be generally controlled by one
f the following steps: diffusion through the fluid film, diffusion
hrough the ash, or chemical reaction at the surface of the core of
nreacted materials [12]. In order to obtain the conversion values
rom the experimentally calculated volt values Eq. (16) was used.
rom the results of the statistical analyses, it was found that the
inetics of reduction of Cr2O7

2− by Fe2+ ions in H2SO4 solution is
ontrolled by chemical reaction.

Also, it was determined that the integral rate expression obeyed
he equation:

t

�
= 1 − (1 − x)1/3 (17)
= �BRs

bksCA
(18)

Since the reaction has ended in a very short time for the high
oncentrations at pre-experiments, FeSO4 and H2SO4 concentra-
ions were adjusted to be in low concentrations in order to avoid

F
F

ig. 2. Effect of stirring rate on conversion, at 20 ◦C, particle size 0.427 mm, 0.2 M
eSO4, 0.03 M H2SO4.

he experimental error. Temperature range was chosen between
0 and 65 ◦C because of the sensitivity of the employed calomel
lectrode.

.2. The effect of stirring rate

It is well known that a minimum stirring rate is required for
omplete suspension of particles in a liquid medium and that,
elow this critical speed, the total surface area of particles is not
vailable for reaction and also the rate of mass transfer depends
trongly on stirring rate. Rate experiments which aim to discrim-
nate between a diffusion controlled rate model and a chemically
ontrolled one have to be conducted at stirring speeds above this
ritical value. Thus, it is very important to know the value of the
ritical rate. Experiments at 600, 700, 800, 900 and 1000 min−1

ere carried out. The results are shown in Fig. 2. An increase in
ow stirring speeds increased the dissolution rate because a com-
lete suspension could not be provided (Fig. 2). But, in high stirring
peeds, it was observed that the stirring speed had not a sig-
ificant effect on the dissolution rate. Above 900 min−1 reaction
ate was not influenced by stirring rate so diffusion effects across
he liquid film around K2Cr2O7 particles seemed to be negligi-
le.

.3. The effect of particle size

The effect of four different particle sizes: 0.550, 0.427, 0.303 and
.215 mm were investigated. From Fig. 3, it can be seen that the
ig. 3. Effect of particle size on conversion, at 20 ◦C, 900 min−1 stirring rate, 0.2 M
eSO4, 0.03 M H2SO4.
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Fig. 4. Plot of � vs. Rs.
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Fig. 7. Plot of 1 − (1 − x)1/3 vs. time for concentration 0.03 M H2SO4 and different
FeSO4 concentrations.
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ig. 5. Effect of different H2SO4 concentration on conversion, at 20 ◦C, 900 min−1

tirring rate, 0.427 mm particle size, 0.2 M FeSO4.

ituation is attributed to an increase in surface area per unit weight
s the particle size decreases.

When the reaction is chemically controlled, particle size and
values should be changed linearly (Eq. (18)). If the � values are

lotted versus particle size, obtained curve is straight line and this
erifies that the reaction is chemically controlled (Fig. 4)

.4. The effect of concentrations

The effects of various H2SO4 and FeSO4 concentrations (CB
nd CA, respectively) were investigated. Chosen concentrations for
2SO4 were 0.02, 0.03, 0.04 and 0.05 M and for FeSO4 were 0.1, 0.15,

.2 and 0.25 M (Figs. 5 and 6).

1 − (1 − x)1/3 versus time has been plotted for various FeSO4 con-
entrations and � values were estimated considering the slope of
hese plots (Fig. 7).

ig. 6. Effect of different FeSO4 concentration on conversion, at 20 ◦C, 900 min−1

tirring rate, 0.427 mm particle size, 0.03 M H2SO4.
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Fig. 8. Plot of ln CA vs. ln �.

Concentration relation for � values is given in Eq. (19),

(CFe2+ , CH+ ) = Ca
Fe2+ Cb

H+ (19)

Eq. (19) can be arranged as follows

= �BRs

kCa
Fe2+ Cb

H+
(20)

�BRs

kCb
H+

= ˛ (21)

When Eq. (21) is introduced in Eq. (20) and taking the logarithm
f Eq. (20), Eq. (22) can be obtained.

n � = ln ˛ − a ln CFe2+ (22)

In order to estimate the value of a, ln CA versus ln � should be
lotted and the slope of the straight line should be computed.
btained a value is 0.544–0.5 (Fig. 8).
1 − (1 − x)1/3 versus time has been plotted for different acid con-
entrations (H2SO4) and � values were estimated considering the
lope of these plots (Fig. 9). In order to estimate the b value, ln CB ver-
us ln � should be plotted and the slope of the straight line should

ig. 9. Plot of 1 − (1 − x)1/3 vs. time for concentration 0.2 M FeSO4 and different
2SO4 concentrations.
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Fig. 10. Plot of ln CB vs. ln �.
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Fig. 13. Arrhenius plot of ln k vs. 1/T.
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ig. 11. Effect of temperature on conversion, at 900 min−1 stirring rate, 0.427 mm
article size, 0.03 M H2SO4 and 0.2 M FeSO4.

e computed under the conditions where CA is constant and CB is
ariable (Fig. 10). Computed b value is 0.421–0.5.

.5. The effect of reaction temperature

Investigated temperatures were 10, 15, 20 and 25 ◦C (Fig. 11).
− (1 − x)1/3 versus time has been plotted for different temperature
nd � values were estimated considering the slope of these plots
Fig. 12). In order to estimate the � values from Eq. (20) k values
ere found at different temperatures. 1/T versus ln k was plotted
nd the apparent activation energy (Ea) was computed from the
lope of the straight line (Fig. 13).

= k0 e−Ea/RT (23)

Fig. 12. Plot of 1 − (1 − x)1/3 vs. time at various temperatures.
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ig. 14. Agreement between experimental and calculated conversion values.

n k = ln K0 − Ea

RT
(24)

ound values for Ea and k0 are 46.184 kJ mol−1 and 5.54 × 1010,
espectively.

. Conclusions

Since most of the industrial and mine effluents contain higher
hromate than the permissible limit, treatment to reduce/remove
he pollutant before discharge into the environment becomes
nevitable.

Considering the all related parameters, a general equation
hown in below was developed for the reduction kinetics of
r2O7

2−;

1 − (1 − x)1/3] = 5.54 × 1010[Fe2+]
0.5

[H+]0.5(e−(46,184/RT))
�BRs

t (25)

The effect of stirring speed was investigated in the range
00–1000 min−1. The conversion values increase with increasing
tirring speed.

Conversion of reaction was independent of stirring speeds from
00 min−1 and higher. Thus, 900 min−1 was adopted. Decreas-

ng particle size led greater surface area. Hence, conversion rates
aised proportionally because of increased surface area between
eactant and solid particle. Investigated temperatures were 10,
5, 20 and 25 ◦C for conversion rates. It was also found that

ncreasing temperature increased the conversion rate. The effect
f H2SO4 concentration on conversion rates was studied and
ound that increasing acid concentration increased the conversion
ate.
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As seen in Eq. (20), Figs. 8 and 10, since � and Rs are linear curves
nd the upper values of concentration are 1 in total, it indicates
hat reaction is chemically controlled according to “Shrinking Core

odel” [12].
To test the agreement between the experimental conversion and

he values calculated from the semi empirical model, the graph of
exp versus xcal was plotted as shown in Fig. 14. It is observed that the
greement between the experimental and calculated values is very
ood with a correlation coefficient of 0.970 and standard deviation
f ±0.00644 [13].
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