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The kinetics of reduction of potassium dichromate (K,Cr,07) by Fe2* ions in sulfuric acid (H,SO4) solution
have been investigated under well-defined hydrodynamic conditions. The reaction has been monitored
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=7(1 — (1 — x)'/3). The rate has been found proportional
to [Fe2*1%>[H*]%> and the apparent activation energy has been determined as 46.18 kj mol~!.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Chromium is widely used in various industrial applications. If
chromium polluted waters are discharged into the environment
without any treatment, chromium content of surface and ground-
water and soil considerably increases [1,2]. Chromium appears to be
a nutrient for at least some plants and animals, including humans,
although chromium(VI) species have been reported to be toxic to
bacteria, plants, and animals. Chromium(III) is generally absorbed
through cell membranes albeit to a significantly lesser degree than
chromium(VI). Because Cr(VI) is more toxic than Cr(III), Cr(VI) ana-
lyzed in environmental samples is more important and has been
accepted as more problematic chromium form in comparison to
Cr(III). Although Cr(VI) is a strong oxidant, Cr(Ill) does not have not
an oxidation property. Second important difference is that Cr(III)
ions may cross easily and speedily from cell diaphragm than Cr (IV)
[3].

The permissible limit of Cr(VI) in potable water is 0.05mgl-1,
but for industrial and mining effluents the discharge value is around
0.5mgl-1. Since most of the industrial and mine effluents con-
tain higher than the permissible limit, treatment to reduce/remove
the pollutant before discharge into the environment becomes
inevitable [4].

There are numerous works in literature dealing with the removal
of chromium. In one of the works, a new possibility to selectively
remove neutral salts contained in spent chromium tanning solu-
tions has been presented with a view to achieving more efficient
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recycling of unused chromium as well as water. The membrane sep-
aration procedure described here offers a new possibility to reuse
water, neutral salts and chrome without any attendant problems in
process control or effluent treatment [5].

Greju and Lovi [6] studied the kinetics of Cr(VI) reduction
by scrap iron in batch system, for aqueous solutions having low
buffering capacities, as a function of pH (2.10-7.10), tempera-
ture (10-40°C) and Cr(VI) concentration (19.2-576.9 wM). They
reported that a kinetic expression was developed to describe reduc-
tion of chromium by scrap iron over the pH range of 4.17-7.10 and
Cr(VI) concentration range of 19.2-38.4 uM [6].

The batch removal of hexavalent chromium (Cr(VI)) from
wastewater under different experimental conditions using various
adsorbents has been investigated [7].

According to the work of Hossain [8], the reaction rate expres-
sion for Cr(VI) reduction is nonlinear and the rate constants are
evaluated by employing nonlinear optimization techniques. The
outcome of the optimization techniques, in general, depends on
the initial estimate of the kinetic parameters which is not always
available. A graphical approach based on sound mathematical rea-
soning has been developed which is accurate, simpler to use, and
can provide the best initial estimate for nonlinear optimization [8].

During the electrochemical reduction period of porous titanium
dioxide in the calcium chloride solution, consecutive reactions have
been observed Alexander et al. [9]. Under well-defined hydrody-
namic conditions, reduction kinetics of MnO, by Fe?* has been
investigated [10].

The aim of this study is to explore the kinetics of Cr(VI) reduction
by Fe2* ions in sulfuric acid (H,SO4) solution under well-defined
hydrodynamic conditions. The effect of stirring rate, particle size,
temperature, Fe?* and H* concentrations have been studied. It was
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Nomenclature

b stoichiometric coefficient

Ca FeSO4 concentration

Cp H,S04 concentration

e electrode potential

E; activation energy (k] mol-1)

E emfbetween Pt and saturated calomel electrode (V)
F Faraday constant

k reaction rate constant (s—1)

ks rate constant for surface reaction (cms=1)

ko Frequency or pre-exponential factor (s~1)

mo amount of K,Cr,07 charged in the reactor (g)

R universal gas constant (k] mol~1 K1)

Rs 0.4275 x 10~3 m (average radius of solid particles)

t reaction time (s)

T temperature (K)

1% reaction volume (m3)
X K5Cr,07 conversion

Greek letters
0B 9.102 x 10* mol m—3 (K,Cr,07’s molar density)
T time required for complete conversion (s)

found that the reaction kinetic model obtained in this study was
chemical reaction control model.

2. Experimental

Experiments were conducted in a 0.751 jacketed cylindrical
glass reactor of 0.1 m diameter. It was equipped with four baffles
equally spaced. The flanged cover of the reactor contained sockets
for a stirrer, a thermometer, a reflux condenser, inert gas entrance,
a Pt electrode and a salt bridge. The stirring rate was controlled to
+1min~! and temperature of the reactor was maintained within
+0.1 °C. Helium gas was passed through the reactor to prevent oxi-
dation of Fe2* by air.

All aqueous solutions were prepared with pure water. The chem-
icals used were as received without further purification: potassium
dichromate (K;Cr,07), H;SO4, Ferro(ll) sulfate (FeSO4-7H;0),
potassium chloride (KCl) (Merck, Germany) was prepared accord-
ing to the method described in Furmann [11]. In addition, the
samples were sieved using ASTM standard sieves, giving particle
size fractions of 0.550, 0.427,0.303, 0.215 mm. The volume of FeSO4
and H,S0O4 solutions (constant 500 ml) was charged in the reactor,
while the amount of K,Cr,07 used in the experiments was in the
range of 0.2-0.35g.

The maximum concentration change in all experiments was lim-
ited to 5%. Temperature and reactant concentrations were carefully
selected so that no Fe(OH)3 precipitate and higher conversion was
detected at the end of experiments. The experimental facility for
Cr* removal process is schematically shown in Fig. 1.

The most important property of this process is to evaluate the
acid pickling solution which is being the waste product of steel
industry. Acid pickling solution includes H,SO,4 0.5-10% and FeSOy4
10-12%.

The reaction of K,Cr,07 with Fe2* ions in an acidic medium is
governed by the equation:

Cr,0,2 + 14H* + 66~ — 2Cr3* + 7H,0 Eg= 1.33V 1)

6Fe?t — 6Fe3T +6e~ Eg= —0.771V (2)

—_——
oo U7
]
—
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Fig. 1. Schematic diagram of the experimental setup: (1) water cooled bath; (2) Pt
electrode; (3) mechanical stirrer; (4) salt bridge; (5) reactor; (6) calomel electrode;
(7) multimeter.

Cry07%~ +6Fe2t + 14Ht — 2Cr3* +7H,0 + 6Fe3t E= 0.559V
(3)

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

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

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

The emf of the cell is:

RT a RT a
E=e——In [ Fe2+:| = [€pe2+ jpe3+ — €call — F In |:Fe2+:| (4)
Ape3+

The calomel electrode (ec;) was used as an anode. According
to given as e? =0.2415 V standard electromotive force for saturated
calomel electrode, %= 0.77 V standard electromotor force for Fe2*
and Fe3* redox double:

E=05285+ 0 In [GF@*] (5)
F aFEZ+
As the composition of the solution changes very little during
reaction, the ionic strength and the activity coefficients remain
almost constant. It is shown as Eg electromotive force in initial, Eq
for x =1 and E for any x conversion, and thus Eq. (5) may be written
as:

RT . [Feo3*]
Eg=A+ —1 6
0=A+ % H[Fe02+] (6)
. RT | [Fe3]
Be=A+ G In )
RT . [Fe;3+]
E1=A+—1 8
1 +F n[Fe12+] (8)
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The initial concentration ratio, [Feg3*]/[Feg2*], was approxi-
mately equal to 10~3 in each experiment, so Eq values were in the
same order magnitude.

During experiment, [Fex2*]| = [Feg2*] may be accepted, since Fe%*
changes maximum to 5%. When Eqs. (6) and (7), (6) and (8)
extracted side by side using this acceptance
RT {[Fex“]}

Ex —Eg = ? In [Fe03+]

9)

(10)

3+
Ei - Ep = gln |:[Fe1 ]:|

[Feg3+]

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

Ex — E

[Fe**] = [Feo™ ] exp=pr > (1
Eq1 —E

[Fe1>*] = [Feo>*]exp ;T/FO (12)

Stoichiometry of reaction (3) into consideration, following
equality between concentration of Fe3* and the mass of K,Cr,07
has been obtained (mg=K,Cr,07; amount (g), V=Fe3* volume of
solution (1), x=K,Cr,07 conversion).

moXx

Soqy = [Fex’ "] [Feo®] (13)
And, forx=1:
m
504y = [Fer’"1—[Feo™] (14)

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

_ [Fex*] - [Fep']

= [Fes7 ]~ [Feo?'] (%)
Finally, from Eqgs. (11), (12) and (15)
«_ exPl(Ex — Eo)/(RT/F)] — 1 (16)

~ exp[(E1 — Eo)/(RT/F)] - 1

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

3. Results and discussions
3.1. Kinetic analysis

Fluid-solid heterogeneous reaction systems have many appli-
cations in chemical and hydrometallurgical processes. A successful
reactor design for these processes depends strongly on kinetic data.
In such systems, the reaction rate can be generally controlled by one
of the following steps: diffusion through the fluid film, diffusion
through the ash, or chemical reaction at the surface of the core of
unreacted materials [12]. In order to obtain the conversion values
from the experimentally calculated volt values Eq. (16) was used.
From the results of the statistical analyses, it was found that the
kinetics of reduction of Cr,0,%~ by Fe?* ions in H,SO4 solution is
controlled by chemical reaction.

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

t

c=1-0 —x)13 (17)
_ PBRs
U~ bksCa (18)

Since the reaction has ended in a very short time for the high
concentrations at pre-experiments, FeSO4 and H,SO4 concentra-
tions were adjusted to be in low concentrations in order to avoid

1 4

0,9 4
E 0,8 4
c 0,7 4
L 06 © 600 min-1
[
-4 0,5 - | 700min-1
E 0,4 4 A 800 min-1
8 0,3 - © 900 Illi]:]r-]
0,2 4 X 1000 min-1
0,14
0 T T T T
0 20 40 60 80

Time (sec)

Fig. 2. Effect of stirring rate on conversion, at 20°C, particle size 0.427 mm, 0.2 M
FeSOy4, 0.03 M H,S04.

the experimental error. Temperature range was chosen between
10 and 65 °C because of the sensitivity of the employed calomel
electrode.

3.2. The effect of stirring rate

It is well known that a minimum stirring rate is required for
complete suspension of particles in a liquid medium and that,
below this critical speed, the total surface area of particles is not
available for reaction and also the rate of mass transfer depends
strongly on stirring rate. Rate experiments which aim to discrim-
inate between a diffusion controlled rate model and a chemically
controlled one have to be conducted at stirring speeds above this
critical value. Thus, it is very important to know the value of the
critical rate. Experiments at 600, 700, 800, 900 and 1000 min—!
were carried out. The results are shown in Fig. 2. An increase in
low stirring speeds increased the dissolution rate because a com-
plete suspension could not be provided (Fig. 2). But, in high stirring
speeds, it was observed that the stirring speed had not a sig-
nificant effect on the dissolution rate. Above 900 min—! reaction
rate was not influenced by stirring rate so diffusion effects across
the liquid film around K,Cr,0- particles seemed to be negligi-
ble.

3.3. The effect of particle size

The effect of four different particle sizes: 0.550, 0.427,0.303 and
0.215 mm were investigated. From Fig. 3, it can be seen that the
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

1,2
1
t;‘- -
= 081
.g s
= 06 ¢ 0.550 mm
[T - o,
2 = 0.427 mm
o 0,4
O 40.303 mm
024 *0.215 mm
0 T ‘ ‘ T T
0 10 20 30 40 50

Time (sec)

Fig. 3. Effect of particle size on conversion, at 20°C, 900 min~! stirring rate, 0.2 M
FeSO4, 0.03 M H,S04.
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Fig. 5. Effect of different H,SO,4 concentration on conversion, at 20°C, 900 min~!
stirring rate, 0.427 mm particle size, 0.2 M FeSO4.

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

When the reaction is chemically controlled, particle size and
T values should be changed linearly (Eq. (18)). If the 7 values are
plotted versus particle size, obtained curve is straight line and this
verifies that the reaction is chemically controlled (Fig. 4)

3.4. The effect of concentrations

The effects of various H,SO4 and FeSO, concentrations (Cg
and Cp, respectively) were investigated. Chosen concentrations for
H,S04 were 0.02, 0.03, 0.04 and 0.05 M and for FeSO4 were 0.1, 0.15,
0.2 and 0.25 M (Figs. 5 and 6).

1— (1 —x)!3 versus time has been plotted for various FeSO4 con-
centrations and 7 values were estimated considering the slope of
these plots (Fig. 7).

1,2
1 p
x
= 0,8
=]
2 06
2
£ g4 ©0,25 M FeSO4
8 ' 0,2 MFeS04
A0,15 M FeSO4
0.2 %0,1 M FeSO4
0 . . - . . ;
0 10 20 30 40 50 60 70

Time (sec)

Fig. 6. Effect of different FeSO,4 concentration on conversion, at 20°C, 900 min~!
stirring rate, 0.427 mm particle size, 0.03 M H,SOj4.
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Fig. 7. Plot of 1—(1—x)'3 vs. time for concentration 0.03 M H,SO, and different
FeSO4 concentrations.
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Fig. 8. Plot of InCa vs. Int.

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

F(Crezis Gy ) = CE . C (19)

Fe2+

Eq. (19) can be arranged as follows

PBRs

- PB% (20)
kCe,. Ch,

prs —a (21)

kCH+

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

InT=Ino —alnCgeay (22)

In order to estimate the value of a, InCa versus In t should be
plotted and the slope of the straight line should be computed.
Obtained a value is 0.544-0.5 (Fig. 8).

1 —(1 —x)13 versus time has been plotted for different acid con-
centrations (H,SO4) and t values were estimated considering the
slope of these plots (Fig.9).In order to estimate the b value, In Cg ver-
sus In 7 should be plotted and the slope of the straight line should

0,7
X A ®
0,64 >
@
«~ 0,51
<
p1%
> 0,44
=
= 0,31 * 0,02 M H2504
0,24 = 0,03 MH2S04
- A 0,04 MH2S04
3 X 0,05 M H2504

T

0 10 20 30 40 50 60 70 80
Time (sec)

Fig. 9. Plot of 1—(1—x)'? vs. time for concentration 0.2M FeSO4 and different
H,S04 concentrations.
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Fig. 11. Effect of temperature on conversion, at 900 min~! stirring rate, 0.427 mm
particle size, 0.03 M H,SO4 and 0.2 M FeSO4.

be computed under the conditions where Ca is constant and Cg is
variable (Fig. 10). Computed b value is 0.421-0.5.

3.5. The effect of reaction temperature

Investigated temperatures were 10, 15, 20 and 25°C (Fig. 11).
1—(1 —x)!3 versus time has been plotted for different temperature
and t values were estimated considering the slope of these plots
(Fig. 12). In order to estimate the 7 values from Eq. (20) k values
were found at different temperatures. 1/T versus Ink was plotted
and the apparent activation energy (E;) was computed from the
slope of the straight line (Fig. 13).

k = ko e~Ea/RT (23)
0,7 1
0,6 1
0,5
| ]
o = o
= 0,41 ™ o
w S
< 031 %
o
021 ik 5 ° ©100C
(] ° m 150C
=% ° 20 0C
A
0,1+ ©
5 %25 oC
<&
0 : ; ; T
0 20 40 60 80
Time (sec)

Fig. 12. Plot of 1 — (1 —x)!/ vs. time at various temperatures.
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Fig. 13. Arrhenius plot of Ink vs. 1/T.
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Fig. 14. Agreement between experimental and calculated conversion values.

E;
Ink =InKg — 7T (24)
Found values for E; and ko are 46.184kJmol~! and 5.54 x 1010,
respectively.

4. Conclusions

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

Considering the all related parameters, a general equation
shown in below was developed for the reduction kinetics of
Cr,07%;

107 Ea2+10-2 g+ 10-5( o—(46,184/RT)
[1-(1-x)/2) = 234> 107[Fe ]pB[;S] (e )e (25)

The effect of stirring speed was investigated in the range
600-1000min~'. The conversion values increase with increasing
stirring speed.

Conversion of reaction was independent of stirring speeds from
900min~! and higher. Thus, 900 min~! was adopted. Decreas-
ing particle size led greater surface area. Hence, conversion rates
raised proportionally because of increased surface area between
reactant and solid particle. Investigated temperatures were 10,
15, 20 and 25°C for conversion rates. It was also found that
increasing temperature increased the conversion rate. The effect
of Hp,SO4 concentration on conversion rates was studied and
found that increasing acid concentration increased the conversion
rate.
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As seenin Eq. (20), Figs. 8 and 10, since T and R; are linear curves
and the upper values of concentration are 1 in total, it indicates
that reaction is chemically controlled according to “Shrinking Core
Model” [12].

To test the agreement between the experimental conversion and
the values calculated from the semi empirical model, the graph of
Xexp VETSUS X, Was plotted as shown inFig. 14.1tis observed that the
agreement between the experimental and calculated values is very
good with a correlation coefficient of 0.970 and standard deviation
of +£0.00644 [13].
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