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Abstract

The aim of this study is based on the synthesis of a new photo catalystby co-doping TiOxwith
bismuth and zinc and its application on the photo-reduction of hexavalentchromiumunder
visible light. The material obtained was characterized by XRD, BET and UV-vis DRS. The
XRD characterization results of the obtained material Bi-Zn-TiOzrevealed the presence of the
anatase phase and the absence of the rutile phase compared tothe TiO, P25 diffractogram.
Otherwise, the UV- visible diffuse reflection spectroscopy (UV-vis DRS) characterization
showed that the Bi-Zn-TiO> exhibits redshift relative to commercial TiO,-P25, this property
promises a photo catalytic activity of Zn-Bi-TiO. under visible light. Indeed, the efficiency of
photo catalyticBi-Zn-TiO.under visible light is has been proved by a complete reduction
ofhexavalent chromiumsolution of 10 mg/L after 120 minutes, whereas with the P25-TiOxthe
photo-reduction is achieved after 240 minutes.
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1. Introduction

Chromium is widely used in many industrial activities, such as leather tanning, metal finishing,
dyeing, textiles, fertilizing, etc. [1-3].

Chromium hexa valent Cr (V1) is the most toxic of all chrome species because it is a very strong
oxidant, it can attack the respiratory system, kidneys, liver, skin and eyes, [4-7], it is toxic to
most organisms when its concentration is above 0.05 mg / L and can cause irritation and damage
to human skin [8-10], because of its toxicity it is classified as a human carcinogen by the
International Agency for Research on Cancer (IARC) [11, 12].

In most cases, the chromium can be in two common oxidation states Cr (I1I) and Cr (VI).
Chromium hexa valent is carcinogenic and poisonous. Cr (I11) is less toxic and can be easily
precipitated or adsorbed on a variety of organic and inorganic substances at an alkaline or
neutral pH.

Industrial sources such as chromium plating, electronics, metallurgy, wood processing and
leather tanning industries release Cr (V1) into the effluent. These effluents must be treated
before they are discharged into surface waters. The methods generally used to treat waste water
containing hexa valent chromium are adsorption, ion exchange and reduction by chemical
methods followed by coagulation-precipitation [13], It appears that even after treatment, the
water leaves the treatment plants with low Cr (V1) concentrations and is generally slightly
higher than the CMA.

The heterogeneous catalysis photo appears as one of the least expensive POAs to be put in place
to lead to the degradation of organic compounds [14, 15], reduction of metal cations [16-18] or
the mixture of the two [19-21]. This method is based on the excitation of a semiconductor by a
radiation most often ultraviolet. Among the photocatalysts, titanium oxide, a very coveted and
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highly used semiconductor, gives good catalytic photo-yields by its anatase phase. However, it
has two major problems: its relatively large band gap (3.2 eV), which makes its spectral range
limited in the UV region (it does not absorb in visible light), a high rate of charge recombination
(electron / hole).

In the present work, we have been interested in the photo reduction of hexavalent chromium by
Bi-Zn co-doped TiO2 which has already been used in the degradation of an organic pollutant
indigo carmine [22], the material was characterized by ATG, DRX, MEB, BET, UV-DRS, XPS
and published in my first article [22], this material exhibits a high photocatalytic activity under
visible light in the reduction of hexavalent chromium in comparing with TiO»-P25.

2. Experimental

2.1. Adsorption study in the absence of light

2. 1.1. In the presence of oxalic acid

In order to study the chromium hexavenlent adsorption kinetics by Bi-Zn-TiO2 and TiO,-P25,
100mL of a 10 mg / L chromate solution and 0.1 g of material were placed under stirring away
from light with a 10 mg / L oxalate solution at pH 3.2 and at room temperature. Samples were
taken at regular time intervals for 2 hours and then centrifuged. The equilibrium concentrations
of Cr (V1) in the supernatant, after complexing with diphenylcarbazide, are analyzed at 540 nm
using a HACH DR4000 UV-vis spectrophotometer.

2. 1.1. In the absence of oxalic acid

Under the same conditions as above, 100 mL of a solution of Cr (V1) 10 mg / L at natural pH
and 0.1 g of material (Bi-Zn-TiO., TiO2-P25) were suspended under agitation away from light.
Samples were taken at regular time intervals for 180 minutes and then centrifuged. The residual
Cr (V1) concentration in the supernatant was analyzed as above.

2.2. Kinetics of photo-reduction of chromium VI

The photocatalytic activity of Bi-Zn-TiO. was studied in comparison with the commercial
TiO2-P25 Degussa. The photo-reduction kinetics studies were undertaken with initial
concentration ranging from 10 et 20mg/L of hexavalent chromium at pH 3,2 and a room
temperature, and with 1g/L of solid/solution ratio, and with a ratio of Cr(\VI)/oxalate was equal
to one (REqg-g. oxaeg-g.creviy=1). A 250mL open Pyrex cylindrical beaker was used as photo-
reactor to provide photocatalytic reduction experiments of 100mL of hexavalent chromium
solution under visible light irradiation. The pH was measured at the beginning but not adjusted
during the test. No oxygenation was introduced in the solution. The photo-reactor was placed
in cooled bath with circulating water in order to keep the room temperature stable. Aliquots
were taken, centrifuged and the residual concentrations of Cr (V1) in the supernatants were
determined as above.

The light source used for the reduction of hexavalent chromium is the same source used for
carmine indigo degradation and under the same operating conditions [22], the emission
spectrum of the lamp is represented in my work which has already been published [22].

2.2. In the absence of the catalyst: direct photolysis

The effect of the absence of photocatalyst was carried out in the presence of oxalate under
visible light. This study was carried out in a 250 mL beaker containing 100 mL of Cr (VI) and
oxalate solution (R (Eg-g, Oxa/ Eg-g, Cr (V1) L in the absence of the catalyst at acidic pH and
at ambient temperature. The irradiation is ensured by a visible lamp of 500 W at a distance of
17 cm from the solution. The samples of about 5 ml are carried out at regular, centrifuged times
and the residual Cr (V1) concentrations in the supernatant were analyzed as above.
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2.3. In the presence of the catalyst

The study of the photo-reduction kinetics of Cr (V1) in the presence of the Bi-Zn-TiO; and
TiO2-P25 catalyst with a solid / solution ratio of 1 g / L was carried out in the same way as
photolysis at a different Cr (V1) concentration of between 10 and 20 mg / L at a pH of 3.2 and
at room temperature.

A sample is first taken from each concentration to confirm the value of its initial concentration
(t=-30 min), then the solution is allowed to stir in the absence of light, in contact with material,
for minutes until reaching the adsorption equilibrium. After this contact period, a sample is
taken to be analyzed (t = Omin), then the lamp is switched on. The photocatalytic reduction of
Cr (V1) is monitored by sampling at regular times. After centrifugation of the samples taken,
the residual Cr (V1) concentrations in the supernatant were analyzed as above.

2.4. Effect of the concentration of oxalic acid on the reduction of Cr (VI)

The effect of the concentration of oxalic acid on the photo-reduction kinetics of Cr (VI) was
carried out with different gram-equivalence ratios of oxalic acid to Cr (VI1), this ratio varies
between 0 and 2 for a Cr (V1) concentration of 10 mg / L while maintaining the solid / solution
ratio of 1 g / L and the natural pH of the solution of 3.2.

2.5. Effect of the pH of the solution on the reduction of Cr (VI)

The pH effect of the solution on the photo-reduction kinetics of Cr (V1) was carried out with
different pH values (3.2, 6.2, 7.2) for a Cr (V1) of 10mg/L, maintaining the solid/solution ratio
of 1 g/L and with a ratio of oxalic acid to Cr (V1) equal to one (R (Eg-g, Oxa/)=1).

3. Results and discussion

3.1. Adsorption study in the absence of light

The study of the adsorption kinetics was carried out with the two materials TiO2-P25 and BiZn-
TiO2. The variation of the quantities of Cr (V1) adsorbed as a function of the contact time is
plotted in the form of a graph in Fig. 1. The phenomenon of adsorption of chromium (V1) by
the two materials is rapid, after twenty minutes, in many works concerning the fixation of
electrolytes such as cadmium, zinc, lead, copper by clays, takes place in 10 to 15 minutes [23,
24], this speed can probably be explained by the fact that it is an ion exchange process.

The maximum amount of chromium (VI) adsorbed in the presence of oxalate by the two
materials is 2.0 and 4.2 mg / g for TiO2-P25 and Bi-Zn-TiO2 respectively. These values are very
low, however, the Bi-Zn-TiO2 material displays a high equilibrium adsorption vis-a-vis Cr (V1)
compared to that of TiO2-P25, and this may be due to surface characteristics (volume and pore
diameter) of Bi-Zn-TiO> different from those of TiO2-P25 [22].
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Fig. 1. Chromium (VI) adsorption kinetics by TiO2-P25 and Bi-Zn-TiO: in the presence and absence of oxalic acid.
Moreover, the amount of equilibrium adsorption of chromium (V1) adsorbed by Bi-Zn-TiOz in
the absence of oxalate is slightly greater than that adsorbed in its presence. Indeed, equilibrium
adsorption amounts of Cr (VI) of 4.4 and 4.2 mg / g were obtained in the absence and in the
presence of oxalate respectively. The adsorption of Cr (VI) by this material was slightly
competed by the presence of oxalate anion (C204%), so that a slight oxalate adsorption probably
took place on the surface of the material instead of chromate anions (CrO4%).

3.2. Photocatalytic reduction study

a) - Study of the effect of the absence of the material

The photo-reduction kinetics of Cr (V1) by direct photolysis for 180 minutes (in the absence of
material and in the presence of oxalic acid) is presented in Fig 2. It appears from the graph that
the Cr (VI) is resistant to the irradiations of the visible light. Indeed, a photo-reduction rate of
14% was obtained after 15 minutes of irradiation under the visible lamp despite the presence of
oxalic acid and at pH = 3.2. This low level of reduction remained unchanged even after 120
minutes, this result may be due to an oxidation-reduction reaction between oxalates and Cr (V1).

However, and even if this reaction can take place, it is very slow.
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Fig. 2. Kinetics of photo-reduction of chromium (V1) in the absence of material: (Ci (Cr (IV) =10 mg /L, Ci (A, Ox) =
10 mg/L).

b) - Study of the effect of presence of the material

The kinetic study of photo-reduction of Cr (V1) as a function of the initial concentration was
carried out by varying the initial Cr (V1) concentrations from 10 to 20 mg / L with a ratio of
oxalic acid and Cr (V1) is equal to one. Fig 3 reports the monitoring of the residual Cr (V1)
concentration of its photo-reduction by the two materials Bi-Zn-TiO2 and TiO2-P25 as a
function of time. The curves show that chromium (V1) under irradiation of visible light and in
the presence of the material disappears with time, this elimination is probably a reduction in
chromium (I11) or even more. The time required for its reduction varies according to the initial
concentration. Note that chromium (VI) photo-reduction by Bi-Zn-TiO: is faster than that
observed for TiO2-P25.
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Fig. 3. @ and b) photo-discoloration under visible light at different concentrations of chromium (V1) with TiO-P25
and Bi—Zn-TiOz2 respectively.

The plots of the graphs in Figure 3 reveal a difference in the efficiency between the two
materials in the photo-reduction of Cr (V1). Indeed, Bi-Zn-TiO2 showed better photo-catalytic
reduction rates than those obtained with TiO.-P25. In addition, the photo-reduction time is
shorter with Bi-Zn-TiO2 than with TiO.-P25. By way of example, for an initial Cr (VI)
concentration of 10 mg / L, the photo-reduction is 100% in 120 minutes whereas it is 60.2%
during the same period, the results of the UV-visible DRS characterization shows that the
material Bi-Zn-TiO- absorbs in the visible region in relation to that of TiO,-P25 [22].

3.3. Effect of oxalic acid concentration on Cr (V1) reduction

The effect of the concentration of oxalic acid on the kinetics of photo-reduction of Cr (V1) was
carried out with different ratio of gram equivalent of oxalic acid to Cr (VI), this ratio varies
between 0 and 2 for a concentration of Cr (V1) of 10 mg / L maintaining the solid / solution
ratio of 1 g / L and at the natural pH of the solution of 3.2. The results show that the rate of
photo-reduction increases as the ratio of gram equivalent of the oxalic acid / Cr (VI) ratio
increases to a ratio of 1 (Table 1). Indeed, after 120 min of irradiation, a total (100%)
degradation is obtained, beyond ratio 1, the photo-reduction rate during the same contact time
decreases and becomes equal to 60% for a ratio of 2. This drop in efficiency can probably be
explained by competitive adsorption between the oxalate and chromate anions at the
photocatalyst surface. This also confirms that photo-reduction of Cr (VI) is at the surface and
depends on the surface properties of photo-catalysts [22].

The improvement in the photo-reduction rate of Cr (V1) with the increase in the ratio confirms,
on the one hand, the importance of the presence of a reducing agent such as oxalate and on the
other side, allows to fix the necessary and sufficient dose to ensure the reaction of the photo-
reduction and to avoid the excess of the products. The main possible reactions that we can
suggest during the process of Cr (V1) reduction on the surface of Bi-Zn-TiO- can be described

as follows: o Photo-excitation of TiOx:
. hv (visible) . .
Bi —Zn—Ti0; ——— Bi—Zn—Ti0y(e” + k™) Eq.-1
o Reaction of additives with positive holes:
hev + €205~ = €05
Eq-2 2H,0+ 4h* — 20, + 4H*
Eg.-3 o Reduction of Cr (V1) by the radicals of the additives:
Cr0i~ + C,0;~ - Cr3* + photo products Eq.-4
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o) Reduction of Cr (V1) by electrons:

CrOi~ + 14H* + 6eg, —» 2Cr3t + 7H,0 Eq.-5
Cr3* + 3eg. — Cr° Eq.-6
Table 1.

Reduction rates and apparent rate constants as a function of the equivalent g-ratio of oxalic acid.
% photo-reduction
Equivalent-g ratio (Oxalic Acid / Cr (V1))

Time 15 o | o5 | 1 | 2
50,6 47,5 26,4 25,0
45 52,9 52,5 55,9 33,75
95 54,1 52,5 75,47 52,5
120 54,1 52,5 100,0 60,0
180 54,1 55,0 100,0 67,5

Kapp (min-1) | 10,0013 | 00015 | 00135 | 0,0058 |

Fig. 4 illustrates the variation of the speed constant Kapp as a function of the equivalent gram
ratio between oxalic acid and Cr (V1) for the photo-reduction of the latter in the presence of Bi-
Zn-TiOa.

0,014
0,012
0,010

0,008 -

(min)

& ] /
= 0,006 - / e

K

0,004

0,002 /
07777777,0

0,000 T T T T T
0,0 0,5 1,0 15 2,0

Equivalent-g ratio (Oxalic Acid / Cr (V1))

Fig. 4. The effect of the equivalent ratio -gram of oxalic acid and Cr (V1) on the kinetic constant of photo-reduction of
Cr (VI) by Bi-Zn-TiOz in a solid ratio / solutionof 1 g/ L and at pH = 3.2.

3.4. Effect of pH of the solution on Cr (VI) reduction

The results of photo-reduction of Cr (VI) under irradiation of visible light at different pH are
shown in Figure 5. From this figure, it is obvious that the pH of the solution is a key parameter
in the reaction. The reduction rate of Cr (V1) is maximum (100%) for a weakly acidic pH (pH
= 3.2), after 120 min of irradiation, however, this rate decreases during the same period at pH
= 6.2 (38.82%), and further decreased at neutral pH (pH = 7.2) (17.65%). This result can be
explained probably for two reasons:

1. The standard Cr (V1) Cr (111) reduction potential ranges from 1.32 V at pH 0 to 0.38 V
at pH 7 [25].

2. The surface charge of the photocatalyst changes as a function of pH, it is probably
positively charged at acidic pH, which may explain the electrostatic attraction between
chromate ions and the surface of Bi-Zn-TiO..
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Fig. 5. Effect of the pH of the solution on photo-reduction of Cr (VI) by Bi-Zn-TiO2, Conditions: [Cr (VI)] =10 mg /L,
[AOX]/[Cr (V)] = 1.

In order to calculate the apparent rate constants, we have plotted In (Cicorr / Ct) of Cr (VI)
reduction as a function of irradiation time, obtained at different pH values. Fig. 6 representing
these curves, shows that it correlates perfectly with the appearance of a line of equation Ln
(Cicorr / Ct) as a function of the irradiation time with high correlation coefficients, which makes
it possible to deduce that the Cr (V1) reduction follows the reaction of pseudo first order. The
results of the reduction rates and the apparent speed constants are reported in Table 2.
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Fig. 6. Kinetics of reduction of Cr (V1) as a function of the pH of the solution according to the pseudo first-order
reaction.

Table 2
Reduction rates and apparent rate constants as a function of the pH of the solution.
pH 3,2 6,2 7,2
photoreduction (%o) 100 38,82 16,47
Kapp (Min1) *10* 135,4 22,0 51
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Fig.7 illustrates the variation of the Kapp speed constant as a function of the pH of the solution
for chromium (V1) photo-reduction in the presence of Bi-Zn-TiOx. It is known that the chromate
oxidation reactions (Cr (V1)) are carried out in a strongly acidic medium at theoretically
negative pH values, the results presented in the table show that it is possible to reduce by photo-
catalytic Cr (V1) even at slightly acidic pH as 3.2. This photo-reduction can take place even at
neutral pH but with slow kinetics. This efficiency is due to the interaction between the
chromates and the electrons of the conduction band after irradiation of the material with light.
Indeed, it has been shown that chromates play a role of electron scavengers in the determination
of the species responsible for degradation of organic compounds [22, 26, 25].

2]
1,4x10° 7 o
2
1,2x10"
2
1,0x10"
D 5
£ 8,0x10"
£
~ 3
£6,0x10”
N
3
4,0x10"
2,0x10" V\
0,0 T T T T T T T |V 1
30 35 40 45 50 55 60 65 7,0 75

pH

Fig. 7. Variation of the rate constant as a function of the pH of the solution for chromium (V1) photo-reduction by
BiZn-TiO..

Conclusion

In the present work, Bi—Zn—TiO2 was prepared by layered double hydroxide synthesis route and
characterized by TGA, SEM, XRD, N2 Adsorption/desorption, UV—-vis DRS, and XPS. The
obtained material was investigated for the photocatalytic discoloration of indigo carmine and
photo reduction of chromium hexavalent under visible light irradiation in comparison of
commercial TiO>—P25. The results of the kinetics of the photocatalytic reduction of Cr (VI) in
the presence of oxalic acid showed a total photo-reduction of Cr (V1) after 120 and 240 min in
the presence of Bi-Zn-TiO and TiO»-P25, respectively, for a Cr (V1) concentration of 10 mg/L
with a weakly acidic pH (3.2). In the study of the effect of the absence and presence at different
concentrations of oxalic acid on the reduction of Cr (VI) at low acid pH by Bi-ZnTiO, the
results expressed in terms of reduction rate in Gram-equivalent ratio oxalic acid/Cr(V1) function
(R =0, 0.5, 1 and 2) have shown that a 54% Cr (V1) of reduction rate was obtained in the
absence of oxalic acid, however, this rate increases with increasing oxalic acid concentration to
a maximum for a ratio of 1 gram equivalent acid/Cr(VI) of 1, beyond this ratio, the efficiency
probably decreases due to a competitive adsorption between chromate and oxalate anions. The
results of the pH effect (3.2, 6.2 and 7.2) on the photo-reduction of Cr (VI) show that a better
photocatalytic reduction was obtained in weakly acidic medium.
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