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a b s t r a c t

The oxidation of organic and inorganic pollutants present in tannery effluents has been realised by elec-
trochemical way. The influence of the electrochemical reactor parameters was carried out by the use of
Doehlert matrix. The obtained results have shown that the current intensity and the electrolysis time
were the main influent parameters on the removal ratio of chemical oxygen demand (COD), total organic
carbon (TOC), electrochemical oxidation of trivalent chromium and sulphite ions.
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. Introduction

The tanning industry becomes one of the leading economic sec-
ors in many countries. However, it generates large quantities of
eavily polluted wastewater containing organic and inorganic sub-
tances. These substances are derived from hides and skins and
rom addition of reagents during various processes to obtain fin-
shed product.

Two operations are known as the most polluting: liming and tan-
ing operations. The low efficiency of these two operations leads to

arge amounts of polluted effluents. Indeed, the effluent emanat-
ng from liming operations contains high concentration of sulphite
ons due to the addition of a concentrated solution of sodium lime
nd sulphites.

In the other hand, chromium is extensively used in tanning
peration to obtain leather of a desirable quality. Therefore, the
esulting wastewater (effluent) is rich in chromium besides organic
atter.

Consequently, in order to sustain our global water supply, many

echnological systems for the removal of organic and inorganic pol-
utants from tannery wastewater have been recently developed.
mong them, the precipitation of trivalent chromium [1,2], elec-

∗ Corresponding author. Tel.: +216 24233318.
E-mail address: samiha.hammami@laposte.net (S. Hammami).
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ro coagulation [3–5], membrane filtration [6–8], ion exchange [9],
lectrochemical methods [10–14].

In the present work, an electrochemical reactor was applied to
tudy the treatment of tannery wastewater whose characteristics
re reported in Table 1. Thus, the planning of the experimental
ork for investigating the influence of the principal experimental
arameters: current intensity (I), electrolysis time (t) and medium
emperature (T) on the oxidation of trivalent chromium, sulphite
ons and the removal of the chemical oxygen demand (COD) and the
otal organic carbon (TOC), was based on the experimental design

ethodology. Therefore, the optimal conditions for the degrada-
ion of the liming and the tanning beamhouse were studied by the
se of Doehlert matrix [15–17].

Indeed, these designs are formed by uniformly distributed
oints that may be represented in normalized variables (Xi). These
esigns estimates the coefficients of a quadratic polynomial math-
matical model, whose essential interest is to be able to predict in
ny point of the experimental region, the values of the response
. The number of experiments for a Doehlert matrix for k factors

s given by the relation: N = k2 + k + 1. The experimental response of
nterest associated to a Doehlert matrix (for 3 variables) is repre-
ented by a quadratic polynomial model:
= b0 + b1X1 + b2X2 + b3X3 + b11X2
1 + b22X2

2 + b33X2
3 + b12X1X2

+b13X1X3 + b23X2X3

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:samiha.hammami@laposte.net
dx.doi.org/10.1016/j.jhazmat.2008.06.124
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Table 1
Physico-chemical characteristics of tannery effluents

Parameters Value

Liming effluent Tanning effluent

pH 12.4 3.6
COD (mg/L) 14,540 7,814
BOD5 (mg/L) 1,300 164
TOC (mg/L) 3,255 832
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Fig. 1. The electrochemical reactor: (a) thermostatic reactor; (b) cylindrical cathode;
(c) cylindrical anode; (d) tree of agitation; (e) necklace of closing and tightness; (f)
reactor cover.

Table 2
The used electrodes characteristics

T 2

A
C

2

t

2

3

The chemical oxygen demand and the total organic carbon of the
initial and the electrolysed samples were determined, respectively
with a DCO – HACH reactor, model 45600 and a Shimatzu TOC –
500 analyzer.

Table 3
Experimental region investigated for the tannage effluent

Variables Factors (Ui) Unit Experimental region
ulphite ions (mg/L) 640 –
hloride ions (mg/L) 5,000 33,430
hromium (mg/L) – 3,920

here Y: experimental response; bi: estimation of the principal
ffect of the factor i for the response Y; bii: estimation of the sec-
nd effect of the factor i for the response Y; bij: estimation of the
nteraction effect between factor i and j for the response Y.

The coefficients of this model are calculated, in the experimental
egion (Table 3), using the least squares method:

= (XTX)
−1

XTY

here B: the vector of estimates of the coefficients; X: the model
atrix; Y: the vector of the experimental results.
The experimental (natural) values Ui are calculated from the

oded variables Xi using the following formula [18]:

i = Ui − Ui,0

�Ui
× ˛

here

i,0 = Ui,max + Ui,min

2

s the value of Ui at the centre of the experimental region;

Ui = Ui,max − Ui,min

2

s the step with Ui,max and Ui,min maximum and minimum values
f the effective variable Ui, respectively.

˛ is the maximum coded value of Xi: X1 = 1; X2 = 0.866;
3 = 0.816.

. Experimental

.1. Equipment

Electrolyses are carried out in an electrochemical cell (Fig. 1).
his cell is consisted with two coaxial cylindrical electrodes and
thermostatic reactor (1 L) equipped with a Teflon mechanical

gitator “Heidolph RZR – 200”. The constants temperature of the
eactional media to ±0.5 ◦C is assured by a water circulation ther-
ostat bath. The titanium platinum was been the most suitable
etal to the anodic oxidation of trivalent chromium since it lim-

ts the water oxidation. This electrode is insoluble, contrary to the
hromium, nickel, steel and aluminium electrodes. It is also stable
nlike dioxide lead electrode [19]. Moreover, a significant removal
f the COD was obtained with these electrodes [20]. In order to
avourite the electrochemical oxidation of Cr(III) into Cr(VI), we are
hose to work with anodic activate specific surface higher than this
f cathode. The characteristics of the used electrodes are reported

n Table 2.

Electrolyses were performed with a “P. Fontaine MC 2030 C”
urrent generator. The temperature of the reactional medium is
aintained constant (±0.5) with a thermostated bath equipped
ith an internal water circulation.

X
X
X

ype Nature Forme Geometrical
surface (dm2)

Specific surface (dm )

node Ti/Pt Cylindrical 1.50 3.30
athode Ti/Pt Cylindrical ∼=0.15 ∼=0.21

.2. Analytical methods

The hexavalent chromium concentration in solution after elec-
rolysis, noted [Cr(VI)]final was determinate as following:

1. after oxidization, the total chromium concentration [Cr]tf in the
solution was measured by a flame atomic absorption spectrom-
etry FAAS;

. the determination of the final trivalent chromium concentra-
tion in solution noted [Cr(III)]final, was measured by FAAS after
elimination of hexavalent chromium by precipitation in acetic
tampon media (pH 4.65) with the Pb(NO3)2 and filtration across
a 0.45 �m membrane porosity;

. the final hexavalent chromium concentration in solution, noted
[Cr(VI)]final, was calculated by difference between the total
chromium concentration [Cr]tf and the final trivalent chromium
concentration [Cr(III)]final.
Minimum value Maximum value

1 U1: time min 90 180
2 U2: intensity A 1 2.4
3 U3: temperature ◦C 30 50
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Table 4
Experimental design and results of the tannage effluent

Experiment no. Time (min) Intensity (A) Temperature (◦C) Rc (%) COD (%) TOC (%)

1 180 1.7 40 53.3 79.3 86.9
2 90 1.7 40 14.8 61.2 27.0
3 158 2.4 40 61.0 80.9 90.8
4 113 1.0 40 12.7 58.3 22.7
5 158 1.0 40 25.5 65.9 45.4
6 113 2.4 40 38.8 70.2 73.0
7 158 1.9 50 52.6 76.1 81.6
8 113 1.5 30 20.9 64.7 32.5
9 158 1.5 30 34.7 69.9 71.8

10 135 2.2 30 41.1 74.3 72.6
11 113 1.9 50 25.8 66.7 48.6
12 135 1.2 50 13.0 59.3 25.3
13 135 1.7 40 36.5 69.9 72.1

Fig. 2. (a) Contour plots of Rc yield of trivalent chromium oxidation versus the current
obtained from Doehlert matrix (Table 5); (b) corresponding three-dimensional plot; (a′) c
the electrolysis time (h) at a fixed temperature T = 50 ◦C; (b′) corresponding three-dimens

Table 5
Repeated experiments in the centre of the investigated region (tannage effluent)

Time (min) Intensity (A) Temperature (◦C) Rc (%) COD (%) TOC (%)

135 1.7 40 38.1 70.3 72.4
135 1.7 40 37.8 69.7 72.7
135 1.7 40 36.5 69.9 71.1

a

3

3

y
t
m

intensity (A) and the electrolysis time (h) at a fixed temperature T = 40 ◦C; results
ontour plots of Rc yield of trivalent chromium versus the current intensity (A) and
ional plot.

The sulphite ions were determined by a volumetric analysis with
ferricyanide potassium solution.

. Results

.1. Treatment of the tanning effluent
The optimal conditions of the current intensity (I), the electrol-
sis time (t) and the medium temperature (T) for the oxidation of
he trivalent chromium (Rc) and the mineralization of the organic

atter (the removal of the COD and the TOC) were studied.
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ig. 3. (a) Contour plots of COD removal versus the current intensity (A) and the ele
Table 5); (b) corresponding three-dimensional plot; (a′) contour plots of COD rem
= 50 ◦C; (b′) corresponding three-dimensional plot.

Referring to the previous work [11], the experimental region
nvestigated is represented in Table 3. The Doehlert matrix for 3
actors is composed by 13 experiments as reported in Table 4. The
evels of the independent variables (effective variables Ui) were
alculated according to these following relations:

U1 = 45X1 + 135

U2 = 0.7
0.866

X2 + 1.7

U3 = 10
0.816

X3 + 40

The experimental design and results are represented in Table 5.
eplicates at the central level of the variables are performed in order

o validate the model by means of an estimate of experimental vari-
nce. The experiment at the centre (experiment number 13) was
arried out three times (Table 6) in order to obtain an estimation of
he experimental error.

able 6
xperimental region investigated for the liming effluent

ariables Factors (Ui) Unit Experimental region

Minimum value Maximum value

1 U1: time h 1 3
2 U2: intensity A 2 2.8

o
t
fi
o
r
n
r

sis time (h) at a fixed temperature T = 40 ◦C; results obtained from Doehlert matrix
ersus the current intensity (A) and the electrolysis time (h) at a fixed temperature

According to these obtained results, the coefficients of the poly-
omial model were calculated using the NEMROD Software [21]:

Rc = 36.480 + 19.077X1 + 19.019X2 − 1.092X3 − 2.420X2
1

−1.857X2
2 − 6.648X2

3 + 5.398X1X2 + 6.058X1X3 + 9.309X2X3
% COD removal=69.900+8.619X1 + 8.582X2 − 1.396X3 + 0.325X2

1
−1.555X2

2 − 1.810X2
3 + 1.836X1X2 + 1.966X1X3 + 2.916X2X3

% TOC removal=72.130+29.079X1+29.415X2−4.352X3−15.190X2
1

−13.807X2
2 − 17.855X2

3 − 2.835X1X2 − 2.868X1X3 + 14.176X2X3

The chemical yield of the trivalent chromium oxidation, the COD
nd TOC removal ratio are defined as follows:

Rc = nCr(VI)t

nCr(III)0
× 100

% COD removal = COD0 − CODt

COD0
× 100

% TOC removal = TOC0 − TOCt

TOC0
× 100

To interpret these results, the predicted contour plots (curve
f constant response) and the three-dimensional representation of
he same plots are given in Figs. 2–4. The graphic analysis of these

gures shows that the medium temperature has a negligible effect
n the oxidation of the trivalent chromium and the COD and TOC
emoval, in the investigated experimental region. Moreover, it is
oted that the maximum of the three studied response (Rc, % COD
emoval, % TOC removal) would be obtained with increasing not
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effluent was studied. We have chosen the approach of Doehlert
to determine, in any point of the investigated region, the COD
and TOC removal and the electrochemical oxidation of sulphide
ions.
ig. 4. (a) Contour plots of TOC removal versus the current intensity (A) and the ele
Table 5); (b) corresponding three-dimensional plot; (a′) contour plots of TOC remo
= 50 ◦C; (b′) corresponding three-dimensional plot.

nly the electrolysis time but also the current intensity. However,
t is noted that the increase of the current intensity leads to the pre-
ipitation of the trivalent chromium (greenish solid) at the cathode
urface [12,22]. This solid, which adheres to the cathode, causes
he passivity of the electrode and increases the electrolysis voltage.
herefore, it would be better to increase the electrolysis time only.

On the basis of these various results, the variation of the electro-
hemical oxidation of Cr(III) and the removal of the organic matter
ere investigated during the electrolysis time. The current inten-

ity and the medium temperature are fixed, respectively at the
aximum and the centre value of the investigated experimental

egion.
The variation of the electrochemical oxidation of the trivalent

hromium under these conditions was reported in Fig. 5. This figure
hows that 94% of Cr(III) is oxidized into Cr(VI) after 4 h of electrol-
sis. Moreover, it is noted that under these conditions, the organic
atter is nearly completely degraded: 92% and 95% of respectively

OD and TOC removal (Fig. 6).
These results show the effectiveness of the electrochemical

rocess in the treatment of the tannery wastewater. However,
his process must be followed by an extraction of the hexavalent
hromium which is more toxic than the trivalent chromium [10].
.2. Treatment of the liming effluent

Based on the previous results for the tanning wastewater,
he effect of the current intensity and the electrolysis time on

F
u

sis time (h) at a fixed temperature T = 40 ◦C; results obtained from Doehlert matrix
rsus the current intensity (A) and the electrolysis time (h) at a fixed temperature

he oxidation of the organic and inorganic matter of the liming
ig. 5. Variation of trivalent; hexavalent and total chromium during time electrolysis
nder the following conditions (I = 2.4 A; T = 40 ◦C).
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ig. 6. Variation of COD and TOC removal during time electrolysis under the follow-
ng conditions (I = 2.4 A; T = 40 ◦C).
The experimental region investigated for this effluent is repre-
ented in Table 6. Indeed, a preliminary test under the following
onditions: I = 2.4 A; T = 30 ◦C; t = 2 h shows that 98% of sulphide
ons are oxidized and more than 50% of the COD and the TOC are
isappeared.

e
l
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ig. 7. (a) Contour plots of COD removal versus the current intensity (A) and the electroly
Table 9); (b) corresponding three-dimensional plot.

ig. 8. (a) Contour plots of TOC removal versus the current intensity (A) and the electroly
Table 9); (b) corresponding three-dimensional plot.
s Materials 163 (2009) 251–258

The Doehlert matrix for two factors is formed by 7 experiments
s reported in Table 7. The levels of the independent variables Ui
ere calculated according to the following relations:

U1 = X1 + 2

U2 = 0.4
0.866

X2 + 2

he experimental design and the results are represented in Table 7.
According to these obtained results, the coefficients of the poly-

omial model were calculated using the NEMROD Software:

Rc = 98.430 + 0.282X1 + 0.130X2 − 0.005X2
1 − 0.092X2

2
+0.087X1X2

% COD = 51.400 + 8.500X1 + 7.893X2 − 6.025X2
1 − 7.792X2

2
+9.446X1X2

% TOC = 63.400 + 11.450X1 + 9.094X2 − 7.815X2
1 − 10.862X2

2
+2.044X1X2

herefore, the predicted contour plots and the three-dimensional
epresentation of the same plots are given in Figs. 7–9. The graphic
nalysis of Figs. 7 and 8 show that the current intensity and the

lectrolysis time were very meaningful for the degradation of the
iming effluent; their effect is positive. Thus, an increase of the elec-
rolysis time and the current intensity increases the COD and TOC
emoval ratio. However, Fig. 9b presents a plan with a maximal yield
n any point of the investigated region. This shows that the decrease

sis time (h) at a fixed temperature T = 30 ◦C; results obtained from Doehlert matrix

sis time (h) at a fixed temperature T = 30 ◦C; results obtained from Doehlert matrix
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Fig. 9. (a) Contour plots of Rc of sulphite ions oxidation versus the current intensity (A) and the electrolysis time (h) at a fixed temperature T = 30 ◦C; results obtained from
Doehlert matrix (Table 9); (b) corresponding three-dimensional plot.

Table 7
Experimental design and results of the liming effluent

Experiment no. Time (h) Intensity (A) Rc (%) COD (%) TOC (%)

1 3.0 2.4 98.7 52.1 65.0
2 1.0 2.4 98.2 38.7 46.3
3 2.5 2.8 98.7 61.0 69.9
4 1.5 2.0 98.1 35.3 38.6
5 2.5 2.0 98.4 39.2 52.4
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Table 9
Repeated experiments in the centre of the investigated region (liming effluent)

Time (h) Intensity (A) Rc (%) COD (%) TOC (%)

2
2
2

4

w
s
t
e

o
n
T
(
9
F
a
t
o

c
t
n
t

R

1.5 2.8 98.3 40.8 52.5
2.0 2.4 98.4 51.4 63.4

f sulphide ions depends only on the current intensity. This result
s reported by Bouzid [14] where he showed that the sulphide ions
an be quickly oxidized with a minimum of energy. Moreover, he
oted that this oxidation reaction generates besides sulphate ions, a
uantity of elementary sulphur and thiosulphate ions that oxidized
referentially to sulphate ions. Therefore, the degradation of the
rganic matter of the liming effluent would require an important
nergy.

According to these obtained results, 2 experiments are consid-
red in order to determine the optimal conditions; the results are
ummarized in Table 8. These two tests confirm the last results.
ndeed, they show that there is not a lot of difference of a current
ntensity of 2.8 A or 3 A. This phenomenon is due to the formation
f other products which consume oxygen and thus contribute to
ncrease the COD.

In order to check the reproducibility of the studied process and
o validate the model, the experiment at the centre is repeated three
imes and reported in Table 9. The following table shows a good
eproducibility (R.S.D. < 1%).

The electrochemical oxidation process shows a complete oxi-

ation of sulphide ions (99%), but the degradation of the organic
atter of this effluent requires other conditions to improve the
ineralization.

able 8
ptimal conditions and results

arameters Experiment 1 Experiment 2

I = 2.8 A Time = 3 h I = 3 A Time = 3 h

c (%) 98.8 99.0
OD (%) 62.5 64.0
OC (%) 70.6 72.3
2.4 98.5 51.4 61.8
2.4 98.4 51.7 64.8
2.4 98.4 51.3 63.8

. Conclusion

The experimental design methodology was been adopted in this
ork. The Doehlert matrix demonstrated that the current inten-

ity and the electrolysis time are the most influent parameters on
he oxidation of the organic and the mineral matter of the tannery
ffluent.

By the use of Doehlert matrix, we have been able to define the
ptimum conditions for the two studied effluents: liming and tan-
ing effluent. In deed, the following conditions: I = 2.4 A, t = 4 h,
= 40 ◦C lead to a complete oxidation of the trivalent chromium

Rc = 94%) and the organic matter contained in the tanning effluent:
2% and 95% of COD and TOC removal were respectively obtained.
or the liming effluent, the optimum conditions are determined
s follow: I = 3 A, t = 3 h, T = 30 ◦C. In deed, under this conditions, the
otal oxidation of sulphite ions (99%) and an important degradation
f the organic matter (COD = 64% and TOC = 72%).

The electrochemical oxidation was proved to be an effective pro-
ess for the degradation of wastewater effluents containing a lot of
oxic pollutants, organic and inorganic. However, the treated tan-
ing wastewater must be followed with a selective extraction of
he hexavalent chromium.

eferences

[1] F. Hellal, M. Benna, M. Medimagh, Application of Doehlert matrix to the study
of Cr(III) precipitation in the waste waters from tanning baths, Int. J. Environ.
Stud. 55 (1998) 53–65.

[2] J. Londgrave, A pilot plant for removing chromium from residual water of tan-
neries, Environ. Health Perspect. 103 (1996) 63–65.

[3] M. Murugananthan, G. Bhaskar Raju, S. Prabhakar, Removal of sulfide, sulfate
and sulfite ions by electro coagulation, J. Hazard. Mater. B 109 (2004) 37.

[4] A.K. Golder, A.N. Samanta, S. Ray, Removal of trivalent chromium by electroco-
agulation, Sep. Purif. Technol. 53 (2007) 33–41.

[5] M. Murugananthan, G.B. Raju, S. Prabhakar, Separation of pollutants from tan-

nery effluents by electro flotation, Sep. Purif. Technol. 40 (2004) 69.

[6] W. Scholz, M. Lucas, Techno-economic evaluation of membrane filtration for
the recovery and re-use of tanning chemicals, Water Res. 37 (2003) 1859.

[7] A. Cassano, R. Molinari, M. Romano, E. Drioli, Treatment of aqueous effluents
of the leather industry by membrane processes: a review, J. Membr. Sci. 181
(2001) 111.



2 zardou

[

[

[

[

[

[
[

[

[

[

[

58 S. Hammami et al. / Journal of Ha

[8] R. Suthanthararajan, E. Ravindranath, K. Chitra, B. Umamaheswari, T. Ramesh, S.
Rajamani, Membrane application for recovery and reuse of water from treated
tannery wastewater, Desalination 164 (2004) 151.

[9] S. Rengaraj, K. Yeon, S.H. Moon, Removal of chromium from water and wastew-
ater by ion exchange resins, J. Hazard. Mater. 87 (2001) 273.

10] A. Ouejhani, M. Dachraoui, G. Lalleve, J.F. Fauvarque, Hexavalent chromium
recovery by liquid–liquid extraction with tributylphosphate from acidic chlo-
ride media, Anal. Sci. 19 (2003) 1499–1504.

11] A. Ouejhani, F. Hellal, M. Dachraoui, G. Lalleve, J.F. Fauvarque, Influence de
divers facteurs relatifs à l’oxydation électrochimique du Cr(III) en Cr(VI) sur
les rendements chimiques et faradiques, J. Soc. Chim. Tunisie 5 (2003) 77–86.

12] A. Ouejhani, F. Hellal, M. Dachraoui, G. Lalleve, J.F. Fauvarque, Application of
Doehlert matrix to the study of electrochemical oxidation of Cr(III) to Cr(VI) in
order to recover chromium from wastewaters tanning baths, J. Hazard. Mater.
157 (2008) 423–431.
13] L. Szpyrkowicz, G.H. Kelsall, S.N. Kaul, M. De Faveri, Performance of electro-
chemical reactor for treatment of tannery wastewaters, Chem. Eng. Sci. 56
(2001) 1579.

14] J. Bouzid, Doctorat Thesis, Mise au point de procédés propres de dépollution des
eaux résiduaires industrielles de pelannage dans les tanneries – mégisseries,
Faculté des Sciences de Tunis, 1999.

[

[

s Materials 163 (2009) 251–258

15] D.H. Doehlert, Uniform shell design, Appl. Stat. 19 (1970) 231–239.
16] D. Mathieu, R. Phan-Tan-Luu, J.J. Droesbeke, J. Fine, G. Saporta (Eds.), Approche

méthodologique des surfaces de réponse in Plans d’expériences, Technip, Paris,
1997, pp. 211–277.

17] F. Hellal, M. Dachraoui, Application of Doehlert matrix to the study of flow
injection procedure for selenium (IV) determination, Talanta 63 (2004) 1089–
1094.

18] L.C.S. Ferreira, W.N.L. dos Santos, C.M. Quintella, B.B. Neto, J.M.B. Sendra,
Doehlert matrix: a chemometric tool for analytical chemistry—review, Talanta
63 (2004) 1061–1067.

19] G. Charlot, B. Tremillon, J. Bados-Lambling, Les réactions électrochimiques,
méthodes électrochimiques d’analyse, MASSON, Paris, 1959, p. 302.

20] L. Szpyrkowicz, J. Naumczyk, F. Zilio-Grandi, Electrochemical treatment of
tannery wastewater using Ti/Pt and Ti/Pt/Ir electrodes, Water Res. 29 (1995)
517.
21] D. Mathieu, J. Nony, R. Phan-Tan-Luu, New Efficient Methodology for Research
using Optimal Design (NEMRODW) Software, LPRAI, Univ. Aix-Marseille III,
France, 2000.

22] A. Ouejhani, Doctorat Thesis, Étude du recyclage du chrome des bains résidu-
aires de tannage par voie électrochimique et extraction liquide–liquide, Faculté
des Sciences de Tunis, 2004.


	Application of Doehlert matrix to determine the optimal conditions of electrochemical treatment of tannery effluents
	Introduction
	Experimental
	Equipment
	Analytical methods

	Results
	Treatment of the tanning effluent
	Treatment of the liming effluent

	Conclusion
	References


