
Chemical Engineering Journal 105 (2005) 111–115

Study of the operational parameters involved in designing a particle bed
reactor for the removal of lead from industrial wastewater — central

composite design methodology

N.M.S. Kaminaria,∗, M.J.J.S. Ponteb,1, H.A. Pontec,1, A.C. Netod,1

a Federal University of Paran´a, Laboratory of Environmental Technology (LTA), P.O. Box 19011, 81531-990 Curitiba, PR, Brazil
b Federal University of Paran´a, Department of Mechanical Engineering, P.O. Box 19011, 81531-990 Curitiba, PR, Brazil

c Federal University of Paran´a, Department of Chemical Engineering, P.O. Box 19011, 81531-990 Curitiba, PR, Brazil
d Federal University of Paran´a, Department of Statistics, P.O. Box 19011, 81531-990 Curitiba, PR, Brazil

Received 29 October 2003; received in revised form 16 July 2004; accepted 21 July 2004

Abstract

ent. The
r y
( nd
p mplexity of
s as empirical
f values of
v
©

K

1

e
i
S
e
a

c
p
w
p

m
a

ient
nsi-
isad-
ntage
to

gent’

ck-
in

d
lytic
lec-
d in
the
ause
e area
rent
,

1
d

The objective of this work was to study the recovery of lead ion using a fluidized bed electrode to simulate an industrial efflu
eactor’s performance was evaluated based on dimensionless variables: voidage of the bed (ε), current density (i)/limiting currents densit
I lim), transport number of lead (tPb) and transport number of support electrolyte (tNa), and their influence on current efficiency (EC) a
ower consumption (CE). Due to the almost total absence of mathematical models that fit the system and also due to the co
uch models, the choice fell upon a statistical technique, the central composite design (CCD), to obtain the desired responses
unctions. Response surfaces were then plotted to identify the behavior of current efficiency and power consumption when the
ariables dimensionless were changed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Uncountable tons of precious or toxic metals are discarded
ach year in the form of industrial wastewater, usually directly

nto natural environments. The recovery of metals (Fe, Cu, Al,
n, Ni, Cd, Cr, Mg, Va, B, Hg and Pb) in diluted solutions is an
veryday problem associated with ecological and economic
spects[1–4].

Ultimately, this wastewater is discharged in permitted con-
entrations of suspended solids and dissolved salts. This ap-
roach uses excessive chemicals, producing large volumes of
aste for disposal with no solution in the form of a recovery
rocess[5–7].
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Electrochemical cleaning technology offers an effic
means of controlling pollution through the removal of tra
tion and heavy metals by redox reactions, without the d
vantages of conventional treatments. The inherent adva
of this technology is its environmental compatibility due
the fact that the main reagent, the electron, is a ‘clean rea
[8,9].

The fluidized-bed electrolytic cell was developed by Ba
hurst and co-workers (1969), originally for application
electrochemical synthesis and fuel cells[10], and consiste
of a bed of steel particles fluidized by an upward electro
flow. The whole bed is rendered cathodic by a ‘feeder’ e
trode inserted into the bed with an inert anode immerse
the electrolyte. The fluidized-bed cathode differs from
conventional planar one in two main aspects. Firstly, bec
the cathode is a bed of particles, it has a very large surfac
to volume ratio. Thus, for any given cell current, the cur
density at the cathode surface is very low[11,12]. Secondly
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a very high degree of agitation exists within the bed, which
reduces the Nernst diffusion layer and increases the limiting
diffusion currents. These two effects reduce the concentra-
tion polarization, and under favorable conditions, allow for
the recovery of metals in concentrations of parts-per-million
without significant loss of current efficiency[13,14].

Fluidized-bed electrochemical reactors (FBE) are, there-
fore, attractive for their capacity and operability in many
fields of electrochemical technology, especially in the treat-
ment of diluted or complex solutions[15]. Several applica-
tions have been considered, e.g. fuel cells, hydrogen peroxide
synthesis, ore flotation and organic electrosynthesis, but good
applications are expected, especially in extraction metallurgy
[16,17].

The object of this work was to study the changes in the
current efficiency (EC) and power consumption (CE) of a
laboratory-scale fluidized-bed cell during the treatment of
lead solutions. The effect of the following variables was in-
vestigated: fluid outflow (Q), current (I) and lead and sup-
port electrolyte concentrations. The central composite de-
sign was used to study the main effects and the interactions
of these variables. The response surface methodology (RSM)
was used to describe the individual and interactive effects of
four variables at five levels, combined according to a central
composite design.

2

2

t
f the
c ctive.

ws
c ents
c

through) shows the case in which the electrolytic flow and the
electric current run in the same direction. This configuration
is the one commonly adopted for small-scale work.

An experimental unit was designed to study the recovery
of lead ions (Fig. 2).

The electrochemical reactor illustrated inFig. 2was made
from an acrylic cylinder having an internal diameter of
44.4 mm and a length of 200 mm. The three-dimensional
cathode was composed of 1 mm diameter-high carbon steel
particles filling the bed up to 200 mm height. A distributor
consisting of a packed bed of glass spheres (diameter = 1 mm,
height = 15 mm) was used to distribute the fluid uniformly in
the bed. The electrical contact with the fluidized bed consisted
of a stainless steel feeder electrode (cathode). The anode was
a drilled stainless steel disc located 20 mm from (above) the
surface of the particle bed.

All the chemicals used in this study were of analyti-
cal grade and deionized water was used to prepare all the
Pb(NO3)2 and boric acid (H3BO3, 0.5 M) solutions, with
sodium nitrate (NaNO3) as the supporting electrolyte.

The current efficiency was determined based on a spec-
trophotometric analysis of the concentration of lead in elec-
trolyte samples taken from the system at the beginning and
end of each run. Each experiment lasted for 120 min.
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. Materials and methods

.1. Materials

The basic unit is the electrolytic cell (Fig. 1). In its simples
orm, the cell contains two electrodes (the anode and
athode) and an electrolyte, which is necessarily condu

The direction of the electric current and electrolytic flo
an be configured into two possible main arrangem
alled flow-through and flow-by arrangements.Fig. 1(flow-

Fig. 1. Schematic representation of the electrolytic cell.
.2. Methods

.2.1. Experimental design
Prior knowledge of the procedure is generally requ

o produce a statistical model[18–20]. The three steps us
n the experimental design included statistical design ex
ments, estimation of coefficients through a mathema

odel with response prediction, and analysis of the mo
pplicability. The experiment was conducted with two
ponse variables in central composite design (CCD). Cu
fficiency and power consumption were selected as de
ent variables in the experiment (CCD). Four dimension

ndependent parameters were chosen as variables. TtPb

Fig. 2. Schematic representation of the experimental unit.
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Table 1
Values of coded levels

Variable −2 −1 0 1 2

tPb 5.52× 10−5 5.51× 10−4 1.05× 10−3 1.55× 10−3 2.04× 10−3

tNa 4.03× 10−3 3.51× 10−3 2.99× 10−3 2.45× 10−3 1.93× 10−3

ε 0.36 0.40 0.44 0.48 0.53
I/i lim 65.19 62.19 54.95 51.27 42.32

and tNa were calculated according to Ref.[21]. The coded
factors, coded levels and their corresponding operating pa-
rameters and values are summarized inTable 1.

The correlation of the independent variables and the re-
sponse was calculated by a second-order polynomial Eq.(1),
using the least squares method, as shown below:

Y = b0 +
4∑

i=1

biXi +
4∑

i=1

biiX1
2

+
4∑

i=1

4∑
j=1 i<j

bijXiXj + ξ i �= j (1)

whereY is the predicted response (EC and CE),Xi the vari-
ables in the coded forms of the input variables,b0 the model’s
intercept (constant),bii the regression quadratic coefficients,
bij a cross-product coefficient andξ the stochastic term that is
supposed to have Gaussian distribution [ξ ∼N(0,σ2)] and is
estimated by the difference between the predicted (by model)
Ŷ and observed valueY.

2.2.2. Data analysis
The current efficiency (EC) is the yield based on the elec-

tric charge that reacted during electrolysis.
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Fig. 3. Experimental values and values predicted by Eq.(5).

3. Results and discussion

The model applied to the experiments resulted in the fol-
lowing equations:

EC = 57.72+ 4.86tPb − 1.51tNa − 1.53ε + 4.23

(
i

ilim

)2

−4.80tPbtNa + 4.80tPbε + 2.24tNaε − 5.86tNa

(
i

ilim

)

−2.09ε

(
i

ilim

)
(5)

CE = 5.18+ 0.47tNa − 0.95

(
i

ilim

)
+ 0.34tPb

2

C = charge used in forming product

total charge
(2)

rom Faraday’s law:

C = 100zi F �m

mi I �t
(3)

here EC is the current efficiency (%),Zi the number o
lectrons,F the Faraday constant (96487 A s mol−1), �m the
ass deposited in the interval of time�t (g),mi the molar
ass (g/mol) and�t the interval of time (s).
The cost of energy of the applied electrochemical pro

s closely related to the energy efficiency. The consump
f power may be referred to as the amount of substance
olar, mass or volume basis.

E = 2.778× 10−4 V I �t

�m
(4)

here CE is the power consumption (kW h kg−1) andV the
ell potential (V).
 Fig. 4. Experimental values and values predicted by Eq.(6).
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Fig. 5. (a) Current efficiency fori/i lim = 2 andtNa =−2. (b) Contour plot of the current efficiency: effect oftPb andε.

Fig. 6. (a) Power consumption fortPb= 2 andi/i lim = 2. (b) Contour plot of the power consumption: effect oftNa andε.

+0.41tPbtNa − 0.31tPbε + 0.54tPb

(
i

ilim

)

−0.39tNaε + 0.26tNa

(
i

ilim

)
+ 0.21ε

(
i

ilim

)
(6)

TheP-value in the analysis of variance (ANOVA) was less
than 0.001 to the computedF-values obtained for EC and
CE, which were greater than theF-value in the statistical ta-
ble, indicating that the two models (RMS) were significant at
a high level of confidence (99.9%). The probabilityP-value
was also relatively low (P< 0.05), indicating the model’s sig-
nificance. The coefficient of variationR2 for EC was 0.9057,
and for CE 0.9095, therefore indicating a high degree of cor-
relation between the response and the independents variables
in two responses (experimental and predicted values). The
following figures (Figs. 3 and 4) demonstrate the strong cor-
relation between̂Y (predicted values) andY (experimental
values), which is very good for the goodness of fit.

The response surface methodology (RMS) is a statistical
modeling technique employed for multiple regression anal-
ysis using quantitative data obtained from properly designed
experiments to solve multivariable equations simultaneously
[21–24]. RSM is used to determine the optimum response

(EC and CE). Response surfaces can be visualized as three-
dimensional plots that present the response as a function of
two factors, while keeping the third one constant.

The largest EC is obtained for the largest fluid outflow
and highest concentration of lead [Fig. 5(a) and (b)], due to
an increase in the mass transfer rate followed by a greater
renewal of reacting species.

The lowest values of CE are observed with decreasing fluid
outflow and increasing concentrations of support electrolyte
[Fig. 6(a) and (b)], due to the improved particles–electricity
contact, which causes lower expansion.

4. Conclusions

The process parameters applied in this study demonstrated
a good performance in removing lead from simulated ef-
fluents. The CCD, regression analysis and response surface
method were effective in identifying the optimum conditions
of EC and CE. Important information was obtained through
the RSM. The good fitting obtained for EC and CE was
highly significant. It was also concluded that the lead-ion
reduction reaction in the electrochemical reactor was con-
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trolled by a combined process, i.e., mass transport and charge
transfer control, subject to parallel reactions. It was found
that, congruent with the literature, particle beds might pro-
vide great current efficiency in lead-ion reduction reactions
in diluted solutions when operated under specific conditions.
The optimum condition was estimated to be EC = 80% and
CE = 4.37 kW h kg−1 for an experimental run using atNa of
21.07× 102. It may be concluded that the particle bed reac-
tor system can be effectively optimized using RSM with a
minimal number of experiments.

Acknowledgement

The authors would like to acknowledge the financial sup-
port received from CAPES and the Laboratory of Environ-
mental Technology (UFPR).

References

[1] C. Ponce de Leon, D. Pletcher, The removal of Pb(II) from aqueous
solutions using a reticulated vitreous carbon cathode cell — the
influence of the electrolyte medium, Electrochim. Acta 41 (1996)
533–541.

[2] R. Bertazzoli, C.A. Rodrigues, E.J. Dalan, M.T. Fukunaga, M.R.V.
flow-
ance
. 15

the
r in

a 24

ed.,

Ro-
clean
ctro-

ed
lec-

86.
from
994)

[8] K. Juttner, U. Galla, H. Schmieder, Electrochemical approaches to
environmental problems in the process industry, Electrochim. Acta
45 (2000) 2575–2594.

[9] A.T.S. Walker, A.A. Wragg, Mass transfer in fluidised bed electro-
chemical reactors, Electrochim. Acta 25 (1980) 323–330.

[10] A.J. Monhemius, P.L.N. Costa, Interactions of variables in the
fluidized-bed electrowinning of cooper, Hydrometallurgy 1 (1975)
183–203.

[11] P. Cognet, J. Berlan, G. Lacoste, Application of metallic foams in
an electrochemical pulsed flow reactor. Part I: Mass transfer perfor-
mance, J. Appl. Electrochem. 25 (1995) 1105–1112.

[12] J.M. Marracino, F. Coeuret, S. Langlois, A first investigation of
flow-through porous electrodes made of metallic felts or foams, Elec-
trochim. Acta 32 (9) (1987) 1303–1309.

[13] M.J.J.S. Ponte, Estudo da remoc¸ão doı́on cobre de soluc¸ão aquosa
diluı́da e eletrodos de leito particulado, São Carlos, UFSCar, 1998,
218 (Tese).

[14] M.J.J.S. Ponte, J.C. Gubulin, Eletrodeposic¸ão de metais pesados em
sistemas particulados: Uma revisão bibliogŕafica, XX Encontro sobre
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