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

The objective of this work was to study the recovery of lead ion using a fluidized bed electrode to simulate an industrial effluent. The
reactor’s performance was evaluated based on dimensionless variables: voidage of edueb(it densityif/limiting currents density
(Iim), transport number of leadp() and transport number of support electrolytig,), and their influence on current efficiency (EC) and
power consumption (CE). Due to the almost total absence of mathematical models that fit the system and also due to the complexity of
such models, the choice fell upon a statistical technique, the central composite design (CCD), to obtain the desired responses as empirical
functions. Response surfaces were then plotted to identify the behavior of current efficiency and power consumption when the values of
variables dimensionless were changed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Electrochemical cleaning technology offers an efficient
) ) ) means of controlling pollution through the removal of transi-
Uncountable tons of precious or toxic metals are discardedyjon and heavy metals by redox reactions, without the disad-
eachyearin the form ofindustrial wastewater, usually directly yantages of conventional treatments. The inherent advantage
into natural environments. The recovery of metals (Fe, Cu, Al, of this technology is its environmental compatibility due to
Sn,Ni, Cd, Cr, Mg, Va, B, Hg and Pb) indiluted solutionsisan - the fact that the main reagent, the electron, is a ‘clean reagent’
everyday problem associated with ecological and economicg g].

aspectgl-4]. o _ _ The fluidized-bed electrolytic cell was developed by Back-
Ultimately, this wastewater is discharged in permitted con- nyrst and co-workers (1969), originally for application in

centrations of suspgnded sol.ids and dissglved salts. This apg|ectrochemical synthesis and fuel cdll§], and consisted
proach uses excessive chemicals, producing large volumes ot 5 ped of steel particles fluidized by an upward electrolytic
waste for disposal with no solution in the form of a recovery fiow. The whole bed is rendered cathodic by a ‘feeder’ elec-
procesg5—7]. trode inserted into the bed with an inert anode immersed in
_— the electrolyte. The fluidized-bed cathode differs from the
* Eo”e_lsponjc'jng author. Te(g +5541 36f131bg72 f(f;‘\f'\f; 41K 361_319_;5- conventional planar one in two main aspects. Firstly, because
-mail addresses: nice@engquim.ufpr.br .M.S. Kaminari), : : :

mponte@demec.ufpr.br (M.J.J.S. Ponte), hponte@ufpr.br (H.A. Ponte), :he C?thOde Its. a t_)l_?]d of ?amCIeS’.It has a”very lar%etf]urface artea
anselmo@est.ufpr.br (A.C. Neto). 0 volume ratio. Thus, for any given cell current, the curren

1 Tel.: +55 41 3613197; fax: +55 41 3613196. density at the cathode surface is very Idi,12] Secondly,
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a very high degree of agitation exists within the bed, which through) shows the case in which the electrolytic flow and the
reduces the Nernst diffusion layer and increases the limiting electric current run in the same direction. This configuration
diffusion currents. These two effects reduce the concentra-is the one commonly adopted for small-scale work.
tion polarization, and under favorable conditions, allow for An experimental unit was designed to study the recovery
the recovery of metals in concentrations of parts-per-million of lead ions Fig. 2).
without significant loss of current efficien¢y3,14] The electrochemical reactor illustratedHiy. 2was made
Fluidized-bed electrochemical reactors (FBE) are, there- from an acrylic cylinder having an internal diameter of
fore, attractive for their capacity and operability in many 44.4mm and a length of 200 mm. The three-dimensional
fields of electrochemical technology, especially in the treat- cathode was composed of 1 mm diameter-high carbon steel
ment of diluted or complex solutiorf45]. Several applica-  particles filling the bed up to 200 mm height. A distributor
tions have been considered, e.g. fuel cells, hydrogen peroxideconsisting of a packed bed of glass spheres (diametenm,
synthesis, ore flotation and organic electrosynthesis, but goodheight = 15 mm) was used to distribute the fluid uniformly in
applications are expected, especially in extraction metallurgy the bed. The electrical contact with the fluidized bed consisted
[16,17] of a stainless steel feeder electrode (cathode). The anode was
The object of this work was to study the changes in the a drilled stainless steel disc located 20 mm from (above) the
current efficiency (EC) and power consumption (CE) of a surface of the particle bed.
laboratory-scale fluidized-bed cell during the treatment of  All the chemicals used in this study were of analyti-
lead solutions. The effect of the following variables was in- cal grade and deionized water was used to prepare all the
vestigated: fluid outflow@), current () and lead and sup- Pb(NGs)2 and boric acid (HBOs, 0.5M) solutions, with
port electrolyte concentrations. The central composite de- sodium nitrate (NaNg) as the supporting electrolyte.
sign was used to study the main effects and the interactions The current efficiency was determined based on a spec-
of these variables. The response surface methodology (RSM)}rophotometric analysis of the concentration of lead in elec-
was used to describe the individual and interactive effects of trolyte samples taken from the system at the beginning and
four variables at five levels, combined according to a central end of each run. Each experiment lasted for 120 min.
composite design.

2.2. Methods
2. Materials and methods 2.2.1. Experimental design
_ Prior knowledge of the procedure is generally required
2.1. Materials to produce a statistical modgll8—20] The three steps used

in the experimental design included statistical design exper-
The basic unitis the electrolytic celfig. 1). Initssimplest  jments, estimation of coefficients through a mathematical
form, the cell contains two electrodes (the anode and the model with response prediction, and analysis of the model's
Cathode) and an electrolyte, which is necessarily CondUCtive.app|icabi|ity_ The experiment was conducted with two re-
The direction of the electric current and electrolytic flows sponse variables in central Composite design (CCD) Current
can be configured into two possible main arrangements efficiency and power consumption were selected as depen-
called flow-through and flow-by arrangemerttgy. 1 (flow- dent variables in the experiment (CCD). Four dimensionless
independent parameters were chosen as variablestpphe
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Fig. 1. Schematic representation of the electrolytic cell. Fig. 2. Schematic representation of the experimental unit.
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Table 1
Values of coded levels

Variable -2 -1 0 1 2

tpp 5.52x 107> 5.51x 10~* 1.05x 1073 1.55x 1073 2.04x 1073
tNa 4.03x 1073 351x 103 2.99x 1073 2.45x 1073 1.93x 1073
€ 0.36 040 044 048 053
Wijim 65.19 6219 5495 5127 4232

andtng were calculated according to R¢21]. The coded
factors, coded levels and their corresponding operating pa-
rameters and values are summarizedable 1

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

Observed values for the
current efficiency (%)

4 4
Y =bo+ Y biXi+ Yy biX?
i=1 i=1

4 4 ’ : : : :
+Z Z bijXiXj+§& i#]j (2) 0  s0 e 70 80

i=1 j=1li<j Predicted values by equation (5)

whereY is the predicted response (EC and C§)the vari- Fig. 3. Experimental values and values predicted by(&).

ablesin the coded forms of the input variablesthe model's

intercept (constant)y; the regression quadratic coefficients, 3. Results and discussion

bjj a cross-product coefficient agdhe stochastic term that is

supposed to have Gaussian distribution-[N(0,0%)] and is The model applied to the experiments resulted in the fol-
estimated by the difference between the predicted (by model)lowing equations:

Y and observed valué.

N
EC = 57.72+ 4.86fpp — 1.511na — 1.53¢ + 4.23(_’)
2.2.2. Data analysis Liim
The current efficiency (EC) is the yield based on the elec-

i
tric charge that reacted during electrolysis. —4.80tppiNa + 4.80rppe + 2.24tNas — 5.86iNa ()

Uim

i i i
EC— charge used in forming product @) —2.0% () (5)

total charge Liim

From Faraday’s law: ;
CE = 5.184 0.47tna — 0.95 () + 0.34pp?

EC— 100z; F Am
m; I At

lim

®3)

where EC is the current efficiency (%; the number of
electronsF the Faraday constant (9628 s molt), Amthe
mass deposited in the interval of ting (g), m the molar
mass (g/mol) and\t the interval of time (s).

The cost of energy of the applied electrochemical process
is closely related to the energy efficiency. The consumption
of power may be referred to as the amount of substance on a
molar, mass or volume basis.

Observed values for the
power consumption (kW.h/kg)

CE

2.778x 1074V I At : : § § : :
= (4) 2 ; : ; ; ; ;

Am 2 3 4 5 6 7 8
Predicted values by equation (6)

where CE is the power consumption (kW iy andV the
cell potential (V). Fig. 4. Experimental values and values predicted by(EQ.
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Fig. 6. (a) Power consumption fosp, =2 andi/ijm = 2. (b) Contour plot of the power consumption: effectgf ande.

i (EC and CE). Response surfaces can be visualized as three-
+0.4LppiNa — 0.31rppe + 0.541pp iim dimensional plots that present the response as a function of
) ) two factors, while keeping the third one constant.
—0.3%a¢ + 0.260Na <L> +0.21¢ (L) (6) The largest EC is obtained for the largest fluid outflow
Uim Liim

and highest concentration of ledeid. 5(a) and (b)], due to
an increase in the mass transfer rate followed by a greater
renewal of reacting species.

The lowestvalues 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.

The P-value in the analysis of variance (ANOVA) was less
than 0.001 to the computdetvalues obtained for EC and
CE, which were greater than tievalue in the statistical ta-
ble, indicating that the two models (RMS) were significant at
a high level of confidence (99.9%). The probabilRyalue
was also relatively lowH < 0.05), indicating the model’s sig-
nificance. The coefficient of variatid®? for EC was 0.9057,
and for CE 0.9095, therefore indicating a high degree of cor-
relation between the response and the independents variabled. Conclusions
in two responses (experimental and predicted values). The

following figures Figs. 3 and #demonstrate the strong cor- The process parameters applied in this study demonstrated
relation betweerY (predicted values) and (experimental a good performance in removing lead from simulated ef-
values), which is very good for the goodness of fit. fluents. The CCD, regression analysis and response surface

The response surface methodology (RMS) is a statistical method were effective in identifying the optimum conditions
modeling technique employed for multiple regression anal- of EC and CE. Important information was obtained through
ysis using quantitative data obtained from properly designedthe RSM. The good fitting obtained for EC and CE was
experiments to solve multivariable equations simultaneously highly significant. It was also concluded that the lead-ion
[21-24] RSM is used to determine the optimum response reduction reaction in the electrochemical reactor was con-
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trolled by a combined process, i.e., mass transport and charge([8] K. Juttner, U. Galla, H. Schmieder, Electrochemical approaches to

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=4.37kWhkg! for an experimental run usingtga of
21.07x 10%. It may be concluded that the particle bed reac-
tor system can be effectively optimized using RSM with a
minimal number of experiments.
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