J. Braz. Chem. Sqdvol. 8, No. 5, 487-493, 1997. © 1997 Soc. Bras. Quimica
Printed in Brazil. 0103 — 5053 $6.00 + 0.00

Avrticle

Electrolytic Removal of Metals Using a Flow-Through Cell with a

Reticulated Vitreous Carbon Cathode

Rodnei Bertazzoli*, Rosivania C. Widner, Marcos R.V. Lanza,

Rosana A. Di Iglia, and Maria F.B. Sousa

Universidade Estadual de Campinas, Departamento de Engenharia de Materiais -

FEM, C.P. 6122, 13083-970 Campinas - SP, Brazil; e-mail: bertaz@fem.unicamp.br

Received: July 23, 1996; May 8, 1997

O objetivo do presente trabalho foi estabelecer um processo eletrolitico para remover metais de
efluentes aquosos usando um catodo tridimensional de carbono vitreo reticulado. Durante o
desenvolvimento do trabalho foi estudado a influéncia do fluxo do eletrélito e da porosidade do
eletrodo. A célula eletrolitica utilizou potenciais tais que a reagdo de redugdo ocorreu sob controle
de transporte de massa. A célula demonstrou eficiéncia na remoc¢ao de chumbo, zinco e cobre,
reduzindo a concentragcdo desses metais de 50]m§ﬂ,1 mg.L1 em 20 min de recirculacédo da
solucgao.

The aim of the present study was to establish an electrolytic method for the removal of metals
from wastewater using a three dimensional, reticulated vitreous carbon cathode. During the
development of the experimental set up, particular attention was paid to the electrolyte flow rate and
to the cathode porosity. The electrolytic cell employed potential values in such a way that the metals
reduction reaction occurred under mass transport control. These potentials were determined by
hydrodynamic voltammetry on a vitreous carbon rotating disc electrode. The cell proved to be
efficient in removing copper, zinc and lead and it was able to reduce the levels of these metals from
50 mg/L to 0.1 mg/L.

Keywords: : electrolytic removal of metals, three dimensional electrodes, electrochemical
reactors

Introduction The increase in legal pressures and restrictions are
forcing industries to accept responsibility for the treatment

. i ) E)r storage of waste in an attempt to minimize pollution. The
in general is a permanent concern and has resulted in new - .

. . ) permanent responsibility to care for waste materials “from
solutions for old problems in the field of wastewater treat-

. cradle-to-grave” is encouraging a move towards zero-efflu-
ments. In particular, new efforts have been made at reduc- t disch d the adonti f soluti for th
ing the sources of pollutants and at improving the e1‘ficiencyen Ischarge and the adoption of solutions for the source

of waste treatments. pf efflu_ents rather than treating the waste at the end of the
The toxicity of heavy metals has been known for manyndustrlal proces_s. o

years, and the clinical symptoms of prolonged exposure to El€ctrochemical technology offers an efficient means

a heavy metal-contaminated environment are well deof controlling pollution as it provides removing of heavy

fined*2 Heavy metals enter waterways via effluent dis- metals via redox reactions. The literature on metal ion

charges from electroplating, metal finishing, exp|osive,removal from aqueous electrolytes using three dimensional

pigments and paint producing, and metal/mechanics manglectrode cells is extensi/&.

facturing industries in general. As a result of their high  In this paper we present an electrolytic cell with a

toxicity, the concentration of highly toxic metallic ions in porous cathode of reticulated vitreous carbon (RVC) de-

drinking water is restricted to few ppb signed to remove metals from aqueous streams. The equip-
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ment has been tested in copper, lead and zinc removal. Bylydrodynamic voltammetry

flowing simulated effluents metal ion containing through

porous cathodes, it is possible to achieve both high mass The hydrodynamic voltammetric experiments were
transfer rates and large surface areas for the electrochenfiarried out in a conventional three-electrode cell with sepa-
cal reaction. Metals ions in such solutions are reduced d@ted compartments for each electrode. A glassy carbon

the inner surface of the porous electrodes as the electrolyfétating disc electrode (GCRDE) Model 616 (PARC) as a
is percolated through the cell. working electrode, a large-surface platinum counter-elec-

The choice of RVC for the porous cathodbased on trode, and a saturated calomel reference electrode (SCE)

the observatiortd that this material a) is chemically and Within a Luggin capillary, were used. The glassy carbon
electrochemically inert over a wide range of potentials ancglectrode was polished to a mirror-like surface, using
on a wide variety of chemicals, b) has a high specificl.0pm, 0.3um and 0.04um alumina slurries, consecu-
surface area within the porous structure that is accessiblévely, on polishing clothes. The current-voltage curves
to electrochemically active species, c) has a high fluidwere obtained for several rotations (400, 900, 1,600, 2,500
permeability, d) is easily shaped as required by cell desigand 3,500 rpm) by cycling the working electrode potential
considerations and has good mechanical resistance. ~ (one cycle). All experiments were carried out at room

) temperature (around 298 K).
Experimental

The development of the electrolytic cell for metals Flow-through cell configuration
removal was carried out in two stages. Initially, a voltam- . L h
metric study of the Cu(ll), Pb(ll) and Zn(Il) reduction The dual continuous-flow cell design is shown sche-

reaction on a glassy carbon rotating disc electrode wadatically in Fig. 1a. The system consisted of an electro-

performed in order to determine the range of potentials ovefnemical cell, of two 4.0 L PVC reservoirs for catholyte
which this reaction is controlled by mass-transfer. Sub-2nd anolyte, of two recirculation pumps, and of two sets of

sequently, a potential value within this interval was se-loWmeters, with a flow range from 60 to 600 L/h, for

lected and applied to a flow-through electrolytic cell controlling the catholyte and anolyte flow rates. These

containing a reticulated vitreous carbon cathode. The elec€oMPONents were connected together by polyvinylchloride

trolyte flow rate and the cathode porosity were varied in@"d Polyethylene tubes.

order to establish the best conditions for metal removal. ~ The electrochemical cell shown in Fig. 1b was made
from five Nylon plates(13 x 30 x 1.25 cm) assembled in a
Apparatus “sandwich” formation. The cell was divided into a cathodic

All el hemical . ; d usi compartment and two interlinked anodic compartments,
electroc emica’ experiments were periormed using eparated by a Nafion 417 membrane. The cathodic cham-
a Model 273 A potentiostat/galvanostat system controlled;

. er was fixed between two flow spreading meshes in order
by the sqftware Model 270/250. (both from EG&G Prince- to make the distribution profile uniform. To prevent elec-

. %Folyte leakage, rubber joints were placed between each of
electrode ce!l was used, as described below. A Model A'Athe cell components. The cathodic compartment consisted
12/1475 Varian spectrometer was employed 0 dgtermmglca rectangular Nylon frame in which a block of reticulated
the Cu(ln), Pb(l) and Zn(ll) concentration, using an vitreous carbon (5.0 x 15.0 x 1.25 cm) was fixed. The
airfacetylene flame. electrical contact was made of a stainless steel plate which
was located on one of the inner sides of the frame and
welded to a copper wire (4 mm in diameter). The electrical

All reagents were of analytical grade and did not un-contact was cemented to the RVC with a conducting silver
dergo further purification. Distilled and deionized water cement. Two lead sheets (5.0 x 15.0 x 0.05cm), each located
was used to prepare all solutions. The testing containingn a 1.0 cm deep cavity within the end plates (Fig. 1b),
metallic ions solutions were prepared in such away that theomprised the anodes for the removal of copper. Stainless
metallic concentration was around 50 mg/L. Copper solusteel was used for lead removal, and zinc electrolyte de-
tion was prepared from Cus@lus NaSQs (0.1 mol/L) manded platinum anodes due to the presence of chloride.
and boric acid (0.5 mol/L), with a final pH of 4. The 50 Copper wires were soldered to the two anode plates in order
mg/L Pb(ll) solution was prepared from Pb(B$using  to provide the electrical contact. A saturated calomel refer-
boric acid (0.5 mol/L) plus sodium nitrate (0.05 mol/L), ence electrode within a Teflon Luggin capillary entered the
pH4. Zinc solution was prepared from 50 mg/L of Zn(ll) catholyte compartment through a hole drilled in the upper
as ZnCj, 0.1 mol/L of KCI and 0.1 mol/L of boric acid, at side of the RVC cathode-containing frame. The cell had
pH 5.5. The atomic absorption standards were preparetivo electrolytes entrances and two electrolyte exits. In this
from Titrisol standard solutions (Merck). system, the electrolytes flow separately and simultaneously

Chemicals and materials
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in a closed circuit through the catholyte and anolyte com+the controlled-potential mode, for two hours. As observed

partments. in the preliminary hydrodynamic voltammetric study, the
p q reduction of those metals at these potentials is mass trans-
rocedure port-controlled. At predetermined intervals, the solution

After assembling the electrochemical cell, the flow leaving the cathodic compartment was sampled, and the
system was loaded with 3.5 L of catholyte and anolyte, eachemaining metal concentration was quantified by atomic
in a separate reservoir. The catholyte consisted of thabsorption spectrometry, in order to monitor the effective-
solutions described above. The anolyte composition wasess of electrolysis.
the same as the catholyte, with the exception of the met . .
ions, and the flow rates of both electrolytes were adjuste esults and Discussion
to the same value. Then, a constant potential of -0.3 V for As stated earlier, the development of the electrolytic
copper, -0.8 V for lead and -1.35W8. SCE for zinc was cell for the removal of metals was accomplished in two
applied to the cell from a potentiostatic power supply, inphases. In order to determine the appropriate reduction

potential for the removal of Cu(ll), Pb(ll) and Zn(ll) ions
from the chosen medium under conditions of turbulence, a

2) ( preliminary hydrodynamic voltammetric study was carried
out. Subsequently, this potential was applied to the electro-
Counter Iytic cell under several combinations of electrolyte flow
Reference 1| ] electrode rate and RVC cathode porosity.
electrode Q Porous
g'gﬁ:fedre Preliminary hydrodynamic voltammetric experiments
[T
electrode Figures 2, 3 and 4 show a series of voltammograms

obtained in the hydrodynamic mode for solutions contain-
ing 50 mg/L of each metal in the supporting electrolyte as
Flowmeter % % described in the experimental section. The potential was
scanned on a glassy carbon rotating disc electrode (area =
i M 0.12 cnf) using five different rotation rates (400, 900,
1,600, 2,500 and 3,600 rpm). It should be noted that, in the
cathodic scan, all the curves in the three figures show waves
for the reduction of M(II) to M, with a well-defined limiting
current plateau extending over a large potential range. The
value of the limiting current was dependent on the GCRDE
rotation rate. This behavior is characteristic of a mass-trans-
fer controlled process. According to the literature, the ap-
plication of the Levich equation is an appropriate test to
b) verify whether an electrode process is conducted under a

Catholyte
outlet 0.2+

Pump

Reference Membrane

electrode Anolyte 3600 pm < 02
. outlet 2500 pm £ 0.1%
’ 0.15-+ - 0
— 1600 pm
- " 5 10
E 900 pm f05(s05)
Membran - -
Anode 017 400 pm
Turbulence
; promoter mesh 0.05+
Reticulated
cathode
Turbulence 0 | | | |
promoter mesh 0.5 0.3 0.1 0.1 0.3

Anolyfe
inlet

Anode
—catholte pathway E (V vs.SCE)

Catholyte »Anolyte pathway

inlet Figure 2. Voltammograms obtained on a glassy carbon rotating disc

electrode. Solution of 50 mg/L of Cu(ll). Scan rate 20 mV/s. Rotation rates

Figure 1.(a) Dual continuous-flow cell design. (b) Electrolytic cell used as indicated in the graph. Inset: Levich plot using the limiting current
for metal removal. values taken at the mid point of the plateaus.
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Efficiency of metal removal by the recirculating flow-

0257 3600 pm through cell

027 2500 pm In flow-through cell performance studies, the removal

= 0157 1600 pm of Cu(ll), Pb(Il) and Zn(ll) was conducted in the recircula-
E gl 00 mm tion mode. The depletion of the metals concentration by
- 400 pm potentiostatic electrolysis at the reticulated carbon cath-
0.05+ odes was evaluated by measuring the remaining metallic
0.l concentration in the catholyte compartment solution as a
function of the electrolysis time. The levels of metals were

'0-051 p ' " - - quantified by atomic absorption spectrometry. Each ex-

periment was carried out using 3.5 L of a solution with the
same composition as that used in the preliminary experi-
Figure 3. Voltammograms obtained on a glassy carbon rotating discMeNts; the anolyte contained only a supporting electrolyte
electrode. Solution of 50 mg/L of Pb(ll). Scan rate 10 mV/s. Rotation ratesWith no metallic ions. A potential of -0.3 V for copper, -0.8
as indicated on the graph. Inset: Levich plot using the limiting currentV for lead and -1.35 Ws.SCE for zinc was applied at the
values taken at the mid point of the plateaus. RVC cathode for the electrodeposition of the metals. These
potential values were the mid point of the limiting current
plateaus obtained in the experiments with the GCRDE.

E (Vvs.SCE)

0.6T ciE‘ 8.0 As a preliminary test of the cell performance removal

05l = ig of copper from sulphate media was chosen due to its well
3600 pm = 20 known behavior under bulk electrolysis conditions that is

0.4+ 2500 pm T 1ho widely found in the literatufe® >1° Figure 5 shows the

decay of copper concentration during the time of electroly-
sis. A 60 ppi RVC cathode was used under a flow rate of

0.2+ 900 mpm 120 L/h. After 15 min. of recirculation in open circuit, 48
01l 400 pm mg/L of copper were found in solution using AAS analysis.
' x After the cathode polarization at -0.3/%.SCE the amount

0.5(«0.5
03L 1600 pm F23(s™°)

I (mA)

0.0 : : e of copper remaining in solution decreased exponentially
1.8 1.6 14 -1.2 1.0 with the time. After 30 min. of polarization the concentra-
E (Vvs.SCE) tion was 0.1 mg/L. Literature repofisemoval rates of

. . 2.1 mg.L* min? considering the time taken for 90 % of
Figure 4. Voltammograms obtained on a glassy carbon rotating disc L.
electrode. Solution of 50 mg/L of Zn(lIl). Scan rate 2 mV/s. Rotation ratesremoval from the initial value Sﬁ%)' In our case the cell
as indicated on the graph. Inset: Levich plot using the limiting currentShown 6.6 mg.L min of removal rate. Table 1 shows the
values taken at the mid point of the plateaus. comparison between the results from the literature with
data taken from Fig. 5. The better performance of the cell
L - designed for this work is evident. Using a lower porosity
mass-transfer cont.rolleq conditi§nThe limiting currents RVC cathode, lower potential for Cu(ll) reduction, which
measured at the mid point of the plateaus were plotted asgegns saving of energy, and lower flow rate, that makes
function of the square roots of the rotation rates @o'/?) the details of construction simpler, our cell presented a
as shown in the insets of Figs. 2, 3 and 4. As predicted bgreater removal rate than the design used in Ref. 10.
the Levich equation, the plots were linear, confirming the I @ new series of experiments using lead containing

fact that under the conditions of this study, copper, lead analectrolyte the role of the flow rate on the cell performance

. . was investigated. Electrolysis was carried out using poten-
Zinc deposition became mass-transport controlled at p0ter%i_al of -0.8 Vvs.SCE. Figure 6 illustrates the decreasing in
tials more negative than -0.2, -0.6 and -1.2/3/ SCE,

: normalized Pb(ll) concentration, [C(t)/C(0)], plotted
respectively. against the length of time of electrolysis, using different

Table 1.Removal of copper ion from sulphate medium. Comparison between cell performances.

RVC grade Flow rate Initial [Cu(ID)] t90% Removal rate  Final [Cu(ll)]
(ppi) (m s'l) (mg/L) (min) (mg/L min) (mg/L)
Ref. 10 100 0.04 52 225 21 0.4

This work 60 0.004 48 6.5 6.6 0.1
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50 transfer coefficient and C(t) is the concentration of the
metallic ion as a function of electrolysis time.
40 Since Ve/Vr is a constant, the values afAe, taken
~ from the slopes of In C(t)/C(0Ys. time plots give an
> 30 indication of cell efficiency for each operating condition.
§ If we take into account that¥/; is 0.027 for the cell
S N7aA configuration used in this study and the approximate elec-
trode areas taken from the RVC manufacturer’s literature,
10 “‘A it is possible to calculate the mass transport coefficient, k

) A A also presented in Table 2. It is possible to note that the mass
! ! A A transport coefficient increases with the flow rate. For
0 10 Time (min) 20 30 higher flow rates, .hydrodynamic condition improves th_e
mass transfer within the porous cathode probably reducing
Figure 5. Concentratiorvs.time curves for copper removal experiment the diffusion Iayer thickness. Results depicted in Table 2
obtained for a 120 L/h flow rate and cathode porosity of 60 ppi. Initial also indicates that the cathode porosity can be used for
concentration was 48 mg/L of Cu(ll). Potential of -0,93/SCE. optimizing the cell performance for the removing of metals.

. In order to investigate how does the cathode porosity
flow rates (60, 120 and 240 L/h) for a 60 ppi cathode. AIImodify the efficiency of the cell a new set of experiments

the curves had the same profile in W.h'Ch the Ieaq 'ONwere carried out using a zinc containing electrolyte which
cgncentratlon dropped nearly exponentially V\.”th the t|me.C mposition was described in the experimental section.
Figure 6 also shows that the Pb(ll) concentration decreas e influence of the cathode porosity on the effectiveness

frlomt tTe .|n|tt.|al vaquZ%stto?’gess_ thsm O.1d_mg/L ?t:terﬂ an of electrolysis is depicted in Fig. 7 which shows the experi-
electrolysis ime o 0 min, depending on the Tow o s of zine removal using potential of -1.3%3/SCE.

rate. The_ data s_h.ow that the reduction of lead mto_the RV ifferent RVC porosities (45, 60, 80 and 100 ppi) were
cathode is sensitive to the flow rate. Removal rate increases
with the flow rate used for the cell operation. Table 2, that

shows the effect of the flow rate on the removal rate, also (1)3@
includes data for a 80 ppi esponje. ols o 0 4

Figure 6 also shows in the inset that plot of In[C(t)/C(0)] 0'7 A A © 5
vs. time of recirculation during cathodic polarization is NS A
linear. Controlled potential electrolysis at a reticulated 06+ m O } %
carbon cathode in a similar recycle-mode was also investi- & 0.5+ A OO 20 30
gated by Pletchast al® According to these authors, batch- = 04+ A O Time (min)
recycle systems similar to that employed in the present © 0.3+ B OOO
work may be modeled very satisfactorily as a simple batch 0.2+ A0 DO o o
reactor, with no significant need to use a batch-recycle 014 AAAA o
model. For a batch system: 0.0 ; TV~ G =

0 5 10 15 20 25 30
In[ﬂ _ Ve kmAet ) Time (min)
C(O) Vi Figure 6. Normalized concentration [C(t)/C(0).time for lead removal

. . » experiment obtained for a 60 ppi cathode, using flow rates of (0} 60, (
where Ve is the cathode volume, i8 the specific surface 120 and 4) 240 L/h. Initial Pb(ll) concentration as shown in Table 2.

area(.e, the active area/unit volume of the cathode), Vr iSpgtential of -0.8 Ws. SCE. Inset: Plot of In [C(t)/C(0)s. time for the
the total volume of catholyte in the celly ks the mass  data shown.

Table 2. Effect of the flow rate on the removal rate and on the mass transport coefficient for two different RVC esponjes.

60 L/h 120 L/h 240 L/h
RVC (ppi) C(0) t90% Kn* c(0) t90% Kn* C(0) t90% km*
(mg/L) (min) (mg/L) (min) (mg/L) (min)
60 45.0 19.2 0.12 52.0 134 0.17 41.7 9.8 0.18
80 51.7 8.9 0.16 45.0 8.2 0.22 433 8.8 0.25

* kmvalues in cm mitt.
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Table 3.Effect of the RVC cathodes porosity on the removal rate of zinc from chloride medium.

Porosity (ppi) C(0) t90% Km
(mg/L) (min) (cm mirit)
45 59.6 40.0 0.08
60 54.4 23.0 0.13
80 54.4 16.0 0.16
100 54.1 16.0 0.16
1.0 5 0 this interval of time is a slow process, and thereafter, it
091 = Q@ggu oo | assumes the expected behavior as can be seen in the inset
081 o 3 A%O ° 5 ° from Fig. 7. This is an unexpected result if we compare with
071 o = . ° o the data for the removal of lead. The reason for this behav-
= 0' 6l Xg@ - . % a7 o ior is attributed to a competitive process of chemical disso-
S 29 o = B A lution of the just growth zinc nuclei in the chloride medium.
= 054 a o 10 20 30 . ;
= © o _ . This effect is even more pronounced for lower values of
o 04 N O Time (min) H
e pA.
0.3+ o0 D )
0.2+ A7 o . S Conclusions
A
0.1+ G5 ° o e Hydrodynamic voltammetry was adequate for studying
0.0 o * 1*0 * 20 * 3370—@—%0—“7’ the Cu(ll), Pb(ll) and Zn(ll) reduction reaction under mass
Time (min) transport control. The limiting current plateaus in the re-

sulting voltammograms showed the range of potential over

Figure 7. Normalized concentration [(C(t)/C(0j.time curves for zinc  which the metals reduction reaction is mass-transfer con-

removal experiment, obtained for a 120 L/h flow rate, using cathodetro”ed.

porosities of {) 45, (0) 60, 4) 80 and {J) 100 ppi. Initial Zn(ll Using these potentials, the concentration of the metal

concentration as shown in Table 3. Potential of -1.38\SCE. Inset: ion Containing solution was reduced fref0 to 0.1 mg/L

Plot of In [C(t)/C(0)]vs.time for the data shown. . . . . . ) .
[cwicon during recirculation times ranging from 20 to 40 min.,

used under a flow rate of 120 L/h. After 20 to 40 min. of depending on the RVC porosity and the flow rate. Best rates

electrolysis a concentration of 0.1 mg/L is reached. Tabl@f metals removal were obtained at the higher cathode

3 shows results for zinc removal experiments using differorosities and higher flow rates.

ent RCV porosities. To achieve lower concentrations of The cell design used in this study showed a good

Zn(I1), the electrolysis demanded less time for higher poerformance in the removal of metals from simulated ef-

rosities. This behavior reflects differences in the specificfluents.
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