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Abstract—This work aims at recovering lead from frit glass waste of electronic plants by using the electrochemical
method comprising two successive steps of lead leaching and electrodeposition. In the leaching step, it was found that
nitric acid and acetic acid are better solutions for the dissolution of lead oxide compared with sodium hydroxide, hy-
drochloric acid, and sulfuric acid. More than 95% of the lead was leached by 0.1 M nitric acid or 0.5 M acetic acid at
0.5% weight by solid volume. In the electrodeposition step, more than 95% of lead can be removed with high current
efficiency from the leaching solution at an optimum current density. The values of the optimum current density of 0.5
and 1 M acetic electrolytes were between 8.8-10 mA/cm?, whereas those for 0.1 M and 0.5 M of nitric acid were 15

and 27.5 mA/cm’, respectively.
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INTRODUCTION

The production of computer and television monitors is growing
in response to user demand. In manufacturing processes, frit glass
or frit seal is used to adhere the panels and funnels of monitors. It
can also be used as a protector from the emission of X-rays and as
an electrical insulator. The main composition of frit glass is lead
oxide (PbO) which is harmful to the environment [Musson et al.,
2000]. It was also found that color monitors of televisions and com-
puters contain more lead than monochrome monitors. In the moni-
tor production line, there is an excess of fiit glass that needs to be
removed as a solid waste. It has to be treated or stabilized before
dissolving into the liquid waste of factories. Because lead in frit glass
is in an oxide form, it is easily dissolved in a suitable solvent and
then recovered by electrodeposition method. The parameters that
have an effect on leachability are type and quantity of solvent, quan-
tity of sludge and metal extent in sludge, leaching time, humidity,
etc. [Wong and Henry, 1985; Ried, 1988; Wozniak and Huang, 1982;
Allen and Bhaumik, 1998]. The good leaching conditions should
have high ratio of solvent to sludge, high concentration of solvent
and low humidity. In general, a mineral acid can dissolve metal sludge
better than an organic acid.

Heavy metal ions can be removed or recovered by several tech-
niques such as chemical precipitation, ion exchange process [Kim
et al.,, 1998, 2002], adsorption by biosorbents [Kim et al., 1999; Park
and Choi, 2002] and electrochemical methods [Park and Moon, 2002].
In electrodeposition, lead ion in solution can be deposited on the
cathode and anode in different forms. At the cathode, lead ion is
reduced to lead metal as shown in reaction (1). If the electrolyte is
acid, the reduction of hydrogen ions to hydrogen gas also takes place
as in reaction (2), but it is a slow reaction compared to the lead de-
position on the electrode. Lead ion can be oxidized to lead oxide
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(reaction (3)) in parallel to the oxidation of water to produce oxygen
gas (reaction (4)) at the anode.

Pb*+2¢ —Pb E’=—0.126 V/SHE 0
2H+2¢ —H, E'=0V/SHE @
Pb+2H,0—PbO,+4H'+2¢”  E'=+1.449 V/SHE 3)
H,0—%0,+2H+2¢  E*=1.229 V/SHE @)

Lead and lead oxide were used in lead-acid battery industries.
When lead in metal form is required, it is necessary to use an an-
ionic membrane as a separator between the electrodes for protect-
ing lead ion transfer from the cathode side to the anode side. The
efficiency of lead removal depends on various parameters such as
applied current, pH, types of electrolyte and electrode and concen-
tration of lead [Carreno et al., 1999; Agarwal et al., 1984; Widner
et al., 1998; Rastogi et al., 1993].

This paper is aimed at studying the lead removal from frit glass
residues of electronic plants by the electrochemical method. Vari-
ous types of leaching solutions and leaching conditions were inves-
tigated to find an optimum condition. In the electrodeposition studies,
the effects of type and concentration of leaching solutions and applied
current density on percentage of lead removal were explored. In
addition, the efficiency of the electrochemical process was deter-
mined in term of current efficiency.

EXPERIMENTAL

The dry waste of fiit glass from the electronic industry has a gray
color and easily breaks into powder form. The composition of frit
glass was analyzed by ASTM method No D5198-92 and digestion
method by microwave. It contains lead oxide in the range of 70+10%
by weight.

The process of lead removal from waste frit glass has two steps:
lead leaching and lead removal from solution by electrodeposition.
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Fig. 1. Schematic diagram of the experimental setup for the elec-
trodeposition step.

1. Lead Leaching by Different Solvents

Leaching step was conducted in a 1 litre reactor using frit glass
of 1% wt/vol with different solvents, i.e., acetic acid, nitric acid,
hydrochloric acid, sulfuric acid and sodium hydroxide and stirred
with a magnetic stirrer at 1,100 rpm. The concentration of solvent
was varied in a range of 0.01-3 M. The leaching process reached
an equilibrium stage in 2 hours, but the experiment was conducted
for 3 hours to ensure the equilibrium condition. After that, the stirrer
was stopped, and the insoluble solid particles slowly precipitated.
The clear solution was obtained by filtration. The concentration of
lead in the solution was measured by atomic absorption spectro-
photometer model AA Analyst 300.
2. Lead Removal by Electrodeposition

Fig. 1 shows a schematic diagram of the experimental setup for
the electrodeposition step. The leaching solution of frit glass from
the first step was poured into a 2-litre reactor. Lead ion can be re-
duced to metal form at the cathode and oxidized to oxide form at the
anode. However, to avoid the latter reaction, the experiment was con-
ducted in a reactor separated into two compartments by an IONAC
ion exchange membrane. The cathodic and anodic compartments
contain 850 ml of the leaching solution and the corresponding sol-
vent, respectively. The solutions were circulated by two pumps (mod-
el 2KX-2X) at arate of 5 //min. The current was applied in galvano-
static mode by using a DC power supply. The cathode was made
from lead with a surface area of 40 cm” whereas the anode was ti-
tanium coated with ruthenium oxide with a surface area of 60 cn’,
The electrolyte in the cathodic compartment was sampled as a func-
tion of time to analyze the lead concentration by using an atomic
absorption spectrophotometer. An optimum condition of lead removal
from the leaching solution can be analyzed in terms of current effi-
ciency.

RESULTS AND DISCUSSION

1. Lead Leaching by Different Solvents
Fig. 2 shows the effects of types and concentrations of solvents
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Fig. 2. Lead leaching as a function of solvent concentration for dif-
ferent types of solvents.

on the lead leaching percentages. It was observed that acetic acid
and nitric acid are more effective than sodium hydroxide, hydro-
chloric acid and sulfuric acid. Previous work by Weast [1969] also
reported high solubility of lead oxide in acids, particularly in nitric
acid. It should be noted that butyl-acetate is a conventional solvent
used to prepare the frit seal in the production of TVs and monitors.
In this study, acetic acid, a reactant for butyl-acetate production,
shows a promising ability for the lead leaching from the frit glass
waste. Fig. 2 also shows that the leaching was not significantly im-
proved by increasing the acid concentration. This was also observed
in the other systems that studied metal leaching from sludge by or-
ganic acid and biological process. [Wong et al., 1985; Ried, 1988].
From the experimental results, the minimum acid concentrations
that can be removed more than 90% lead are 0.5 M and 0.1 M for
acetic acid and nitric acid, respectively.
2. Effect of Ratio of Solid to Solvent

A certain volume and concentration of solvent can dissolve a cer-
tain amount of solute due to equilibrium. In Fig, 3, the 0.1 M nitric
acid solution can only dissolve lead from frit glass at less than 3%

100 -

80
an
.8
§ 60 — —— CH;COOHO05M
ﬁ —=— CH;COOH 1 M
§ 40 —a— HNO; 0.5 M
N \\ —— HNO; 0.1 M

20 \\

0- ‘

0 2 4 6
Ratio of frit glass to solvent (%wt/vol.)

Fig. 3. Lead leaching as a function of concentration of frit glass for
different solvents.
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wt/vol. Leachability of acetic acid slightly decreases when the amount
of waste was augmented. This explains that quantity of acid was
not enough to dissolve lead in frit glass at high content of solid. These
results are in good agreement with those of Wozniak and Huang
[1982]. They reported that the optimum conditions to leach metal
ion from sludge were pH<3 and solid concentration less than 1%
wt/vol, respectively. In this experiment, we found that the condi-
tions to leach more than 95% of lead ion from frit glass were 0.5%
wt/vol by using a concentration of acetic acid or nitric acid not less
than 0.5 M and 0.1 M, respectively.
3. Separation of Lead Ion by Electrodeposition

A set of experiments was performed in the electrochemical reac-
tor to investigate the lead removal from the leaching solutions. The
concentration of lead in the solutions (0.5 and 1 M acetic acid and
0.1 and 0.5 M nitric acid) was 4+0.3 g/l. Table 1 presents the pH
and conductivity of the solutions. A current of 400 mA (equivalent
to current density of 10 mA/cm®) was applied to the electrodes. It
was found that more than 99% of lead was removed from the acetic
acid solutions with both concentrations and from 0.1 M nitric acid
in 3 hours (Fig. 4). For the 0.5 M nitric acid solution, only approxi-
mately 80% of lead ion is deposited on the electrode in 9 hours.
This is because of a high rate of the reduction reaction of hydrogen
ion (reaction 2) at low pH condition. When this side reaction takes
place, the current is not efficiently utilized for the metal reduction.
Consequently, longer reaction time is required to remove lead ion
from the 0.5 M HNO,; solution compared to the other solutions.
4. Current Efficiency

Fig. 5 shows the transient lead removal percentages of 1 M ace-
tic acid solution at different values of applied current. It was found
that almost 100% of lead can be removed from the solution when
using the applied current higher than 280 mA. However, when con-

Table 1. Characteristics of electrolytes

Electrolyte pH Conductivity (mS/cm)
CH;COOH 0.5 M 2.44 0.91
CH,;COOH 1 M 2.18 1.18
HNO, 0.1 M 1.31 6.32
HNO, 0.5 M 0.56 NA
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Fig. 4. Lead removal as a function of time in different electrolytes.

sidering current efficiency (Fig. 6), the highest current efficiency value
for more than 90% lead recovery was obtained when the current
was between 350-400 mA equivalent to current density of 8.8-10
mA/en?’. It should be noted that because it is desirable to operate
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Fig. 5. Lead removal as a function of time at different current for
1 M acetic acid electrolytes.
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Fig. 6. Current efficiency as a function of current at different lead
removal for 1 M acetic acid electrolytes.
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Fig. 7. Current efficiency as a function of current at 90% lead re-
moval for different electrolytes.
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the reactor at high current efficiency to obtain high system efficiency,
an optimum current should be properly selected. Fig. 7 shows the
fluctuation of current efficiency at 90% lead recovery for all types
of electrolyte. The optimum current densities for 0.1 and 0.5 M HNO;
were 15 and 25 mA/cm® (600 and 1,100 mA), respectively. This
optimum current is not significantly altered by the different values
of the percent recovery. The highest current efficiency of lead re-
moval from acetic acid electrolyte is 100%, indicating that the hydro-
gen reduction as the side reaction did not occur at pH more than 2.
However, the current efficiency is slightly less than 100% at high
removal percentage for 0.1 M nitric acid electrolyte and largely less
than 100% for 0.5 M nitric acid. It can be explained that because
nitric acid electrolyte has pH lower than acetic acid electrolyte, the
side reaction can take place easily. The changes of potential of lead
reduction and hydrogen reduction are shown in the Pourbaix dia-
gram [Pourbaix, 1963]. Hydrogen reduction has potential higher
than lead reduction at pH lower than 2. Therefore, the hydrogen
reduction can take place before the lead reduction; however, the
hydrogen reduction on the surface of the lead electrode is a slow
reaction. It has minimum overpotential necessary before reaction
occurs. Then the actual reduction potential of hydrogen should be
less than that shown in the Pourbaix diagram.

Another reason is that the reduction of nitrate ions in solution
can take place better than the lead ion reduction because their reduc-
tion potential is very low as shown in Egs. (5)~(7).

NO;+3H+2e" >HNO,+H,0  EY,~0.94 V/SHE ®)
NO; +4H+3e >NO+2H,0  E{, =096 V/SHE ©6)
2NO; +4H+2e >N,0,+2H,0 E} ~0.81 V/SHE %

Since it is obvious that the amount of nitrate ion in the 0.5 M nitric
acid was higher than 0.1 M nitric acid, more current was lost in the
reduction reactions for the same value of lead removal. From these
experimental results, it shows that lead removal from the acetic acid
electrolyte is better than the nitric acid electrolyte because it gives
higher current efficiency at the same condition.

CONCLUSIONS

Lead in frit glass waste from the electronics industry can be re-
covered in two steps of the process. The first is leaching frit glass
by nitric acid or acetic acid. The best condition is 0.5% by weight
of frit glass per volume of electrolyte of 0.1 M nitric acid and 0.5
M acetic acid with leaching time of 3 hours. The lead ion is removed
by the electrodeposition in the electrochemical reactor with an anion
exchange membrane. The highest current efficiency (approximately
100% efficiency) for acetic acid electrolyte was obtained when the
experiment was run under the current density in a range of 8.8-10
mA/em?® (350-400 mA). For nitric acid electrolyte, the optimum
current depends on concentration of acid, 15 and 25 mA/cm” (600
and 1,100 mA) for 0.1 and 0.5 M HNO,, respectively. Acetic acid
electrolyte gave higher current efficiency than nitric acid because it
has no side reaction of nitrate ion. Therefore, it is feasible to remove
lead from ftit glass process and it can protect environment.

November, 2005

ACKNOWLEDGMENTS

The authors would like to thank the Thailand Research Fund for
the financial support to our project.

REFERENCES

Agarwal, I. C., Rochon, A. M., Gesser, H. D. and Sparling, A. B., “Elec-
trodeposition of Six Heavy Metals on Reticulated Vitreous Carbon
Electrode] Water Res., 18(2), 227 (1984).

Allen, P. D. and Bhaumik, V. H., “Washing of Various Lead Compounds
from a Contaminated Soil Column;’ J. Environ. Eng.-ASCE, 124(11),
1066 (1998).

Carreno, G, Sosa, E., Gonzalez, 1., Ponce-De-Leon, C., Batina, N. and
Oropeza, M. T., “Anion Influence in Lead Removal from Aqueous
Solution by Deposition onto a Vitreous Carbon Electrode]’ Electro-
chemica Acta, 44(15), 2633 (1999).

Kim, H. T. and Lee, K., “Application of Insoluble Cellulose Xanthate
for the Removal of Heavy Metals from Aqueous Solution’ Korean
J. Chem. Eng., 16, 298 (1999).

Kim, S.J., Jeung, S. Y. and Moon, H., “Removal and Recovery of Heavy
Metal Ions in Fixed and Semi-fluidized Beds,’ Korean J. Chem. Eng.,
15, 637 (1998).

Kim, S.J., Lim, K. H,, Joo, K. H,, Lee, M. I, Kil, S. G and Cho, S. Y.,
“Removal of Heavy Metal-cyanide Complexes by Ion Exchange?’
Korean J. Chem. Eng., 19, 1078 (2002).

Musson, S. E., Jang, Y. C., Townsend, T. G and Chung, L. H., “Charac-
terization of Lead Leachability from Cathode Ray Tube using the
Toxicity Characteristic Leaching Procedure’’ Environ. Sci. Technol.,
34(20), 4376 (2000).

Park, J. K. and Choi, S. B., “Metal Recovery Using Immobilized Cell
Suspension from a Brewery.’ Korean J. Chem. Eng., 19, 68 (2002).

Park, J. S. and Moon, S. H., “Use of Cascade Reduction Potential for
Selective Precipitation of Au, Cu, and Pb in Hydrochloric Acid Solu-
tion)’ Korean J. Chem. Eng., 19, 797 (2002).

Pourbaix, Atlas d'équilibres électrochimiques a 25 °C, Paris, Ed. Gauth-
ier-Villars, 256 (1963).

Rastogi, R. P,, Das, 1., Pushkama, A. and Chand, S., “Oscillations and
Pattern Formation During Electrodeposition of Lead Metal in Batch
and Flow Reactors.’ J. Phys. Chem., 97(18), 4871 (1993).

Ried, M., Heavy Metal Removal from Sewage Sludge: Practical Expe-
riences with Acid Treatment, Pretreatment in Chemical Water and
Wastewater Treatment, Springer-Verlag Berlin Heidelberg, 327
(1988).

Weast, R. C., 1969, Handbook of Chemistry and Physics, Ohio, USA,
5" edition, The Chemical Rubber Co., Cleveland.

Widner, R. C., Sousa, M. F. B. and Bertazzoli, R., “Electrolytic Removal
of Lead using a Flow-through Cell with a Reticulated Vitreous Car-
bon Cathode?’ J. Appl. Electrochem., 28(2), 201 (1998).

Wong, L. and Henry, J. G, Biological Removal and Chemical Recovery
of Metals from Sludges, Proc. Ind. Waste. Conf. 39", 515 (1985).

Wozniak, D. J. and Huang, J. Y. C., “Variables Affecting Metal Removal
from Sludge}’ J. Water Poll. Control Fed., 54(12), 1574 (1982).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


