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ABSTRACT

Crystal glass has many uses such as chandeliers and vases. Crystal glass
contains lead oxide with a percentage varied from 8-30%. Some of such glass
Is wasted during preparation of crystal products. This waste is considered
hazardous due to its content from leachable lead compounds. The aim of this
work is to recover lead metal from solid waste generated from polishing and
grinding step in crystal glass manufacture. Samples were collected and fused
with sodium carbonate at 800-1000 °C for different periods up to 5 hours.
Results revealed that heating decomposed lead compounds present in the
waste to lead metal. 80 Wt. % of lead metal was recovered at activation
energy AE=45.2 k j/mol.

Keywords: lead recovery, lead reduction, crystal glass solid waste, sodium
carbonate, reducing agent.

INTRODUCTION
Industrial solid waste is the unwanted or useless solid materials resulted
from industrial activities in a given area (Chandrappa et al., 2012).
Management of solid waste reduces or eliminates adverse impacts on the
environment and human health and supports economic development and
improves quality of life (White et al., 2012). Lead is valuable metal that is

used in many industrial applications (Khodair, 2015), such as lead acid
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batteries (Liu et al., 2018), lead pigments industry (Gifford, 2010), lead
ceramic glazes (Molera et al., 2018).

Glass is an inorganic amorphous solid (non —crystalline) that made from
inorganic substances that was heated at high temperature until melting. The
molten mixture was cooled from a fused condition to form a brittle rigid glass
state (Callister and Rethwisch, 2009)

Silicon dioxide (SiO2) is the main constituent of glass. Types of glass
and its applications are specified according to additives to silicon dioxide.

Main types of glass are soda-lime glass, lead crystal glass, borosilicate
glass, and electric glass, also called E glass (Vieitez et al., 2011).

Crystal glass is used for many applications such as hollowware including
bottles and drinking glasses (Pfaender, 2012), glass jewellery products and
decorative and utility objects including chandeliers ( Korensky et al., 2012).

Crystal glass solid waste (sludge) was resulted from finishing step of
crystal glass manufacturing (polishing and grinding process). Wastewater
containing suspended solids that generated from grinding and polishing
process was collected and treated in waste water treatment plant using
coagulation and flocculation processes to make all suspended solids settle
down and then it was separated and dried (Elkersh, 2014). Solid wastes are
classified as hazardous wastes when leaching tests results exceeds standard
values (5ppm for lead) (Turianicova, 2013).

Lead recovery from crystal glass solid waste was studied by numerous
researchers, but most studies concentrated on encapsulation process to

produce new product that contains encapsulated waste such as foam glass
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(Elkersh, 2014). Such treatment process wasted a nonrenewable resource such
as valuable lead metal.

Cathode ray tube waste is similar to crystal glass waste in some points
such as lead oxides percentage and presence of lead silicate, but they are
different in other constituents such as organic compounds content. Different
methods used for lead recovery from CRT such as electrochemical methods,
thermal reduction and chemical treatment by leaching process.

Electro-chemical methods for lead recovery include acid leaching for
lead by using different acids. It was reported that diluted nitric acid was the
best alternative for other acids, and then leached lead was separated by electro
deposition (Pruksathorn and Damronglerd, 2005). This process is complicated
and is difficult to applied for large quantities of solid waste.

Other method for lead recovery was mechanical activation and
hydrothermal sulphidisation of cathode ray tube includes crushing and sieving
of CRT waste then it was mechanically activated by a planetary ball-mill at
speed of 500 RPM for 2 hours to reduce grain sizes of particles to particle
size of 13.4 pm. particles at this grain size are considered activated for
reaction with sulfur. Thermal energy was used for enhancing the reaction
between sulfur and lead present in cathode ray tube by using 100 ml stainless
steel autoclave with a turbine impeller that operates at stirring rate 700 RPM
by using temperature at 300 °C for 8 hours to reach 100% of reaction of lead
with sulfur (Yuan et al., 2015). This method is also complicated and is
difficult to be applied on large scale.

Carbon thermal reduction method was used to recover metallic lead.

Charcoal was fused with CRT glass waste at 1200 °C to generate carbon
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monoxide that reduces lead oxide to lead metal. Lead metal is leached easily
using nitric acid. The resulted waste became safe after removing lead
(Mingfei et al., 2016). Other method for lead recovery was carried out by
silicon carbide (SIC) with CRT waste, but this study concluded that only 20%
of lead oxide can be reduced to lead metal using silicon carbide (Mingfei et
al., 2016).

Lead recovery from solid waste of crystal glass industry has binary
benefits, economic and environmental benefits. The aim of this work is to
characterize solid waste resulted from crystal glass industry and recover
maximum percentage of lead metal in such waste using sodium carbonate

anhydrous as a fluxing agent.

MATERIAL AND METHODS
1) Chemicals: Sodium carbonate anhydrous is of analytical grade. It was
supplied from Nasr Chemicals Co. The studied solid waste was delivered
from Asfour Crystal Company (glass crystal factory).
2) Instruments: 4-digit -Analytical balance.
Furnace model: VEB Electro BAD FRANKENHA USEN with maximum
temperature at 1200 °C.
X-RD (X-Ray Diffraction model): Bruker's X-ray Diffraction D8-Discover

instrument

X-RF (X-Ray Fluorescence model): Axiom advanced, sequential WD_XRF

spectrometer, P Analytical 2005.
SEM model: JSM-7610F Schottky Field Emission Scanning Electron

Microscope.
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Sieve shaker: Gilson vibratory sieve shaker model: SS-10
Laboratory test sieves: RETSCH test sieves with different mesh sizes.

METHODS

In this study twenty samples in different twenty working days were
collected. The collected samples are divided into two groups. Each group was
mixed to give representative sample. Solid waste was dried in open air. It
was sieved using sieve shaker (Gilson vibratory sieve shaker) at different
mesh sizes sieves 500, 250 and 125 pm. Grain size of 250um was chosen to
carry out experiments to form more homogenous mixture with anhydrous
sodium carbonate powder.

Waste was analyzed by (X-RF) X-ray florescence and (X-RD) X-ray
diffraction. 50 g solid waste with grain size of 250 microns was mixed with
50 g of sodium carbonate anhydrous powder passed through a sieve of 250
pUm mesh size. The mixture was placed in 150 ml silicon carbide crucible.
The mixture was heated at different temperature 800, 900, 950 and 1000 °C
for different time intervals 1, 2, 3, 4 and 5 hrs.

Temperature was elevated t01000 °C with heating rate of 5 °C /min. by
using Electric furnace. Flow diagram shown below in Figure (1) describes the
process in details. The solid material resulted after fusion with sodium
carbonate was crushed by ball mill at speed 400 RPM and sieved at 500 pm
mesh size to separate solid lead metal. EDX spectrum of solid lead metal was

carried out by Emission Scanning Electron Microscope.
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Raw solid waste collection Characterization by X-RF, X-

RD and leaching analysis

v

A 1:1 (waste: sodium carbonate) was fused at Sieving solid
different temperature 800 -1000 °C for different | <+ waste
time intervals 1-5 hrs.
v

Resulted solid was crushed and sieved at 500
pm mesh size

!

Lead metal was occurred as malleable solid at the crucible
bottom that didn't crushed by ball mill and sieved at 500 um
mesh size

:

Lead metal recovered was about 80 Wt. %
of original lead material.

|

EDX spectrum of solid lead

Figure (1): Flow Diagram of Experimental process
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confirm that constituents are very similar in both groups.

RESULTS AND DISCUSSIONS:
1) Characterization of solid waste: The results of XR-F analysis Table (1)

Main

constituents are lead oxide is about 20 Wt. %, silicon oxide is 38.32 Wih.
%, calcium oxide is 11.8 Wt. % and ferric oxide is 11.6 Wt. %.

Table (1): XRF analysis for original solid waste samples.

XRF for mixture | XRF for mixture | Average values

formula of group (1) of group (2) for analysis

samples (%) samples (%0) results (%)
Si02 38.32 34.08 36.2
PbO 21.463 19.1 20.28
CaO 11.74 8.7 10.22
Fe203 11.59 9.68 10.63
K20 3.36 2.36 2.86
Na20 3.88 4.94 4.41
Sh203 0.22 0.3 0.26
Al203 0.39 1.69 1.04
MgO 0.58 1.5 1.04

CuO 0.15 1.05 0.6

TiO2 0.04 0.14 0.09
NiO 0.093 0.19 0.14
MnO 0.04 0.03 0.035
SrO 0.036 0.02 0.028
Cr203 0.028 0.01 0.019
(ignition loss) 8.07 16.21 12.14

All constituents in XRF analysis for both two samples of solid waste are

similar except ignition loss. The ignition loss is resulted from organic
compounds in the solid waste. The main source of organic compounds is gum
resin material that is used to fix or stick crystal glass products on arms of

grinding machine.
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The reason of variation of ignition loss between analysis of groups 1 and
2, 8 Wt. % and 16 wt. % respectively resulted from the variation of manual
addition of gum resin material in grinding and polishing process to fix or stick
crystal glass products on the machine.

Other main constituents are Na20 4.41 wt. % and K20 2.86 wt. % that
are used as fluxing agent materials (Na2CO3 and K2CO3) during crystal
glass manufacture to decrease melting point of crystal glass constituents and
increase heating efficiency. The rest of constituents are very few that may be
mixed with solid waste from other processes in the crystal glass factory.

XRD pattern below shows that lead is present as lead silicate and lead
oxide in the solid waste. Lead silicates network structure depends on
concentration of lead oxide regards to silicon oxide. Network in this waste is
built with silicate tetrahedral with limited modification due to lead oxide
addition. When lead concentration in crystal glass mixture was less than 40%,

it acts as network modifier (llyes et al., 2017).

Figure (2): X-ray Diffraction pattern (XRD) for original sample of raw solid

waste (sludge).
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2) Effect of heating temperature on lead recovery rate at fixed heating
time (4 h): Lead recovery percentage increases with increasing
temperature. Maximum recovery of lead metal was achieved at 950 °C.
Fusion of mixture at temperature above 950 °C reduces the recovered lead

metal due to increasing evaporation of lead metal.

100%
80%
60%
40%
20%
0%
800 850 900 950 1000
heating temprature (celesiuse 2C)

Figure (3): effect of heating temperature on lead recovery.

Pb

3) Effect of time of heating on lead recovery rate at heating temperature
(950 °C): Heating time had great effect in this reaction. Maximum lead
recovery was achieved at 4 hours. More heating time didn't improve

recovery rate.
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Figure (4): effect of heating time on lead recovery.
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4) Effect of temperature and time on lead recovery from waste/carbonate
mixture: Lead recovery percentage increases with increasing heating
temperature and heating time Figure (3). Maximum lead recovery rate was
achieved at heating temperature 950 ° C for 4 hours. Heating temperature
more than 950 ° C leads to reduction of recovered lead metal due to its

evaporation.
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Figure (5): Weight percentage of recovered lead at different temperature and

different time periods.

5) Reaction of anhydrous sodium carbonate with lead silicate: It was
reported that, lead silicate melts at 760 © C and sodium carbonate melts at
854 °C (Kacem et al., 2017). Development of the reaction was related to
the increase in heating temperature. Decomposition of most organic
compounds occurs when heated in range 450-800 ° C (Stephenson, 2012).

Lead silicates react with part of molten sodium carbonate to form lead
carbonate and sodium silicate.
Na2COs + PbO-SiO2 = Na20-SiOs + PbCOs3
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Lead carbonate (PbCOz) decomposed to form lead oxide (PbO) and
carbon dioxide (CO2) by heating effect at low temperature of 350 -450 ° C
(Zhu et al., 2013).

PbCOs 24 PbO +CO»

The other part of sodium carbonate was dissociated to sodium oxide

(Na20) and carbon dioxide (CO) at 851 ° C (Helmenstine, 2019).

851°C
Na:CO3 — Na20 + CO2
Carbon dioxide that generated from this reaction reduced the percentage
of oxygen in the reaction area and formed a reduction environment around the
reaction that increased the chance of formation carbon mono oxide.

6) Organic compounds decomposition: Solid waste contains organic
compounds that found in X-RF analysis as an ignition loss (12 Wt %).
Thermal decomposition of organic compounds is complex process that
produces different products according to specification of organic
compounds, temperature and heating time (Moldoveanu, 2009). Most
organic compounds dissociate to simple products at temperature 450-800 °©
C (Stephenson, 2012). Dissociation of sodium carbonate at 851 °© C
increases the concentration of carbon dioxide in the reaction surroundings
and forms reduction environment. Dissociation of organic compounds in
this reduction environment that contains high concentration of carbon
dioxide and low concentration of oxygen causes producing carbon mono

oxide that react with lead oxide to form lead metal and carbon dioxide.
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Organic compounds in solid waste = CO +CO2+ H20
PbO+CO = Pb+COz2

7) Activation energy of lead recovery reactions: Activation energy is
scientific term refers to the energy required to convert reactants to
products. Dependence of reaction rate on the temperature is explained by
Arrhenius equation (Poole et al., 2007).

Activation energy calculations was carried out by using Arrhenius
equationInK=-Ea/RT+InA

When K is rate constant, Ea is activation energy, R is ideal gas constant,
T is absolute temperature (kelvin) and A is the pre-exponential factor.

Activation energy is calculated from the slope of the curve shown below
in Figure (4) according to experimental data. Calculated activation energy =

45.2 k j/mol.

Method of calculating rate constant K includes the following steps.

e When the main factor that affecting percentage of recovery was heating
time we plotted the relation between heating time and recovered lead metal
at each temperature value.

e Rate constant K equal the slop of the curve between heating time and
recovered lead metal.

e Activation energy was calculated According to Arrhenius equation from
the slope of the curve plotted between Ln K and (1/T).

InK=-Ea/RT+InA
InK=InA-Ea/RT
Ea/R= slope
Ea=slope xR
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Low activation energy in this reaction (45.2 k j/mol) due to presence of
sodium carbonate that acts as fluxing agent (Okada et al., 2012). Lead metal
was occurred as ductile soft solid that didn't crush by ball mill and it was

reserved on a sieve of 500 um mesh size (it didn't pass through the sieve).
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Figure (6): Chemical kinetics and activation energy calculations

8) Recovered lead metal characterization: A scanning electron microscope
(SEM) was used for testing recovered metal. EDX spectrum for solid lead
is shown below in Figure (7). EDX spectrum of tested metal consists of

peaks corresponding to Pb and Oxygen in Figure (8).
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Figure (7): Field emission scanning electron microscopy (FESEM) image
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Figure (8): Spectrum data of the EDX analysis for recovered lead.

Pb M refers to lead at excited M energy level, O k refers to oxygen at K

energy level while Lo and Lp other types of L energy level. Lead metal is

91.59 Wt. % while oxygen is 8.41 Wt. %. Presence of this percentage of

oxygen is due to formation of lead oxide on the metal surface due to air

exposure in addition to the effect of nitric acid that was used for etching the

metal surface to prepare sample for SEM analysis. Absence of additional

14
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peaks for other compounds or impurities confirms the high purity of the
product.

CONCLUSION
In this study, solid waste of crystal glass industry was characterized and
studied for recovery of lead metal. Solid waste was fused with anhydrous
sodium carbonate that was used as a fluxing and reducing agent to recover
lead metal. The main factors that affect lead metal recovery was heating
temperature and heating time. Heating at 950 °C for 4h was the best

conditions for maximum recovery rate of lead metal 80 Wt. %.
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