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Abstract

Present work demonstrates the PCB waste characterization using solid state route. Microwave and resistive heating have been used for 
heating the PCB waste sample and inter-comparison studies have been carried out in order to understand the nature of volatiles and residue 
obtained during the two different heating processes. GC -MS was used to analyze the volatiles, collected during microwave heating and shows 
the presence of CO2 as major volatile. Simultaneous TG -DTA -EGA (FTIR) was used in air and inert atmospheres for online analysis of volatiles 
where CO2 was observed as major volatile in inert atmosphere along with moisture while CO evolution was also confirmed as major evolved 
gas along with CO2 and moisture in air atmosphere. SEM -EDS was used to explore the surface morphology changes during different types of 
heating and effect of heating on the presence of various metals in the residue with respect to that of in the unheated sample. Presence of Pb has 
been confirmed in microwave heated PCB sample at 350 0C while it could not be seen in the resistively heated sample to 390 0C. Original sample 
showed Pb and Sn as major constituents while residue showed Al, Ca, Mg, Ba, Si, Cu and Br as major elements present. Presence of Br could not 
be seen in resistively heated sample. Formation of Cu-Sn alloy in the residue has been confirmed through SEM - EDS mapping
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Introduction
The rapid growth of technology, especially in the field of 

electronics and instrumentation and upgradation of electronic 
gadgets due to technological advancements in terms of providing 
better features at reasonable cost have led to the high rate of 
obsolescence in the electronic industry. Electronic industrial 
development has certainly provided a better life to humanity 
but also resulted in one of the fastest growing waste streams in 
the world which consists of the obsolete electrical and electronic 
products [1]. The generation of e-waste and its recycling needs 
to be addressed in India to deal with the dangerous impact of 
toxic ingredients on the environment and human beings [2]. 
Recyclers and dismantlers are explicitly dumping residual ash 
of e-waste generated from crude recycling processes. Apart from 
human exposure, the black ash powder is also affecting aquatic 
and terrestrial ecosystems of the region [3]. Hence, there is an 
immediate need to formulate an appropriate strategy to reduce 
e-waste pollution. The current recycling practices of e-waste in  

 
India need critical review and require an environment friendly 
scientific technology for its recycling and management [4]. 
Printed Circuit Board (PCB) is an essential component of almost 
all electronic and electrical equipment’s such as computers, 
televisions etc. and it is a major constituent of the obsolete 
and discarded electronic scrap. It is a heterogeneous mixture 
of organic material, metals and glass fiber and accounts for 
approximately 30% of the total e-scrap generated [5]. However, 
the major concern is not due to their increasing volume but is due 
to their complex composition and compositional variation which 
makes the separation and recycling more challenging. These 
difficulties explain the low average recycling rate which has been 
reported globally and represents about 15% of the total fraction 
of e-waste globally in 2005 [6]. But the serious pollution may be 
expected to get generated if PCBs are not properly disposed off as 
the flame retardants present therein may cause the formation of 
toxic compounds like polybrominated dibenzo-p-dioxins (PBDDs) 
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or polybrominated dibenzofurans (PBDFs). Additionally, the toxic 
metal ingredients like lead and cadmium may enter the aquatic 
or terrestrial ecosystems, which has resulted in the elevation 
of blood lead and cadmium levels of children in some typical 
neighborhoods like Guiyu of China [7-11]. 

The traditional recycling technologies like pyrometallurgy 
and hydrometallurgy are gradually being phased out for the 
PCB wastes as these were majorly meant to recover metals and 
now are being challenged by the decreasing concentration of 
precious metals in e -waste. In the current scenario, various 
mechanical or physical processing methods are being favored and 
widely used for industrial applications [12-15]. Any separation 
process is followed with a pre step of crushing of PCB to get 
the fine and homogeneous sample. The major challenge faced 
during crushing is because of direct and continual crushing and 
leading to localized heating which could result in pyrolysis and 
easy release the toxic substances [16]. It has been reported that 
thermal shock may be applied as a pretreatment method to 
change the interfacial impact and tensile strength and it has been 
proven to be a potential solution to reduce crushing difficulty 
[17]. Pyrolysis is the process of heat treatment to a sample in the 
absence of oxidizing atmosphere. Hence, during this process, the 
PCB sample is decomposed through gaseous release and results 
in the enrichment of metals in the obtained solid residue. A lot of 
work has been reported [18,19] where PCB samples have been 
pyrolyzed using resistive heating in externally heated systems 
like thermal analyzers, fluidized bed reactors where heat transfer 
takes place through external heating processes like conduction, 
convection or radiation. It is well known that microwave heating 
is selective for different materials and relies on internal and 
volumetric heating process for heat transfer. It has been observed 
that because of the selective characteristic, the microwave induced 
pyrolysis may be applied in an energy efficient way for PCB waste 
heat treatment. Application of some strong microwave absorbers 
may expedite the pyrolysis process by rapid heating [20]. Current 
studies present the inter-comparison studies with respect to 
the PCB waste characterization using microwave and resistive 
heating in order to understand the nature of volatiles and residue 
obtained during the two different heating processes. PCB waste 
was grinded to get a homogenized and representative sample for 
its characterization through solid state route. The characterization 
techniques used are simultaneous TG-DTA-EGA (FTIR), SEM-EDS 
and GC-MS. An attempt has been made to compare the benefits of 
microwave heating over resistive heating in order to apply solid 
state route as the methodology for e - waste disposal. 

Material and Methods 
Experiments have been carried out using Netzsch 

Thermobalance (Model No.: STA 409 PC Luxx) coupled to Bruker 
FTIR system (Model No.: Tensor 27) via a heated Teflon capillary 
(1m long, 2mm i.d.). In this work Pt vs. Pt-10% Rh thermocouples 

were used as temperature and differential temperature sensors. 
Recrystallised alumina sample holders were used as sample and 
reference holders. TG-DTA data analysis was done using Proteus 
software from Netzsch. FTIR system used for the identification of 
IR absorbance in the mid IR region (400-4000cm-1) is equipped 
with liquid nitrogen cooled MCT detector and low-volume gas cell 
(8.7mL) with a 123mm path length and KBr windows. The adapter 
head of thermobalance, transferline and sample cell were heated 
to a constant temperature of 2000C to avoid condensation of low 
volatile compounds. The FTIR compartment was continuously 
purged by high purity nitrogen and molecular sieves/silica gel 
were used to minimize the water and carbon dioxide background 
in the recorded spectra. The resolution of the collected spectra 
was set to 4cm-1 and co-addition of 32 scans per spectrum 
with a scan speed of 20kHz was applied. As a consequence, 
spectra were recorded with a temporal resolution of about 2.5s, 
depending on integration methods. FTIR data analysis was done 
using Opus (version 6.0) software from Bruker. Simultaneous 
TG-DTA-EGA measurements were carried out individually on 
accurately weighed PCB waste samples (about 25mg) in air and 
inert atmosphere using resistive heating furnace and heating from 
room temperature to 1200 0C at a heating rate of 100C min-1. The 
flow rate of high purity nitrogen was maintained at 100mL min-

1 to transport the volatile products. Nitrogen was also used as 
protective gas to the thermobalance at a flow rate of 20mL min-1. 

Figure 1: Microwave heating setup in fume hood.

Microwave heating experiment was carried out using Murphy 
Richard’s microwave oven (Model No. - MWO 20MS, with oven 
cavity dimensions as 306mm (H) x 306.6mm (W) x 208.2mm 
(D) and 800W rated microwave power output ) on 5gram PCB 
sample while the inside temperature was measured as 350 0C. 
The experiments were performed under the fume hood where 
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a temperature controller with K type thermocouple and display 
unit was attached to the microwave oven to measure the inside 
temperature. Also, a vacuum pump (10 LPM) was used for e-waste 
evolved gas scrubbing and gaseous sample collection. The overall 
set up has shown as Figure 1. The gas samples collected during 
microwave heating of the PCB sample were analyzed using GC-
MS (Model No.- QP2010) having Quadrupole mass analyzer and 
Gs-BP Inowax (30m x 0.25mm x 0.25mm) and RT-QPLOT (30m 
x 0.32mm x 0.32mm) as capillary column. The programmed 
temperature was kept at 32 -150 0C and 200 0C and the flow 
rate as 1.5mLmin-1 and 2.0mLmin-1. SEM -EDS analysis has been 
carried out on the residues obtained from PCB samples heated to 
350 0C and 390 0C in resistive furnace and microwave respectively 
using TESCAN model VEGA3LMU (Czech Republic, EU). The 
measurements have been carried out after gold plating for 90sec 
(15mA) in a vacuum of 4 X 10-1mbar for which a small portion of 
individual sample was pasted on the graphite tape, fixed on the 
sample holder. The analysis has been carried out. 

Results and Discussions
TG curves have been shown in Figure 2 for the PCB samples 

heated from room temperature to 4000C and 10000C in air / inert 
atmospheres. It can be seen from Figure 2 that the PCB starts 
decomposing around 2700C in both the atmospheres. The overall 
mass loss was found to be around 28 and 29% in inert and air 
atmosphere respectively but the decomposition reaction ceases 
by 600 0C in air atmosphere while the degradation is seen even 
at 1000 0C in inert atmosphere. The observed mass loss data (28 
-29%) for PCB matches well with the reported data (27-30%) of 
other researchers [5,21]. The presence of free carbon is suggested 
due to the decomposition of organic compounds which leads to 
exothermic reaction (Figure 3) in the temperature region of 420 
-590 0C in air atmosphere due to the oxidation of carbon and thus 
resulting in the stable product by 600 0C in air environment. Also, 
it can be seen from Figure 2 that mass loss at 650 0C is 17.8% while 
it is 16.8% at 930 0C in air which suggests the metal oxidation 
in the residue above 650 0C. This process of oxidation has been 
confirmed by the exothermic peak in the temperature region of 
650-700 0C on DTA curve recorded for air atmosphere as shown in 
Figure 2. The heat effects can clearly be seen in Figure 3, depicting 
the DTA curves in different atmospheres. DTA curve recorded in 
inert atmosphere shows the endothermic heat effects (320 -525 
0C, 525-795 0C) due to the pyrolytic degradation of compounds as 
the prominent process. It should be noted that depending on the 
environment, the decomposition mechanism might be different 
but environmental conditions are not contributing significantly 
on the overall thermal decomposition of the compound as 
total mass loss difference is only 1% in the two environments. 
Simultaneously recorded Gram Schmidt curves are given in Figure 
4 where we can see that PCB decomposes in four major steps 
in both the environments. The evolved gas analysis for air and 

inert atmospheres can be seen in Figure 5 & 6 respectively which 
depict the Gram Schmidt curve along with the corresponding 
extracted FTIR spectra. The first evolution of gases is seen at 
2820C corresponding to CO2 in air while first notecible evolution 
of gases was observed at 3790C in inert atmosphere having the 
wave numbers ~750, 1174, 1261 and 3643cm-1 which could not 
be identified as a specific volatile compound / gas but suggests the 
presence of alcohols as volatiles. The presence of 1174 & 1261cm-

1 may correspond to C-O strech and 3643cm-1 to O-H streching 
vibrations in alcohols [22]. Also, the presence of wavenumber 
~750cm-1 may be because of C -X streching vibrations where 
X represents the halides like Cl or Br and hence suggests the 
presence of alkyl halides [23]. The nature of evolved gases is 
almost similar in both the environments except the presence of 
carbon monooxide which was observed as major evolving gas at 
480 0C in air besides the presence of H2O, CO2 and free hydroxyl 
group. The presence of H2O and CO2 has been confirmed by the 
presence of H-O-H and O-C-O bending vibrations at 1530cm-1 and 
660cm-1 respectively and asymmetric streching vibrations for H2O 
and CO2 at 3650cm-1 and 2354cm-1 respectively [24]. The presence 
of CO at 480 0C was confirmed in air atmosphere through the C 
= O streching at 2140cm-1 [25]. Long and coworkers [19] also 
reported the presence of CO as major evolved gas at 500 0C during 
microwave heating besides the presence of CO2 as major evolved 
gas component and suggested that it may be due to decomposition 
of epoxy group and calcium carbonate fillers in the polymer. We 
could not observe the presence of CO during microwave heating 
as the temperature was well below 500 0C. The presence of 
terminally bound hydroxyl groups at 4800C is being suggested 
due to the presence of 3730cm-1. Finnie and coworkers have 
reported [26] two types of coordinated H2O and both terminally 
bound and bridging hydroxyl groups have been identified by the 
temperature-dependent behavior of their corresponding O-H 
stretching modes and the terminally bound hydroxyls have been 
identified as (ν(OH)) 3730cm-1), Beyond 4800C only CO2 evolution 
was observed in both the environments. We can summarize that 
during resistive heating H2O, CO2, CO, free hydroxyl were the 
major evolved gases up to 4800C in air and beyond that CO2 was 
the only evolved gas. Presence of alkyl halides and alcohol is being 
suggested as minor volatiles below 4000C. The evolved gases were 
collected and analyzed using GC-MS for the PCB sample which 
was subjected to microwave heating and CO2 was found as major 
volatile while acetone, acetylene and oxetane were identified as 
minor volatile components besides one unidentified component. 
Presence of these volatile components have been confirmed on 
the basis of m/e ratio and retention time and matching with the 
standard mass spectra library. Mass spectra can be seen from 
Figure 7-10 are corresponding to the observed mass spectra of 
various gases present in the sample. The observed retention times 
are as CO2 (2.35min.), acetylene (4.13min.), acetone (2.35min.) 
and oxetane (8.45min.).
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Figure 2: TG curves in air and inert atmospheres..

Figure 3: Simultaneously recorded DTA curves in air and inert atmospheres

Figure 4: Simultaneously recorded Gram Schmidt curves in air and inert atmospheres.
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Figure 5: TG curves in air and inert atmospheres..
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 Figure 6: Simultaneously recorded Gram Schmidt curves with corresponding extracted FTIR spectra in inert atmosphere..

Figure 7: Mass specta of evolved CO2 (2.35min).
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Figure 8: Mass specta of evolved Acetylene (4.13min).

Figure 9: Mass specta of evolved Acetone (2.15min)..

Figure 10: Mass specta of evolved oxetane (8.45min).

SEM-EDS analysis was carried out on the PCB samples on 
the resistively (390 0C) and microwave (350 0C) heated sample 
residues as well as on the fresh sample and can be seen in the 
Figure 11-13 respectively. The untreated PCB sample showed the 
presence of Pb and Sn as major constituents (Figure 13) while we 
could not see the presence of Pb in the resistively heated residue 
(Figure 11). The microwave heated residue showed the presence 
of Pb and Br as major constituents (Figure 12). These results 
match with the evolved gas analysis results where the presence 
of alkyl halides was suggested. Besides the presence of Pb and 
Br, the other major constituents of the residues were found as 

Si, Al, Ca, Mg, Ba, O and Sb, Cl, S as minor constituents (Figure 
11 & 12). P Kumar and cowarkers [4] analyzed the PCB residue 
using solution route through ICP-OES detection and showed the 
presence of Si, Pb, Sn, Sb, Cu, Ca, Al as major elements. A few of 
the biggest advantages of solid state route characterization over 
solution route is the need of large amount of sample, complex 
time consuming dissolution processes and absence of the blank. 
P. Evangelopoulos and coworkers [27] have reported that the 
relatively high content of bromine present in PCB compared 
with the low concentration of chlorine and low concentration in 
antimony indicates that the brominated flame retardants (BFRs) 
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have been used for manufacturing these PCBs. The presence of Sb 
and Cl as minor analytes and Br as major analyte can be seen in 
Figure 12 which indicates the similar findings as reported by P. 
Evangelopoulos and suggest [27] the application of brominated 
flame retardants in our PCB samples. It was observed during 
SEM mapping that Sn has been retained in the residue having Cu 
which confirms the formation of Cu-Sn alloy during microwave 
heat treatment. We can observe from Figure 11 & 12 that the 
surface morphology of the microwave treated residue changed a 
little while more damage was observed in the resistively treated 
residue. This difference may be partially because of temperature 
difference between the two types of heating and partially because 
of different heating process as in the case of microwave heating 

the heat propogates from inside out while it is the other way for 
resistive heating. In order to understand the exact mechanism, 
further investigations are required. Present studies clearly 
indicate that e waste can certainly not be disposed off by land 
filling without prior processing as it contains certain heavy and 
toxic metals like Pb which may cause hazardous impact on soil 
and natural water bodies. Also, evolution of gases like bromine, 
CO, CO2 may cause environmental pollution. It has also been 
observed that resistive heating as well as microwave heating 
result in similar type of residue so it may be beneficial to use 
microwave heating for waste disposal due to its high efficiency in 
comparison to resistive heating. 

Figure 11: SEM – EDS of PCB residue at 390 0C in inert atmosphere using resistive heating.
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Figure 12: SEM – EDS of PCB residue at 350 0C in inert atmosphere using microwave heating.
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Figure 13: SEM – EDS of PCB sample.

Conclusion
Present work successfully demonstrates the application of 

solid-state route for the characterization of e -waste. The major 
constituents in the PCB residue were obtained as Pb, Sn, Ca, Cu, 
Mg, while bromine, moisture, carbon mono and dioxide were 
found as major volatiles. The studies may be concluded as the 
preprocessing of e waste is essential before its disposal at land 
filling sites otherwise the presence of toxic heavy element like Pb 
may pose serious environmental implications. Also, proper care 
must be taken before releasing the volatiles to the environment 
otherwise the volatiles like bromine, carbon mono oxide etc. will 
result in environmental pollution. As the nature of volatiles and 
metallic constituents remain same in resistive and microwave 
heat treatment hence microwave heating may be preferred over 
the conventional resistive heating due to its high efficiency and 
less time consumption. 
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