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Abstract

We conducted thermal tests using the reagent tetrabromobisphenol A
(TBBPA) and various Pd compounds to study the chemical forms of Pd ob-
tained during the pyrolytic and oxidative decomposition of TBBPA. Thermal
testing was conducted in an electric furnace at temperatures of 280°C - 800°C
in an Ar or Ar-O, (5%) atmosphere for a heating period of 40 min. Scanning
electron microscopy-energy dispersive X-ray spectroscopy results revealed
that Pd bromide was formed in the mixture of TBBPA and PdO after heating
to 450°C in the Ar atmosphere. In addition, thermogravimetry-differential
thermal analysis showed that as the heating temperature was increased from
350°C to 730°C, weight loss occurred at a nearly constant rate, indicating that
Pd bromide decomposed in this temperature range.
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1. Introduction

Small electronic devices including mobile phones, laptop, digital cameras, and
game consoles are essential in our daily lives, and the demand for these products
is projected to increase. The increasing demand for small electronics will also
lead to an increase in the generation of waste electrical and electronic equipment
(WEEE). Approximately 4500 tonnes of WEEE is produced annually [1], and
this quantity is projected to increase as developing countries grow.

Circuit boards in WEEE are highly valuable, since they contain metals in-
cluding Cu, Ag, Au, and Pd [2] [3] [4]. Several metal recovery methods have
been proposed, including pyrometallurgy [5], hydrometallurgy [6] [7] [8], bio-
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technology [4] [9], and supercritical [10] [11] and high-voltage electrical pulse
methods [12]. In particular, pyrometallurgy has been commercialised because of
its potential for processing large volumes of materials [5]. From the perspective
of metal quality, waste circuit boards rank higher than ores [13] and are suitable
for recycling. However, they also contain flame retardants, which not only dam-
age the equipment because of the halogens present within but also adversely af-
fect metal recovery rates. Commonly used flame retardants include high impact
polystyrene, acrylonitrile-butadiene-styrene, and tetrabromobisphenol A
(TBBPA), with TBBPA being the most widely used.

The principal decomposition component in the thermolysis and pyrolysis of
TBBPA is HBr [8] [14]; however, many organic compounds such as phenols and
bromophenols are also formed [14]-[20]. The formation pathways [21] of poly-
brominated dibenzo-p-dioxins and dibenzofurans are still being studied.

Halogens are considered as aversive substances in metal recovery processes,
with chloride volatilisation as an example of its positive use. By exploiting the
chlorination reaction of metals [22] [23] [24], metal recovery can be in an ener-
gy-efficient manner; similarly, the bromination reaction of metals [25] can also
be used. Basic information regarding the bromination reaction of metals is
needed to increase the rate of metal recovery from waste circuit boards and pre-
vent unintentional loss, and studies have been conducted using thermodynamic
calculations [26]. Experimental quantitative analysis regarding the bromination
behaviour of Zn has been conducted through thermal testing of samples con-
taining ZnO and TBBPA [27] [28] [29]. Similar studies have been conducted for
many other metals including PbO [30] [31], Fe,O, [31], Sb,0; [32], Cu [8], Ag
[8], Au [8], and electric arc furnace dust [33].

In this study, we prepared samples and conducted thermal tests to study the
chemical forms of metals observed during the thermal decomposition and com-
bustion of TBBPA. Mixtures of TBBPA and Pd were prepared, and the TBBPA
decomposition behaviour was studied by analysing the C and Br concentrations
in solid samples and HBr emissions in the exhaust gas after thermal testing. In-
vestigation of the chemical forms of Pd was primarily based on the results of
crystal structure analysis using X-ray diffraction (XRD) and scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) elemental map-

ping images.

2. Experimental

2.1. Samples

The reagents Pd, PdO, PdBr,, and TBBPA (C,;H,,Br,0,) were used to prepare
the test samples. Sample mixtures of Pd and TBBPA and PdO and TBBPA were
prepared in weight ratios of PA:TBBPA 1:10.22 and PdO:TBBPA 1:8.89, respec-
tively, and were subjected to thermal testing in an electric furnace. Granular
samples were fabricated by subjecting the pulverised mixtures to a pressure of 12

MPa for 30 min to form shapes with dimensions of ¢ = 5 mm and h = 21 mm. In
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this study, the two prepared mixtures were referred to as Pd + TBBPA and PdO
+ TBBPA.

2.2. Thermogravimetry-Differential Thermal Analysis
Measurements

Thermogravimetry-differential thermal analysis (TG-DTA) measurements of the
sample mixtures were also performed (Rigaku Co., Ltd. Thermo Plus TG 8120
analyser). First, a 10 mg sample was packed in a 2.5-mm-diameter alumina boat
and heated from room temperature to 1000°C at a rate of 10°C/min under a He

or an Ar-O, (5 mol%) environment at 100 mL/min.

2.3. Thermal Testing in Electric Furnace

Figure 1 shows the schematic of the thermal testing equipment. Briefly, 2 g of
each sample (4 granular samples) was packed in an alumina boat and placed at
the end of a quartz reaction tube. Simultaneously, gas was passed through the
reaction tube, and the electric furnace (Koyo Thermo Systems Co. Ltd. KTF
035N) was heated to a given temperature. Once the rising temperature process
was completed, the alumina boat was moved to the centre of the reaction tube
and heated for 40 min. The heating temperature was set at 280-800°C, the gas
used was Ar or Ar-O, (5 mol%), and the gas flow rate was set to 100 mL/min.
The exhaust gases emitted during the thermal test were collected in scrubbed

bottles filled with 100 mL ultra-pure water and hexane.

2.4. Quantification of Pd, Br, and C in Solid Samples

After the thermal testing, the granular samples were pulverised using an agate
mortar. Subsequently, 0.1 g of the pulverised sample and 20 mL of aqua regia
were placed in a Teflon container and sealed for dissolution by microwave radia-
tion (Analytic Jena Co., Ltd. TOPwave). Table 1 lists the sample decomposition
conditions. Once dissolved, the sample was filtered, and the filtrate was diluted
to 100 mL, following which Pd was quantified by inductively coupled plas-
ma-mass spectrometry (Perkin Elmer Co., Ltd. ELAN DRC-e).

Quantification of Br and C in the solid samples was performed using an or-
ganic halogen sulphur analysis system (Yanaco Co., Ltd. YHS-11) and a mi-
cro-corder (J-Science Lab Co., Ltd. JM10), respectively.

2.5. HBr Quantification

After the thermal testing, the reaction tube was rinsed with ultra-pure water.

Table 1. Sample decomposition process conditions—microwave decomposition equip-

ment.
Temperature (°C) Heatup time (min) Holding time (min) Pressue (bar)
1st step 140 15 10 50
2nd step 210 10 45 50
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Figure 1. Overview of thermal testing equipment.

Furthermore, the quartz wool was cleaned for 1 h under ultrasonication in ul-
tra-pure water. These cleaning fluids and ultra-pure water from the gas-scrubing
bottles were filtered and diluted to 200 mL for subsequent analysis. The Br in the
solution was quantified using ion chromatography (Dionex Co., Ltd. DX-120)

and converted into HBr.

2.6. Crystal Structure Analysis

The crystal structure of the solid samples was determined by XRD (Bruker Co.,
Ltd. D8 ADVANCE/L). Table 2 lists the XRD measurement conditions.

2.7. Elemental Mapping

Elemental mapping images of the sample surface were obtained using
field-emission SEM-EDS (JEOL Co., Ltd. JSM 7100F). In preparation for the
SEM observations, a cross-section polisher was used to apply an Ar-ion beam

sputter to the sample surface and expose the particle cross-sections.

3. Results and Discussion
3.1. Analysis of Pyrolytic and Oxidative Decomposition

Figure 2 shows the TG curves of the Pd + TBBPA and PdO + TBBPA samples
and of the reagents PdO, PdBr,, and TBBPA in a He atmosphere. At 200°C, rap-
id weight loss was observed for the Pd + TBBPA sample, with the weight loss
rate reaching 64% at 310°C. Since this weight loss behaviour was virtually iden-
tical to that of TBBPA in this temperature range, it was believed that TBBPA vo-
latilisation or decomposition occurred. The weight loss rate at 310°C - 560°C
was 6.0%. Because the weight loss behaviours for PdO and PdBr, were different,
this loss was probably caused by another compound. A small weight loss was al-
so observed at 560°C - 690°C, but hardly any change was observed above 690°C,
with a total weight loss rate of 69% achieved by the end of the test. For the PdO
+ TBBPA sample, the weight loss rate was 33.9% when the temperature was in-
creased to 310°C. In this temperature range, the weight loss behaviour was simi-
lar to that of the Pd + TBBPA sample. However, from 350°C to 730°C, weight
loss occurred at a nearly constant rate, differing substantially from the behaviour
of the Pd + TBBPA sample. Furthermore, this weight loss behaviour did not
correspond to those of the other two reagents (PdO and PdBr,) in this
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Figure 2. TG curves of Pd + TBBPA and PdO + TBBPA samples and of PdO, PdBr,, and
TBBPA in He atmosphere.

Table 2. XRD measurement conditions.

Voltage (kV) 40
Current (mA) 40
start angle (deg.) 10
stop angle (deg.) 80
step angle (deg.) 0.02

temperature range. The total weight loss at 730°C was 70.3%, almost identical to
that of the Pd + TBBPA sample.

Figure 3 shows the TG curves of the Pd + TBBPA sample in Ar-O, and He
atmospheres, and the same comparison is made for the PAO + TBBPA sample in
Figure 4. The TG curves for the Pd + TBBPA sample were nearly identical, and
no major atmospheric-induced differences were observed. In addition, the TG
curves were consistent for the PdO + TBBPA sample up to 470°C. Subsequently,
the mass of the sample gradually decreased until 730°C in the He atmosphere
and rapidly decreased until 590°C in the Ar-O, atmosphere, and remained near-

ly constant afterwards, although slight rises and falls were observed.

3.2. Pd Bromination Accompanying TBBPA Decomposition
3.2.1. Solid/Gas Distribution of Pd, Br, and C

1) Ar atmosphere

The mass balance of Pd, C, and Br before and after heating is shown in Figure
5(a) for the Pd + TBBPA sample and in Figure 5(b) for the PdO + TBBPA sam-
ple. For the Pd + TBBPA sample, Pd volatilisation through heating was not ob-
served. Considering the TG results (Figure 2) and the initial Pd content of 28
wt%, it could be inferred that the main residue in the sample at temperatures
over 690°C was Pd. However, the balance of C and Br was different from that of
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Figure 3. TG curves of Pd + TBBPA and PdO + TBBPA samples and of PdO, PdBr,, and
TBBPA in He atmosphere.
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Figure 4. TG curves of PdO + TBBPA sample in Ar-O, and He atmospheres.
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Figure 5. Pd, C, and Br mass balances before and after heating for (a) Pd + TBBPA and
(b) PAO + TBBPA samples in Ar atmosphere.
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Pd. The residual rates of C in the solid samples decreased with increasing tem-
perature and the values were 89.3%, 44.3%, and 25.5% at 280°C, 450°C, and
780°C, respectively. For Br, the residual rate was 96.1% at 280°C, which de-
creased to 0.49% at 450°C, and by 780°C, Br had completely volatilised.

For the PdO + TBBPA sample, 13.0% Br residual content was observed at
450°C, which was higher than the 0.49% content observed in the Pd + TBBPA
sample. The Br volatilisation rate slowed down because of the presence of PdO,
and it was surmised that decomposition occurred after Pd bromide was pro-
duced.

2) Ar-O, atmosphere

Pd, C, and Br balances before and after heating are shown in Figure 6(a) for
the Pd + TBBPA sample and in Figure 6(b) for the PAO + TBBPA sample. The
Br volatilisation rate in the Pd + TBBPA sample at 280°C was significantly high-
er than that in the Ar atmosphere. No other atmospheric-induced differences

were observed.

3.2.2. TBBPA to HBr Conversion Ratio

1) Ar atmosphere

Figure 7 shows the relationship between the heating temperature of the Pd +
TBBPA and PdO + TBBPA samples and their respective HBr conversion rates.
The HBr conversion rate of the Pd + TBBPA sample was 2.5% at 280°C and in-
creased to 24.7% at 450°C. Because all Br in the solid sample volatilised at 450°C,
it was believed that HBr represented 25% of the chemical form of bromine, with
the remainder occurring as Br, or organ bromide compounds. The HBr conver-
sion rate was 25.6% at 780°C, nearly identical to that at 450°C. The HBr conver-
sion rate in the PAO + TBBPA sample at 280°C was low (0.7%), similar to that of
the Pd + TBBPA sample. However, not only were the rates higher than those for
the Pd + TBBPA sample, 63.7% at 450°C and 72.7% at 800°C, but they increased
as a function of temperature. This indicated that TBBPA thermal decomposition
differed substantially in the presence of Pd and PdO.
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Figure 6. Pd, C, and Br mass balances before and after heating for (a) Pd + TBBPA and
(b) PAO + TBBPA samples in Ar-O, atmosphere.
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Figure 7. Pd, C, and Br mass balances before and after heating for (a) Pd + TBBPA and
(b) PAO + TBBPA samples in Ar-O, atmosphere.

2) Ar-O, atmosphere

Figure 8 shows the relationship between heating temperatures of the Pd +
TBBPA and PdO + TBBPA samples and their respective HBr conversion rates.
The HBr conversion rates for the Pd + TBBPA sample were 1.4% and 30.7% at
280 and 450°C, respectively. The rate substantially increased to 67.2% at 780°C
(nearly twice) in an inert atmosphere. This indicated that when Pd was present,
oxygen in the atmosphere promoted HBr conversion in TBBPA.

The HBr conversion rates in the PdO + TBBPA sample were 51.6% and 57.4%
at 450 and 800°C, respectively, with higher values in the inert atmosphere under
identical temperature conditions. When PdO was present, HBr conversion rates
were lower than that in the inert atmosphere at temperatures greater than 450°C
due to the presence of oxygen, and the impact on Br, production was likely sub-

stantial.

3.2.3. Crystal Structure Analysis Using XRD

1) Ar atmosphere

Figure 9(a) and Figure 9(b) show the XRD patterns for the Pd + TBBPA and
PdO + TBBPA samples, respectively. For the Pd + TBBPA sample, at 280°C, in
addition to a clear Pd peak, peaks arising from TBBPA and its decomposition
products were observed in the 26 range 10.4° - 38.3". However, at 450°C and
higher, only Pd peaks were detected.

For the PdO + TBBPA sample, at 280°C, peaks originating from TBBPA de-
composition products could be observed at 20 = 14.0° and 22.7° - 24.1°. Fur-
thermore, both PdO and Pd peaks were detected. Since the thermal decomposi-
tion of PdO to Pd occurred at 750°C or higher (Figure 2), PdO reduction reac-
tions with TBBPA decomposition products occurred. The PdO peaks disap-
peared at 450°C and 800°C, and only Pd peaks could be confirmed.

2) Ar-O, atmosphere

DOI: 10.4236/eng.2018.104013

194 Engineering


https://doi.org/10.4236/eng.2018.104013

S. Kuzuhara, A. Sano

100

< 80 |

3

€ 60 | PdO+TBBPA
S

(7]

o 40 |

z Pd+TBBPA
3

v 20

o0

I

0 L L L

200 300 400 500 600
Temperature [°C]

700 800

Figure 8. Relation between heating temperature and HBr conversion rate in Pd + TBBPA

and PdO + TBBPA samples in Ar-O, atmosphere.
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Figure 9. XRD patterns of (a) Pd + TBBPA and (b) PdO + TBBPA samples in Ar atmos-

phere.

Figure 10(a) and Figure 10(b) show the XRD patterns for the Pd + TBBPA
and PdO + TBBPA samples, respectively. The peaks originating from the
TBBPA decomposition products and Pd were observed for the Pd + TBBPA
sample at 280°C. Similar to observations in the Ar atmosphere, only Pd peaks
were detected at 450 or 780°C. The XRD patterns of the PAO + TBBPA sample

were similar to those obtained in the Ar atmosphere, and no significant atmos-

pheric-induced differences were observed in terms of the chemical form of Pd.

3.2.4. Pd and Br Elemental Mapping
1) Ar Atmosphere
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Figure 10. XRD patterns of (a) Pd + TBBPA and (b) PdO + TBBPA samples in Ar-O,
atmosphere.

Figure 11(a) and Figure 11(b) show the SEM images and Pd and Br elemen-
tal mapping of the Pd + TBBPA and PdO + TBBPA samples, respectively, before
and after heating. Table 3 lists the semi-quantitative analysis results for Pd and
Br obtained by SEM-EDS. The presence of Pd and Br was clearly confirmed in
the Pd + TBBPA sample before heating and at 280°C, although the images did
not perfectly overlap. Br was believed to exist primarily in the form of an organic
compound, which was consistent with the XRD results (Figure 9(a)). However,
only Pd was observed at temperatures greater than 450°C.

For the PdO + TBBPA sample, at 280°C, no significant difference with respect
to the Pd + TBBPA sample was observed in the Pd and Br mapping images.
However, in addition to the comparatively high concentration of Br (7.3%) at
450°C, partial overlap of Pd and Br was observed. This suggested that Pd bro-
mide compounds were present, and that Pd bromination reactions occurred
between 280°C and 450°C. As shown in the TG curves (Figure 2), weight loss
occurred at a nearly constant rate between 350°C and 730°C, which was likely
caused by bromide decomposition. This was confirmed by the absence of Br at
800°C and the sole presence of Pd.

2) Ar-O, Atmosphere

Figure 12(a) and Figure 12(b) show the SEM images and Pd and Br elemen-
tal mapping images of the Pd + TBBPA and PdO + TBBPA samples, respective-
ly, before and after heating. Table 4 lists the semi-quantitative analysis results
for Pd and Br obtained by SEM-EDS. Similar to the results in the Ar atmosphere,
Pd and Br were present at 280°C, although the mapping images did not overlap.

Furthermore, no Br was observed at 450°C or 780°C.
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Figure 11. SEM images and Pd/Br elemental mapping images before and after heating for
(a) Pd + TBBPA and (b) PdO + TBBPA in Ar atmosphere.
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Figure 12. SEM images and Pd/Br elemental mapping images before and after heating for
(a) Pd + TBBPA and (b) PdO + TBBPA in Ar-O, atmosphere.

Table 3. Semi-quantitative analysis results for Pd and Br concentrations using SEM-EDS
in Ar atmosphere.

Pd (wt%) Br (wt%)
Before Heating 48 10
280°C 49 4
Pd + TBBPA
450°C 27 0.05
780°C 32 0.07
Before Heating 41 9.3
280°C 30 30
PdO + TBBPA
450°C 32 7.3
800°C 33 0.15

Although Pd and Br were present up to 280°C in the PdO + TBBPA sample,
no overlap of the mapping images was observed. The Br concentration was 5.0%
at 450°C, but no areas were observed with a clear overlap of Pd and Br mapping
images. As in the inert atmosphere, only Pd was detected at 800°C.
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Table 4. Semi-quantitative analysis results for Pd and Br concentrations using SEM-EDS
in Ar-O, atmosphere.

Pd (wt%) Br (wt%)

Before Heating 48 10

280°C 48 1.4

Pd + TBBPA

450°C 64 0.4

780°C 61 0.14
Before Heating 41 9.3

280°C 16 36

PdO + TBBPA
450°C 34 5.0
800°C 50 0.26

4. Conclusions

In this study, thermal testing of TBBPA and Pd/PdO mixtures (Pd + TBBPA and
PdO + TBBPA) was conducted to study the chemical form of Pd obtained dur-
ing TBBPA pyrolytic and oxidative decomposition and combustion.

In the pyrolytic test of the Pd + TBBPA sample, Pd bromination did not oc-
cur. Furthermore, Pd primarily existed as a metal, regardless of the temperature
conditions or the presence of oxygen. In the PdO + TBBPA sample, SEM-EDS
indicated that Pd bromide was present in the solid samples obtained in an Ar
atmosphere at 450°C. The absence of Pd bromide at 280°C suggested that the
bromination reaction occurred at 280°C - 450°C. Weight loss occurred at an al-
most constant rate, as indicated by TG-DTA, between 350°C and 730°C, indi-

cating that Pd bromide decomposed in this temperature range.
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