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Abstract

2-Bromophenol was reacted in aqueous sodium hydroxide at 200€25the decomposition
rate was remarkably faster at 280 than at 225 or 200C, and the percentage debromination
reached almost 100% in 1M NaOH at 28D for 4h. The percentage increased with NaOH
concentration over the range 0.1-1 M. Aliphatic compounds, such as 2,2-dimethoxypropane and
4-hydroxy-4-methyl-2-pentanone, and aromatic compounds, such as phenol and cresol, were formed
as decomposition products. The formation of carboxylic acids, such as formic, acetic, and propionic
acids, in the presence of oxygen was also confirmed. Under a nitrogen atmosphere, the oxidation
caused by oxygen in solution was suppressed and hydrolysis became the dominant reaction in the
decomposition of 2-bromophenol.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Brominated organic compounds are used as flame-retardants; however, like chlorinated
organic compounds, some behave like environmental contamida2itsThese compounds
bioaccumulate because they are persistent and lipid soluble.

The plastics in printed circuit boards include brominated flame-retardants, which con-
taminate the cracked distillate formed by the thermal decomposition of these plaséts
It is important to develop ways to decontaminate the oily matter formed in this thermal
decomposition process by debrominating these bromophgfjols

* Corresponding author. Teh:81-22-217-7212; fax+81-22-217-5875.
E-mail addressmiho@env.che.tohoku.ac.jp (M. Uchida).

0304-3894/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0304-3894(03)00206-1



232 M. Uchida et al./ Journal of Hazardous Materials A101 (2003) 231-238

Methods of decomposing bromophenols in aqueous solution have been investigated,
and include photolysi$8], radiolysis[9], and ultrasonic irradiatiofil0]. Jahnke et al.
[11] studied the hydrolysis of monobromobenzene in supercritical water as a model of the
flame-retardants in printed circuit boards.

This study examined the decomposition of 2-bromophenol, which is the thermal degrada-
tion product of the flame-retardant in circuit boards, in high-temperature aqueous alkaline
solution, and the conversion of the products into useful organic compounds.

2. Materials and methods

2-Bromophenol (98%) was obtained from Aldrich Chemical Co. Analytical grade NaOH,
and 1000-times condensed methanol and acetone were obtained from Kanto Chemical Co.
All solutions were prepared from freshly distilled, deionized water from a MILLIPORE
QIl system, with a specific resistance of 18&\m.

The reaction tube was a sealed tube (8 mm outer diameter, 3 mm inside diameter, 70 mm
length, 0.47 ml unobstructed capacity) made of nickel with an SUS316 swedgelock as a
cap. The sealed tube was heated in a drying oven.

The reaction solutions consisted 0of 0.1, 0.5, and 1 M NaOH and 5-50 mM 2-bromophenal,
and 0.2 ml of solution was added to the reaction tube. The reaction tube was placed in an
aluminum block preheated to the test temperature. Time 0 h was when the sealed tube was
placed in the aluminum block. After a predetermined time, the sealed tube was removed
and cooled in water immediately. The bromide ion concentration was measured using ion
chromatography (DIONEX QIC), after the reaction solution had been removed from the
sealed tube and diluted in a specified volume. Organic acids, such as formic, acetic, and
propionic acids, were also analyzed with ion chromatography. Dissolved oxygen was re-
moved from the reaction solution by purging with nitrogen gas into the tube in a globe pack
under a nitrogen atmosphere. Some of the reaction solution was extracted by solid-phase
extraction. Qualitative and quantitative analyses of the components of the extract, such as
alcohols and esters were done with GC/MS (GC; Hewlett-Packard HP6890, HP-5MS, 30 m,
MS; HP5973) and GC/ECD (Hewlett-Packard HP6890, HP-1, 30082 mmx 0.25um
film thickness column®3Ni ECD).

The solid-phase extraction used a polystyrene solid phase cartridge (GL Science Co.
GL-Pak (PLS-2), column size 500 mg/6 ml). The cartridge was conditioned with 5ml of
acetone, 10 ml of acetone:methanol (1:1; v/v), and 10 ml of deionized water. The cartridges
were not allowed to dry out and the water was passed through at a constant flow rate. Then,
the cartridge was dried for 15 min by air suction and eluted with 10 ml of acetone:methanol
(1:1; viv). The extract was condensed by purging it with nitrogen gas as required.

3. Resultsand discussion
3.1. Effect of temperature

The results of the decomposition of 2-bromophenolin 0.5 M aqueous NaOH at 2005250
are shown irig. 1 At 200-250°C, about 10% debromination occurred after a 1 h reaction.
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Fig. 1. Time-course of debromination percentage at various temperatures. Initial concentration of 2-bromophenol:
5mM, concentration of NaOH: 0.5 M. Temperatut€}: (@) 200; (A) 225; (@) 250.

At 200°C, increasing the reaction time had no effect on the percentage debromination. At
250°C, however, the reaction time had a greater effect, and the percentage debromination
reached almost 100% after 5 h. Increasing temperature had a positive effect on debromina-
tion.

3.2. Effect of NaOH concentration

Fig. 2 shows the effect of NaOH concentration on the debromination percentage of
2-bromophenol at 250C. The debromination percentage was about 92% in 1M NaOH
for 3h and about 70% in 0.5M NaOH for 3h. This suggests that debromination in-
creases with NaOH concentration. However, the effect of NaOH concentration was not as
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Fig. 2. Time-course of debromination percentage at various NaOH concentrations ‘& 25d an initial
2-bromophenol concentration of 5mM. Initial concentration of NaOH (M) 0.1; (A) 0.5; () 1.0.
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Fig. 3. GC/MS total ion chromatogram of the solid-phase extract of 50 mM 2-bromophenol solution reacted in
1M NaOH at 250C for 3 h.

remarkable as that of temperature. The reaction may not simply involve the substitution
of an OH-group for a Br-group; it may be tied to simultaneous oxidative decomposition
due to oxygen in the vapor phase in the reactor vessel and dissolved oxygen in solu-
tion.

3.3. Identification of products

The GC/MS total ion chromatogram of the solid-phase extract of the reaction of 50 mM
2-bromophenolin 1 M NaOH at 25 for 3 h is shown irFig. 3. The formation of aliphatic
compounds, such as 2,2-dimethoxypropane (R.T.: 1.8 min) and 4-hydroxy-4-methyl-2-
pentanone (R.T.: 3.8 min), and aromatic compounds, such as phenol (R.T.: 5.5min) and
cresol (R.T.: 6.6 min), were confirmed. The chromatogram also detected weak formation of
hexanal (R.T.: 3min), methoxybenzene (R.T.: 4.5 min), ethyl hexanal (R.T.: 6.2 min), ben-
zaldehyde (R.T.: 6.5 min), and ethyl acetophenone (R.T.: 10 min). When ethyl ester was used
to elute the solid-phase extract, the generation of benzene and 2tisyi-methylphenol
were confirmed. Some of these products are the expected products of an alkali hydrothermal
reaction with halogenated aromatic compounds, such as 2-chlorophenol and chlorobenzene
[12].

In 1 M NaOH at 250C, the reaction solution showed pink for a 4 h reaction and turned
dark brown by 5h. The pink color is thought to originate from semiquinone, which is
an intermediate in the oxidization of dihydroxybenzene to benzoquifi3jewhile the
dark-brown color is produced by-benzoquinongl4]. Benzoquinone is unstable; these
solutions become colorless when they are left for a few days.

Mono-halogenated phenols are oxidized to dihydroxybenzenes, such as catechol and
hydroquinone, and then they are further oxidizepHmenzoquinongl5,16]. Itis postulated
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Fig. 4. UV-Vis absorption spectra of the reaction solution of 0.1 mM 2-bromophenol in 0.1 M NaOH a€250
for 3 h and alkaline solutions of various reagents.

that dihydroxybenzene is formed as a reaction product in this study, because 4-hydroxy-4-
methyl-2-pentanone, which is formed in the hydrothermal reaction of resorcinol in alkaline
solution, is also formed.

Fig. 4 shows the UV-Vis absorption spectra of the products of the reaction of 0.1 mM
2-bromophenolin 0.1 M NaOH at 25C for 3 h, and of catechol, hydroquinone, and benzo-
guinone in alkaline media. The reaction solution had absorption peaks at 235 and 280 nm.
While 2-bromophenol produces an absorption peak at 235nm, 2-bromophenol, benzo-
quinone, catechol, and hydroquinone do not produce a peak at 280 nm. This absorption
peak may result from the formation of a tri-substituted benzene, in which a Br or OH-group
replaces a dihydroxybenzene hydrogen. When a Br of 2-bromophenol is replaced by an
OH-group in the hydrolysis reaction, the absorption peak of the solution should shift to
longer wavelengths due to the bathochromic effect. Since no such shift is observed, and if
anything, the absorption peak at 280 nm shifts to shorter wavelengths, the product may be
another compound.

From the confirmed intermediates, two primary pathways were suggested in view
of the similar results obtained with the decomposition of 2-chlorophéh@]. One
path is to produce phenol and cresols, and the other is to produce ring-opening products
by way of dihydroxybenzenes. Phenol and cresols may be produced with phenoxy rad-
ical which is promoted the dechlorimation of 2-bromophenol with NaOH. On the other
hand, dihydroxybenzens may be produced via hydrolysis of the C-Br bond by OH
and/or oxidation of 2-bromophenol with the oxygen in the reaction tube. Since more
organic acids, such as formic, acetic, and propionic acids, were formed than polycyclic
aromatic compounds, such as biphenyl, which was detected in previous studies of the
hydrothermal decomposition of halogenated aromatic compoyadsl8—20] the
oxidation reaction seemed to progress to a greater extent under the reaction condi-
tions.
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Fig. 5. Time-course of the percentages of debromination and residual 2-bromophenol ur{@r®) and air
(A, A). Initial concentration of 2-bromophenol: 50 mM, concentration of NaOH: 1 M.

3.4. Effect of dissolved oxygen

Low-molecular-weight aliphatic compounds were confirmed to form via a ring-opening
reaction of the aromatic ring, since oxidation by oxygen occurs simultaneously due to
the competition of dissolved oxygen in solution with the hydrolysis reaction. In order to
suppress this oxidation reaction, a solution was prepared in which the dissolved oxygen
was removed by purging the reaction solution with nitrogen gas. The time-course of the
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Fig. 6. GC/MS total ion chromatogram of the solid-phase extract of 50 MM 2-bromophenol reacted in 1 M NaOH
at 250°C for 3 h under a M atmosphere.
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percentages of debromination and residual 2-bromophenol in 1 M NaOH a€2458hown

in Fig. 5. Under air atmosphere, the percentage debromination was proportional to time up
to 4 h, when it reached about 90%. Under a nitrogen atmosphere, the percentage debromi-
nation reached about 50% at 1 h and almost 100% at 4 h. A similar result was seen for
the time-course of the residual percentage of 2-bromophenol determined quantitatively
with GC/ECD after solid-phase extraction of the reacted solution. These results suggest
that dissolved oxygen affects the debromination reaction of 2-bromophenol in alkaline
solution.

Fig. 6 shows the GC/MS total ion chromatogram of the solid-phase extract of 50 mM
2-bromophenol reacted in 1M NaOH at 25D for 3h under a W atmosphere. In com-
parison withFig. 3, the abundance of dimethoxypropane (R.T.: 1.8 min) was much lower.
Moreover, quantitative analysis of organic acids, such as formic, acetic, and propionic acids,
using ion chromatography, showed roughly one-third as much was formed under a nitro-
gen atmosphere as under air. Since these organic acids are the oxidation decomposition
products of benzoquinone, they may not be formed in the hydrothermal hydrolysis reac-
tion. Therefore, it seems possible to suppress the oxidation reaction by removing dissolved
oxygen.

4. Conclusions

To consider how to recover the oil formed by the thermal decomposition of printed circuit
boards, which contain brominated flame-retardants, the decomposition of 2-bromophenol
in high-temperature alkaline aqueous solution was examined.

The debromination percentage reached almost 100% in 1 M NaOH at2afier 4 h.
Aliphatic and aromatic reaction products were formed. In the presence of oxygen, oxida-
tion and hydrolysis reactions may occur competitively. Under a nitrogen atmosphere, the
oxidation due to dissolved oxygen was suppressed. This study provides evidence that the
debromination of 2-bromophenol occurs in high-temperature alkaline solution, and deter-
mined the reaction products under the experimental conditions.
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