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a b s t r a c t

The mechanism and kinetics of the spontaneous decomposition of 2,2-bis(bromomethyl)propan-1,3-diol
(DBNPG) and its decomposition daughter products were determined in aqueous solution at a tempera-
tures range between 30 and 70 �C and pH from 7.0 to 9.5. DBNPG decomposition in basic aqueous
solutions involves release of bromide ions through a sequential formation of 3-bromomethyl-3-hydrox-
ymethyloxetane (BMHMO) and 2,6-dioxaspiro[3.3]heptane (DOH). DBNPG decomposition into BMHMO
is a two-stage reaction. The first stage is an acid/base equilibrium, in which an alkoxide is formed. In
the second stage, DBNPG predominantly undergoes an intramolecular nucleophilic substitution to form
the BMHMO. The transformation rate increases with the pH and the energy barrier for the degradation is
98 kJ mol�1. Good agreement was found between the rate coefficients derived from variations in the
organic molecules concentrations and those determined from the changes in the Br� concentration.
DBNPG is one of the most abundant pollutants in a studied polluted aquitard underneath industrial park
in the northern Negev, Israel, and together with its by-products pose an environmental hazard. DBNPG
half-life is estimated to be about 65 years. This implies that high concentrations of DBNPG will persist
in the aquifer long after the elimination of all its sources.

� 2010 Published by Elsevier Ltd.

1. Introduction

2,2-bis(bromomethyl)propan-1,3-diol, or as it is known com-
mercially dibromoneopentyl-glycol (DBNPG), is regulated by the
US environmental protection agency (EPA) under the toxic sub-
stances control act (TSCA). This compound has been defined as car-
cinogenic and has been shown to be mutagenic in bacteria (Zeiger
et al., 1992). DBNPG is used mainly as flame retardant in plastics
where its high solubility in organic solvent (825 g L�1 in acetone
and 70 g L�1 in benzene) makes it especially useful (Material safety
data sheet; MSDS, 1999).

The EPA included DBNPG in its 1990 list of high-production-vol-
ume chemicals, indicating that in the US, at least 4 � 109 tons of
this chemical had been used. The EPA’s report (EPA, 1983) refers
to it as a compound that is anticipated to last in water for long
periods of time. The Japanese Ministry of International Trade and
Industry (MITI) test has shown that DBNPG is not readily biode-

gradable [3–33% by Biochemical Oxygen Demand (BOD) after
28 d] (Chemicals and Testing Institute, 1992). Recent study that
used contaminated soil from the studied aquitard showed the bio-
degradation of DBNPG under aerobic conditions (Segev et al.,
2007). Under enhanced aerobic conditions DBNPG demonstrated
complete mineralization after 58 d. The relatively good resistance
to biodegradation along with its relatively high solubility in water
(20 g L�1) are probably the main reason for DBNPG’s wide distribu-
tion in aqueous environments (Chemicals and Testing Institute,
1992; Ezra, 2005).

The groundwater in the fractured Eocene chalk aquitard under-
lying an industrial complex in the Negev desert, Israel, is contam-
inated by numerous volatile and non-volatile organic compounds
and heavy metals. Among the enormous variety of organic contam-
inants found, DBNPG is one of the dominant semi-volatile
contaminants.

In the last three decades extensive efforts have been devoted
in order to determine the pathways and rates of decomposition
of halogenated alkanes and alkenes in aqueous solutions (Burlin-
son et al., 1982; Bouwer and McCarty, 1983; Schwarzenbach
et al., 1985, 2003; Vogel and Reinhard, 1986; Cooper et al.,
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1987; Ellenrieder and Reinhard, 1988; Barbash and Reinhard,
1989; Jeffers et al., 1989, 1996; Jeffers and Wolfe, 1996; Pagan
et al., 1998; Ezra et al., 2005; Furey et al., 2008). Nucleophilic
substitution and 1,2-elimination are usually considered the major
chemical degradation pathways for these compounds. DBNPG
cannot undergo 1,2-elimination due to its lack of b-hydrogen
atoms. Its transformation in basic solutions involves intramolec-
ular nucleophilic substitution and the so-called 1,4-elimination
(Searles and Gortatowsky, 1953; Searles et al., 1960; Abdun-
Nur and Issidorides, 1962). The ratio between these two path-
ways depends on the nature of the solvents. The kinetics of these
transformations has not been studied, and the available data in
the literature do not allow an estimation of DBNPG half-life un-
der environmental conditions. Considering the alkaline pHs that
characterize the Eocene aquitard, the chemical transformation
processes should be even more pertinent in our case than in less
alkaline environments.

The present study describes the hydrolysis pathways and the
kinetics of DBNPG and its daughter product, BMHMO, in aqueous
alkaline solution, and estimates their half lives in the studied con-
taminated groundwater in chalk aquitard.

2. Methods

2.1. Experimental setup

Batch experiments were carried out in 500 mL glass bottles, at
constant temperature of 30, 50 or 70 ± 0.2 �C, and a pH between
6.8 and 9.9 (Table 1). Experimental mixtures were prepared using
1000 mg L�1 DBNPG, 98% purity (Sigma), KH2PO4/Borax or NaOH/
Borax buffer solution (reagent grade, BDH) (Dean, 1985) and dou-
ble-distilled water (DDW). In the experiments held at 30 �C and pH
8.07, the estimation of the kinetics constant was based on four
batches with different initial concentrations of DBNPG, 1000,
750, 500 and 250 mg L�1. The pH values measured in these exper-
iments were 8.05, 8.06, 8.07 and 8.07, respectively.

2.2. Analytical methods

2.2.1. Extraction preparation
For the Gas Chromatograph Flame Ionization Detector (GC–FID)

a 10 mL of filtered experimental solution was passed by vacuum
through an EnviTM-18 Tube (Supelco) that had been previously
washed with dichloromethane (DCM) and conditioned with 2 mL
methanol followed by 2 mL DDW. The tubes were dried for
20 min under vacuum. The dried tubes were extracted with 2 mL
DCM; 5 lL of an internal standard solution of biphenyl and diphe-
nyl ether, 25 g L�1, was added to the extract. The extract solution
was concentrated to 0.5 mL under a weak flow of dry nitrogen.

In the case of preparation for the Gas Chromatograph Electron
Capture Detector (GC–ECD) Analysis 1 mL of nitric acid (15%) was
added to 5 mL of the filtered solution. As in the extraction for the
GC–FID, the mixed solution was passed by vacuum through an En-
viTM-18 Tube that had been previously conditioned with 2 mL
methanol followed by 2 mL DDW. The tubes were dried for
20 min under vacuum and extracted with 2 mL methanol. Internal
standards 2,4,6-trichlorophenol and 1-bromooctane were added,
and the extract solution was concentrated to 0.5 mL under a weak
flow of dry nitrogen.

The preparation for the Nuclear Magnetic Resonance (NMR) in-
cluded: 300 mL of each sample were mixed with 15% D-chloroform
and shaken for 5 min. After reaching fluid separation, the solvent
was removed using a separation funnel. This process was repeated
three times to ensure sufficient extraction. The extracted fluid was
dehydrated with anhydrous magnesium sulfate and the organic
solvent was initially concentrated by evaporator and subsequently
by a weak flow of dry nitrogen, to a volume of 1 mL.

2.2.2. Analysis of organic compounds
A 1 lL sample of the extract was injected into a Hewlett Packard

(HP) 5890 equipped with an FID and ECD detector and an HP-5
fused silica column (30 m, 0.32 mm i.d., 0.25 lm film) and HP-5
MS (30 m, 0.32 mm i.d., 0.25 lm film) connected to the FID and
ECD, respectively. The injector and the detector were held at

Table 1
The conditions and the kinetic coefficients calculated from the experiments.

Temperature (�C) Buffer concentration pH kDB(obs)/s�1 (Eq. (7)) R2
(Eq. (7)) kDB(obs)/s�1 (Eq. (5)) kBM(obs)/s�1 R2

(Br)

70 0.025Ma 9.46 1.72 � 10�5 0.9994 1.57 � 10�5 3.51 � 10�6 0.9978
0.031Mc

0.051Ma 8.86 6.87 � 10�6 0.9885 6.07 � 10�6 3.43 � 10�6 0.9988
0.036Ma 8.41 3.94 � 10�6 0.9939 3.67 � 10�6 2.21 � 10�6 0.9991
0.030Mb

0.025Ma 7.60 1.43 � 10�6 0.9950 9.64 � 10�7 0.9928
0.065Mb

0.018Ma 6.82 5.03 � 10�7 0.9939 4.37 � 10�7 6.14 � 10�7 0.9961
0.065Mb

50 0.025Ma 9.62 7.45 � 10�7 0.9987 2.35 � 10�7 0.9983
0.031Mc

0.051Ma 9.06 3.17 � 10�7 0.9973 2.17 � 10�7 0.9992
0.036Ma 9.04 3.12 � 10�7 0.9945 2.01 � 10�7 0.9988
0.030Mb

0.025Ma 8.54 2.13 � 10�7 0.9988 1.7 � 10–7 0.9987
0.065Mb

0.018Ma 7.70 7.33 � 10�8 0.9917 1.02 � 10�7 0.9984
0.065Mb

30 0.025Ma 9.86 2.13 � 10�8 0.9970
0.031Mc

0.051Ma 9.26 1.10 � 10�8 0.9979
0.025Ma 8.07 4.83 � 10�9d 0.9520
0.065Mb

a Borax.
b KH2PO4.
c NaOH.
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