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Short Report

Membrane Introduction Mass Spectrometry Applied to the Monitoring of Chloroform
Degradation by Hypochloride in Acidic Aqueous Medium
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A técnica MIMS (Membrane Introduction Mass Spectrometry) foi utilizada para investigar a
degradacao de cloroférmio em meio aquoso dcido por hipoclorito de sédio. Através dos resultados

experimentais uma sequéncia reacional para a degradag@o de CHCI, até CO, e HCI foi sugerida.
Além disso, foi também proposta a formagao de fosgénio (COCl,) como uma espécie intermedidria

em tais condi¢des experimentais.

Membrane Introduction Mass Spectrometry (MIMS) was used to investigate chloroform
degradation in acidic aqueous medium by sodium hypochloride (NaClO). From the experimental
results a reaction sequence for the complete degradation of CHCI, to CO, and HCI was suggested.
Furthermore, it was also proposed the formation of phosgene (COCI,) as a transient species under

these experimental conditions.
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Introduction

Membrane Introduction Mass Spectrometry (MIMS)!
has became one of the simplest, fastest, and sensitive
techniques for the analysis of volatile** and semi-volatile*®
organic compounds in water as well as in other matrixes
such as air and soil.”* In this technique volatile and semi-
volatile organic compounds permeate hydrophobic
membranes, usually polydimethylsiloxanes (PDMS),
preferentially to water and other polar substances.'*'
MIMS can be applied to real-time and in-situ
monitoring'*!¢!¥ of chemical processes, such as: (a)
conversion of chlorine to chloramines, an environmentally
relevant reaction;'*2! (b) chlorination of phenol and related
compounds, models of humic substances, by sodium
hypochloride;? (c) oxidation of benzene derivatives by
Fenton’s reagent;* (d) photolysis of aryl methyl ester in
aqueous and aqueous-methanolic solutions;** (e)
hydrolysis of epichlorohydrin, a significant compound in
the polymer industry;* (f) catalytic hydrodechlorination
of aromatic chlorides, an important process to treat
organochloro compounds.*

* e-mail: augusti@ufmg.br

Chloroform is a suspected bladder, rectum and liver
carcinogen agent in humans.”’ Because of that, several
studies have been performed in order to find a method for
removing chloroform from drinkable or waste water, with
a minimum environmental impact. Thus, the use of high®
or low-energy” electron beam process has been shown to
be an effective way to control chloroform in water treatment
stations. Another study involves the employment of a
promising photocatalytic decomposition using TiO,.***!
In an alternative approach, it was verified that chloroform
can be decomposed by an anaerobic bacteria,
Acetobacterium woodii, with excellent results.??
Furthermore, activated carbon has been employed to
eliminate chloroform from water owing to its high
adsorption efficiency.'

It is well-known that the degradation of organic material
by sodium hypochloride, commonly used in water
treatment stations, can produce chloroform as the final
product.” Thus, it is of high interest to verify if chloroform
itself could be degraded by hypochloride. Hence, in this
paper MIMS was used by the first time to monitor the
reaction between chloroform and sodium hypochloride in
acidic aqueous medium aiming to detect possible transient
species as well as to furnish significant mechanistic
information about such a process.
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Experimental

The chemicals (chloroform, sodium hypochloride) were
purchased from Merck and used without further purifi-
cation. The experiments were carried out on a HP 5989A 11
mass spectrometer equipped with a flow-through type
membrane probe mounted near to the ion source. The details
of the probe construction are described elsewhere.** A
250 um silicone membrane (Dow Corning Silastic 500-3)
with exposed area of 4 mm? was used. Mass spectra were
obtained by electron ionization at 70 eV. The EI fragment
ions of m/z 83 and 63 were continuously monitored during
the reaction of chloroform and hypochloride (see details
later in this paper). In a typical experiment, the membrane
probe was connected to the mass spectrometer as illustrated
in Figure 1. Chloroform aqueous solution (100 mL at
0.5 mmol L) was pumped (by a piston pump Intralab
model 2010) through the membrane probe at 5 mL min’
and returned to the reaction flask. Under stirring and
constant temperature kept at 251 °C by a water
recirculating bath, 5 mL of sodium hypochloride 0.7 mol
L (3.5 mmol) were added to the solution which increased
its pH to around 10. Subsequently, 5 mL of HCI 0.1 mol L"!
were put into this solution and the MIMS monitoring was
performed as previously described. No precaution was
taken to remove oxygen from the system.

mass spectrometer

detector

piston purnp
quadrupale

lon source

reactional flask
magnetic stirrer

Figure 1. Schematic representation of the MIMS system.

Results and Discussion
Chloroform reaction with sodium hypochloride (NaClO)

The MIMS profile obtained for the reaction between
chloroform and sodium hypochloride (NaClO) is shown
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in Figure 2. Note that just after the addition of NaClO and
HCI the characteristic chloroform EI fragment ion of m/z
83 starts to decrease and reaches a minimum intensity in a
reaction time of ca. 7 minutes. Thus, this result indicates
that hypochloride is an efficient reactant to promote a quick
and total degradation of chloroform. It must be mentioned,
however, that in the absence of HCl there is no consumption
of chloroform indicating that an acidic medium is essential
for the occurrence of such a reaction.

+——  addition of NaClO/ HCI

Mz 83 (CHEI)

Mz 63 (x 5) (COCI,)

MS Signal Intensity

0 5 10

Reaction time / min

Figure 2. MIMS profile for the reaction between CHCI, and NaClO
in an aqueous acidic medium.

Intermediates detection

MIMS monitoring also revealed the appearance of
prominent fragment ions (98/100 and 63/65) during the
chloroform degradation process, as shown by the total mass
spectrum obtained, for instance, in a reaction time of ca. 3
minutes (Figure 3).

Based on these results and on the comparison with the
appropriate EI mass spectrum,* the formation of phosgene
(COCl,) in such reaction pot was undoubtedly attributed.
To further confirm the presence of phosgene as a
degradation product in these reaction conditions, the
relative intensities of the isotopomeric EI fragments were
analyzed, considering the *Cl and *’Cl isotope
abundances. The results, which can be observed in Figure
3, are displayed in Table 1. The excellent agreement
between the calculated and observed relative intensities
of the EI fragments containing two ([COCL]*") and one
([COCI]J*) chlorine atoms, constitutes additional evidence
for the alleged formation of phosgene.

Furthermore, Figure 2 shows that the intensity of the
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Figure 3. Total mass spectrum for the reaction between CHCI, and NaClO in a reaction time of 3 minutes. Note the presence of the fragments
of m/z 63/65 ([COCI]") and m/z 98/100 ([COCL,]*") indicating the formation of phosgene in such reaction conditions.

Table 1. Comparison between the theoretical and experimental rela-
tive intensities of the isotopomeric EI fragments of m/z 98/ 100
([COCL,]™) and 63/ 65 ([COCI]*)

m/z Relative Intensity Relative Intensity
(theoretical) (observed)

63 1 1

65 0.325 0.33

98 1 1

100 0.653 0.66

EI fragment ion of m/z 63 (the most intense fragment ion in
the mass spectrum of phosgene and conveniently absent
in the chloroform mass spectrum)* increases,
concomitantly with the chloroform signal (m/z 83) drop,
and reaches a maximum intensity after a reaction time of
ca. 3 minutes. Subsequently, this signal starts to fall and
reaches a minimum intensity in ca. 7 minutes. These
findings indicate that this transient specie, suggested to
be phosgene, is formed simultaneously to chloroform
consumption and is degraded afterward. In addition, it must
be explained that since sodium hypochloride (as well as

any basic aqueous solutions) adsorbs CO, from air, the
monitoring of the EI fragment ion of m/z 44, indicative of
a possible CO, formation in this reaction process, could
not be carried out.

Scheme 1 shows a reactional sequence proposed for
the chloroform degradation promoted by hypochloride in
aqueous acidic medium. It is suggested that the initial
step in this process involves the formation of the transient
and unstable specie HOCCI, (trichloromethanol) which
was, likely owing to its relatively high polarity and
instability, not detected by the mass spectrometer. Finally,
from this initial specie, phosgene (COCI,), CICOOH
(chloroformic acid), and finally COZ, could be
consecutively produced by successive additions of H,O
and losses of HCI molecules.

It is astonishing that the suggested reaction sequence
displayed in Scheme 1 is similar to that proposed some
years ago based on the aerobic enzymatic degradation of
chloroform.*3¢ In these papers, the authors suggested that
the C-H bond of CHCI, was oxidized to produce
trichloromethanol, (HOCCI,) which was spontaneously
converted to phosgene. Phosgene was detected as a stable

- HCI - HCI - HCI
CHCl; + HOCl ——> HOCCl; —> COCCl, —> CICOOH ——> (CO0,/H,0

H,0

Scheme 1.
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adduct with cysteine, namely 2-oxothiazolidine-4-
carboxylic acid.

The formation of the unstable intermediate HOCCI,
(trichloromethanol) is suggested to occur via the pathways
outlined in Scheme 2. Note that the initial step in this
sequence involves a simple and well-known*” homolytic
cleavage of the O-CI bond in hypochlorous acid (HOCI)

to produce HOe and Cle radicals.
HOCl ——» HO-+ CI

Cl- + HbLO ———> HO- + HCI

HO-
CHC13 E— CCI}‘ + Hzo

CC13' + H20 — > HOCC13 + He

HO+ + He — > H,0
Scheme 2.

Note also that only in acidic medium a considerable
concentration of this precursor (HOCI) could be formed
which, as a consequence, could efficiently promote the
chloroform decomposition, as verified in the experiments
described herein.

Conclusions

MIMS technique was used to observe the
decomposition of chloroform in aqueous acidic medium
by sodium hypochloride. Its ability to perform
simultaneous monitoring allowed us to identify several
reaction intermediates and, consequently, to propose a
reaction sequence until the complete degradation of
chloroform to CO,. This work is an additional example of
the great efficiency, sensibility and simplicity of the MIMS
technique, which might be thoroughly applied in other
relevant environmental applications, such as the
monitoring of the degradation of other volatile pollutants
in aqueous medium.
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