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Abstract

TRAVENIUS SZM. Formation and occurrence of bis(chloromethyl)ether and its prevention in the
chemical industry. Scand j work environ health 8 (1982) suppl 3, 86 p. Alpha-chlorinated ethers, espe­
cially bis(chloromethyl)ether (BCME) and chloromethyl methyl ether (CMME), are direct-acting inha­
lation carcinogens. It is above all BCME which presents the greatest lung cancer risk. Pure CMME is only
slightly carcinogenic, but technical grade CMME contains 1to 8 % BCME and is thus a dangerous chemi­
cal. Both compounds were formerly used as laboratory reagents and industrial chemicals, mainly for
chloromethylating purposes and as solvents. After their carcinogenicity was recognized and confirmed,
their use was prohibited worldwide. BCME can be formed in gaseous and liquid phases from its precur­
sors, formaldehyde and chloride ions. This reaetion requires a very low pH and/or a very low content of
water. Formaldehyde and chloride ions (especially hydrochloric acid) are very common chemicals and, as
such, can often occur simultaneously both in industrial processing liquors, residues and effluents and in
workroom atmospheres. In the air of industrial operations which use formaldehyde or substances from
which formaldehyde is formed and/or released, together with chloride ions or substances from which
these ions are formed and/or released, BCME was analytically discovered in concentrations ranging from
0.1 to 10 ppb. The majority of these instances were observed in the textile industry, which uses the "per­
manent press" process to impart crease and wrinkle resistance to cellulosic fibers. The industries which
manufacture, handle, process, and use formaldehyde-based resins, such as urea/formaldehyde,
melamine/formaldehyde, and phenol/formaldehyde resins, were suspected of BCME release or its at­
mospheric formation because the said resins contain free formaldehyde and because chloride ions are
often used as catalysts and fire-protecting additives. For this reason, the present research project was car­
ried out, with the following targets: (i) to determine whether BCME is formed when the aforementioned
resins are manufactured, handled, processed, and used, (ii) to ascertain how BCME in air can be
destroyed, and (iii) to learn more about the modalities of BCME formation from formaldehyde and
chloride ions, especially in the atmosphere. The results can be summed up as follows: (i) no BCME was
found in experiments which - with the help of special experimental design and equipment - simulated the
conditions under which formaldehyde-based resins are manufactured, handled, processed, and used, (ii)
on the conjecture that the probable reason for the absence of BCME was the evolution of condensing
water vapor, the BCME mopping-up effect of condensing water vapor was confirmed in specially de­
signed experiments, and (iii) as regards the modalities of BCME formation from its precursors in air, it
was found that BCME, being a highly reactive substance, exhibits a marked surface effect in confined
spaces, a finding which might help explain the uncontrollable variations of BCME concentrations both in
laboratory reactors and in industrial workrooms. Futhermore, there are reasons to suppose that the usual
methods of collecting BCME from the air by adsorption for analytical purposes are unreliable as the
coadsorbed water can destroy BCME in situ prior to the actual analysis, performed preferably by gas
chromatography-mass spectroscopy, if the delay between collection and analysis is too long. It was con­
cluded that laboratory simulation experiments aiming to determine how much BCME can be formed
from certain concentrations of formaldehyde and chloride ions are unreliable because they do not con­
sider the effect of the reactor volume, the reactor surface area, the reactor surface reactivity, as well as the
effect of mass transport phenomena from the air volume bulk to the walls. It was pointed out that the pre­
sent threshold limit value of one part per billion for BCME might not be quite safe. Calculations showed
that the probable carcinogenic concentrations for workers in the chemical industry that used BCME and
CMME may have been between 10 and 800ppb (more often between 10 and HXl ppb). If these figures are
compared with values of 0.1 to 10 ppb, ie, the BCME concentrations that can form from formaldehyde
and chloride ions in air, it can be seen that there is no sufficient margin of safety. In order to assess the in­
dustrial and environmental risks of a possible BCME formation in air more correctly, empirical equations
ought to be derived which can be used for calculating the potential BCME concentrations in the atmos­
phere of the workrooms on the basis of seven variables, namely, the concentrations of formaldehyde,
chloride ions and water vapor, the temperature, the volume of the space in question, the area ofthe sur­
faces which are in contact with the BCME-containing air, and the mass transfer factor.

Key terms: chloride ions, chloroethers, chloromethyl methyl ether, direct-acting carcinogens, formal­
dehyde, formaldehyde-based resins, lung cancer, melamine/formaldehyde resins, phenol/formaldehyde
resins, urea/formaldehyde resins.
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Introduction

At the beginning of the 1970s, it was discov­
ered that bis(chloromethyl)ether (BCME)
and chloromethyl methyl ether (CMME),
which were used as reactants in the chemical
industry, were dangerous carcinogens.

The use of these substances was then sub­
jected to special regulations, and, if they are
used at all at present, hermetically closed
and remotely controlled equipment must be
designed and built to ensure their safe han­
dling.

Later, it was found that CMME owes its
carcinogenicity, above all, to the admixture
of BCME in the technical grade CMME.

CMME decomposes by the action of water
to methanol, formaldehyde and hydrogen
chloride:

CH3·O·CH2CI+HzO~CHPH+HCI+HCHO (eq 1)

and formaldehyde can then react with hydro­
gen chloride to form BCME:

2 HCHO+2 HCI~CICH2'O'CH2CI+HzO (eq 2)

Thus it is BCME that requires special at­
tention.

While the use of BCME and CMME as
reactants presents no more problems, as it
has become very restricted and as special
maximum-safety equipment has been de­
signed to cope with these compounds, there
is another danger connected with BCME in
industry, namely, that it can be formed in
both the gaseous and liquid phase from its
precursors formaldehyde and chloride ions.

The latter compounds belong to the most
commonly used chemicals in industry. In
highly developed countries, the annual per
capita consumption of formaldehyde can
reach 5 to 20 kg, and the consumption of
hydrochloric acid is even higher.

In the manufacture of many industrial arti­
cles, formaldehyde, as well as substances
forming or releasing formaldehyde, can
come together with chloride ions or sub­
stances that form or release chloride ions.

Even when formaldehyde and chloride
ions are used separately in industrial proces­
ses, they can meet and react with each other
in the atmosphere if they happen to be re­
leased into the workroom air at the same
time. Besides, the general atmosphere, espe­
cially the polluted air of industrial regions,
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may contain both compounds released into
the atmosphere by different sources. Thus
.here can be danger of BCME formation in
both industrial and polluted urban atmos­
pheres.

Rough calculations show that the concen­
trations of BCME that caused the 70 or so
documented cases of bronchial cancer may
have varied between about 10 and 800 ppb in
the workroom atmosphere.

On the other hand, BCME concentrations
of up to about 10 ppb (sometimes even more)
were measured in the air of industrial opera­
tions simultaneously using formaldehyde
and chloride ions (especially in the textile in­
dustry).

Thus it can be seen that there is reason for
concern as regards those industrial situations
in which formaldehyde and chloride ions are
used or released at the same time and can
react with each other.

The most important use of formaldehyde
is in the manufacture of formaldehyde-based
resins, eg, the urea/formaldehyde, phenol!
formaldehyde, and melamine/formaldehyde
types.

The unreacted free formaldehyde which is
always present in these resins can come in
contact with chloride ions if the latter are
used in the form of chlorides as (i) catalysts in
the manufacture of resins or (ii) additives in
the articles made from these resins. The most
typical case of an additive is the use of
chlorides in particleboards (chipboards)
bonded with formaldehyde-based resins
(usually urea/formaldehyde resins) in order
to achieve a higher degree of fire protection.

As the formaldehyde-based resins are im­
portant industrial articles and as their manu­
facture, processing, handling, and use can
create conditions under which the formation
of BCME may be suspected, it was decided
to use them for the present study.

Thus the purpose of the present project
was to ascertain whether BCME is formed
and can be determined when formaldehyde­
based resins are produced, handled, pro­
cessed, and used.

As BCME is a direct-acting carcinogen
with the atmosphere as a carrier and with the
lungs as the target organ, it was looked for
analytically only in the air. In actual indust­
rial practice, gaseous BCME can be ex-



pected to be formed and/or occur, above all,
either in the headspaces of the process equip­
ment or in the workroom atmosphere.

The experimental work was planned to
comprise:
1 investigations concerning the formation of

BCME in air from formaldehyde and
chloride ions;

2 investigations concerning the formation of
BCME when formaldehyde-based resins
are brought in contact with chlorine-con­
taining substances;

3 investigations concerning the formation of
BCME when formaldehyde-based resins
that involve chlorine-containing sub­
stances are dried;

4 investigations concerning the formation of
BCME when formaldehyde-based resins
that involve chlorine-containing sub­
stances are cured.

In the actual experimental work, stages 3
and 4 were combined and a new stage was in­
troduced, namely, experiments regarding
the destruction of BCME in the gaseous
phase.

Haloethers in general

In the planning stage, is was intended to in­
vestigate the following haloethers:
a BCME

bis(chloromethyl)ether
CI·CH2,O·CH2·C1,

b CMME
chloromethyl methyl ether
CH3'0·CHz·CI,

c BBME
bis(bromomethyl)ether
Br·CHz·O·CHz·Br,

d BMME
bromomethyl methyl ether
CH3·O·CHz·Br,

e BCEE
bis(2-chloroethyl)ether
CI·CH2·CH2·O·CHz·CHz·C1,

BCiPE
bis(2-chloroisopropyl)ether
C1·CHzSH·OSH·CHz·CI·

Hl CH3

The literature study and preliminary ex­
periments have, however, shown that
haloethers c and d are immediately decom­
posed by water and water vapor and that
haloethers e and f are not formed under the

conditions being investigated. Haloether b
was looked for in several experiments involv­
ing methanol but was not found in them.
Thus the investigations were restricted to the
most important and most carcinogenic
haloether a, ie, BCME.

Haloethers e, f, and some others are of im­
portance as industrial chemicals and river
pollutants (43,57, 73,81,124,127,130,148,
150, 171, 186, 187,232,292,293,295,296,
343,389).

The importance of haloether b (CMME)
lies in the following facts: (i) CMME can de­
compose to its precursors methanol, hydro­
gen chloride, and formaldehyde, of which
the latter two can recombine and form
BCME, l:lnd (ii) technical grade CMME con­
tains 1 to 8 % BCME as an impurity. Thus,
although CMME is only slightly carcinogenic
in its own right, it is the BCME content that
is mainly responsible for the total car­
cinogenic effect of CMME.

In the preparation of the present project
information was collected concerning mainly
the following topics: (i) haloethers and their
properties in general, (ii) methods of
analysis for BCME and CMME, (iii) the for­
mation of BCME, (iv) the occurrence of
BCME under industrial conditions, and (v)
the mutagenicity and carcinogenicity of
BCME and CMME.

Contact was made with 35 research insti­
tutes, industrial corporations, and individual
researchers, of which 22 provided informa­
tion. In a private communication of 30
November 1978 GJ van Esch from the
Laboratory for Toxicology, Rijksinstituut
voor de Volksgezondheit in Bilthoven, The
Netherlands, answered that they could not
give any information as the data collection in
their institute was governmental property.

Bis(chloromethyl)ether

BCME is also known under the following
names: symmetrical (sym) dichlorodimethyl
ether, chloro(chloromethoxy)methane (ap­
proved by the International Union of
Chemistry), alpha, alpha'-dichlorodimethyl
ether, 1,1'-dichlorodimethyl ether, and
methylchlorex (M-chlorex).

BCME is formed when formaldehyde
reacts with chloride ions in an acidic
medium:
2 HCHO+2 H++2 Cl-~C1CHz'O'CHzCI+H~O,(eq 3)
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Several routes of synthesis have been de­
scribed (58, 122).

In the First World War BCME was tried
out as poison gas, together with
bis(bromomethyl)ether (BBME), but with­
out great effect (181, 182, 347, 348).

At present, BCME is used mainly for
chloromethylations, especially when a com­
bination of formaldehyde and hydrogen
chloride is not effective enough, eg, in the
case of aromatic compounds and anilides
(117).

Reactions between hydrogen halogenides
and formaldehyde and between hydrogen
halogenides, formaldehyde, and alcohols
have been known for a long time, and some
of them (besides those for preparing BCME
and CMME) are of practical importance, eg,
for the preparation of chloromethyl ethers of
higherfatty alcohols (316, 317).

BCME has been the subject of many in­
vestigations. For example, Bohme (37) in­
vestigated the effect of oxygen and sulfur
atoms in the alpha-position on the rate of
hydrolysis of the halogen-carbon bond.
Makridin et al (170) studied the nuclear
quadrupole resonance spectra in the an­
timony pentachloride-BCME complexes.
Nichols & Merritt (205) investigated the re­
lative solvolytic reactivities of CMME and
BCME, and Gorrie et al (112) made a nuc­
lear magnetic resonance investigation of
formaldehyde addition and oligometric
equilibria in the formaldehyde/water/acetic
acid/hydrogen chloride system.

Olah & Yu (219) proved that
chloromethyl alcohol (CI·CHzOH) was an
intermediate in chloromethylations, while
Tou et al (285) studied the hydrolysis of
BCME under acidic, neutral, and alkaline
conditions. The molecular conformation of
BCME was studied by Charles et al (47) and
by Astrup & Aomar (13).

A good coverage of BCME and other
haloethers as far as reactions and uses are
concerned can be found in Beilstein (38, 228,
240,241,242).

The following investigations concerning or
involving BCME and other haloethers were
made during the last 20 a: production of di­
halogenated ethers of the type
CI·CHz·O·(CHzkO·CHzCI by Allen &
Allan (5); reactions of BCME with alpha­
acetothienone to obtain thiophenes by
Belen'kij et al (27); reactions of BCME with
olefins, allenes, divinylacetylene hydrocar­
bons, 1,3-diene hydrocarbons, alkyl and allyl
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halides by the Armenian school of Gevor­
kyan (99, 100, 101, 102, 103, 104,280); pro­
duction of improved elastomeric materials
by Johncock & Hewins (139); Reformatsky
reactions by Johnson & Zitsman (140, 342);
and various condensation reactions by the
Roumanian school of Iovu (131, 132, 133,
134, 135, 136), and by Nikolaev et al (206,
207) and Novgorodov et al (214, 215).

Olah et al (218) studied the chloromethy­
lation of benzenes and Szymik et al (272)
prepared a polycondensation resin using a
bischloromethylated thioether. Taylor &
McLaughlin (273) prepared several quater­
nary salts of BCME intended as formal­
dehyde donors, while the German rayon re­
search has been interested in polyhaloge­
nated compounds (341).

Fishbein (83) listed the following four
principal uses for BCME and CMME as in­
dustrial reactants: (i) the preparation of ion­
exchange resins, (ii) the formation of water­
repellents and other textile treating agents,
(iii) the manufacture of polymers, and (iv)
solvents for polymerization reactions.

At the end of the 1960s BCME and
CMME became an important occupational
health issue in the United States, and com­
plaints were directed against the industry
using these haloethers (114, 234). Charges
were made against the manufacturers for try­
ing to obfuscate the issue (24, 25, 44, 106,
166,269,366,367).

Although the uses of the carcinogenic
haloethers BCME and CMME have become
greatly restricted in the chemical industry,
these reagents could not be replaced by less
dangerous compounds in some chemical pro­
cesses. For this reason, they are still used for
difficult chloromethylations, but hermeti­
cally closed and specially isolated equipment
was built to handle them (116, 123,238).

Properties

BCME has a molecular weight of 114.96, a
density of 1.33 g'cm-3

, and a boiling point of
lOSOC (12, 118, 149, 294). The stability of
BCME and CMME in water is very low. The
reaction half-time of the decomposition of
BCME is 10 to 40 s. On the other hand, the
gaseous phase of BCME is relatively stable
even in humid air. Water in the liquid phase
effectively prevents the formation of BCME
from its precursors.

Nonpolar liquids (n-pentane, n-hexane,
dichloromethane, etc) do not decompose



BCME and can thus be used as solvents for
BCME, eg, for calibrating purposes. The
BCME concentration (even if it is a very low
one) in dichloromethane remains constant
for several months.

BCME does not decompose in extremely
acidic liquids. On the other hand, alkalies of
all sorts will decompose BCME very quickly
in the liquid and gaseous phases.

The conditions for preventing the decom­
position ofBCME in liquid media are: (i) use
of as little water as possible and (ii) as Iowa
pH value as possible.

Chlorides (which are catalysts for BCME
formation from its precursors) help prevent
the decomposition of BCME in aqueous
media.

BCME is a strong irritant of the eyes
(danger of keratitis) and of the respiratory
organs. Its acute effect on the organism is at­
tributed to its combination with the thiol
groups in proteins, particularly enzymes.

Drew et al (66) found the following LCso
values (lethal concentrations with 50 % mor­
tality) for exposures of 5 hId for 14 d in air as
regards acute inhalation toxicity: 55 and 65
ppm of CMME and 7 and 7 ppm of BCME
for rats and hamsters, respectively.

Bettink (34) mentioned that the vapor
pressure of BCME at 2()OC is equivalent to a
concentration of 180 ppm in air. A concen­
tration of 3 ppm of BCME in air irritates eyes
and mucous membranes, and even a con­
centration which did not reach the threshold
of perception is reported to have caused se­
vere eye damage efter exposure of several
hours' duration (severe conjunctivitis with
keratitis punctata). These manifestations oc­
curred several hours after the contact with
BCME had stopped. A concentration of 100
ppm - if inhaled - can kill the exposed person
within minutes. The highest tolerable con­
centration in air has been given as 5 ppm for
both BCME and CMME.

BCME has caused deaths from pulmonary
edema in dogs and cats (270).

Even as regards the upper respiratory
tract, it was pointed out by Leong et al (160)
that both BCME and CMME present a
health risk at such low concentrations in air
that there is no irritation to serve as a warn­
ing to the exposed persons.

Thus BCME can be regarded as an ex­
tremely toxic substance. But when Collier
referred to BCME in this way (51), she was
corrected by Van Duuren et al (309) who
said that such a statement was "misleading"

and that BCME was better referred to as a
"potent lung carcinogen" in order to stress
where the greatest moment of danger lies.

Analytical chemistry

According to Yao & Miller (337) and Yao &
Zollinger (338), there are conceivably six
methods for BCME analyses, namely:

a direct gas chromatography (not suitable
for detecting part-per-billion levels);

b on-column concentration gas chromato­
graphy, eg, the patented Rohm & Haas
procedure (91, 334) or the Williams &
Umstead method (336);

c adsorber gas chromatography, with ther­
mal flashing-off of the adsorbate into the
gas chromatographic column, eg, accord­
ing to Parkes et al (223);

d adsorber mass spectrometry, capable of
detecting 0.1 ppb levels of BCME, like
Collier's procedure (51) or the Varian As­
sociates' procedure in the portable version
(75);

e adsorber gas chromatography - mass spec­
trometry with very high specificity and
selectivity, which was successfully used by
Yao & Miller (337), Shadoff et al (259),
Evans et al (76), Sawicki (248),
Choudhary & Cooper (49), Ellgehausen
(70), and Berkley et al (29) and as the offi­
cial method of the US National Institute
for Occupational Safety and Health
(NIOSH) (195); besides, it is recom­
mended for "priority pollutants" by
Ottmers et al (222); according to the pri­
vate communication of 17 August 1978
from D Ellgehausen it is possible to in­
crease the selectivity of the procedure with
the use of a gas chromatographic separa­
tion step before the actual analysis.

f derivatization, eg, with the sodium salt
of 2,4,6-trichlor6phenate (143, 196, 249,
266), possibly as a rapid monitoring
method developed by the Dow Chemical
Co (19, 62, 63, 64, 142,264,265,365) or
with the modified target compound (337,
338), other derivatization methods being
the one according to van der Ven & Ven­
ema (312, 313) and the one according to
Baba & Tanaka (20).
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Furthermore, there are two other pos­
sibilities for BCME analysis, namely:

g gas-liquid-solid chromatography, studied
by the Bertoni-Bruner team (30, 45);

h straight gas chromatography - mass spec­
trometry without enrichment, suitable for
dynamic laboratory experiments.

Adsorption procedures are more sensitive
than methods without enrichment. Collier
(51) obtained a sensitivity of less than
0.1 ppb with a 15,OOO-fold concentration on
Porapak Q, and Evans et al (76) obtained a
sensitivity of 0.01 ppb of BCME when using
10-1 air samples.

There are several substances that can be
mistaken for BCME, eg, 1-chloro-2-propa­
nol (a degradation product of polyurethane
foam) (253) and there are also several
m/e=79 ions which, however, do not meet
the other requirements for BCME, eg:
CH.SiCI. CH3SZ• CHzClF. CH.OzP. CsHsN and C6H7•

Three requirements must be fulfilled if
BCME is to be correctly identified (49, 259):
(i) the mass of the molecular fragment must
be correct, (ii) the retention time must be
correct, and (iii) the observed chlorine
isotope ratio must be correct.

A comparison regarding the sensitivities
of the various analytical methods for BCME
was made by Muller et al (189). Research
and industrial laboratories rarely have ex­
perience with two or more methods. They
usually develop only the approach to a given
analytical problem that best suits their re­
quirements as far as a certain compound is
concerned. However, there seems to be an
agreement among most researchers in the
BCME field that analytical methods based
on the use of gas chromatograph - mass spec­
troscope combinations have so far been the
most satisfactory.

If BCME has to be determined in the
liquid phase, there are several colorimetric
methods available (188, 189, 210, 211, 229,
251,254).

Destruction
It is sometimes of great importance to de­
stroy BCME in the gaseous phase (eg, in the
workroom air) and in the liquid phase (eg, in
reaction or process liquors).

As already pointed out, BCME is decom­
posed by water. However, it was found that
for liquidating BCME an injection of water
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into the reaction vessel containing anhy­
drous chemicals or chemicals with only a
very small amount of water was not
adequate. The reason is that the low solubil­
ity of BCME in water can cause only a re­
tarded decomposition of this substance. The
rate of hydrolysis is, however, greater in
homogeneous media which contain water
and in which BCME dissolves. A successful
medium of this kind is, eg, a methanol/water
mixture.

A very good way of liquidating BCME is
to inject ammonia in an aqueous or methanol
solution, a procedure which leads to the de­
composition of HCME and to a sequestra­
tion of formaldehyde as hexamethylene
tetramine. In this way, no reformation of
BCME is possible because one BCME pre­
cursor is missing.

In the present project a mixture of sodium
hydroxyde and aqueous ammonia was used.
with or without an addition of methanol, for
killing BCME residues in reactors.

The strong alkali (sodium hydroxide) in
the last-named mixture was intended to
neutralize the strong acids present in the
reactors in some of the experiments. The
reactor contents were thus not only neu­
tralized but made strongly alkaline, and the
danger of BCME formation was eliminated.

In industry, it is sometimes important to
remove BCME from reaction mixtures, from
reactor headspaces, and from workroom at­
mospheres. The following two procedures
have been suggested:

a For the removal of BCME from
chloroacetyl chloride (CAe) which is pre­
pared by a photochemical oxidation of vin­
ylidene chloride according to US patent
3,674,664, the CAC containing 100 to
250 ppm of BCME as an impurity is
brought in contact with hydrochloric acid
at 30 to 160°C in the presence of a Lewis
acid or a strong protic acid as a catalyst.
Aluminium chloride and oleum are
suggested, and the contact time is about
1 h. The BCME content is reduced by this
treatment to about 0.3 ppm (59).

b For the removal of BCME from labora­
tory or workroom atmospheres the use of
silica gel and/or activated alumina is rec­
ommended. The adsorption is carried out
at a temperature that results in a hydroly­
tic decomposition of BCME (or, for that
matter, of CMME). Temperatures of up
to 1700C are named (36).



Sources

There are three possible sources of BCME in
air: (i) BCME escaping from manufacturing
or laboratory equipment into the workroom
air when it is being used as a reactant (eg, in
an organic synthesis), (ii) BCME escaping
from manufacturing or laboratory equip­
ment into the workroom air when formal­
dehyde or chemicals forming or releasing
formaldehyde are used together with
chloride ions or chemicals forming or releas­
ing chloride ions or when these chemicals
combine in air to form BCME "in the
background," and (iii) BCME formed in the
general atmosphere which contains formal­
dehyde and chloride ions released by dif­
ferent sources.

Source i is no more of practical interest be­
cause chemical engineering techniques can
be used to design and build equipment which
will not release BCME into the ambient air.
Thus it is only source ii that is of interest with
respect to industry, while source iii is of im­
portance for the general atmosphere.

Industrial sources. The first type of industry
that seriously studied the possible formation
of BCME from formaldehyde and chloride
ions, in both the liquid and gas phase, was
the textile industry, which uses large
amounts of formaldehyde-based resins for
shrink- and creaseproof treatments of cotton
and cellulosic fiber textiles. For example, in
the middle of the 1970s, the annual US con­
sumption of urea/formaldehyde and
melamine/formaldehyde resins for durable
press treatment was about 17,0001. Accord­
ing to estimates, about 60 % of all cotton and
rayon fabrics made in the United States at
that time were resin-treated for durable
press (which conferred shrink and crease re­
sistance). For another 20 % ofthese fabrics,
formaldehyde in some form was used (eg, in
combination with starch in order to stiffen
tricot for cutting).

The most important contribution to the
BCME problem in the textile industry came
from Zollinger and his team in Zurich (344,
345). They found that thermosetting emul­
sion polymers for nonwoven bonding and the
pad-dry-cure cross-linking of cellulosic fiber
fabrics are potential BCME sources. In in­
vestigations involving the formaldehyde/
hydrogen chloride/water/acetic acid system,
they showed that BCME and its higher
oxymethylene oligomers

Cl·(CH20)n·CH2'Cl

2

can be formed in concentrations of up to 16
mol-%. It was not possible to determine
separately the percentages of the various
oligo(oxymethylene)dichlorides, as well as
the possible carcinogenicity of the individual
members of this group of compounds.

In analogy with the situation for
oligo(oxymethylene)diacetates it was argued
that about two-thirds of the total amount of
oligo(oxymethylene)dichlorides might be
the member with n=l, ie, BCME.

The systems involving formaldehyde, hy­
drochloric acid, water, and acetic acid were
recommended in 1960 by Reeves et al (237)
as form D (=dry, on account of the small
amount of water used) or form W (with more
water). The difference between forms D and
W is that the former contains much acetic
acid. It is this form D which is dangerous on
account of the high concentration of BCME
that can be produced.

In 1977, Luther (169) declared that the
form D process had never been used com­
mercially. This is a surprising statement be­
cause the process in question was very effi­
cient and inexpensive and, at the time it was
introduced, nobody knew anything about a
possible BCME risk.

Zollinger (345) was the first to recognize
that the BCME problem in textile finishing
was a serious one, and he underlined the
danger in that the results obtained by some
authors - namely, that no measurable con­
centrations of BCME (ie, < 1 ppb) were
found in investigations under pad-dry-cure
conditions - might be generalized for all
types of applications. He insisted that it was
necessary to investigate the BCME forma­
tion in all new processes involving formal­
dehyde and chloride ions.

He also pronounced the following warn-
ing, which ought to be generally heeded:

In our opinion it is hardly consistent with a re­
sponsible publication policy to publish isolated
results which demonstrate that harmful (toxic)
compounds are not formed under very specific
conditions, as the reader may get the impression
that this also applies to very similar systems which
may not be the case [p 97/33).

As already mentioned, Reeves et al (237)
investigated the formaldehyde/hydrogen
chloride/water/acetic acid system (in some
cases with an addition of acetanhydride),
while, at the same time, Tesoro (276) studied
the use of bis-pyridinium salts of bis(chloro­
methyl)ethers of aliphatic glycols for the
same purpose, ie, cross-linking of cellulose
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Table 1. Formation of bis(chloromethyl)ether (BCME) from a thermosetting acrylic
resin.

Catalyst

None
1 % of ammonium chloride
1 % of ammonium nitrate

BCME evolved in
drying and curing

(ppm)

0.40
1.74
0.48

BCME content in
stack gases'

(ppb)

0.54
2.35
0.65

• The aCME concentration in the stack gases was calculated from the amount of
aCME evolved during drying and curing, according to a formula developed for
this purpose.

fibers. The respective bis- and
poly(chloromethyl)ethers were prepared
from glycols, formaldehyde, and hyd­
rochloric acid at low temperatures and then
purified by vacuum distillation.

Ulrich (298) described the efforts to de­
velop effective cross-linking procedures for
cellulosic fibers. Besides BCME, the follow­
ing dangerous compounds were used:
methylene disulfate, dichlorodimethyl sul­
fate, sulfur mustard, and bis­
(dichloroethyl)methyl-N.

At the time (before 1960), little was
known about many carcinogenic com­
pounds, and this explains the rather terrify­
ing use of chemicals of high carcinogenic po­
tential in this research.

Hurwitz experimented in 1974 with acrylic
polymers in the presence of cellulosic-fiber
nonwoven webs and found that, if no web
was present, the drying and curing of the re­
spective emulsion polymer gave 0.4 ppm of
BCME in the near air and 0.54 ppb of BCME
in the stack. When ammonium chloride was
used, the development of BCME was en­
hanced (see table 1). Generally speaking,
micrograms of BCME evolved from grams of
the respective emulsion polymer, which cor­
responds to about 0.01 mol-% of BCME if
the free formaldehyde content is in the low
percentage range (125).

Probably the most important document
regarding the quantitative data of BCME
formation from formaldehyde and chloride
ions in air is the NIOSH Burlington report
(371). It was deemed necessary to take
BCME samples from the air of the textile
finishing plants because resins of high free
formaldehyde content (carbamates), to­
gether with magnesium chloride catalysts,
were used.
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The carbamates (2 to 7 % of free formal­
dehyde) give the finished fabric a softer hand
and make the fabric more durable than
glyoxal resins, which, however, are low in
free formaldehyde content (usually less than
1 %). Of the catalysts used (zinc or mag­
nesium chloride) magnesium chloride was
thought to be more conducive to BCME for­
mation.

The following conclusions were drawn:
Selective sampling of four Burlington Indus­
tries finishing plants confirmed the presence
of BCME in the textile finishing area.
BCME was found both in area samples and
in some personal, breathing zone, samples
collected in the starch room and padding
areas, around the tenter frames, and in the
exhaust stacks leading from the tenter
frames.

The findings were considered significant
although only about one-tenth of the sam­
ples in which BCME was thought to exist
were found to be positive. In the past, resins
of higher free formaldehyde content had
been in prevalent use, and it was thought that
these resins - when applied in combination
with magnesium chloride catalysts - might
conceivably have given rise to higher con­
centrations of BCME. The measured con­
centrations of BCME were in the parts-per­
billion order of magnitude, namely, from
0.4 to about 8.0 ppb.

From the point of view of what is known
today, the following remarks must be made:
The sampling was done by drawing air
through tubes filled with Porapak Q; where­
after the tubes were sent for analysis, either
to the Rohm & Haas Co in Philadelphia, PA,
to be analyzed by the gas chromatography ­
mass spectroscopy with a resolution of
0.1 ppb of BCME in air, as described by Col-



lier (51), or to the Dow Chemical Analytical
Laboratory in Midland, MI, to be analyzed
by means of the gas chromatography - mass
spectroscopy magnetic separation and by
their new proprietary technique. There was
an unavoidable time lag of several days be­
tween the col1ection and eventual analysis.
Thus it is strongly suspected that much of the
col1ected BCME was decomposed in situ, in­
side the collection tubes, by coadsorbed
water vapor.

Of particular relevance in this respect is
the work done by Berkley et al (29) from
1977, in which it was shown that BCME ad­
sorbed on Tenax GC (a recrystal1ized 2,6­
diphenyl-p-phenylene oxide polymer) from
air with a high relative humidity is liable to
decompose in the adsorbed state in such a
way that, within 24 h after col1ection, half of
the adsorbed BCME amount disappears
and, after a week, only a trace of it can be de­
termined.

If something similar happened with the
Burlington samples, then it is probable that
the nine-tenths of the samples which were
expected to contain measurable amounts of
BCME turned out to be what can best be re­
ferred to as false negatives.

Similarly, in the cases in which measurable
amounts of BCME were found, the original
concentrations of BCME could have been
higher, even much higher, because textile
finishing mill atmospheres are environments
with high relative humidities of the air.

In some places, there was awareness of the
possible effect of coadsorbed water in solid
adsorbents in BCME analyses. Methods for
BCME analysis developed by two Swiss
chemical concerns used a blowing-out of the
col1ection tubes with an inert gas (helium,
nitrogen) in order to remove the adsorbed
water vapor (50, 69).

On the other hand, Janak et al (138) found
that the humidity content of the air had no ef­
fect on the results of analyses when water-in­
sensitive compounds were adsorbed on
Tenax Gc.

The American BCME researcher Mar­
celeno also felt that BCME could be more
prevalent in the textile industry than shown
by the current analyses because sampling
procedures might be only 10 to 15 % efficient
in detecting the carcinogen (372).

The whole debate as regards the formation
of BCME in textile finishing had positive re­
sults. Improvements were made which were
characterized by (i) the development and use

of finishing resins with a considerably low­
ered free formaldehyde content and (ii) the
development and use of new catalysts which
contain no chloride and sometimes even no
metals and are based, instead, on either or­
ganic or inorganic acids (213, 299).

Also, the study of the reaction mechanism
and kinetics in the formation of BCME re­
ceived an incentive (174, 337).

The occurrence of BCME in the plastics
industry was also investigated. Eisner re­
ported that in January 1973 concentrations
of 1.3 to 1.9 ppb of BCME were measured in
the vicinity of the reactors used for condens­
ing phenol and formaldehyde at the Ameri­
can firm of Diamond Shamrock Corpora­
tion. Two months later the measurements
were repeated. Two of the four col1ected
samples exhibited interferences which pre­
vented the detection of BCME. The third
sample contained less than 1 ppb of BCME,
while 15.5 ppb of BCME was found in the
fourth sample. The air concentrations of
formaldehyde and chloride ions were how­
ever not determined in connection with these
measurements of BCME (67).

In Great Britain, the Imperial Chemical
Industries (ICI) Ltd also did research on the
formation possibilities of BCME, even be­
fore the general announcement by Rohm &
Haas in December 1972, as regards the at­
mospheric formation of BCME from formal­
dehyde and chloride ions. According to a pri­
vate communication of 11 November 1978
from JS Gardiner there were two principal
aims in this work, namely,

a to devise a reliable, specific, and highly
sensitive analytical method for the detec­
tion and estimation of BCME (the gas
chromatography - mass spectroscopy
system was resorted to), and

b to carry out checks on plants and processes
in the ICI's Organics Division, where
there was a possibility of a simultaneous
presence of formaldehyde and chloride
ions. On the whole, about 30 processes
and plant situations were examined. The
depth of investigations varied considera­
bly, from single checks on several batches
of final product to detailed samplings at
many stages of a manufacturing process.

The results were as fol1ows: In the atmo-
sphere, the BCME levels did not exceed
1 ppb for concentrations of hydrogen chloride
and formaldehyde below 20 ppm. In the
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aqueous phase, BCME was not detected
(less than 1 ppb) in many water-containing
systems and in the respective headspaces
when chloride ions and formaldehyde were
present in concentrations of up to several
percent. Virtually all the 30 or so processes
studied involved aqueous reactions, and in
these no BCME was detected (detection
limit 1 ppb). The nature of these manufactur­
ing processes was, however, not disclosed
(126).

Davies reported the contents of the origi­
nal Rohm & Haas release from 1972 as fol­
lows (55): The reaction between formal­
dehyde and hydrogen chloride proceeds very
rapidly at room temperature and 40 % rela­
tive humidity, and equilibrium is reached in
less than 1 min to yield parts-per-billion
levels of BCME for parts-per-million levels
of the reactants. The rate and extent of the
BCME formation depend on the humidity
and temperature. At high humidities, the
rate of formation is faster, and, at lower
temperatures, the equilibrium concentration
is higher. The formation of BCME is rapid in
both aqueous and nonaqueous media.

Later, Rohm & Haas and the Dow Chemi­
cal Co agreed that the BCME formation was
not detectable, ie, it was below 0.5 ppb, if
formaldehyde and hydrogen chloride were
present at their threshold limit concentra­
tions and at room temperature.

Standish (268) referred to the investiga­
tions allegedly made by the US Food and
Drug Administration and said to have estab­
lished that - when clothes treated with a for­
maldehyde resin to provide a permanent
press finish were wetted with methyl chloride
and then ironed - the resin and the solvent
reacted to form BCME. A number of dry­
cleaning workers were said to have been af­
fected. He also said that it had been shown
that formaldehyde would react with chlorine
in drinking water and even with chloride ions
in a worker's perspiration. He concluded
that these occurrences would cause consider­
able problems for the entire formaldehyde
industry, as well as for the melamine,
phenol, and urea resin industry., .

No literature sources that wotild substan­
tiate Standish's claims have, however, been
found.

In 1977, Marceleno wrote, in a comment
to a research project (172), that preliminary
disclosures had shown the presence of
BCME in textile manufacturing and that
there was a possibility for its formation in
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chipboard manufacturing, paper manufac­
turing, insect-rearing laboratories, and vari­
ous medical environments, including
anatomy and pathology laboratories, as well
as in various industrial operations in which
formaldehyde and ionic chlorine compounds
are utilized. Preliminary sampling results for
BCME had, however, shown a lack of repeti­
tiveness and consistency.

Earlier, in 1974, Marceleno & Bierbaum
singled out four histological techniques
which met the criteria for possible BCME
formation, namely, the hematoxylin and
eosin stain, the colloidal iron-periodic acid,
Schiff-Bismarck brown technique, the
Fuelgen reaction, and the Snook's reticulum
stain. But when the environment in which
these reactions were performed was
analyzed for BCME, the results were nega­
tive (the limit of detection was however not
given) (173).

Goodson (111) pointed out that BCME
could be formed from hexamethylene tet­
ramine(urotropin), which is used as urinary
antiseptic, when it hydrolyzes to form for­
maldehyde and ammonia in the stomach
where the released formaldehyde could react
with hydrochloric acid.

Harris (115) replied that hexamethylene
tetramine had been tested on mice and rats,
with no evidence of carcinogenicity.

Owing to the fact that BCME was used in
the manufacture of commercial anion ex­
change resins as a chloromethylating agent,
Tou et al (286) made a check on such resins in
order to determine whether they contained
free residual BCME. The authors used the
hollow fiber probe mass spectrometric
technique, with a detection limit of about
10 ppb, and found no BCME. They
explained this finding by the rate of hyd­
rolysis for BCME, which is 0.012 S·I (corres­
ponding to a reaction half-time of 58 s). Thus
BCME could not exist for any extended
period of time in the resin solution. Besides,
the commercial anion exchange resin con­
tained about 50 % water within the beads,
ansi, for that reason, the presence of BCME
-in this resin was highly unlikely.

Also CMME was used in the manufacture
of anion exchange resins. Thomas (278)
pointed out that, even if CMME is used in
the manufacture of these resins, there is no
danger of CMME exposure in the use of
these ion exchange materials as they cannot
contain free CMME, which quickly hy­
drolyzes.



On the other hand, a real danger con­
nected with BCME was found in formalin
slurries containing various Friedel-Crafts
salts. In the headspaces above these slurries
BCME concentrations from 0.25 ppm for
ferric chloride to 1.5 ppm for aluminium
chloride were found (92). Thus it was argued
that any acidic solution containing chloride
ions and formaldehyde should be considered
as a potential source of BCME (269).

Even materials for home insulation based
on urea/formaldehyde foam have been re­
garded as potentially dangerous by Morin &
Kubinski (185) and by Garry et al (97).

In the paint industry, there might also be a
possibility of BCME formation if formal­
dehyde and chloride ions or compounds that
can release them come together (221).

Even some flame retardants can release
BCME. Loewengart & Van Duuren (164,
165) showed it for THPC and Pyroset TKP,
which were used in great quantities on cotton
sleepwear for children (especially in the
United States because of the Flammable
Fabric Act of 1953). Sometimes as much as
35 weight-% of these flame retardants were
applied to the fabrics.

THPC is tetrakis(hydroxymethyl)phos­
phonium chloride (HO·CH2)4·P+Cl- which
is synthesized from hydrogen chloride, for­
maldehyde, and phosphine. It degrades back
to these compounds, and the freed formal­
dehyde and hydrogen chloride can form
BCME. Pyroset TKP is a mixed phosphate/
acetate salt of the tetrakis(hyd­
roxymethyl)phosphonium cation.

Both products were found to be weakly
carcinogenic in mice or, at least, to be mod­
erately active tumor promotors. The tumor
yield and multiplicity were low, but many of
the tumors progressed to squamous car­
cinomas.

Yao & Miller (337) listed 24 instances of
industrial activity in whieh formaldehyde is
(or can be) used in the presence of chloride
ions, eg, disinfecting, production and use of
phenolic, urea, melamine and polyacetal
resins, production of cellulose and cellulosic
fibers, production of dyes, many organic
chemicals, mirrors, explosives, paper and
fertilizers, tanning of hides, finishing of tex­
tile fabrics, improving the quality of latices,
embalming, photography, chrome printing
and developing, production of pesticides, in­
solubilization of casein, albumin and
gelatine, glass fiber bonding, manufacture
and use of adhesives and laminating resins,

manufacture of particle boards, and patho­
logy procedures. These authors also made
the most extensive search for BCME so far
carried out in industrial environments. For
this reason they analyzed the air in eight
types of plants: dye auxiliaries (resin) pro­
duction, dye manufacture, fertilizer produc­
tion, textile finishing on woven goods, textile
finishing on knitted goods, hospital proce­
dures (production of "gel" for burn treat­
ment), foundry products (research plant),
and foundry products (full-scale plant). The
results were generally less than 0.1 orO.2 ppb
of BCME. They found that the formation of
BCME in the gaseous phase was dependent
on the availability of both formaldehyde and
chloride ions, while the amount of water
vapor in air did not seem to play an impor­
tant role. In the liquid phase, however, the
water content was a decisive factor.

As regards the release of formaldehyde,
North (213) made experiments with finishing
100 % cotton and 50 % cotton/50 % polyes­
ter fiber broadcloth using 15 different types
of resin and 7 different catalysts. His findings
can be summed up as follows: The amount of
fonnaldehyde evolved varied considerably
with respect to the type of finish and the
specific product. The amount of fonnal­
dehyde increased if cure time, cure tempera­
ture, and resin concentration increased or if
the catalyst concentration decreased. The
highest levels of formaldehyde release were
found with urea/formaldehyde, melamine/
formaldehyde, and carbamate resins.

The same author (212) found that cotton/
polyester fabrics finished with compounds
containing dimethyloldihydroxyethylene
urea or with a triazone resin evolved less for­
maldehyde than those finished with a formal­
dehyde/urea copolymer or with a methylated
formaldehyde/melamine copolymer.

It is probable that the affinity of formal­
dehyde for cellulose acts as a scavenging fac­
tor for formaldehyde (and for BCME as
well). It can thus be expected that the more
cotton a fabric contains the more formal­
dehyde it will absorb, with the consequence
that less formaldehyde will be released into
the air or made available for a possible
BCME-forming reaction.

Formaldehyde is an efficient cross-linking
agent for cellulose, in which cellulose for­
mals and methylated cellulose formals are
formed. For determining the amount of for­
maldehyde in these formals, a modified
Schiffs method was developed by
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Ramanathan et al (233). This procedure al­
lows a colorimetric determination at 590 nm
and is suitable for routine analyses.

For reducing free formaldehyde levels on
cellulose fabrics, formaldehyde acceptors,
especially those containing imino groups, are
used (226).

The release of chloride ions originates
either from hydrochloric acid or from vari­
ous chlorides. With no chloride ions present
or released in the reaction, there can be no
formation of BCME.

As regards water, it was found that its
presence in acidic formaldehyde/chloride ion
systems effectively reduces the amount of
BCME evolving (345,379).

Of special importance for the present pro­
ject were observations recorded about the
formation of BCME from its precursors, for­
maldehyde and chloride ions, in the work­
room air. The reports thus collected can be
divided into the following four classes:

1 Reports about BCME not being form­
ed, at least in measurable concentrations
(0.1 ppb and higher), when concentrations
of BCME precursors were in the lower
(sub 10) ppm range (35, 71, 141, 144, 194,
363,377).

2 Reports about the possibility of BCME
formation (137, 172,221, 355, 364, 368, 378,
and a private communication from PL
Spencer, Safety and Health Division,
American Textile Manufacturers Institute,
Charlotte, NC, of 20 November 1978).

3 Reports about actual BCME formation
without explicit information about the con­
centrations in question (54,72,82,200,225,
369,370,385).

4 Reports about BCME formation with in­
formation about the concentrations in ques­
tion.

As regards point 4, the following informa­
tion was found:

Rohm & Haas in 1972: Parts-per-million
amounts of reactants yield parts-per-billion
amounts of HCME. (Later, it was admitted
that BCME formation might be more dif­
ficult than originally assumed) (55, 352).

Eisner in 1973: HCME concentrations ofless
than 1 ppb to 15.5 ppb were measured in the
vicinity of reactors used to condense phenol
and formaldehyde (67).
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Hurwitz in 1974: An acrylic emulsion
polymer yielded as much as 1.74 ppm of
HCME in close vicinity and 2.4 ppb ofHCME
in the stack when ammonium chloride was
used as a catalyst (125).

Frankel et al in 1974: BCME yields were
about 0.01 mol-% from formaldehyde and
hydrogen chloride. With 20 ppm of formal­
dehyde and 20 ppm ofhydrogen chloride the
result was 0.5 ppb of HCME (92).

NIOSH Burlington Report in 1974: A large­
scale sampling yielded values of0.4 to 8.0 ppb
of BCME in textile permanent press finishing
operations with formaldehyde-based resins
and chloride catalysts (371).

Textile World in 1975: NI0SH investigations
data showed BCME concentrations averag­
ing 2 ppb and ranging from 0.5 to 8.0 ppb in
the Burlington operations (see previous item)
(372).

Zollinger in 1977: Up to /6 mol-% of
oligo(oxymethylene)dichlorides were found
in baths containing paraformaldehyde,
water, hydrochloric acid, and acetic acid.
Two-thirds of this amount can be BCME
(344,345).

Gamble in 1977: When animal houses were
first washed down with a 15 % hypochlorite
solution and then gassed with formaldehyde,
a concentration of 0.2 ppb of BCME was
measured at a height of / m (95).

Imperial Chemical Industries (ICI) Ltd in
1978: BCME levels in the atmosphere of the
ICI Organics Division workrooms did not ex­
ceed 1ppb for hydrogen chloride and formal­
dehyde concentrations below 20 ppm (private
communication from JS Gardiner of 11
November 1978).

Yao & Miller in 1979: With the formaldehyde
and hydrogen chloride concentrations in air
in the low parts-per-million and sub parts­
per-million range in eight different types of
manufacture, in the United States, the BCME
concentrations found were generally less than
0.1 orO.2 ppb (337).

Formaldehyde Institute and Sellakumar et al
in 1980: In air containing 14.6ppmofformal­
dehyde and 10.6 ppm of hydrogen chloride,
0./ ppb of BCME was found (87, 255).

General atmosphere. The formation of
BCME in the ambient air depends, above



all, on the availability of formaldehyde and
chloride ions in air.

Important sources of chloride ions are sea
air and combustion processes involving
chlorine-containing fuels. At the Swedish
Bohus Malmon Research Station (11°37' E,
58°35' N) chloride ion contents in sea air
ranging from 0.3 to 370 p.,g/m3 were mea­
sured in 1959 through 1961 (private com­
munication from Rolf Soderlund,
Meteorological Institute of the Stockholm
University, 27 October 1978).

Formaldehyde occurs in urban air in
amounts from 5 to 100 ng/m3 (average
20 nglm3), and in rural air in amounts from
0.5 to 5 nglm3

. The combustion of 1 t of fuel
yields the following amounts of formal­
dehyde: coal 2 g, oil 100 g, and natural gas
200 g (198).

In towns, motor traffic is an important
source of formaldehyde, which then spreads
sidewise into streets with less or no traffic
and into the interior of houses (157, 247,
318). The formaldehyde content inside
urban houses was found to be higher than the
formaldehyde concentration outside, a find­
ing which points to a possible formaldehyde
generation or release inside the houses.

An important indoor source of formal­
dehyde is chipboard, especially in newly
built houses. Measurements in Denmark, as
reported by Andersen et al (11), ~ielded val­
ues from 0.08 to 2.24 mg/m' (average
0.62 mglm3

). If considered against the
background of the hygienic standard for for­
maldehyde of 1.2 mglm3 for occupational ex­
posure and 0.03 mglm3 for continuous expo­
sure in outdoor air, these values seem to be
far from acceptable. In Sweden, the limit
concentration of formaldehyde inside newly
built houses is 0.1 ppm (0.12 mglm3

). For this
reason, procedures for decreasing the for­
maldehyde gassing-off propensity of chip­
board have been developed (68, 183).

The h~gienic standard of 1 ppm
(1.2 mg/m') for formaldehyde is now under
discussion and will probably be reduced in
the future. Loomis (167) reported no detri­
mental effects at 0.5 ppm or below, while
Nagornyj (192) pleaded for a reduction of
the formaldehyde standard in the Soviet
Union from the present 0.5 mglm3 (0.38
ppm) to a lower value. He also studied the ef­
fects of formaldehyde inhalation in combina­
tion with other chemicals (191).

So far, no measurements of BCME con­
centrations in the general atmosphere have

been made, not even in the highly polluted
air of urban and industrial regions. In 1977
Sawicki (250) reviewed the potential
"genotoxic" effect of BCME as formed from
formaldehyde and chloride ions and con­
cluded that - on the basis of results so far
published - this BCME-forming reaction
had not yet been shown to be of importance
from the point of view of environmental
hygiene.

An interesting suggestion was made by
Hoffmann & Wynder (119), namely, that
BCME might constitute a carcinogen in the
gas phase of tobacco smoke, where it can be
formed from formaldehyde and chloride
ions, which are always present in this smoke.

Laboratory simulation experiments

After the danger of BCME as an industrial
carcinogen had been recognized and after it
had been found that this compound can be
formed from precursors that often occur in
the air at the same time, laboratory simula­
tion experiments began to be performed in
order to determine the quantity of BCME
formed from certain concentrations of for­
maldehyde and chloride ions.

Most of these experiments were carried
out from 1973 to about 1977.

Kallos & Solomon (144) studied the vapor
phase reaction of formaldehyde and hydro­
gen chloride in air, in 1973. At relatively high
concentrations of these reactants (500 to
3,000 ppm) BCME was produced in low
parts-per-billion yields. No detectable
BCME amounts were found when formal­
dehyde and hydrogen chloride coexisted in
air concentrations of a few parts per million.
The amount of BCME formed was less than
0.5 ppb with the following ratios of formal­
dehyde to hydrogen chloride in parts per
million, at a relative humidity of 40 % [the
reaction time (RT), in hours, is in paren­
theses]: 30:100 (RT 5), 30:100 (RT 15),
30:100 (RT 18), 8:100 (RT 16.5), 110:100
(RT 15), and 110:100 (RT 40). The results
did not follow a definite pattern.

In 1974 Frankel et al (92) investigated the
formation of BCME from formaldehyde
(HCHO) and hydrogen chloride (HCl) by
combining measured amounts of the reac­
tants in glass vessels or saran bags. Atmo­
spheres at 40 % relative humidity and 26°C
were used and the results were as follows,
after reaction times of 12 to 24 h (HCHO+
HCl=BCME, in parts per million):
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Table 2. Comparison of data concerning the spontaneous generation of bis­
(chloromethyl)ether (BCME) from formaldehyde (HCHO) and hydrogen chloride
(HCI).

A. Kallos &Solomon (144)

BCME HCHO HCI
(ppm) (ppm) (ppm)

B. Frankel et al (92)

BCME HCHO HCI
(ppm) (ppm) (ppm)

Ratio
A:B

< 0.0001
< 0.0005

0.048

100
500

3,000

100
500

10,000

0.003
0.023
0.730

100
300

1,000

100
300

10,000

> 1 :30
> 1 :46

1:15

4,000+40,000=5.0, 1,000+10,000=0.73,
1,000+1,000=0.13, 300+300=0.023,
100+100=0.003, and 20+20=0.0005.

Gaseous formaldehyde and hydrogen
chloride reacted together in moist ambient
air to form BCME in yields of about
0.01 mol-%. The amount of BCME formed
was relatively insensitive to moderate
changes of temperature or relative humidity
but strongly dependent on reactant concen­
trations. Steady state conditions did not
seem to be attained in less than 18 h.

Eisner (67) studied the results of the two
research projects just presented and made a
comparison of the formaldehydelhydrogen
chloride systems investigated by both teams
(see table 2). His comments were that the
two sets of results concerning the spontane­
ous generation of BCME were partly cor­
roborating and partly conflicting. The cor­
roborating data included the gas-phase for­
mation of detectable quantities of BCME
from relatively large amounts of precursors,
as well as the relative stability of BCME to
gas-phase hydrolysis and its relative instabil­
ity to liquid-phase hydrolysis. On the other
hand, the conflicting data primarily con­
cerned the extent of BCME generation in de­
tectable quantities from small amounts of
formaldehyde and hydrogen chloride.

As regards the discrepancies in the results
of Kallos & Solomon (144), on one hand,
and Frankel et al (92), on the other, Eisner
remarks that it is unlikely that in situ hy­
drolysis of BCME in htlmid air could be the
cause since BCME is known to have a half­
life greater than 25 h in humid air. He saw the
more likely sources of these differences in
the difficulties associated with accurately
measuring part-per-billion concentrations of
BCME and with preparing accurate concen­
trations of monomeric formaldehyde.
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Tou & Kallos (282) studied the BCME for­
mation in solutions in 1974. Five pairs of hy­
drochloric acid and formaldehyde solutions
were prepared in concentrations of 2, 20,
200, 500, and 2,000 ppm. Reactions were
carried out through the mixing together of
250 ml of a solution of hydrochloric acid with
250 ml of a solution of formaldehyde in a
variety of combinations. These aqueous
reaction mixtures were then analyzed by
means of mass spectrometry employing the
hollow fiber probe technique developed by
Westover et al (332). No BCME was found
after 18 h of stirring at room temperature,
neither iIi. the solutions nor in the headspace
air. The detection limit was 1 ppb. As re­
gards the hydrolysis of BCME, it was found
that it was a pseudounimolecular reaction,
that the rate of hydrolysis was independent
of the concentrations of formaldehyde and
hydrochloric acid, and that the pseudo first
order rate constant K was 0.05 S·I corres­
ponding to a reaction half-time of 14 s.

In Britain, Davies (55) made observations
in 1974 as well. His results can be summed up
as follows: BCME is formed by the reaction
of formaldehyde, paraformaldehyde, or
hexamethylene tetramine with acid chlorides
such as hydrogen chloride, chlorosulfonic
acid, phosphorus trichloride, and aluminum
chloride. It can be readily hydrolyzed by
water and alkalies back to formaldehyde and
hydrogen chloride.

Work in the ICI laboratories gave general
support to the Rohm & Haas findings but in­
dicated that, in some instances, BCME for­
mation is more difficult than the initial Rohm
& Haas report suggested.

At ICI, no BCME formation was detected
in concentrations of more than 1 ppb when
the reactants were present at levels several
times their hygienic standards (2 ppm for for­
maldehyde and 5 ppm for hydrogen



Table 3. Surface effect of bis(chloromethyl)ether on various materials.

Temperature Concentration Relative Rate of Reaction
Reactor material of water vapor humidity hydrolysis half-time(0C)

(vol-%) (%) (min-') (h)

Glass 25 2.2 67 0.00057 20
Fused ground glass 25 2.6 81 0.00047 25
Saran coated with ferric oxide 23 1.2 42 0.0013 9
Saran coated with ferric oxide 23 2.3 81 0.0016 7.2

chloride) and when the relative humidity was
over 50 %.

As regards aqueous media, BCME forma­
tion is considerably more difficult than ini­
tially proposed. Free BCME introduced into
such media disappears rapidly. In nonaque­
ous media part-per-million levels of reac­
tants are expected to yield part-per-billion
levels of BCME. Practically no prediction re­
garding the resultant BCME concentration is
possible even if reactant concentrations and
reaction conditions are known. Onlyexperi­
ments can decide the issue. If chlorides are
present, the BCME formation is enhanced.

Tou & Kallos (283) investigated the stabi­
lities of CMME and BCME in 1974, and their
conclusions were as follows: In humid air the
rates of hydrolysis arc 0.31 to 0.0018 min-!
for CMME and 0.0016 to 0.00047 min- l for
BCME depending upon the reactor wall sur­
face, as there is a strong surface effect that in­
fluences the rate of hydrolysis. The following
decreasing order as regards the intensity of
the surface effect was observed: saran coated
with ferric oxide> glass> Teflon® > saran.

The effect of the surface on the rate of hy­
drolysis must be considered when chemical
equipment for BCME and CMME investiga­
tions is designed. BCME is relatively stable
in air, and its monitoring should not present
any difficulties. Table 3 shows the surface ef­
fect of various materials on BCME.

In Holland calculations were made in 1975
at the MCN Methanol Chemie Nederland
vof, Delfzijl, as to whether the formaldehyde
and hydrogen chloride emissions in two
works could lead to the formation of danger­
ous BCME concentrations in air (61). With
the use of Frankel et aI's data (92) and the
standard formula for the equilibrium con­
stant K (with water vapor in air being consid­
ered) the results were K=5X104 to 2.7XlOx.

When K= 108 (mol/I)2 and concentrations
of 2 ppm for formaldehyde and 5 ppm for

hydrogen chloride were used, the calculated
value for the BCME concentration in air was
10-6 ppb. Thus it was concluded that there
was no danger of BCME forming on the pre­
mises or in the vicinity of the chemical plants
in question.

Other calculations included the rate con­
stant of BCME formation, which was found
to be 23.5 min-I (mol/I)2 and which corres­
ponds to a reaction half-time of several sec­
onds only.

Tou & Kallos (284) studied the formation
of BCME in reactions of formaldehyde with
chloride ions in 1976 using both hydrogen
chloride and various chlorides (sodium
chloride, calcium chloride, magnesium
chloride, and ferric chloride). The reaction
systems were too diluted with water, and
therefore no BCME was found in the
headspace air at the detection limit of a low
part-per-trillion range. The reactions were
run at room temperature, and a carrier gas
was blown through the reaction system.

In 1976 Alvarez & Rosen (7) investigated
the formation and decomposition of BCME
in aqueous media using chloromethylating
mixtures of the hydrogen chloride/formal­
dehyde/zinc chloride type. It was shown that
BCME was formed rapidly at low levels
(100 ppm) and attained fairly steady con­
centrations of 300 to 500 ppm in the
headspace air. The standard chloromethylat­
ing mixture contained 1 g of paraformal­
dehyde, 6.2 g of 37 % hydrochloric acid, and
8 mg of zinc chloride.

Analogous substances

A near BCME analogue is chloroethylene
oxide, which is the effective metabolite of
vinyl chloride monomer. There is a struc­
tural similarity between BCME and
chloroethylene oxide (21,22,339):
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CH3
'\..

N-CO-Cl
/'

CH3

is synthesized from trimethyl amine and

Most work on BCME analogues and
chemically similar substances from the point
of view of mutagenicity and carcinogenicity
was done by Van Duuren and his group at
the New York University Medical Center.

In 1972 Van Duuren et al (308) tested six
chloro compounds related to BCME for
their carcinogenic activity. The rates of hy­
drolysis were correlated to chemical reactiv­
ity and carcinogenicity. The carcinogenicity
of the compounds was related to their al­
kylating activity and molecular flexibility. It
was argued that reactions with nucleic acids
were not necessarily the critical steps in car­
cinogenesis.

In 1974 a team led by Van Duuren investi­
gated 17 direct-alkylating chloroethers and
other compounds and discovered the high
carcinogenic potential of dimethyl car­
bamoyl chloride (DMCC) (305). This com­
pound was found to have - like BCME - a
rapid rate of hydrolysis with a reaction half­
time of minutes, at a physiological pH value
and temperature. Carcinogenic sulfates, sul­
tones, epoxides, and lactones had much
longer reaction half-times in hydrolysis.

Dimethyl carbamoyl chloride having the
formula

CH-CI0/1
"'CHz

chloroethylene
oxide

CHrCI
0/

"­CHrCI

bis(chloromethyl)­
ether BCME

phosgene and is used as a reagent in the
manufacture of dyestuffs, pharmaceuticals,
and herbicides. By 1975 more than 50 pa­
tents relating to its uses had been issued (86,
201,304,375,376).

Several chlorinated alkanes were also in­
vestigated (such as chloromethanes and
chloroethanes in various degrees of chlorina­
tion) (380, 382).

Further work on chloroethers was done in
1975 and 1976. Van Duuren et al (307) inves­
tigated bifunctional and trifunctional alpha­
chloroethers and found that some of them
were carcinogenic. Nelson (200) investigated
11 halogenated compounds and found that
bifunctional alpha-haloethers were more ac­
tive than their monofunctional analogues.
With increasing chain length and with the
chlorine atom moving away from the ether
oxygen atom, carcinogenic activity de­
creased. The more carcinogenically active
compounds were the most labile, and the
mutagenic activity roughly paralleled the
carcinogenic activity.

In 1980 Weisburger & Van Duuren (322)
commented on a publication (113) concern­
ing dichloromethyl methyl ether
(CH3.O.CH.Clz), which has the same gen­
eral formula as BCME (CzH40Clz) but - in
contrast to BCME - has an asymmetric struc­
ture. This compound, which is a very useful
intermediate in many organic syntheses, was
presented as noncarcinogenic, and reference
was made to one of Van Duuren et aI's ear­
lier publications. Weisburger & Van Duuren
pointed out that, after all, this compound
could be a nasal cavity or lung carcinogen
and that, besides, it is prepared in a danger­
ous way, namely, via CMME, with the at­
tendant risk of BCME formation.

Mutagenicity and carcinogenicity of bis­
(chloromethyl)ether and its precursors

BCME and (to a less extent) CMME are
mutagenic and carcinogenic substances, and
so is also at least one of the precursors of
BCME, namely, formaldehyde, both alone
and in combination with chloride ions, ac­
cording to the latest research results.
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Formaldehyde

The mutagenicity and carcinogenicity of for­
maldehyde deserve due attention in BCME
research, as there might be some connection
between the effects of formaldehyde and
those of BCME.



Formaldehyde was found to be mutagenic
in Drosophila melanogaster (14, 15, 16, 17,
145, 216, 235, 236), in yeast (53), in
Pseudomonas fluorescens and Escherichia
coli (74, 208, 335), in the tickborne en­
cephalitis (TBE) virus (340), and in the
Chaetomium aureum chivers (105).

It was shown that the point of attack offor­
maldehyde on deoxyribonucleic acid (DNA)
was the adenine moieties of DNA (3, 4,147).

As regards the mechanism of nucleic acid
modification, it was found that formal­
dehyde can fix opposite structural states, the
native and the denatured. The denaturation
of the nucleic acids is fixed by the formation
of methylol derivatives, while the native
macrostructure of the polymer is fixed by
methylene cross-links formed in a secondary
reaction (77). Thus adenine dimers are
formed by means of methylene bridges
(227). .

It was also suggested that the mutagenic
action of formaldehyde was associated with
the action of the reaction products of formal­
dehyde and amino-containing compounds
on DNA (256, 262). Previously it was
thought that the mutagenic mechanism of
formaldehyde involved a formation of
peroxides that led to free radicals (60).

Other publications on the mutagenicity of
formaldehyde include the early work of
Fraenkel-Conrat and his team, who concen­
trated on proteins (as supposed heredity car­
riers, in 1948) (89, 90), and research on the
ability of inducing unscheduled DNA syn­
thesis in HeLa cells (175), on the irreversibil­
ity of cross-linked DNA (261), and on the ef­
fect of hydrolyzed formaldehyde-treated
ribonucleic acid (RNA) on neoplastic and
normal human cells (78). More general treat­
ments of the mutagenicity problem were
written by Fishbein (80, 84), and a mono­
graph on genetic and cytogenetic effects of
formaldehyde and related compounds was
written by Auerbach et al (18).

The embryotropic effects of formaldehyde
were studied by Gofmekler and his co­
workers (107, 108).

A report about atypical proliferation of
the bronchial epithelium under the influence
of formaldehyde was published as early as
1935 (98), but, as regards the carcinogenicity
of formaldehyde, the first hints were given in
1954-1955 when Watanabe et al (319, 320)
reported having provoked sarcomas in mice
by means of subcutaneous injections of for­
maldehyde and hexamethylene tetramine

solutions. In 1951, Boyland & Sargent (41)
provoked a local greying of hair in mice by
means of an intradermal application of
formaldehyde. This phenomenon is known
to occur with chemicals that are mutagenic or
carcinogenic or both (a radiomimetic effect).
Formaldehyde was earmarked as a potential
carcinogen by Horton et al in 1963 (121) and
by Rosenkranz in 1972 (243).

Real evidence for the inhalation car­
cinogenicity of formaldehyde was first re­
ported in October 1979. Preliminary data
from an ongoing inhalation study of rats and
mice, sponsored by the Chemical Industry
Institute of Toxicology (CUT), indicated
that for exposures of 15 ppm for 6 hid,
5 dlweek for 18 months, formaldehyde was
carcinogenic in rats. Several of the animals
developed cancer by the 12th month. The
cancer type was squamous-cell carcinomas
originating in the epithelium of the nasal tur­
binates. According to the interim report at
the 3rd CUT Conference on Toxicology
(November 1980), a total of 93 rats from the
stock of 240 animals in the 15-ppm exposure
group developed squamous-cell carcinomas
of the nasal turbinates, whereas two rats de­
veloped respiratory epithelial carcinomas.
Furthermore, two rats exposed to 6 ppm and
two mice exposed to 15 ppm of formal­
dehyde also developed squamous-cell car­
cinomas of the nasal turbinates (48, 88, 197,
257,386,387).

The formaldehyde concentration that pro­
voked most carcinomas (15 ppm) is about
one-thirtieth of the LCso value for both ro­
dent species (193).

Swedberg et al (271) remarked in this con­
nection that, in contrast to humans, rats and
mice are obligatory nose breathers. Thus the
site and degree of formaldehyde toxicity may
be modified in humans. As an example, they
cite BCME, which induces nasal tumors in
rats but lung tumors in humans.

So far, no adequate epidemiologic studies
seem to have been carried out which would
address the problem of formaldehyde car­
cinogenicity in humans. On the other hand,
many people have been exposed to formal­
dehyde over the last 100 a or so without trou­
ble other than that arising from primary irri­
tation and sensitizing (388).

In former years, the formaldehyde con­
centrations to which workers were exposed
might have been anything up to 20 ppm,
which is considered the maximum human
tolerance level at present (97).
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Formaldehyde and chloride ions

A simultaneous breathing of formaldehyde
and chloride ions in concentrations of less
than the hygienic standard in air was found to
reduce the mitochondrial respiration of ex­
posed rats, but no cancers were found (23).
The first report of a mixture offormaldehyde
and chloride ions in air causing cancer in rats
came from Nelson in 1979 (385). A group of
100 male rats were exposed to 14.6 ppm of
formaldehyde and 10.6 ppm of hydrogen
chloride in air. There were, on the whole,
544 d of exposure, 6 hid over a period of
814 d in this experiment. Twenty-five rats de­
veloped squamous-cell carcinomas of the
nasal cavity, and two developed papillomas
of the nasal cavity (87, 197, 255).

So far, it is not known whether the nasal
cancers observed in this mixed exposure
study were caused by formaldehyde, hydro­
gen chloride, BCME (of which there was
0.1 ppb in the formaldehyde/hydrogen
chloride mixture in air), or some combina­
tion of these substances.

Bis(chloromethyl)ether

Carcinogenicity and mutagenicity in
animaLs and ceLL systems

The haloethers BCME and CMME are both
mutagenic and carcinogenic. Their car­
cinogenicity was discovered earlier than
their mutagenicity.

Using the Ames test with SaLmonella
typhimurium and Escherichia coLi, several
researchers discovered the mutagenicity of
BCME and CMME, as well as that of some
chemically related compounds (9, 10, 178,
179,190).

The discovery of the carcinogenicity of
BCME did not follow the usual pattern, ie,
epidemiology followed by bioassay followed
by chemistry. The order was reversed, the
first consideration being the chemical struc­
ture and reactivity in the case of alpha­
chloroethers (302).

The present assessment of BCME is that
this substance is a direct-acting inhalation
carcinogen of radiomimetic character [like,
eg, sulfur mustard, bis(2-chloroethyl)sul­
fide].

The work leading to the discovery of
BCME carcinogenicity was facilitated by re-
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search in which it was attempted to induce
lung cancer in animals. First of all thread
transfixion and pellet implantation
techniques were tried (151), but real pro­
gress was achieved only after Laskin had de­
veloped elaborate exposure chambers which
permitted controlled exposures of animals to
respirable dusts and gases (202).

In reviewing the work done by the Van
Duuren group, Nelson et al characterized
the consequences of the direct-acting car­
cinogenicity of BCME as follows (203):

It is in the nature of direct-acting alkylating
agents that they have a high likelihood of altering
intracellular DNA and producing mutations.
Such interactions may constitute the initiating
step in the induction of cancer. Whether cancer
actually results from tissue contact with such
agents is determined by many different factors,
some quantitative in nature, some qualitative. As
a minimum, access to the critical biochemical unit
(DNA) is required in the appropriate dosage
[pSI·

In studies of the reactions of BCME with
DNA it was found that BCME interacted
with the guanine and adenine moieties of
DNA (94, 109). The extent of BCME incor­
poration by DNA was found to be 13 times
higher than that of formaldehyde. Siaga et al
(263) found that BCME first inhibited and
then stimulated the synthesis of DNA, while
CMME remained inactive.

Shooter (260) experimented with the ef­
fect of various alkylating agents on the bac­
teriophage B 17 and came to the following
conclusion as regards BCME:

Indeed, the results provide no evidence for any
direct action of the ether on the nucleic acid of the
bacteriophage, the inactivation observed being
roughly equal to that produced by the formal­
dehyde generated . . . . The present results
suggest the possibility that the chloromethyl
ether may be transported to the nuclei of cells and
when hydrolysed close to the genetic material the
formaldehyde produced may be the proximal car­
cinogen [p S83).

A similar effect of formaldehyde transfer
from a formaldehyde-releasing compound to
the DNA was observed by Probst et al (230).
In this particular case the formaldehyde vec­
tor was the N-Mannich base N-(isonicotine
amidomethyl)sarcosine. The authors
stressed that this compound protects the ac­
tive formaldehyde from reacting with com­
ponents of the outer cytoplasma on its way
towards the DNA of the cell.

In 1968 and 1969, CMME and BCME
were tested on mice by Van Duuren et al



using skin application, subcutaneous and in­
traperitoneal injections (301, 303). BCME
was found to be a potent alkylating carcino­
gen, whereas CMME was inactive. Twelve
years later, in 1980, Zajdela et al (339) used
the same technique in order to compare
chloroethylene oxide (as the effective
metabolite of the vinyl chloride monomer)
and BCME.

In 1969, Gargus et al (96) reported having
produced adenomas by subcutaneously in­
jecting BCME and CMME into newborn
mice. The induction period was only six
months. As to the criticism that might be
leveled against the use of reputedly highly
sensitive newborn animals, Toth, who re­
viewed experiments with carcinogenic chem­
icals, came to the conclusion, that, on the
contrary, more tumors are sometimes pro­
duced in older animals (281).

In 1971, Laskin et al (154) found that an in­
halation of 0.1 ppm of BCME was highly car­
cinogenic in rats, and a general warning was
issued in view of the potential hazard to indi­
viduals occupationally exposed to this al­
kylating agent.

Of special importance was the three-part
study published in 1975. In the first part,
Drew et al (66) investigated the acute inhala­
tion toxicity of CMME and BCME. The re­
spective data have been presented in the sec­
tion on the properties of BCME. In the sec­
ond part, Laskin et al (153) exposed rats and
hamsters to 1 ppm ofCMME 6 hid, 5d/week,
throughout their lifetimes. CMME was
found to be a much weaker carcinogen than
BCME, and it was even conjectured that the
active agent in this case was not CMME but
BCME, which the technical grade CMME
contained in amounts of about 1 to 7 %. In
the third part, Kuschner et al (152) reported
on rats and hamsters that had been exposed
to 0.1 ppm of BCME in air, 6 hid, 5 dlweek,
throughout their lifetimes. Additionul'
groups of rats were given IOta 100 exposures
at 0.1 ppm of BCME in air and then held
until they died. Forty cancers of the respira­
tory tract were found in 200 animals (14 can­
cers of the lungs and 26 cancers of the nasal
cavities). The percentage incidence of ,ancer
was directly related to the number of .expo­
sures in the following way: 10 exposures
2.4 %, 20 exposures 6.5 %, 40 eJ(posures
22.2 %, 60 exposures 22.2 %, 80 exposures
44.1 %, and 100 exposures 60.0 %.

Besides the aforementioned university re­
search there was also research work done by

the US chemical industry.
A research project reported in 1973 con­

cluded that BCME was probably a carcino­
gen but that the evidence about CMME was
inconclusive (161).

In 1975, Leong et al (159) reported experi­
ments performed in Dow's Toxicology Re­
search Laboratory, where groups of rats
were exposed to 100, 10, and 1 ppb ofBCME
in air, for 6 hid, 5 d/week, for six months. Es­
thesioneuroepitheliomas were found in the
100-ppb exposure group, but no neoplasms
were observed in the 10- and 1-ppb exposure
groups.

The results of animal experiments with
BCME and CMME were summed up by
Lawley in 1976 (156) and by Tomatis et al in
1978 (279). As regards the carcinogenicity of
CMME, Taylor & Simon reported in 1974
that this substance - when purified (ie, not
containing BCME as a contaminant) - also
exhibited some carcinogenic potential of its
own (274).

Bettendorf (31) summed up the
tumorigenous effects of BCME on animals
as follows:

a. skin painting in mice: papillomas and car­
cinomas;
b. subcutaneous injections: local benign and
malign mesenchymal tumors (fibromas, fib­
rosarcomas, lymphoblastomas);
c. Subcutaneous injections in newborn
mice: lung adenomas;
d. inhalation in rats and mice: es­
thesioneuroblastomas in the nasal cavity, as
well as adenomas and carcinomas in the air­
ways.

Carcinogenicity in humans

The majority of BCME-caused deaths were
found in the United States, the Federal Re­
public of Germany, and Japan.

Most of the BCME carcinogenicity re­
search has thus far been carried out in the
United States, especially by two research
teams, the New York University Medical
Center group with Van Duuren, Nelson,
Drew, Laskin, Kuschner, etc, and the
Philadelphia group with Weiss, Figueroa,
Boucot, etc.

The first group began by being interested
in the chemical tracking of carcinogens, they
then switched to animal experimentation
and finished with epidemiologic investiga­
tions. The second group was primarily in­
terested in the effects of BCME and CMME
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on the human lungs and in epidemiologic in­
vestigations.

Evidence of lung carcinogenicity. In 1972 it
became known that four workers employed
in the chemical plant of the Diamond Sham­
rock Co in Redwood City, CA, died because
of exposure to BCME. At that time, two
other workers who had also contracted lung
cancer were still alive. According to the
death certificates, the four dead workers
(who died in 1964, 1965, 1968, and 1971) suf­
fered from lung cancer. Their ages ranged
from 32 to 48 a, which is considered to be
under the age when smoking could be con­
sidered a cause of fatal lung cancer. The
smoking histories of these workers were,
however, not clear (349).

The suspicion that BCME might be the
causative factor in lung cancer arose actually
as early as 1965 after the first two of the
aforementioned cancer deaths of workers
who handled CMME in the manufacture of
ion-exchange resins. When later other
deaths followed, it was believed that a risk
was present in exposures which were longer
than 5 a.

In 1973, the Lancet gave further particu­
lars about the conditions under which the
BCME-caused deaths occurred (359).

In a chemical factory employing 200 work­
ers' an excess of lung cancer was suspected as
early as 1962, and regular radiographic
examinations of the lungs were carried out
twice a year. Over the next 5 a, a group of 125
men were studied. Of the 111 workers who
could be traced, four (aged 35 to 54 a) de­
veloped lung cancer (a 5-a incidence of
5.54 % against the 0.57 % predicted). In the
manufacturing process CMME was used,
and the supervision of the mixing process
was not very good, as there were frequent
gross evolutions of fumes at short intervals
during the shift. The report states that the
employees considered it a good day if the en­
tire building had to be evacuated 3-4 times
during the shift because of obnoxious fumes.
Of the 14 men aged 35 to 55 and for whom a
diagnosis of lung cancer was made in 1961­
1971, all but two had oat-cell cancers. Three
of them were nonsmokers.

The management was not however sure
that the causative factor was CMME or ­
more precisely - the BCME contained as an
impurity in CMME.

In the meantime research was made as re­
gards the chemistry of haloethers. In 1969
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Van Duuren et al (311) investigated five
haloethers, and the biological activity of
CMME and BCME was found to be surpris­
ing in view of their rapid rate of hydrolysis. It
was inferred that critical interactions in­
volved in carcinogenesis must occur very
rapidly with compounds of this nature.

In 1972, Van Duuren et al (310) called at­
tention to the fact that BCME and CMME
were direct-acting carcinogens that required
no metabolization in vivo to produce proxi­
mal carcinogens. This finding explained their
acting at the site of exposure (lungs for air­
borne BCME).

In 1973 it was established beyond doubt
that BCME was the causative factor in
haloether carcinogenesis. This fact was com­
municated to the chemical manufacturers
concerned. The consequence was that the In­
stitute of Environmental Medicine of the
New York University was requested to un­
dertake a systematic industrywide study on
BCME in seven chemical companies (199).

As early as 1975, Albert et al (1) reviewed
the results of the study involving 1,800 work­
ers who had been exposed to CMME from
1948 to 1972 and about 8,000 workers who
served as referents. The risks for various ex­
posure groups were calculated, and it was
found that CMME had a clear life-shorten­
ing effect. Those who died of respiratory
cancer due to CMME lost an average of 25 a
of life.

By 1977, according to Bettendorf (31,32),
60 cases of BCME-caused lung cancer be­
came known in the most industrialized coun­
tries of the world. The average age at diag­
nosis was only 45 a, and the average expo­
sure was 7.4 a.

One of the latest cases that became known
concerned a 42-year-old German research
chemist who died of an extensive lung car­
cinoma after having experimented for 7 a
with BCME, CMME, and, on a smaller
scale, dimethyl sulfate (33). Reznik et al
(239) reported the case of a chemist who
started to experiment with BCME and
CMME at the age of 30 and in whom a lung
cancer was diagnosed 12 a later. It is not clear
whether Bettendorf (33) and Reznik mean
the same person.

Lung cancer deaths due to BCME were
observed at BASF, Ludwigshafen a.R., in
the Federal Republic of Germany.

Besides an accident in which a young stu­
dent-worker spilled some BCME on himself
and later died as a consequence of the re-



spective injuries sustained, there were, ac­
cording to Thiess et al (277), eight cases of
lung cancer in men who had worked in the
production and application of BCME. Their
average age at diagnosis or death was
52.5(SD 11.1) a, the average exposure time
was 6.6(SD 1.2) a, and the average latency
period from first exposure to diagnosis was
12.3(SD 3.8) a.

In 1981 Norpoth (209) reported that the
number of BCME-caused lung cancer deaths
in the Federal Republic of Germany was 20
cases, of which 12 were due to direct expo­
sure to BCME and 8 occurred in workers
employed in chloromethylating reactions.
The 12 direct exposure cases contained the
eight cases reported by Thiess et al. Norpoth
mentioned that the BCME risk in the chemi­
cal industry was greater than usually sup­
posed because BCME can be formed in
many chemical processes, eg, in phosgene
chemistry, in isocyanate chemistry, etc.

It is supposed that, in spite of an apparent
lack of original German publication, the
German chemical industry has been devot­
ing much effort to the problem of
chloroethers and that there is a relatively
large mass of results and experiences availa­
ble for strictly internal use.

This assumption might apply also to the
chemical industry of other countries. For
example, as far as Switzerland is concerned,
the only communication found in the Swiss
medical press was a note by Schlegel (252)
commenting on an article by Figueroa et al of
1973 (79).

On the other hand, the Swiss chemists'
contribution to the problems of haloether
analysis has been considerable (50, 69, 70,
71, 72, 112, 345). A plausible interpretation
is that the BCME problem proved to be of
great practical importance in the Swiss chem­
ical and pharmaceutical industries. Alkylat­
ing reactions are important modification
processes in the pharmaceutical industry, eg,
in the manufacture of alkaloid derivatives.

In Japan, Sakabe (246) investigated the
lung cancer deaths in a dyestuff factory
where five workers who had been exposed to
BCME died of lung cancer. The risk was cal­
culated to be 208 times higher than expected
in the general population.

The Japanese experience is valuable be­
cause the population in which the BCME-in­
duced cancers were observed was very small
and closed, and it was possible to determine
exactly who had been exposed to BCME.

The cancer occurrence in this study was
12 %, while, eg, American investigations
came to figures of 3 to 5 % only.

In the American and German studies it
was difficult to determine which workers of
the groups under study had actually been ex­
posed to BCME or CMME. For this reason,
larger groups were taken into consideration,
and the number of the exposed persons was
probably exaggerated. If the real number of
BCME-exposed persons had been used as
the basis for calculation, it is probable that
the percentage of lung cancer death would
have been higher (158).

Actually the latest calculations concerning
the BCME-exposed workers at the Rohm &
Haas Co show an observed to expected ratio
of 77 (110). A former assessment made in
1976 by DeFonso & Kelton (56) revealed a
relative risk of lung cancer which was 3.8
times higher in the 669 exposed versus the
1,616 nonexposed workers. There were, on
the whole, 20 cases of lung cancer, with five
more which were uncertain.

In the United Kingdom, where CMME
was produced on a regular basis in two fac­
tories for several decades, it was revealed, in
1973, that there was no excess of overall
cancer deaths from lung cancer among the
workers in these factories (359). Considered
against the background of experiences made
in the United States and in the Federal Re­
public of Germany, this result is liable to
raise some doubts. It is probable that more
will be known in the future. In 1977 the
British Office of Population Censuses and
Surveys in London announced that they
were working on a survey of workers ex­
posed to BCME (333). So far, no results
have been published.

In France, no active BCME research has
been done, judging by the character of the
literature (168, 184). Even Mery's medical
doctorate thesis of 1975 (180) relied entirely
on foreign material.

Type of induced cancer. In humans, only
lung cancer has been attributed to the effect
of BCME, .although even other types of
cancer have been observed in animals (see
the section on the carcinogenicity and
mutagenicity in animals and cell systems).

In 1977 Pasternack et al (225) reviewed the
results of the industrywide epidemiologic
study made to evaluate the human car­
cinogenicity of BCME and CMME. The fol­
lowing findings are of particular importance:
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It should be noted that the predominant his­
tologic type of bronchogenic cancer reported in
CME-exposed workers has been small ceIl-undif­
ferentiated or oat cell carcinomas. A similar pre­
dominance of this histologic type has been noted
for bronchogenic cancers associated with radon
daughters and with nitrogen mustard. By way of
contrast, the predominant type associated with
cigarette smoking is squamous cell carcinoma.

It is also noteworthy that most, but not all, of
the men who developed lung cancer had smoked
cigarettes. The fact that some nonsmokers are in
the group and that the lung cancers occur at much
younger ages and are of a different cell type than
normally found with cigarette-induced lung can­
cers provide further evidence that BCME is a pri­
mary agent, rather than cigarette smoke [p 745).

Wegman & Peters (321) commented on
the relative occurrence of oat-cell or small­
cell carcinomas. In the general population of
the United States about 20 % of all lung
tumors are classified as such carcinomas. In
populations occupationally exposed to as­
bestos, arsenic, chromium, and uranium, the
proportion of this type of lung cancer is 38 to
64 %. Even higher is the proportion of this
cancer type in BCME-exposed persons. In
the Los Angeles transport workers investi­
gated from 1968 to 1970, it was found that, by
cell type, the proportion of oat-cell cancer
was twice as high as in the total white male
population.

Internal combustion engines (of both Otto
and Diesel type) have formaldehyde in the
exhaust gases, and the air blown over the re­
gion from the sea contains an increased
amount of chloride ions, Thus there might be
a possibility of either direct BCME forma­
tion in the air or of a simultaneous effect of
formaldehyde and chloride ions.

Unfortunately, the preferred oat-cell type
of cancer in the haloether-exposed persons is
not likely to be of much help in
epidemiologic studies because urban and in­
dustrial environments also contain other car­
cinogens that can cause the same type of
cancer. This situation is in contrast, eg, to
that of asbestos or vinyl chloride monomer,
both of which cause very specific and rare
types of neoplasms (mesotheliomas for the
former and liver angiosarcomas for the lat­
ter) (40).

The 1979 summing-up of the International
Agency for Research on Cancer (IARC) (6),
which completed and corrected the previous
reports of 1973 (128, 129), mentioned the
fact that the studies had shown a positive as­
sociation between atypical cells in bronchial
excretions (abnormal pulmonary cytology)
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and exposure to BCME which was not re­
lated to cigarette smoking.

Dose-response relationships. According to
the IARC report of 1979, several studies
have found a significant excess of lung cancer
among BCME- or CMME-exposed workers;
this excess was directly related to intensity
and duration of exposure, the excess res­
piratory cancer mortality being the most
marked in workers under 55 a of age (6).

The exposure categories were however
only approximate, as no concentration mea­
surements were made at the time when the
cancers were contracted.

It is however possible to use a simple logi­
cal treatment which is based on several ascer­
tained facts and which produces plausible re­
sults (288, 290).

What has become known in the course of
the CMME and BCME research and can be
used as a basis for calculations are the follow­
ing facts: (i) the present hygienic standard
for BCME is 1 ppb in air, (ii) the concentra­
tion of 0.1 ppm (l00ppb) ofBCME in air has
been found to be potently carcinogenic in
animals, (iii) the chloroether exposures in
the chemical industry concerned mainly
CMME, (iv) the technical grade CMME
which was used as a reactant contained 1 to
8 % of BCME, (v) the workers in whom later
lung carcinomas developed might have been
(at least intermittently) exposed to 1 to
10 ppm of technical grade CMME in air, (vi)
the concentration spread of BCME in the
workroom air, as determined by actual
analyses of ambient air in industrial opera­
tions that involved the simultaneous use of
formaldehyde and chloride ions, was from
0.1 to 10 ppb, and (vii) a concentration of
0.1 ppm of BeME was measured in an atmos­
phere that contained 14.6 ppm of formal­
dehyde and 10.6 ppm of hydrogen chloride
and that proved to be carcinogenic in ani­
mals.

On the basis of the preceding premises the
following conclusions can be drawn:
a. the workers that contracted lung cancer
might have been exposed to BCME concen­
trations in air ranging from 10 to 800 ppb;
b. the average time-weighted exposure
might have been somewhere between 10 and
100 ppb of BCME in air;
c. most cancer cases, especially those with
conspicuously short latency periods, might
have been caused by exposures superior to
50 ppb of BCME in air;



d. if at least a part of the animal carcinomas
in point vii were due to BCME, then the (rel­
atively) safe concentration of BCME in air
would have to recede into the part-per-tril­
lion range, a situation similar to that which
has been suggested for benz(a)pyrene (258).

Point d presents a strong argument for the
surveillance and monitoring of those work­
places in which formaldehyde and chloride
ions occur at the same time (155).

The question is, of course, whether there
can be a safe threshold for BCME.

Maugh (176, 177) reviewed the scientific
bases for the regulation of chemical carcino­
gens and paid special attention to how
dangerous small doses can be. He pointed
out that the more conservative view about
there being no thresholds had been in as­
cendancy in the last few years. With BCME,
which is considered the most potent carcino­
gen so far discovered (217) and which is a
radiomimetic substance, it is prudent to as­
sume that there is no threshold.

As regards the comparative mortalities
from BCME on one hand and from vinyl
chloride monomer (with chloroethylene
oxide as the proximal carcinogenic metabo­
lite) on the other, it is of interest to point out
the following findings: As of 1977 there were
64 cases of recognized liver angiosarcoma
due to vinyl chloride monomer, with an aver­
age latency period of 21 a, and as of 1975
there were 61 cases of recognized bronchial
carcinoma due to BCME, with an average la­
tency period of 12 a (66 % of the oat-cell
type).

The average carcinogenic concentration of
vinyl chloride monomer that caused the reg­
istered cancer deaths is supposed to have
been between 200 and 1,000 ppm, while the
average carcinogenic concentration of
BCME - as shown by the aforementioned
calculation - might have lain between 10 and
100 ppb (85,180,267,291).

It is also of interest to determine whether a
single exposure to a high air concentration of
BCME can lead to the development of lung
carcinoma, as was found, for example, with
massive exposures of rats and mice to vinyl
chloride monomer of the order of 5,000 to
50,000 ppm for 1 h (383).

As there were no recorded instances of
such single massive exposures to haloethers,
attempts were made to use information
about mustard-gased soldiers from World
War I (26, 46, 120). The results were, how-
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ever, not conclusive. On the other hand
Japanese investigations of former employees
of a poison gas factory confirmed the high
carcinogenicity of mustard gas in prolonged
exposure (314).

It was found that there were similarities in
the lung cancer picture of uranium miners
and the lung cancer caused by radiomimetic
substances, such as BCME and mustard gas
(315).

Investigations concerning the occupa­
tional risks of chemists, both in the United
States and Sweden (162, 220), brought no
relevant information as they were not com­
pound specific.

Interactions. The most important interaction
with BCME in the causation of bronchial
carcinoma is cigarette smoking. This con­
founding factor was studied by the Philadel­
phia research group headed by Weiss.

The work of the Philadelphia group was
connected to the Philadelphia Pulmonary
Neoplasm Research Project, which was
started on 4 December 1951 and which inves­
tigated a group of male volunteers, originally
45 a old, who were followed for 10 a (39).

In 1973 Figueroa et al (79) reported on the
then known 14 cases of BCME-caused lung
cancer in an American chemical company.
The victims were rather young, being mostly
in the fourth or fifth decade of their lives.
Their average age was 44.8(SD 6.6) a at diag­
nosis. Three of the 14 never smoked and 12
of the histologically confirmed cancers were
of the oat-cell type.

In 1975 Weiss & Boucot (328) reported on
a prospective study of 125 workers planned
for 10 a to investigate the incidence of lung
cancer. Some of the men had been exposed
to BCME. They had symptoms of chronic
bronchitis more often, but the lung ventilat­
ing function was not significantly affected by
the chemical exposure. It was found that
CMME or its contaminant BCME were
more potent carcinogens than cigarette
smoking. The percentage of small-cell car­
cinomas was very high in the cases of
haloether-induced cancers in comparison to
the about 20 % found among nonexposed
cigarette smokers. There was an increase of
dyspnea, but without concomitant changes
in the radiological picture of the chest to ex­
plain it.

A year later, further particulars were re­
ported by Weiss (323). The inverse relation
of lung cancer to cigarette smoking in the
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group of workers under investigation was
surprising and in marked contrast to the find­
ings in uranium and asbestos workers. This
finding seemed to indicate that the chronic
bronchitis induced by smoking with its bron­
chorrhea might be a protection against the
carcinogenic character of the haloethers.

In 1976 Weiss & Figueroa (330) compared
the induction periods for haloether-induced
cancers with the smoking-induced cancers
from the Philadelphia Pulmonary Neoplasm
Research Project. With haloethers the in­
duction period was 10-24 a and with smoking
it was 35-53 a. It was concluded that the abil­
ity of the haloethers to cause cancer in
nonsmokers was a striking phenomenon
since other industrial carcinogens, such as as­
bestos and radon daughters, rarely induce
cancer without smoking being an essential
cofactor. The fact that haloethers produced a
high majority of small-cell cancers was also
considered to be a factor of biological signifi­
cance.

In 1977, a report on the study of 125 male
workers was published by Weiss (325). The
inverse realationship between smoking
habits and the risk of lung cancer was
stressed again.

Weiss (324, 326) tried to find a method for
revealing differences between the exposed
and nonexposed workers. He investigated
both the 1-s forced expiratory volume and
the end expiratory flow rate.

Weiss and his co-workers pursued their in­
vestigations and in 1979 summed up the re­
sults of an epidemiologic study covering the
period from 1948 to 1971 in a chemical plant
where workers were exposed to CMME and
BCME in varying degrees and for various ex­
posure durations (331). It was confirmed
that small-cell carcinoma was a specific re­
sponse to the inhalation of haloethers.

In a publication of 1980 (327) Weiss came
to the following conclusion:

The risk was higher in men who were not smok­
ing cigarettes at the start of the observation than
in those who were. This difference was even more
impressive when examined in relation to the risk
of lung cancer by smoking habit in the gen~al
population. The data suggest that contioo"ed
cigarette smoking entailed a<: factor which par­
tially inhibited the carcinogenic effect of
chloromethyl ethers [p 527].

Weiss did not, however, stress that
cigarette smoking is a protection against
BCME risk, and in his reply to Goldsmith's
objections (110) he confirms that the
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cigarette smokers among the chloroether
workers had a much higher risk than workers
in the general population.

Thus, the haloethers are markedly dif­
ferent from other carcinogens in that they do
not require smoking as a contributing factor
for the development of lung carcinomas (as,
eg, in the case of asbestos).

The research done by the Philadelphia
groups was probably the first of its kind to be
brought to the attention of the general public
outside the United States (358).

Short history of regulation

The discovery of the carcinogenicity of
BCME and CMME was a dramatic event in
the history of occupational medicine, as de­
scribed by Randall & Solomon (234). The
regulation-seeking part of these events can
be summed up as follows: Though there was
an "awareness" of disease, probably lung
cancer, of uncertain origin even before 1972,
it seems that a communication in that year
about six haloether-exposed workers having
contracted lung cancer was the beginning of
serious public concern (349). This discovery
and later communications led to a campaign
for a regulation to end occupational expo­
sure to these compounds (350, 351, 353,
354). In 1974, an "Emergency Temporary
Standard on Certain Carcinogens" was pub­
lished for BCME, CMME and 12 other car­
cinogens (356). Later in the same year
employers were required to report their
medical surveillance programs and monitor­
ing systems for carcinogens in their enter­
prises (357).

As early as 1973, the Lancet published
some information about the work conditions
in the American chemical factory in which
the haloether cancer deaths were first ob­
served (359). Permanent standards for the 14
carcinogens were being prepared, but the
American chemical industry was against
them (360). In 1974, descriptions of the 14
carci~ogens with the attendant hazard re­
views by NIOSH, as well as final rules for
both haloethers, according to the Occupa­
tional Safety and Health Act, were issued
(361,362).

There was a controversy about whether a
possible cancer occurrence in man can be in­
ferred from a cancer occurrence in animals,
and the Environmental Protection Agency
(EPA) was obliged to issue a positive
statement on this problem (373).



In 1976, NIOSH started work on "recom­
mended exposure standards" which were to
appear in 1979 (374). The threshold limit
value (TLV) list published by the American
Conference of Governmental Industrial
Hygienists (ACGIH) contains a threshold
limit value of 1 ppb for BCME but none for
CMME (8). In 1978, the EPA was reported
to be working on effluent standards for
"priority pollutants," but waterborne
BCME was not considered a risk because of
its ease of hydrolysis (381, 389). The decade
of haloether investigations (1968-1978) was
reviewed in 1978 by Van Duuren (302), but
the work did not stop there, and the experi­
ences gained in previous years were used for
further investigations concerning the car­
cinogenicity of halogenated olefinic and
aliphatic hydrocarbons (306). In 1979, Al­
bert et al (2) discussed an alert system for the
identification of situations with high-level
carcinogen exposure and suggested that such
a system would be particularly effective if it
focused primarily, but not exclusively, on
nonsmokers. They pointed out that of the
four lung cancer cases among young workers
exposed to BCME, two involved non­
smokers.

Outside the United States, the develop­
ment went more smoothly. Though there
were quite a few BCME-related deaths,
especially in the Federal Republic of Ger­
many, they were not highlighted in such a
dramatic way as in the United States, and the
manufacturers concerned took the necessary
measures as soon as the facts became known.
The American point of view as regards
BCME and CMME was generally adopted.

It seems as if BCME and CMME had not
been regarded as so dangerous in Eastern
Europe as in the Western world, at least in
the period before and including 1977-1978.
Zudova & Landa (346), in their paper about
personnel monitoring by means of
peripheral lymphocyte analysis, refer to
BCME and CMME as "suspected carcino­
gens" and consider them as mutagens. In the
Soviet Union the simultaneous use of for­
maldehyde and hydrochloric acid does not
seem to have been regarded as dangerous, as
judged by the paper ofTschegolj a et al (297)
of 1978. The authors described how flame­
resistant fibers from phenol/formaldehyde
resins were melt-spun from novolack resins
and then cross-linked in baths containing
5-25 % offormaldehyde and 10-25 % of hy­
drochloric acid.

No relevant communications on BCME
and/or CMME risks were found in the
Czechoslovak, East German, Polish, and
Soviet journals that were accessible during
the preparation of the present document.

Attempts to establish direct contacts with
persons and institutions in Czechoslovakia
and the German Democratic Republic failed
because the addressees did not answer the
respective inquiries.

As regards Sweden, no original haloether
research has so far been done. The occupa­
tional and hygienic aspects of haloethers and
the respective developments abroad have,
however, been closely followed.

In 1973 the Arbetarskyddsverket (355)
and in 1979 the Arbetarskyddsstyrelsen (Na­
tional Board of Occupational Safety and
Health) (384) ·called attention to the risk of
BCME. The 1978 list of the Swedish hygienic
standards (Hygieniska gransvarden, Ar­
betarskyddsstyrelsens anvisning nr 1(0) puts
BCME, CMME and 10 other chemicals in a
group for which the following regulation is
valid:

The substances in question must neither be
produced nor used in industry. This applies even
to products in which these substances occur as im­
purities down to 0.1 weight-%. Even with con­
tents under 0.1 weight-% measures must be taken
to prevent exposure of workers [p 24].

Both haloethers, BCME and CMME, be­
came targets of attention in several branches
of industry where there was a possibility of
formaldehyde reacting with chloride ions.
The greatest attention was paid to them in
the chemical and textile industries and in the
field of formaldehyde disinfection (42, 54,
95). In other branches, the interest was only
theoretical and no independent research was
made. For example, in the food and cosme­
tics industries, only review articles were writ­
ten (52, 65).

As regards the possibility of monitoring
the health of workers exposed to haloethers,
the present view is dim because the lung car­
cinomas due to haloethers are essentially an
untreatable and rapidly fatal disease (329).
A monitoring of the health of the workers
would probably not be of much use (238,
244,245,246).

Need for further research

There are several areas that require further
research concerning the BCME problem.
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1. First of all the connection between formal­
dehyde and BCME as regards carcinogenic­
ity must be clarified.

It is already known that lung cancer can be
caused (i) by BCME alone, (ii) by a combi­
nation of formaldehyde and chloride ions,
and (iii) by formaldehyde alone. The ques­
tion is: Are the formaldehyde carcinogenic­
ity, on one hand, and the BCME car­
cinogenicity, on the other, parts of the same
problem, or are they two different and mutu­
ally independent phenomena?

If the formaldehyde carcinogenicity and
the BCME carcinogenicity are only two sides
of the same problem, then the causative
mechanism must be established. Does for­
maldehyde act alone or as a precursor to
BCME? Does BCME act alone or as a car­
rier of formaldehyde? As regards the second
question, reference is made to the research
results reported by Shooter in 1975 (260).
(See the section on the carcinogenicity and
mutagenicity of BCME in animals and cell
systems.)

BCME is in fact an excellent solvent for
fats and, as such, it would have no difficulties
in penetrating cell membranes.

The present situation is, however, that
there are about 70 documented cases of
BCME-caused lung cancer in humans, while
the· carcinogenicity of formaldehyde has so
far been shown only in animals (mostly rats).
At present, there is nothing to indicate that
formaldehyde is also carcinogenic in hu­
mans, in spite of heavy exposures of large
numbers of people to this agent during the
last 100 a or so. This situation would indicate
that BCME carcinogenicity and formal­
dehyde carcinogenicity are two separate
problems. In the first case, formaldehyde is
one of the precursors of a very potent car­
cinogen, while in the second case it is sus­
pected (but not proved) to be a human car­
cinogen. Thus the whole problem of formal-

dehyde, BCME, and their mutual relation
will have to be studied in a complex way in
the future.

2. The second question concerns what con­
centration of BCME in workroom air can be
considered an acceptable risk.

3. It must be determined whether dangerous
concentrations of BCME are formed in air
from formaldehyde and chloride ions if the
two are present in concentrations close to
their respective hygienic standards.

4. Last, from the point of view of practical
occupational and general hygiene, the fol­
lowing questions must be answered: (i) how
much BCME can be formed in industrial
processes that involve formaldehyde and
chloride ions at the same time, (ii) how much
BCME can be found in the workroom air if
such processes are used, and (iii) can a possi­
ble BCME formation in the general atmo­
sphere constitute a health risk for the popu­
lation at large?

As regards the last question, there are in­
dications that the lung cancer mortality in in­
dustrial regions can suddenly increase sev­
eral times, with very short latency periods.
BCME has one of the shortest latency
periods as a carcinogen, and BCME precur­
sors can very often be present in urban and
industrial air. In such cases it is BCME that
ought to be one of the prime suspects.

In 1979 Lloyd & Barclay (163) reported
about such an increase of lung cancer mortal­
ity in an industrial community in Scotland in
connection with a very short latency period.
It has not yet been shown that the causative
agent was BCME. The real cause is not yet
known, and it is being investigated. It is,
however, supposed that a cluster of BCME­
caused lung cancers would present a similar
picture.

Organization and experimental design
for the present project

Formaldehyde-based resins are the most im­
portant industrial articles from which BCME
might be released in manufacturing, handl-
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ing, processing, and use. This is one reason
why these resins were given priority.

The main targets were set as follows: (i) to



Table 4. Characteristics of the formaldehyde-based resins used.

Type of resin Dry substance Freeformaldehyde Remarks
content(%) content (weight-%)

Ureal
formaldehyde

Melamine/
formaldehyde

Phenol/
formaldehyde

About 60

About 50

About 50

About 0.47

AboutO.17

About 0.54

Contains a small
amount of am­
monia as hexa­
methylene tetramine

Is modified with
toluene sulfon­
amide and contains
a small amount of
methanol

Contains a small
amount of methanol

develop a safe method for testing formal­
dehyde-based resins as to BCME formation
during their manufacture, handling, process­
ing and use and (ii) to test the most important
formaldehyde-based resins, ie, phenol/form­
aldehyde resins, urea/formaldehyde resins,
and melamine/formaldehyde resins. These
resins had to be of current commercial types.

The experimental work was planned and
executed in four stages as mentioned in the
Introduction.

The necessary laboratory equipment had
to be designed and built according to the re­
quirements of the research project in ques­
tion, with special regard for the fact that a
very dangerous and toxic substance was in­
volved. Thus emphasis had to be placed on
miniaturizing the equipment in order to pro­
duce and use only those quantities of BCME
that were strictly needed for analytical pur­
poses.

Another measure was to use disposable
and inexpensive reaction vessels in which a
possible BCME residue could be easily
liquidated by the addition of a suitable agent.

Materials, equipment, and methods

The experimental design as regards the ac­
tual execution and evaluation of the experi­
ments was as follows.

Materials

All chemicals used, with the exception of the
gases, were Merck chemicals, of pro analysi

or pro synthesi grades. The gases, chlorine
99.8 % and dry synthetic air containing
79 vol-% of nitrogen and 21 vol-'Yo of oxy­
gen, with water vapor content of ~5 ppm,
were from Messer, Griesheim.

The characteristics of the formaldehyde­
based commercial-type resins used in the ex­
periments are given in table 4.

Equipment

A large, heat-insulated, 120-1 water bath was
built. It could hold, submerged, either two
reactors of 10 I each or four reactors of 1.4 I
each (see fig 1 & 3).

The reactor vessels were made of borosili­
cate (Pyrex type) glass (Duran 50 - Schott
Mainz - Jena glass), and they were equipped
with massive screw-on Teflon lids. Each lid
(see fig 2) carried a variable-speed electric
motor for the agitator, an inlet and an outlet
valve, a thermometer, and a septum arrange­
ment for liquid and gas injection and for gas
sample taking. The stirrer shaft and the
propellers were made of Teflon as well. In­
side the reactors, only glass and Teflon sur­
faces were exposed.

Each 10-1 vessel (of which there were
eight) was carried in a cage which allowed
the round-bottomed glass vessels to stand
upright. The reactor lids (of which there
were two) could be screwed to the upper
flanges of any of the reactor vessel cages.

Fig 1 shows two reactor vessels in their
cages standing in front of the loaded water
bath ready for operation.
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Fig 1. Two 10-1 reactors in operational condition on the
water bath.

Fig 2. Lid of a 10-1 reactor immerged in the water bath.
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Fig 2 shows how the to-I reactor vessels
were held on the water bath by means of
movable bars to control buoyancy.

The water bath had two magnetic stirrers
for the heat-transferring water, an automatic
temperature control, a heating arrangement
allowing inputs of 1,000 to 5,000 W of elec­
tric energy, and a cooling arrangement in the
form of a copper tube coil through which
cold water could be circulated.

The reactors could be flushed and filled
either with ambient air or with dry synthetic
air. The volume of air fed through the reac­
tors could be read off on a dry gas flow
mcter. With the use of a five-rotameter ar­
rangement with four reactors on the water
bath, each 1.4-1 reactor could be fed a
specified volume of ambient or dry synthetic
air per unit of time. The rotameter system,
mounted on the front edge of the water bath
lid, is presented in fig 3 & 4. The rubber hose
connections to the individual reactors are not
shown.

Reactors containing BCME in air could be
safely evacuated into the free atmosphere
outside the building by means of a flexible
plastic hose. The evacuation was done by
pumping air through the inlet valve into the
reactor, where it took along the BCME-con­
taining air through the outlet valve into the
evacuation hose.

Besides joint temperature control, the
reactors were run individually. The water
bath could operate at temperatures from O°C
to the boiling point of water. All experiments
were performed at atmospheric or slightly in­
creased pressure (because of gas expansion
owing to increased temperature). The reac­
tors were tested for leak- and suction-proof­
ness at double the atmospheric pressure and
at a vacuum of half the atmospheric pres­
sure.

The 10-1 reactors were used for BCME for­
mation in the gaseous phase, while the 1.4-1
reactors served for the liquid-phase experi­
ments.

The arrangement of four reactors for the
liquid-phase experiments is shown in fig 3 &
4. Fig 3 shows the water bath covered with a
metal lid that carries four assembled reac­
tors, while fig 4 shows the water bath with
only one assembled reactor, one reactor ves­
sel being half-drawn out of its respective
opening and the remaining two reactor ves­
sels sitting in their openings with their lids re­
moved.



Fig 3. Four 1.4-1 reactors in operational condition on the water bath.

In experiments concerning BCME de­
struction by means of condensing water, the
1.4-1 reactors were used as gas reactors.

Fig 5 shows the reactor assembly used in
these experiments. The reactor is heated by
means of an electric resistance nest carried
by a lift stage. Instead of heating, the reactor
could be cooled by immersion in a large beak
with water that could also be carried by the
lift stage. In this arrangement the reactor lid
also carries a two-point mercury tempera­
ture controller cooperating with a switch-onl
switch-off relay for the heating nest.

The smaller lids of the 1.4-1 reactors were
designed in the same manner as the lids of
the 10-1 reactors. As the 1.4-1 reactors were
intended for work with liquids, their lids had
stoppered inlets for metering funnels in addi­
tion to the usual complement consisting of an
agitator motor, a gas inlet, a gas outlet, a sep­
tum arrangement, and a thermometer.

The 1.4-1 reactor vessels had no cages;
they were inserted into the respective open­
ings in the water bath lid, where they hung by
their flanges. The water bath lid carried four

bolts for each reactor for screwing together
the reactor vessels and the reactor lid (see
fig 4).

The agitator motors had variable-speed
drives, but were used only at the speed of
100 rlmin in both the gas and liquid reactors.

A special development of the present pro­
ject was the so-called microreactor system in
which vials with a 25-ml volume were used as
reactors. These vials, made of potassium
glass, were closed with Teflon caps and oper­
ated on two liquid baths, a water bath for
temperatures up to 100°C and an oil bath for
temperatures up to 200°C.

The length of the vials was 75 mm, their
diameter was 23 mm, and their neck opening
had a diameter of 20/12 mm. They were the
"Ampullen N 20-20" , from Messrs
Macherey-Nagel & Co, 0-516 Duren, and
they were used with "B6rdelkappen N 20
TB" Teflon caps. Fig 6 shows the vials and
their caps.

Each bath had a metallic vessel of rectan­
gular shape that contained about 30 I of the
respective heat transfer medium. The baths
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Fig 4. Water bath with four 1.4-1 reactors being assembled.

Fig 5. Gas reactor assembly for bis(chloromethyl)ether
mopping-up tests.
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had two-point mercury temperature con­
trols, as well as mercury thermometers for
checking purposes.

Fig 7 shows the water bath (empty) and fig
8 the oil bath with the large carrier plate fit­
ted with vial holders.

The vial holders consisted of two parts (see
fig 9). The shorter parts were hard-soldered
to the undersides of the carrier plates, while
the longer lower parts could be snapped into
the upper parts by means of bayonet locks.
Fig 9 shows a small carrier plate for four vial
holders.

There were, on the whole, four small car­
rier plates, each for four vial holders, and a
large carrier plate for 6x4=24 vial holders
per bath (see fig 10). Thus each bath could
carry up to 40 vial holders, and therefore up
to 40 microreactors could be run at the same
time on one bath.

The lower parts of the vial holders (see fig
9) were 87.5 mm long, made of brass tubing,
27/29 mm in diameter, and provided with sol-



Fig 6. Vials and caps for the microreactors.

dered-on bottoms of brass plate with holes,
10 mm in diameter, in the middle of the
bottoms. The mantle of each lower part had
4X8 holes, 5 mm in diameter, in axial rows.

The upper parts, connected to the carrier
plates, were slightly larger in diameter and
had two L-shaped grooves each that were
positioned opposite each other for the pins of
the lower parts to register with for bayonet
locking.

During the loading of a vial holder (see fig
9), a compression spring, 23 mm high and
21 mm in diameter with five turns of wire,
was first sunk into the lower part of the hol-

der. Then the capped vial containing the
gaseous, liquid, or solid reactants was in­
serted, and the lower part of the holder, with
the spring and the vial, was snapped into the
respective upper part. The spring action
pressed the upper surface of the Teflon cap
(with the middle disc removed - see fig 6)
onto a hole, 3 mm in diameter, in the brass
carrier plate, 3 mm thick. Through this hole,
the vial was accessible to the syringe needle.
The heat transfer liquid reached up to the
bottom surfaces of the carrier plates, with
the consequence that the top surfaces of the
carrier plates were kept clean so that the

Fig 7. Water bath with reciprocating carriage for the vial microreactors.
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Fig 8. Oil bath with lifted carriage being prepared for the experiments.

Fig 9. Narrow carrier plate with vial holders.
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syringe needles did not become contami­
nated.

The carrier plates, with the vial holders at­
tached underneath, were suspended from re­
ciprocating frames (carriages), which were
moved to and fro by variable-speed electric
motors. The reciprocating frame arrange­
ment can be seen in fig 7 in its operational
position, while in fig 8 the reciprocating
frame is seen resting on two wood blocks,
which was the arrangement used for the
loading of the bath in the experiments.

The microreactor system performed to full
satisfaction. The baths were easy to load for
the experiments, and the reciproating perfo­
rated vial holders facilitated the heat transfer
between the bath liquid and the microreac­
tors, while at the same time protecting the
adjacent vials from chain reaction explosions
in case one vial burst.

Equipment surfaces. The materials coming in
contact with HCME play an important role in
that BCME, being highly reactive, is ex-



Fig 10. System of carrier plates for either the water bath or the oil bath (total capacity 40 vials).

Table 5. Degrees of cleaning treafment for laboratory
glass.

tremely sensitive to the impurities and to the
character of the surfaces.

In experiments with BCME, a correct way
must be found to clean the surfaces of the ex­
perimental equipment that come in contact
with BCME. Unfortunately, a surface treat­
ment that is suitable for one type of material
can be absolutely wrong for another type of
material. For the purpose of the present in­
vestigation, two basic treatments were de­
veloped for glass and Teflon surfaces that
came in contact with BCME within the reac­
tors. They are presented in table 5.

The Teflon surfaces were always treated
"normally," while the "special" treatment
had to be used for the borosilicate glass. The

Degree of treatment

Special treatment

Normal treatment

No treatment

Operations

1. Rinsing with sodium
hydroxide 1 N

2. Rinsing with distilled water
3. Rinsing with chromic acid
4. Rinsing with distilled water
5. Rinsing with 100 % methanol
6. Rinsing with distilled water
7. Heat treatment at 250°C

for 24 h
8. Cooling down
9. Blowing out with dryartificial air

1. Rinsing with 100 % methanol
2. Rinsing with distilled water
3. Drying at 105°C
4. Cooling,down

Using the labOratory glass in the
state in which it was delivered

potassium glass of the microreactor vials was
treated "normally" as well. For the sake of
comparison some experiments were made
with untreated potassium glass vials.

If, for example, the microreactors were
"specially" treated, their inside surfaces
made the gaseous BCME rapidly disappear
from the gas phase. The same happened if
reactors from borosilicate glass were "nor­
mally" treated.

Thus there proved to be no universal way
of treating glass surfaces that had to come in
contact with BCME. Even if the glass sur­
faces are cleaned correctly, it can happen
that none or too little BCME will form from
formaldehyde and chloride ions or that the
injected BCME will disappear within the
glass vessel.

These occurrences must, however, by no
means be interpreted as negative results
when they happen for the first time. The ex­
periments must be repeated several times,
because there is always a definite possibility
that something has gone wrong. BCME is
very elusive, and it is supposed that quite a
few results obtained in the past were due to
this disappearance of BCME owing to incon­
trollable influences. Thus the disappearance
of BCME is a multifactorial phenomenon.

As a consequence, checking and calibrat­
ing with pure BCME (usually in solution in
an inert solvent) must continue throughout
the experiment in order to determine
whether the respective experimental ar­
rangement destroys the BCME that is
formed and - if it does - how much BCME
survives.
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Table 6. Operational conditions for the Qas chromatography-mass spectroscopy
system used. Equipment: Finnigan Model F 3100 mass spectrometer coupled
to a Finnigan Model 9500 gas chromatograph over a Finnigan allglas jet
separator. Procedure: Mass determination and single-ion detection at
m/e=79.

Conditions

Gas chromatograph

Column, packed

Oven temperature
Injection port temperature
Separator and transfer line
temperature
Helium flow
Retention time

Mass spectrometer

Electron energy
Emission
Collector
Ionizervolume
Ion energy
Extractor
Collector
Lens
Multiplier voltage

Detection limit

Many materials must be avoided in experi­
ments with BCME, especially if low concen­
trations of gaseous BCME are used or
formed. Cellulose-containing materials, rub­
bers, many metals, many plastics, water,
water-containing materials, etc, will decom­
pose BCME in an uncontrollable way, some­
times leaving no trace at all of the com­
pound. Even absorption-release phenomena
might occur in the case of rubber (eg, in clo­
sures) and BCME, as they do in the case of
rubber and, eg, methane, ethane, and
acetylene (146),

Methods

The direct gas chromatographic-mass spec­
troscopic method without enrichment, which
was used in the present investigation, is very
selective, but not so sensitive as methods
working with adsorbents, owing to the fact
that maximum practical gas volumes, which
can be injected into the gas chromatog­
raphic-mass spectroscopic setup, are of the
order of 0,5 to 1.0 ml, while adsorbent-based
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Values

Glass, 2.5 m x2 mm internal diameter,
packed with 4 % Carbowax 20 M on
Chromosorb NAW 80/1 00 mesh

800r 100aC
150°C

150°C
30ml/min
Approximately 6 min at 80aC
Approximately 3 min 15 s at 100ae

67eV
0.4mA
0.32mV
O.09mA
5.2V
3.5V
36V
-27V
1,350V

Approximately 14 ngll or 7 pg/500 1-'1
for signal-to-noise ratio of 3: 1

methods can collect BCME from several
liters of air. But the direct gas chromato­
graphic-mass spectroscopic method is emi­
nently suitable for quickly repeated analyses
and allows a large number of analytical de­
terminations to be made during a workday.

The apparatus and work conditions that
were used are described in table 6, while the
respective calibration procedure is reviewed
in table 7.

In the determination of BCME by the
gas chromatographic-mass spectroscopic
method, the single-ion procedure at m/e=79
was used. The peak at m/e=79, as well as its
concomitant twin peak at m/e=81, belong to
the CzH40Ci+ion.

For checking purposes there is another
pair of peaks available, namely m/e=49 and
51.

The occurrence of the peak pairs 79/81 and
49/51 (the latter for the CHzCI+ion) is due to
there beinetwo chlorine isotopes, namely,
chlorine 3. Cl and 37CI, respectively, with a
quantitative ratio of about 3 : I,

The spectrum in fig 11, valid for the Finni-
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Fig 11. Mass spectrographic spectrum of bis(chloromethyl)ether. (Column: 4 % Chromosorb NAW 80/100 mesh,
80°), Natural chlorine isotope ratio: 35CI : 37CI=75.4: 24.6, m/evalues for 35CI: 44, 49, 79; mlevalues for 37CI: 51,81.

gan gas chromatographic-mass spectroscopic
setup used, shows both peaks for the frag­
ments
C2H40c\+ m/e=79 and 81, and
CH2CI+ m/e=49and51.

There is, besides, an unimportant peak at
m/e=44 (the corresponding twin of which at
m/e=46 is not shown).

The peaks m/e=79 and m/e=49 are the
highest, and they are completely sufficient
for identifying BCME. Frankel et al (92) re­
ported that, among the 8,782 compounds
studied by Heller in 1971, there was only one
compound, namely HCME, that met the re­
quirement of having its major peak at
m/e=79 and a second peak at m/e=49, the
latter possessing at least one-third of the
intensity of the major peak.

Table 7. Determination of the bis(chloromethyl)ether content in the gas being
investigated,

Operation Procedure

Determination of the value of a At the sensitivity of 10.7of the gas
chromatography-mass spectrometry
setup, 1 ILl of the BCME 10-6 solution in
dichloromethane is injected, which
results in a peak of a scale divisions
on the writeout diagram paper.

The concentration of BCME at this
sensitivity and with an injection of
0.5 ml of the gas being investigated
is calculated as
0.56/a ppm of BCME per scale division.

Operational checks of the value of a At the beginning of the measurements,
the first value of a is determined from the
use of at least five injections of the
BCME solution. During the measurements
checks with the same BCME solution are
made at least every hour or after 10-12
gas injections in order to determine
whether and how the value of a has
changed. If the difference is greater
than ±10 %, a new value of a must be
determined with the use of at least three
injections of the BCME solution.
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When there were doubts about whether
the peak m/e=79 was BCME or not, a multi­
ion analysis was run. If there was a peak at
m/e=49 that complied with the above re­
quirement, then it was accepted that the
peak m/e=79 in question belonged to
BCME.

The sensitivity of analysis in the present
investigation was about 3 ppb of BCME in
air (corresponding to about 14 ng/I or
7 pg/O.5 ml injection).

With BCME, one volume part per billion
corresponds to 4.7 ng/I of air, as calculated
from the ideal gas law.

For the present investigation, the Finnigan
gas chromatography-mass spectroscopy
setup was located in the immediate vicinity
of the BCME-developing reactors from
which gas samples of 10 to 500 Jotl were taken
and immediately injected through the sep­
tum into the entry port of the gas chromato­
graph.

The m/e=79 fragment was currently moni­
tored in the single-ion procedure, and peaks
corresponding to the respective retention
time were looked for and marked off in the
spectrum being drawn on the chart of the
writeout.

The BCME concentrations were calcu­
lated from the peak heights and the preset
sensitivity of the gas chromatography-mass
spectroscopy setup. Checks with pure
BCME were run according to table 7.

In a small number of experiments a
speeded-up method of gas chromatographic­
mass spectroscopic analysis was tentatively
used. It was the so-called "multiple-shot pro­
cedure," which is described under "Experi­
mental procedure" in the section dealing
with the BCME formation experiments in
the gaseous phase.

Experiments and results

On the whole, four stages of experiments
were performed:

a BCME formation in the gaseous phase,
b BCME formation in the liquid phase,
c BCME formation in the solid phase, and
d BCME destruction in the gaseous phase.

These stages can be shortly characterized
as follows:

a The experiments investigating the forma­
tion of BCME in the gaseous phase from its
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precursors formaldehyde and hydrogen
chloride were meant as introductory experi­
ments with which to get acquainted with the
substance in question, its properties and be­
havior. Conventional equipment was used in
most of these experiments, and their results
are in agreement with those of earlier experi­
ments by other authors.

b The experiments investigating the forma­
tion of BCME in the liquid phase were based
on an original experimental design, while the
equipment was partly conventional and
partly of special construction.

c Experiments in relatively high-volume gas
reactors, used in stages a and b, in which
dangerously large amounts of BCME could
be formed, presented a danger of BCME
leakage into the laboratory air, both during
unattended operation and during reactor
servicing. Therefore, ways and means were
looked for which could eliminate or, at least,
greatly reduce this danger and, if possible,
increase experiment productivity, which was
considered low in work with large volume
reactors. For this purpose, the "microreactor
method" was developed. This method con­
siderably increased. the productivity of ex­
perimenting and allowed safe work. The
microreactor method was not only used in
the stage c experiments (all of which were
performed in this way), but also in stages a
and b in order to obtain supplementary infor­
mation.

d The experiments investigating the de­
struction of BCME in the gaseous phase
were not planned beforehand. During the
experiments of stages a through c it became
evident that condensing water vapor was an
efficient BCME scavenger. Owing to the
practical importance of this phenomenon,
the decision was made to study it in greater
detail.

Bis(chloromethyl) ether formation experi­
ments in the gaseous phase

The purpose of the stage a experiments was
to study the formation of BCME from its
precursors in the gaseous phase.

Experimental procedure. The experiments
were performed in 10-1 glass reactors, alter­
nating eight glass reactor vessels held in spe­
cial cages with two Teflon lids.

The reactants, formaldehyde and hydro­
gen chloride, were added to the reactors as a



Table 8. Results of the bis(chloromethyl)ether (BCME) forming experiments in the gaseous phase in comparison with
Frankel et ai's results (92).

Results Reactant concentrations (ppm) Experimental conditions Resultant concentration Calculated values of

of BCME (ppm) in air equilibrium constants
Form- Hydrogen Water Temperature Relative (1/mol)2

aldehyde chloride vapor humidity
Degree Kelvins (%) Ka K~,
Celsius

Present 400 400 2,700 66 339 1 1.1 X10-1 9.0X106 3.7X1~

investiga- 400 800 4,000 98 371 1 2.2x10-1 8.0X1OS 4.4x102

tion BOO 400 3,900 97 370 1 3.BX10-' 1.3Xl07 1.3Xl03

BOO 800 5,300 21 294 22 2.7x 10-' 2.0X106 1.0X1Q2
2,000 2,000 13,300 20 293 58 38 1.8X107 5.2X104

4,000 4,000 26,600 58 331 17 23 1.8X106 1.5X103

Frankel 20 20 13,300 26 299 40 5.0XlO-4 2.5X10'o 9.4X102

etal(92) 100 100 13,300 26 299 40 3.0XlO-3 2.4X1OS 5.4X10'
300 300 13,300 26 299 40 2.3XlO-2 2.3X107 3.9X10'

1,000 1,000 13,300 26 299 40 1.3X10-' 1.0Xl06 1.0X10'
1,000 10,000 13,300 26 299 40 7.3X10-' 5.9X104 3.2X10o
4,000 40,000 13,300 26 299 40 5 1.6X103 5.9X10'

a Equilibrium constants K, were calculated with the atmospheric moisture being considered.
b Equilibrium constants K2 were calculated with the atmospheric moisture not being considered.

35 % aqueous solution of formaldehyde,
stabilized with about 10 % of methanol, and
37 % hydrochloric acid. The reactants were
added by means of a metering syringe, the
hollow needle of which penetrated the sep­
tum in the reactor lid.

The reactants being in solution, a certain
amount of water was added to the atmo­
sphere of dry artificial air inside the reactors,
which resulted in a certain percentage of rel­
ative humidity at the respective tempera­
ture.

The operating procedure was as follows:
(i) flushing the assembled air-tight reactor
with dry air and, eventually, filling it with the
same; (ii) adjusting the temperature of the
enclosed air to the starting value; (iii) inject­
ing the calculated amount of formaldehyde
solution and hydrochloric acid; (iv) waiting
for about 60 min; and (v) taking the first sam­
ple of air out of the reactor and analyzing it
on the gas chromatography-mass spectro­
scopy setup.

During the 6O-min waiting period the gas
chromatography-mass spectroscopy setup
was being prepared for measurements by a
warm-up and several injections of the calib­
rating BCME solution, used to determine
the initial value of a (see table 7).

Thereafter, the temperature of the reac­
tors was increased or decreased and samples

of BCME-containing air were continuously
taken out of the reactor and analyzed as
specified by the respective experimental de­
sign.

Table 8 shows the results of the BCME­
forming experiments, as compared with
those of Frankel et al (92).

It can be seen that the present experiments
produced higher BCME concentrations.
Both experimental series are, however, en­
tirely consistent, the difference between
them being due to the fact that Frankel et aI's
experiments reflect average values while in
the present ones maximum values of BCME
concentrations were looked for.

Fig 12 shows the formation of a BCME
concentration maximum in a system involv­
ing 4,000 ppm of formaldehyde, 4,000 ppm
of hydrogen chloride, and 26,009 ppm of
water vapor. It can be seen that the e.xact
points ofthe maximum values,ofBCME con­
centration can be elusive, as the BCME con­
centtations can vary a great deiii' between
subsequent measurements performed at dif­
fen:nt temperatures and relative humidities
of the air.

In order to determine the dependence of
the BCME concentrations on small differ­
ences in temperature and/or relative humid­
ity, a measurement was made in a system
involving 2,000 ppm of formaldehyde,
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Fig 12. Formation of bis(chloromethyl)ether (BCME) in two closed systems operated simultaneously on the same
water bath, as dependent on the temperature (Temp) and/or relative humidity (RH) of the air. The reaction system
contained 4,000 ppm of formaldehyde, 4,000 ppm of hydrogen chloride, and 26,600 ppm of water vapor.

2,000 ppm of hydrogen chloride, and
13,300 ppm of water vapor. Fig 13 shows that
the BCME concentration can vary over
several orders of magnitude in very small
intervals of temperature and/or relative
humidity.

These oscillations seem to remind one of
the dissipative structures of the Belousov­
Zabotinskij type. In the nonequilibrium
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thermodynamics even nonperiodic, "chao­
tic" oscillations are possible. Any future re­
search in the field of BCME formation will
have to pay attention to these oscillations,
provided they really exist and are not a con­
sequence of the experimental design used in
the present experiments.

In order to perform the analyses at a more
rapid rate than the respective retention time
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relative humidity of the air. The reaction system contained 2,000 ppm of formaldehyde, 2,000 ppm of hydrogen
chloride, and 13,300 ppm of water vapor.

on the gas chromatography-mass spectro­
scopy setup allowed, a new method, the so­
called "multiple-shot procedure," was tried.
The principle of this procedure is not to wait
with the next injection until the retention
time expires, but to go on injecting the
BCME-containing air samples at I-min in­
tervals; thus as many as four separate BCME
zones pass through the gas chromatograph
column at the same time.

In this way, it was possible to analyze the
BCME-containing air at temperature

4

changes of a few tenths of a degree Celsius.
This procedure could be adopted with the
simple formaldehyde/hydrogen chloride/
water system, as there were no "trailing
peaks" of unknown compounds which could
interfere with the BCME peaks following
closely after each other.

As regards the effect of water content in
the air upon the reaction of BCME forma­
tion and decomposition, no consistent re­
sponses were obtained. Theoretically, an ad­
dition of water into the system BCME/
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Fig 14. Effect of excess hydrogen chloride and formaldehyde on the disappearance of bis(chloromethyl)ether
(BCME) in air. The experiments were performed in 25-ml glass vials, at 25°C, in daylight. Initial injections at time
t=O, into air with 50 % relativ.e humidity:
curve 1 - only 6 ppm of BCME; curve 2 - 6 ppm of BCME+0.5 ml of headspace gases from a 1-1 bottle with 35 %
formaldehyde solution in water; curve 3 - 6 ppm of BCME+0.5 ml of headspace gases from a 1-1 bottle with 37 %
hydrochloric acid.

formaldehyde/hydrogen chloride/water/air
ought to decrease the concentration of
BCME. When such experiments were made,
an addition of water vapor into these systems
either increased or decreased or kept con­
stant the concentration of BCME. No expla­
nation for this phenomenon can be offered.

The effect of temperature on the rate of
BCME decomposition in air saturated with
water vapor was considerable though an
even greater effect could have been ex­
pected, theoretically.

The fact that the reaction half-time of
BCME decomposition decreases with in­
creasing BCME content in the reaction sys­
tem can be interpreted as an autocatalytic ef­
fect. The respective half-times of BCME
hydrolysis at two temperatures (600 and
BO°C) can be seen in table 9.

'J,
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~ 30u
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Table 9. Reaction half-times for the hydrolysis of
bis(chloromethyl)ether in air at 100 % relative humidity.

Initial concentration Temperature Reaction half-time

(ppm) (0C) Minutes Hours

0.28 60 1,200 20
80 600 10

1.4 60 720 12
80 360 6

When BCME-containing air was enriched
with gaseous formaldehyde, on one hand,
and with gaseous hydrogen chloride, on the
other, it was found that formaldehyde de­
layed the spontaneous disappearance of
BCME in air, while hydrogen chloride accel­
erated it (fig 14).

25° C
120'c

7 hours

Fig 15. Disappearance rate of bis(chloromethyl)ether (BCME) in air, as dependent on temperature and reaction
time. The experiments were performed in 25-ml glass vials on the oil bath. Initial injections of 1.2 ppm of BCME,
at time t=O, into air with 50 % relative humidity. The following linear equations were derived:
cfJ:ME (%)=50.32-5.37t; C~ME (%)=43.48-4.67t; (t=time in hours).
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Fig 16. Disappearance of bis(chloromethyl)ether (BCME), as dependent on the relative humidity at different
temperatures and on the initial concentration, temperature, and type of accompanying vapors. The experiments
were performed in 1.4-1 reactors.
(a) BCME input 0.28 ppm; (b) BCME input 1.4 ppm;
(c) BCME added to dry air: 1 - initial concentration of 8.4 ppm and 2 - initial concentration of 2.8 ppm;
(d) initial concentration of 2.8 ppm of BCME: 1- together with 13,400 ppm of water vapor, 2 - together with
22,800 ppm of n-hexane vapor, and 3 - in dry air.

When the thermal decomposition of
BCME in air was studied, it was found that
the function

CBCMd% )=f(th=consl (eq 4)

was linear, having the form of

CBCMd%)=a-b·t (eq 5)

where t=time in hours, T=temperature in
degrees Celsius and a and b=constants.
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Table 10. Disappearance of bis(chloromethyl)ether (BCME) in air-filled glass reactors because of adsorption and/or
decomposition phenomena. (Reactor material: 25-ml reactors from potassium glass, 1,400-ml reactors from Pyrex
type glass; in the small reactors the contents were not stirred, in the large reactors they were continuously stirred at
100 r/min; volume ratio: V1400 :V2s=56 : 1, surface ratio: S1400 : V25=15 : 1).

Reactor Input of Temperature Reaction time BCME residue BCMEloss
volume BCME (OC) (min) (%) (%)

(ml) (ppm)

25 0.12 20 152 52 48
25 1.2 25 68 41 59
25 1.2 25 178 38 62
25 6.0 20 157 35 65
25 6.0 20 240 29 71
25 24 20 167 20 80

1,400 0.71 25 65 34 66
1,400 1.0 25 27 33 67

Table 11. Spontaneous disappearance of bis(chloro­
methyl)ether in 25-ml glass reactors at 25°C, as depen­
dent on the amount of original input.

These (probably only seemingly) linear
functions could, however, be formulated
only for temperatures of 25 and 120°C. At
180°C the values spread too much and too ir­
regularly to allow an assessment(fig 15).

Control experiments were made in order
to ascertain whether BCME could be formed
from its precursors on the filling of the gas
chromatograph column while these reactants
passed through it after simultaneous or de­
layed injections. Only very low concentra­
tions of BCME were found with simultane­
ous injections of high concentrations of for­
maldehyde and hydrogen chloride in air.
When the reactants were injected sepa­
rately, first the one and then the other and
vice versa, with delays of up to 30 s, no
BCME formation was determined.

Fig 16 shows the decomposition of BCME
in air as dependent on temperature, relative
humidity, and BCME input concentration.
Furthermore it shows the behavior of BCME
in dry air and in the presence of n-hexane

vapor, as compared with water vapor. The
reaction times for each relative humidity and
temperature step were 30 min. Fig 16d points
to a BCME-protecting behavior of water
vapor, as compared with dry air containing
n-hexane vapor. This seems to be another
example of an apparently inconsistent be­
havior on the part of BCME.

This disappearance of BCME in air-filled
glass reactors was studied in vessels having
volumes of 25 ml and 1,400 ml, respectively.
The results are shown in table 10.

Of special interest is the increasing per­
centage loss ofBCME in air with an increas­
ing input concentration of BCME in 25-ml
reactors.

In order to investigate a potential surface
and/or autocatalytic effect on the disappear­
ance of BCME at various concentrations in
the same amount of air, an experiment was
made in which normally treated glass vials
filled with ambient air were injected with
various concentrations of BCME and then
kept at 25°C. The results are summed up in
table 11. They show a surface and/or auto­
catalytic effect (probably due to released
hydrogen chloride). The following exponen­
tial equation could be established (with a
coefficient of determination equal to
r2=1.00).Input

(ppm)
Reaction

time
(min)

Residual
content

(%)

Disappeared
amount

(%)
C"u'(%)=44.01xe ~}.3Il9.Cin(ppm) (eq 6)

1.2 176 38 62
2.4 199 36 64
6.0 213 37 63

12 234 32 68
24 248 18 82
60 262 4.2 >95

120 276 0.41 >99
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where cout(%) is the BCME output concen­
tration in percent of the input and cin(ppm) is
the BCME input concentration (original in­
jection) in parts per million.

Besides, vials containing 36 cm2 of high­
purity cellulosic filter paper each in ambient
air were injected with 6 to 120 ppm of



BCME. The results after a reaction time of
300 min were > 98 % of decomposed
HCME with a 6 ppm input and> 99 % of de­
composed HCME with inputs ranging from
12 to 120 ppm; these results show that cel­
lulose is an effective scavenging agent for
BCME.

Results. BCME in vapor form could orig­
inate in air from its precursors formaldehyde
and chloride ions.

In closed systems, an occurrence of
maximum values of HCME concentration
was observed at certain temperatures.

When the HCME analyses were closely
spaced while the temperature of the air was
slowly varied, very rapid fluctuations in the
HCME concentration were found.

The water content of the air seemed to
have only a little effect on the formation and
disappearance of HCME in air.

When the effect of the individual BCME
precursors in excess was studied, it was
found that (i) hydrogen chloride in excess
tended to accelerate the disappearance of
BCME in air, while (ii) formaldehyde in ex­
cess tended to protect BCME from disap­
pearing.

As found by means of the gas chromato­
graphy-mass spectroscopy technique, the
concentrations of HCME in the air that con­
tained formaldehyde and chloride ions were
confirmed to be built up in air, ie, in the gase­
ous phase. Only very low concentrations of
BCME were formed when air containing a
high concentration of formaldehyde and air
containing a high concentration of chloride
ions were simultaneously injected into the
gas chromatography-mass spectroscopy
setup.

It was found that the rate of disappearance
of BCME in glass vessels depended upon the
following factors: (i) the type of glass and its
treatment, (ii) the volume of the vessel, and
(iii) the input concentration of HCME in the
vessel.

Discussion. The discovery of maximum val­
ues of BCME concentration when BCME is
formed in air from formaldehyde and
chloride ions might prove important from
the point of view of occupational hygiene. It
might be possible for BCME to be formed in
air pockets with suitable concentrations of
formaldehyde, chloride ions, and water
vapor and with a suitable temperature. From
these pockets, the ready-formed BCME,

which is relatively stable in air (even humid
air), could then diffuse into other parts of the
workplace atmosphere.

Laboratory simulation experiments per­
formed with high concentrations of formal­
dehyde and chloride ions in air can scarcely
give a satisfactory answer to the question of
how much BCME is (or can be) formed in air
at formaldehyde and chloride ion concentra­
tions of 0.1 to 10 ppm, which are encoun­
tered in workplaces and sometimes also in
the general atmosphere. The reasons are as
follows: (i) the equilibrium constants K1 (see
table 8), calculated in the conventional way,
spread too much (especially if experimental
results by earlier researchers are taken as a
basis) and (ii) if the constants K1 are used for
calculating those concentrations of BCME
which might be expected to be formed from
actually occurring concentrations of formal­
dehyde and chloride ions in the workroom
air, then the results differ by many orders of
magnitude from the concentrations of
BCME which were actually determined in
several workplaces.

The extreme sensitivity of BCME to im­
purities and the quality of the surfaces with
which it comes in contact is a factor that
makes the experiments and analyses diffi­
cult, sometimes even impossible.

The decomposition of BCME is catalyzed
by hydrogen chloride. Thus the spontaneous
disappearance of BCME can be supposed to
be autocatalyzed by the hydrogen chloride
released in the process.

It is difficult to give a suitable explanation
for the variations of BCME concentration in
air as a consequence of small changes of,
above all, temperature. It is probable that
some complex phenomena are involved,
such as adsorption and/or decomposition on
the reactor walls, the amount of formal­
dehyde available for the reaction, etc.

As regards formaldehyde in the system, it
is consumed by two reactions: (i) a polymeri­
zation reaction catalyzed by chloride ions
which is about four orders of magnitude
more rapid than the formation of BCME and
(ii) the actual reaction of BCME formation.

Future research will have to study the role
of water vapor in the systems airIBCME/
water vapor and air/BCMElformaldehyde/
chloride ions/water vapor. The results so far
obtained are sometimes contradictory.
Higher water vapor content ought to acceler­
ate the decomposition of BCME, but in
some experiments it contributed to the sta-
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Table 12. Occurrence of bis(chloromethyl)ether (BCME) in the headspace gases of reactors containing various
concentrations of formaldehyde, zinc chloride, water, and methanol, with and without acidification with hydrochloric
acid. Gas samples for analysis were taken directly out of the reactors: (The reactant concentrations are given in
mole-percents).

System Reactants Reactor 1 Reactor 2 Reactor 3

Nonacidified,20°C, Formaldehyde 1.0 4.3 7.4
samples taken from Zinc chloride 8.7 7.5 6.4
the 25th to the 62nd Water 90.1 87.0 84.2
min Methanol" 0.2 1.2 2.0

Total 100.0 100.0 100.0

BCMEinppm None None None

Acidified,20°C, Formaldehyde 0.8 3.6 6.4
three samples from Zinc chloride 7.2 6.3 5.6
each reactor within Water 87.9 85.6 83.3
60 min Methanol" 0.2 1.0 1.7

Hydrochloric acid 3.9 3.5 3.0

Total 100.0 100.0 100.0

BCME in ppm

Immediately None None None

After3dand
heating to
24°C None None None
50°C None None None

100°C 0.02 None None

" The 35 % formaldehyde solution used contained about 10 % of methanol as a stabilizer.

bility of BCME in air instead. No explana­
tion can be offered for this phenomenon.

The gas chromatography-mass spectro­
scopy technique is suitable for measuring
concentrations of BCME in air in the pre­
sence of formaldehyde and chloride ions, as
practically no BCME is additionally formed
from its precursors on the gas chromato­
graph column filling.

Bis(chloromethyl)ether formation experi­
ments in the liquid phase

The experiments with the liquid phase were
made in two series: (i) in systems involving
paraformaldehyde (or formaldehyde solu­
tion), zinc chloride, hydrochloric acid, and
water and (ii) in solutions of a urea/formal­
dehyde resin containing free formaldehyde
and chloride ions. The first series was de­
signed to yield information about the possi­
bilities of BCME formation as dependent on
the acidity and water content of those reac­
tion mixtures which might form BCME. The
second series was the actual investigation of
a formaldehyde-based resin system contain­
ing both BCME precursors.
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The urea/formaldehyde resin was chosen
to represent all three formaldehyde-based
resins because it is the most common type of
these resins.

Experimental procedure. There were usually
four reactors with a volume of 1.4 I each on
the water bath, and air samples were taken
out of the reactors by means of a metering
syringe with a hollow needle. The sample­
taking was done either directly out of the
reactor headspaces, through the septum in
the respective reactor lid, or the reactors
were flushed with a certain volume of arti­
ficial air (distributed by the rotameter sys­
tem) and the BCME-containing air was col­
lected in saran bags (usually of 10 I in vol­
ume), wherefrom gas samples were taken for
analysis.

In these experiments, the reactants were
brought together in liquid form, but the con­
centrations of BCME were measured in the
headspacc air, ie, in the gaseous phase. The
BCME concentrations in the liquid reaction
mixtures in the reactors were not investi­
gated.

In systems involving formaldehyde, zinc



Table 13. Occurrence of bis(chloromethyl)ether (BCME) in the headspace gases of reactors containing various
concentrations of paraformaldehyde, hydrochloric acid, zinc chloride, and water. The reactant concentrations are
given in mole-percents. The reactor headspaces had volumes of about 1 Ieach. The BCME concentrations were de­
termined in gases transferred to the saran bags.

Not operated

Reactor 3 Reactor 4

19.6
12.9 11.1

2.4
67.5 86.5

100.0 100.0

360 0.03

Experimental conditions Reactants Reactor 1 Reactor 2

20°C, reaction time 60 min, Hydrochloric acid 8.1 0.7
reactor headspace volumes Paraformaldehyde 5.3 0.5
diluted with 71 dry air each, Zinc chloride 0.02 0.004
transfer time 20 min Water 86.6 98.8

Total 100.0 100.0

BCMEinppm 0.01 0.01

25°C, reation time 60 min, Hydrochloric acid 1.6 1.6
reactor headspace volumes Paraformaldehyde 0.8 0.8
diluted with 10 Iof dry air Zinc chloride 0.003 0.003
each, transfer time 20 min Water 97.6 97.6

Total 100.0 100.0

BCMEinppm 0.01 0.01

28°C, reaction time 60 min, Hydrochloric acid
reactor headspace volumes Paraformaldehyde
diluted with 10 Iof dry air Zinc chloride Not operated
each, transfer time 20 min Water

Total

BCMEinppm

3.3
1.8
0.003

94.9

100.0

0.01

3.3
1.8
0.003

94.9

100.0

0.01

chloride, and water, no BCME was found.
After acidification with hydrochloric acid,
no BCME was found in the analyses per­
formed on the same day and only a small
amount of BCME (0.02 ppm) was found in
one of the acidified systems after 3 d of
standing and after being heated up to lOO°e.

The respective system in reactor 1 (see
table 12) was characterized by the highest
concentration of hydrochloric acid and zinc
chloride. It also had the lowest concentration
of formaldehyde. This occurrence shows that
the acidity of the system was decisive.

Systems involving paraformaldehyde (the
mole-percent concentrations of which are
given in formaldehyde equivalents), zinc
chloride, water, and hydrochloric acid
showed that a high concentration of hy­
drochloric acid (ie, a very low pH value) was
needed for an appreciable concentration of
BCME to be obtained in air.

While hydrogen chloride concentrations
of 1.6 to 8.1 mol-% achieved only 0.01 ppm
of BCME in air, a concentration of
19.6 mol-% of hydrogen chloride made the
BCME concentration in air increase to
360 ppm (table 13).

Thus only systems with very low contents
of water and/or very low pH values can form
appreciable concentrations of BCME in air.

In experiments involving solutions of ureal
formaldehyde resins that were performed in
1.4-1 reactors with headspace volumes of
about 11, the resins used were both original
and enriched with free formaldehyde. As
chloride ion donors, zinc chloride, mag­
nesium chloride hexahydrate, ammonium
chloride, and sodium chloride were used.

Table 14 shows the respective results. The
BCME formation in the headspace air was
very low, from 0.005 to 0.03 ppm. The fact
that the value of 0.20 ppm occurred only
once is difficult to explain. As it seemed im­
probable, in the first place, the analyses were
repeated, but the results did not change. The
whole experiment was, however, not re­
peated, and, therefore, this value cannot be
considered confirmed.

Characteristically, the highest BCME con­
centrations were achieved after rather long
reaction times and at temperatures of about
40°e.

Further investigations concerned the ef­
fect of the geometry and kinematics of stir­
ring, the effect of the catalysts, and the de­
composition of BCME in atmospheres con­
taining formaldehyde, hydrogen chloride,
and water vapor.

As regards the effect of the geometry and
kinematics of stirring, an alkylating mixture
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Table 14. Formation of bis(chloromethyl)ether (BeME) from a urea/formaldehyde resin solution and chloride
catalysts.

Reaction Tempe- Resin Formal- Zinc Magnesium Ammonium Sodium BCME
time rature solu- dehyde chloride chlorideb chloride chloride concentrationC

(min) (0C) tion solution" (g) (g) (g) (g) (ppm)
(g) (g)

51-118 20--32 420 40 0.01
57 20 420 40 0.01

100 27 420 40 0.02
124 34 420 40 0.01
63 20 420 40 0.00

106-130 28--36 420 40 0.01
69 20 420 40 0.02

112-136 29--38 420 40 0.01
109 21 420 2.2 40 0.01
174 34 420 2.2 40 0.00
198 41 420 2.2 40 0.20 (!)
222 43 420 2.2 40 0.01
228 42 420 2.2 40 0.02

115-180 23-36 420 2.2 40 0.01
204 42 420 2.2 40 0.03
121 22 420 2.2 40 0.01

186-210 37--41 420 2.2 40 0.02
240 43 420 2.2 40 0.01

127-192 25-38 420 2.2 40 0.01
216 42 420 2.2 40 0.03
246 43 420 2.2 40 0.01

44-426 16-42 420 40 0.000--0.005
50--432 17--41 420 2.2 40 0.000--0.005
56-460 18--42 420 4.3 40 0.000--0.005
62--466 19--41 420 6.5 40 0.000--0.010

" The formaldehyde solution was 35 %, containing about 10 % of methanol as a stabilizer.
b The magnesium chloride used was the hexahydrate MgCI2·6H2O.
C The BCME concentrations were determined in the headspace gases.

shown that this disappearance could be ex­
pressed by an exponential equation having
the form of

where ct=concentration of BCME in parts
per million at time t, co=initial concentration
of BCME in parts per million at time t=O,
t=time in hours, and a=constant of decom­
position.

The actual equation as calculated from the
results was

The reaction half-time was 60 to 96 h (av­
erage value 70 h). In addition, several liquid
phase experiments were performed with the
use of the microreactor technique. Table 16
shows the results of experiments involving
the systems hydrochloric acid/paraformalde­
hyde/water/chloride catalyst. The concentra­
tions of BCME in the headspace air were
greatly dependent on the strength of the hy­
drochloric acid in the systems.

(eq 8)

(eq 7)

c,=430xe-(O.lkl94±O.0022).! (ppm)

was used which was either stirred or not
stirred and in which the air stream was intro­
duced either underneath or above the liquid
reaction mixture. Table 15 shows the results.
The same BCME concentrations were ob­
tained when the air stream was introduced
under the surface of the reaction mixtures,
regardless of whether the respective mixture
was stirred or not. When the reactor was not
stirred and the air was introduced above the
reaction mixture, the BCME concentration
in the headspace air dropped to about 25 %
of that of the remaining three arrangements.

In experiments with alkylating mixtures
with and without a chloride catalyst, it was
shown that a small amount of zinc chloride in
the reaction mixture increased the concen­
tration of BCME in the headspace air by
about 25 % at 20°e.

The saran bags filled with air containing
BCME, hydrogen chloride, formaldehyde,
and water vapor from the respective experi­
ments were used to study the spontaneous
disappearance of BCME at 20°e. It was
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Table 15. Effects of the geometry and kinematics of stirring upon the occurrence of
bis(chloromethyl)ether (BCME) in the headspaces of alkylating mixtures.

Experimental conditions
in the reactors Stirring

Air introduction with
respect to the reaction

mixture surface

BCMEconcentration
as determined in the

saran bag gases (ppm)

Mean SO

Reaction mixture compo­
nents in mole-% :Hydro­
chloric acid 20.00, para­
formaldehyde 10.95, zinc
chloride 0.05, water 69.00,
20°C, reaction time 60 min,
contents of each reactor
diluted with 7.51 of dry air

Average value for reactors 1-3

Yes

Ves

No

No

Underneath

Above

Underneath

Above

450

460

450

90

453

45

27

13

5

16

With 37 % hydrochloric acid, the BCME
concentration in the headspaces of the
microreactors was of the 102 to 104 ppm
order of magnitude. The BCME concentra­
tions dropped steeply with the decreasing
concentrations of hydrochloric acid. The
coefficients of correlation show that the
exponential fit of the type

(eq 9)

is best. A similar picture was obtained when
the system sulfuric acid/zinc chloride/para-

Table 16. Concentrations of bis(chloromethyl)ether
(BCME) as dependent on the concentration of hy­
drochloric acid (HCI), type of chloride catalyst, and tem­
peraturea . In the equation CecME(ppm)=axeb.cHd%),
a and b are constants and r is the coefficient of determi­
nation.

formaldehyde/water was used (table 17). On
the other hand, when systems involving
100 mg of paraformaldehyde, 225 mg of zinc
chloride, and 2 ml of formic, acetic, or phos­
phoric acid in various concentrations and at
various temperatures were used, the result
was that phosphoric acid gave measurable
BCME concentrations in the headspace
gases of the microreactors at all tempera­
tures (25, 50, and 100°C) and in acid concen­
trations from 85.0 to 76.5 %, while formic
acid yielded measurable BCME concentra­
tions practically only at 100°C with acid con­
centrations ranging from 99.0 to 89.1 %, and
acetic acid led to measurable BCME con­
centrations only at 100°C, with the highest
acid concentration available of 96.0 %.

The most commonly used buffer systems
(Merck-Puffer-Titrisol) were also tested. No

Table 17. Formation of bis(chloromethyl)ether (BCME)
in the sulfuric acid/zinc chloride/formaldehyde/water
system. Each microreactor contained 100 mg of
paraformaldehyde, 225 mg of zinc chloride, and 2.0 ml
of sulfuric acid in the respective concentration. The
reaction temperature was 25°C.

Temperature Catalyst a b r
(OC)

25 Zinc chloride 4.04X10-8 0.6562 0.98
Magnesium

3.38xlO·8chloride 0.6641 0.99
50 None 5.40X10, '6 1.1743 0.99

Zinc chloride 1.78XlO·16 1.2065 0.99
Magnesium
chloride 1.37X10·14 1.0886 0.97

75 None 1.55X10·11 0.9621 0.88
Zinc chloride 3.31 X10" O 0.8577 0.93
Magnesium

2.12xlO·13chloride 1.1035 0.98
90 None 7.19X10·16 1.0925 0.97

Zinc chloride 8.80xlO-16 1.0873 0.93
Magnesium
chloride 7.95X10-17 1.1642 0.99

a The experiments were performed in closed 25-ml
microreactors containing 0.1 g of paraformaldehyde,
1.0 ml of HCI in the respective concentration, and
0.05 ml of the saturated chloride catalyst solution each.

Concentration of
sulfuric acid (%)

96.0
86.4
76.8
67.2
57.6
48.0
38.4
28.8 (ca3N)
19.2
9.6
o

Evolved amount
of BCME (ppm)

400
> 1,200
> 1,200
> 1,200

250
0.7
0.005
o
o
o
o

Reaction time
(min)

46
54
68
75

290
278
265
256
346
122
109
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BCME formation was observed at 25, 50,
and 75°C with buffer solutions having pH
values of 1 and 2 that were based on hy­
drochloric acid and glycine and hydrochloric
acid and citrate, respectively. Two milliliters
of these buffer solutions were used together
with 100 mg of paraformaldehyde and
225 mg of zinc chloride. The question was
whether the organic compounds contained in
the buffers acted as inhibitors or scavengers.

The effect of accompanying matter on the
residual concentration of BCME in specially
treated and untreated microreactors was
tested as well.

The microreactors filled with ambient air
were injected with 2.4 ppm of BCME and
left standing in darkness for 21 h.

The average results (of two to four mic­
roreactors each) showed, eg, that the spe­
cially treated microreactor vials without ad­
ditions retained about 7 % of the originally
injected amount ofBCME, while the BCME
residues in untreated vessels were three
times as high (21 %). Microreactors contain­
ing 1 g of untreated glass fiber exhibited a
BCME residue of 8.8 %, while microreac­
tors containing specially treated glass fiber
had no BCME left over. As regards the
quartz fiber (1 g in each microreactor), the
residues were 2.8 % with untreated and 1.9
% with specially treated fiber.

Additions like wood chips and Merck
molecular sieve 3 A (1 g), filter paper
(36 cm2=270 mg), as well as distilled water,
96 % sulfuric acid, 37 % hydrochloric acid,
and concentrated acetic and formic acid (1 ml
each) had a totally decomposing effect on the
BCME contained in the microreactor
headspace air, no analyzable traces being left
after 21 h. All experiments were performed
at 20°C.

Results. The nonacidified systems formal­
dehyde/zinc chloride/water were not found
to lead to an occurrence of gaseous BCME in
reactor headspaces.

The systems formaldehydelhydrogen
chloride/zinc chloride/water were capable of
making gaseous BCME appear in reactor
headspaces in appreciable concentrations
only if the concentration of hydrochloride
acid was very high.

The concentration gradient of hy­
drochloric acid was very steep. With about
10 mol-% of hydrogen chloride the resultant
BCME concentrations in the reactor
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headspace was in the 0.01 ppm order of mag­
nitude, with about 20 mol-% as high as in the
102 to 103 ppm order of magnitude. A doubl­
ing of the hydrogen chloride concentration in
this range entailed thus an increase of the
gaseous BCME concentration in the
headspace by a factor of 104 to 105.

The development of BCME in solutions of
a urea/formaldehyde resin which contained
both free formaldehyde and chloride ion
donors (various chlorides) was very low
when the reaction mixtures were heated
slowly. The respective concentrations in the
gas phase of the headspaces varied from
about 0.005 to about 0.03 ppm.

When chloroalkylating mixtures contain­
ing the system formaldehyde/hydrochloric
acid/zinc chloride/water were stirred (either
mechanically or by introduction of a carrier
gas under the surface of the reaction mix­
ture), the concentrations of BCME in the
reactor headspaces were of the 102 to
103 ppm order of magnitude. When the same
reaction mixture was not stirred, the con­
centration of BCME in the headspace air de­
creased to about one-quarter of the pre­
sented figures.

Chloroalkylating mixtures containing zinc
chloride as the catalyst produced about 25 %
more BCME than the same mixtures without
the chloride catalyst.

When saran sacks were filled with gaseous
mixtures of air/BCME/water vapor/formal­
dehydelhydrogen chloride that contained 102

to 103 ppm of BCME and the disappearance
of BCME was investigated as a function of
time, it was found that the respective equa­
tion was of exponential character and that
the half-time of BCME disappearance was
from 60 to 96 h at 20°C.

The question anses, however, of what
happened to BCME in the saran sacks. Be­
sides decomposition, there is also the possi­
bility that some BCME was absorbed by the
material of the saran sacks as it is probably a
solvent or at least a swelling agent for this
type of polymer (a copolymer of vinylidene
chloride with vinyl chloride and/or vinyl ace­
tate).

Organic acids (such as formic and acetic
acid) were found capable of leading to
measurable BCME concentrations in the
headspace gases only if they were used (in
connection with paraformaldehyde and zinc
chloride) in the highest concentrations and at
elevated temperatures. Phosphoric acid led



to measurable BCME concentrations also at
room temperature and in greater dilutions
than the mentioned organic acids.

Systems involving sulfuric acid, formal­
dehyde, zinc chloride, and water were also
found to be strongly dependent on the con­
centration of the acid. While the highest con­
centrations of sulfuric acid produced gaseous
BCME concentrations in the headspace
gases in the 103 to l(f ppm order of mag­
nitude, the concentration of about 29 %
(about 3 N sulfuric acid) produced no
measurable concentrations of BCME.

Certain materials (both organic and inor­
ganic) possess the property of acting as
BCME scavengers in BCME-containing at­
mospheres. Of particular importance are cel­
lulose-containing materials which scavenge
both formaldehyde and BCME (both com­
pounds happen to act as cellulose cross­
linkers).

Discussion. The occurrence of BCME above
liquid systems involving formaldehyde, hy­
drochloric acid, and, possibly also, a metal
chloride is strongly dependent upon the con­
centration of hydrochloric acid, ie, upon the
pH value.

There is an exponential relation between
the concentration of BCME in parts per mil­
lion in the headspace gases and the concen­
tration of hydrochloric acid in the liquid
phase.

Thus in order to achieve measurable oc­
currences of BCME in the gas phase above
the liquid reaction mixtures containing for­
maldehyde and chloride ions, very high con­
centrations of strong acids are needed and/or
the amount of water in the system must be re­
duced to a minimum. Inorganic acids are
much more effective than organic ones.

Even if some BCME was found in the gas
phase above stirred solutions of formal­
dehyde-based resins that contained both free
formaldehyde and chloride ions and that
were slowly heated, there need not be any
health risk, as closed blending vessels can be
used and the BCME developed in the
headspaces can be liquidated, eg, by injec­
tions of steam or ammonia before the vessels
are opened, in industrial operations.

Actually, the respective experiments rep­
resented the worst imaginable case, with the
resin solutions contaning great amounts of
free formaldehyde and chloride ions. Be­
sides, these solutions were stirred a relatively

long time and heated. Such situations do not
usually occur in industry.

It is of great advantage if resin solutions
containing BCME precursors are processed
in conjuction with materials that are BCME
scavengers. One of the best scavenging
materials is cellulose (contained, eg, in paper
or in cellulosic fibers). It can contribute a
great deal to the liquidation of BCME in case
the latter is formed in the process in ques­
tion.

The investigations performed concerned
situations in which BCME was measured
above liquid mixtures containing acids,
chloride ions, formaldehyde, and water. No
measurements were made regarding the pos­
sible concentrations of BCME in the liquid
phase itself.

So far, a general consensus of opinion has
been that a release of BCME from the liquid
into the gaseous phase is scarcely possible.
Radding et al (231) wrote as follows:

BCME is extremely unstable in water. It decom­
poses with a half-life of )0-40 seconds. Fortu­
nately, it fails to move from water to air in
measurable amounts prior to decomposition,
even within small reaction vessels [p 27J.

This situation might, however, apply only
to systems that contain a relatively large per­
centage of water. But the question is whether
it also applies to systems with very low pH
values which contain only very little water. If
BCME does not decompose in them, it might
even be able to evaporate from them.

Theoretically, there are three possibilities
of BCME formation from its precursors if a
two-phase system is considered which is
composed of a Iiquidcphase mixture contain­
ing the BCME precursors and a gas phase
above it:

a BCME is formed in the liquid phase and
evaporates from it into the gas phase;

b BCME is formed at the interface of both
phases, the actual BCME formation occur­
ring in the gas phase, in a very thin gas layer
in which the concentration of formaldehyde
and chloride ions is very high before being di­
luted through the upward passage;

c BCME is formed in the gas phase, a rela­
tively long way from the liquid phase.

Theoretically it could really be expected
that point a would be of great importance as
the formation of BCME from its precursors
is an ionic process. On the other hand, the
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Table 18. Experimental design for the complex investigation of predried resin solutions under conditions simulating
the drying and curing process - Description of the complete program.

Step Operating instructions

Inject 1 ml of a resin solution (without or with additional formaldehyde solution, without or with catalyst) into
each microreactor intended to contain a resin sample for testing

Predry the microreactors at 40°C in order to evaporate the greatest part of the solution water and to obtain
solid resin films on the inner walls of the microreactors

Use new vials, rinse them with 100% methanol and dry them at 105°C

Cover the microreactors containing the dried resin films with Teflon caps and close them hermetically

2 Place the microreactors in their respective holders onto the oil bath

Where needed, insert two hollow syringe needles by sticking them through the caps in order to make the
inner space of the microreactors communicate with the outer atmosphere so that the water vapor that
evolves from the resin films during the heating can escape

3 Set the temperature controller to the drying temperature (eg, 120°C) and start the heating

4 When the drying temperature is reached, flush the following microreactors with dry air (through one needle
in, through the other out) and then pull the hollow needles out ofthe following microreactors:
3-13-23-33,4-14-24-34,7-17-27-37, and 9-19-29-39

5 Inject 1 iLl of BCME10-4 into the following microreactors: 7-17-27-37 and 9-19-29-39

6 Analyze the gases from the following microreactors for BCME content (drying temperature): 1-11-21-31 ,
3-13-23-33,4-14-24-34, 7-17-27-37, and 9-19-29-39;

7 Set the temperature controller to the curing temperature (eg, 180°C) and start the heating

8 When the curing temperature is reached, flush the following microreactors with dry air (similarly as in
point 4) and pull the hollow needles out of the following microreactors: 5-15-25-35, 6-16-26-36,
8-18-28-38, and 10-20-30-40

9 Inject 1 iLl of BCME 10-4 into the following microreactors: 8-18-28-38 and 10-20-30-40

10 Analyze the gases from the following microreactors for BCMEcontent (curing temperature): 2-12-22-32,
5-15-25-35,6-16-26-36,8-18-28-38,and10-20-30-40

11 Stop the experiment, cool the oil bath and liquidate the residual BCME in those microreactors where
it was found. Discard the microreactors

half-time of BCME hydrolysis in aqueous
media is very short (less than 40 s at 20°C and
neutral pH). Thus it might be argued that
point a would apply only for very strongly
acidic media with suppressed hydrolysis of
BCME because only under these cir­
cumstances can BCME be volatilized.

These conditions will have to be investi­
gated in further BCME research because
they are of great importance for those indus­
tries in which BCME formation can occur.

Bis(chloromethyl) ether formation experi­
ments in the solid phase

The microreactor method operating with
25-ml potassium glass vials increased the ope­
rational safety of the experiments and en­
hanced the productivity of experimentation.

Only small amounts of reagents (of the
order of magnitude of 10 to 1,000 mg) are
needed in this method, but measurable
amounts of BCME can be formed in the mic­
roreactors and analyzed by gas chromato-
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graphy-mass spectroscopy under suitable
conditions.

One bath with 40 positions allows as many
separate experiments to be run.

The most efficient experimental designs
operate with both baths at the same time
(water bath for temperatures of up to 100°C
and oil bath for temperatures of up to 200°C).

Experimental procedure. On the whole, 24
resin solutions were tested. These comprised
three types of resins, two different contents
of free formaldehyde, and four different
types of chloride catalysts. The three types of
resin were the following: (i) phenol/formal­
dehyde resin solutions, (ii) urea/formal­
dehyde resin solutions, and (iii) melamine/
formaldehyde resin solutions. The two differ­
ent contents of free formaldehyde were as
follows: (i) the natural free formaldehyde
content of the resins, and (ii) an increased
content of free formaldehyde from the addi­
tion of 3 g of 35 % formaldehyde solution to
100 g of each respective resin solution. The



Table 19. Experimental design for the complex investigation of predried resin solutions under conditions simulating
the drying and curing process - Description of the abbreviated program". [Catalysts: A=none (microreactors 1-10),
B=magnesium chloride (microreactors 11-20), C=zinc chloride (microreactors 21-30), D=ammonium chloride
(microreactors 31--40)).

Step Operating instructions

1 Proceed as stated in the complete program

2 Proceed as stated in the complete program

3 Proceed as stated in the complete program

4 Proceed as stated in the complete program

5 Proceed as stated in the complete program

6 Carry out the analyses as follows: analyze microreactors 11 and 21 ; if no BCME is found, do not analyze
microreactors 1 and 31 ;analyze microreactors 13 and 23; if no BCME is found, do not analyze micro­
reactors 3 and 33 as well as 4-14-24-34; analyze microreactors 7-17-27-37 and 9--19--29--39

7 Proceed as stated in the complete program

8 Proceed as stated in the complete program

9 Proceed as stated in the complete program

10 Carry out the analyses as follows: analyze microreactors 12 and 22; if no BCME is found, do not analyze
microreactors 2 and 32; analyze microreactors 15 and 25; if no BCME is found, do not analyze micro­
reactors 5 and 35 as well as 6-16-26-36; analyze microreactors 8-18-28-38 and 10-20-30--40

11 Proceed as stated in the complete program

" The abbreviated program omits 16 of 40 microreactors and is thus 40 % shorter. It is based on the"following con­
siderations:

(a) If no BCME is detected in microreactors 11 and 21 (where the catalysts are magnesium chloride and zinc
chloride, respectively), then it is practically out of the question that BCME might be formed in microreactors 1
and 31, which contain, respectively, no catalysts and ammonium chloride.

(b) The same argument as in consideration a applies to microreactors 13 and 23 (compared with 3 and 33), to 12
and 22 (compared with 2 and 32), and to 15 and 25 (compared with 5 and 35).

(c) The series 4-14-24-34 and 6-16-26-36 are back-ups for the series 3-13-23-33 and 5-15-25-35, respec­
tively. The back-up series are there only in case that BCME is discovered in the series 3-13-23-33 and/or
5-15-25-35 in order to broaden the experimental base.

four different types of chloride catalysts
were: (i) no catalyst at all (marked A), (ii)
5 g of magnesium chloride hexahydrate
added to 1()() g of resin solution (marked B),
(iii) 5 g of zinc chloride added to 100 g of
resin solution (marked C), and (iv) 5 g of
ammonium chloride added to 100 g of resin
solution (marked D).

Preliminary experiments were run in order
to determine the best way of introducing the
resin solutions into the microreactors.

The use of resin carriers, such as small
wads of glass wool, smal1 wads of quartz
wool, and small squares of filter paper, was
rejected after it had been found that these
carriers are BCME scavengers. For this
reason the resin samples were inserted into
the microreactors without any carriers or
supports.

Two different types of caps were tested as
well, namely, ordinary rubber caps and Tef­
lon-lined caps. In preliminary experiments it
was found that Teflon-capped microreactors

injected with pure BCME conserved a much
greater amount of BCME than rubber­
capped microreactors, regardless of reaction
time and reaction temperature. Thus it was
concluded that rubber caps contributed to
uncontrolled losses of BCME inside the mic­
roreactors.

In order to reduce a possible surface effect
of the inside glass walls of the microreactors,
care was taken to cover these walls with a
predried resin film during the preparation of
the microreactors for the experiments.

The following requirements were formu­
lated a priori for the development of the test­
ing system:

a testing of the resins without ventilation
while the water vapor evolved in drying re­
mained inside the reactors;

b testing of the resins without ventilation
while the water vapor evolved in curing re­
mained inside the reactors;
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FIg 17. Arrangement of the microreactors for the com­
plex investigation of predried resin solutions under con­
ditions simulating the drying and curing process.

c testing of the resins under drying condi­
tions after ventilation of the water vapor
evolved from the resins in the time from the
start of the experiments until the respective
drying temperature was reached;

d testing of the resins under curing condi­
tions after ventilation of the water vapor
evolved from the resins in the time from the
start of the experiments until the respective
curing temperature was reached;

e spiking with BCME at the drying tempera­
ture and, at the same time, performing of a
control experiment with BCME in an empty
air-filled reactor under the same conditions;

f spiking with BCME at the curing tempera­
ture and, at the same time, performing of a
control experiment with BCME in an empty
air-filled reactor under the same conditions.
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The drying temperature was standardized
at 120°C, and the curing (hardening) temper­
ature at 180°C.

After several variants were tried, the ex­
perimental design was standardized accord­
ing to tables 18 and 19 and fig 17.

Two programs can be used for the execu­
tion of the test, namely, either a full program
(table 18) or an abbreviated program (table
19). The microreactor arrangement for the
full program is presented in fig 17.

The abbreviated program omits 16 out of
40 microreactors and is thus 40 % shorter.

The experiments for each type of resin sol­
ution were run four times in the standardized
version of the full program (twice with the
original and twice with the increased con­
tents of free formaldehyde) and twice in the
standardized version of the abbreviated pro­
gram (once with the original and once with
the increased contents of formaldehyde).

The results of all the experiments, without
exception, were negative, ie, no BCME was
discovered in any of the microreactors, both
for resins with the original contents of free
formaldehyde and for those with the in­
creased contents of it. The experiments
turned out to be negative regardless of
whether or not a catalyst was used and re­
gardless of the type of the chloride catalyst
used.

In the preparation of the resins for the ex­
periments, the necessary amount of the resin
solution (1 g) was introduced into each mi­
croreactor and the open microreactors were
then subjected to a temperature of about
40°C under continuous rolling for about 48 h
in order to evaporate as much water as possi­
ble before the start of the actual experiment.
The results were thin resin films on the inside
glass walls of the microreactors.

Of particular interest were the results of
the spiking experiments.

For spiking, 1.2 ppm of BCME vapor was
injected into the microreactors. Both the
microreactors with resins and the empty air­
filled microreactors received this treatment.
The aim was to determine whether the gases
released in the drying and curing of the resins
were "BCME-friendly." The results showed
that these gases were not "BCME-friendly,"
because BCME residues always turned out
to be lower in the microreactors with resins
than in those without them.

This finding led to the conclusion that
either the resins themselves or the gases
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Table 20. Experimental design for investigating the effect of pyrolysis gases on the concentration of bis(chloro­
methyl)ether in dry air - Description of the program.

Step Operating instructionsa

Put all C microreactors (ie, C1 through C3, C11 through C13, C21 through C23, and C31 through C33)
into the water bath; put microreactors W3 through W5, W13 through W15, and W23 through W25 into the oil
bath

2 Analyze controls 1 through 3 (ie, microreactors W23 through W25, C21 through C23, and C31 through
C33) at room temperature

3 Increase the temperature of the oil bath to the drying temperature (eg, 120°C)
4 After the drying temperature has been reached, put the microreactors with pyrolysis material (ie, W1-2,

W11-12, andW21-22) into the oil bath

5 Run the oil bath 30 min at the drying temperature

6 Inject 0.5 ml of pyrolysis gases from microreactorW1 into each microreactor C1 through C3 and from
microreactorW2 into each microreactor W3 through W5

7 Run the oil bath 30 min at the drying temperature

8 Analyze microreactors W3 through W5 and controls 1 through 3 (ie, microreactors W23 through W25
C21 through C23, and C31 through C33)

9 Increase the temperature of the oil bath to the curing temperature (eg, 180°C); while the temperature rises,
analyze microreactors C1 through C3

10 Run the oil bath 30 min at the curing temperature

11 Inject 0.5 ml of pyrolysis gases from microreactor W11 into each microreactor C11 through C13 and from
microreactor W12 into each microreactorW13 through W15

12 Run the oil bath 30 min at the curing temperature

13 Analyze microreactors W13 through W15 and microreactors C11 through C13

14 Analyze controls 1 through 3 (ie, microreactors W23 through W25, C21 through C23, and C31
through C33)

15 The experiment is finished; tum off the water bath and the oil bath and liquidate the BCME residues in
the cold and cooled-off microreactors by injecting 1 ml of 25 % ammonia solution into each micro­
reactor

a During the whole experiment the water bath with microreactors C (cold) remains at 25°C and is agitated; the oil
bath with microreactors W (warm) operates in the usual way.
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Fig 18. Microreactor arrangement on the water bath and on the oil bath for investigating the effect of pyrolysis
gases on the concentration of bis(chloromethyl)ether (SCME) in air.
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evolved from them in the enclosed micro­
reactors at the temperatures of 120° or 180°C
are capable of decomposing BCME under
these conditions.

The gases emitted by the resins being dried
and cured are composed mainly of water
vapor and of pyrolysis (thermolysis) gases.
Thus it became necessary to investigate
which component of these gases decom­
posed BCME or contributed the most to its
disappearance.

The following two experimental series
were run in order to determine the effects of
pyrolysis gases on BCME:
a In the first experiment pulverized chip­
board bound with urea/formaldehyde resin
and fireproofed with magnesium chloride
was used. The outer surface of a sample
of this chipboard containing 13 weight-%
of magnesium chloride hexahydrate,
10 weight-% of urea/formaldehyde resin
(dry substance), and 77 weight-% of wood
chips (dry substance) was abraided on a mil­
ling machine, and 100 to 500 mg of these
shavings were heated in closed microreactors
to temperatures of 50, 100, 120, 150, and
180°C. Theoretically, BCME could be sup­
posed to be formed by the heating of such
chipboards, but no BCME was found in gas
chromatographic-mass spectroscopic
analyses of the gases released by these chip­
board shavings in the respective experi­
ments.

b In the second experiment a special proce­
dure was developed for investigating the ef­
fect of pyrolysis gases on BCME. This proce­
dure involved the use of both the water bath
(as "cold bath") and the oil bath (as "warm
bath"). The experimental design is shown in
table 20 and fig 18.

These experiments, repeated three times
for each pyrolysis material, showed that
pyrolysis gases from filter paper (ie, practi­
cally pure cellulose) and from wood chips
had no appreciable effect on the decomposi­
tion of BCME because BCME residues in
microreactors with injections of pyrolysis
gases were practically the same as BCME re­
sidues in those microreactors to which no
pyrolysis gases were added.

When BCME was injected into cold
microreactors with filter paper or with wood
chips, it tended to disappear wholly after 6 h,
in most experiments. This finding confirms
the BCME-decomposing effect which was
observed before (125).
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In the aforementioned experiments,
25 mg of wood chips and 70 mg of filter
paper were used. The injections were done
with 0.5 ml of pyrolysis gases.

In order to eliminate the effect of water
vapor, an additional experiment was made,
at 180°C, in which the microreactors for pro­
ducing pyrolysis gases, with 250 mg of wood
chips or 270 mg of filter paper, contained
also 1 g of molecular sieve 3 A or 1 g of phos­
phorus pentoxide.

Even these dehydrated pyrolysis gases had
no appreciable accelerating effect on the de­
composition of BCME as compared with the
microreactors that contained only BCME in
air.

Results. The microreactor experiments
simulating the actual processes of drying and
curing formaldehyde-based resins showed
that no BCME is formed in these processes
from resins containing both free formal­
dehyde and chloride ions that originate from
different chlorides.

The drying and curing resins, or the gases
which they emit, were found to be BCME­
unfriendly because they tended to eliminate
the spiked BCME.

The gases emitted by the resins in the dry­
ing and curing processes are composed of
pyrolysis (thermolysis) gases of unknown
composition and of water vapor.

In the investigation of the pyrolysis gases,
it was found that they did not affect the
BCME concentration in air. Therefore it was
concluded that water vapor was the factor re­
sponsible for BCME mopping-up in air.

As water vapor in the gaseous state does
not decompose BCME, or does it only
slowly, it was concluded that the active factor
in BCME decomposition was liquid water
with a very large surface, ie, tiny water drop­
lets that are formed when water vapor con­
denses to visible fog.

In order to prove this hypothesis, a fourth
experimental stage was planned and exe­
cuted (see the section Destruction Experi­
ments in the Gaseous Phase).

Discussion. The microreactor method is an
original method developed for investigating
the possible formation of BCME when for­
maldehyde-based resins are dried and cured.

It has several advantages, namely, (i) if
BCME is formed, it is enclosed in capped
microreactors from which it can be taken
only by means of a hollow syringe needle for



injection into the gas chromatography-mass
spectroscopy setup; (ii) only very small
quantities of reactants can be used, and, in
spite of this, analyzable amounts of BCME
can be generated if the reaction conditions
are favorable; (iii) a dangerous leakage of
BCME is practically impossible, even high
concentrations of BCME can be easily killed
by an injection of a strongly alkaline solution
into the microreactors, and an exploding
microreactor delivers its contents to a liquid
that renders the BCME innocuous; (iv) the
large number of work positions in the liquid
baths enhances the productivity of experi­
menting and allows the execution of complex
experimental programs; and (v) the experi­
mental arrangement is simple and easily ser­
viceable and it is suitable also for experi­
menting with other dangerous compounds.

Although no BCME formation at all was
observed in the simulation experiments in­
volving resins that contained both formal­
dehyde and chloride ions, the usc of
chlorides, or chemicals which form or release
chloride ions, is strongly advised against with
such resins because BCME can be formed
from formaldeh

J
de and chloride ions once

they have become integraded with the work­
room atmosphere. A "background forma­
tion" of BCME in an atmospheric reaction,
from formaldehyde and chloride ions, is en­
tirely possible and imaginable. Actually, it
was detected several times in earlier investi­
gations.

Thus, while manufacturing operations
that involve a drying and/or curing process
for formaldehyde-based resins which contain
chloride ions do not seem to lead to the for­
mation of BCME during the actual process­
es, the situation is such that both formal­
dehyde and chloride ions, which have been
released by these processes, can escape into
the workroom air where BCME can be
formed like in any other gaseous milieu that
contains these two BCME precursors if the
conditions are favorable.

Owing to the danger of an atmospheric
reaction between formaldehyde and chloride
ions, it is strongly recommended to keep
formaldehyde as well as chemicals which
form or release formaldehyde, strictly sepa­
rated from hydrochloric acid and chlorides,
as well as compounds which form or release
chloride ions, especially if the pH value is
low, and not to allow a mixing together of
formaldehyde and chloride ions in air. These
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chemicals ought to be stored in separate
rooms.

Chemical reactions that necessarily in­
volve both formaldehyde and chloride ions,
in the gaseous, liquid, or solid phase, espe­
cially if low pH values are needed at the same
time, must be performed in carefully moni­
tored closed systems. BCME residues in the
gaseous, liquid, or solid phase must be
liquidated before the opening and emptying
of the reaction vessels.

Bis(chloromethyl)ether destruction experi­
ments in the gaseous phase

The decomposition of BCME by condensing
water vap<;>r, discovered during the previ­
ously described experiments, was studied in
greater detail because it was thought that this
phenomenon was of practical importance
and that operational methods based on this
principle could be used in industry to annihi­
late those amount~ of BCME that happen to
be formed in the reactors and/or escape into
the workroom air.

Generally speaking, there are two
mechanisms of BCME destruction, namely,
solvolysis and radical oxidation.

Radding et al (231) pointed out that, in
liquidating BCME, solvolysis would by far
outweigh radical oxidation as the half-time
of BCME decomposition in water is only 10
to 40 s.

Experimental procedure. The 1.4-1 reactor
used for BCME destruction experiments
could be heated by means of an electric resis­
tance heating nest that could be hoisted and
lowered on a movable platform and be
brought into contact with the lower hemi­
spherical part of the glass reactor.

The same platform could also carry a large
beaker with cold water into which the reactor
could be immerged for cooling purposes.

For use with this reactor a small brass re­
tort that contained several milliliters of water
was made. The retort had a wooden handle
on a metallic stick, and its neck was drawn
out about 10 cm. There was a hollow needle
mounted at the end of the neck, and this nee­
dle could be stuck through the septum in the
reactor lid. In operation, the retort was filled
with water and then heated in a Bunsen
flame until it started to deliver a thin stream
of steam under pressure. Then the neck was
heated by the flame and the steam became
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superheated. With the help of this retort
superheated steam could be injected into the
reactor.

In principle, the reactor could be operated
in two ways: (i) by making the water vapor
contained in the air inside the reactor con­
dense as a consequence of decreasing the
temperature of the air to less than the dew
point, and (ii) by injecting saturated or
superheated steam into the air in the reactor.

In both instances, small droplets of liquid
air were formed and these quickly destroyed
the BCME present in the air by first adsorb­
ing it on the surface and then decomposing it,
according to the formula:

CICH2·O·CH2CI+H20~2HCHO+2 H++2 n (eq 10)

The formaldehyde and hydrochloric acid
that originate in the presented reaction are
immediately dissolved in the water of the
droplets. As the concentrations of formal­
dehyde and hydrochloric acid solutions that
are formed in this way are very low, there is
no possibility of BeME being reformed in
any significant amount in this liquid phase.

Before the actual testing of the scavenging
effect of condensing water vapor, several ex­
periments were made with BCME in airfilled
reactors. In a reactor with falling air temper­
ature, the BCME content, which had been
dropping, temporarily stabilized at about
35 % of the original input value when a
temperature of about 65°C was reached. In a
reactor with rising air temperature, a tem­
porary stabilization of the BCME residual
content could be achieved in dry air provided
no hot spots in the reactor wall originated.
Such an occurrence can rapidly decompose
BCME. In the present investigation these
hot spots were due to too close a contact be­
tween the electric resistance heating nest and
the outer wall of the reactor.

Both saturated and superheated steam
was experimented with. It was found that, in
the experimental arrangement used, satu­
rated steam tended to condense too soon so
that large droplets of water were formed at
the steam inlet in the reactor.

With superheated steam the BCME­
scavenging effect was much better.
Superheated steam could be easily generated
by use of the brass retort.

There was not much visible coalescence of
the tiny water droplets which filled the reac­
tor in the form of a whitish fog. Generally
speaking, the smaller the primarily formed
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droplets are, the more mobile they are and
the greater is their surface and their effect in
mopping up BCME in air (93).

Condensing water droplets could also be
produced by starting with warm air of high
relative humidity and then cooling it to under
the dew point. This alternative was also
tested, but it was found to be unsatisfactory,
for the following two reasons: (i) as the air in­
side the reactor was very pure, it lacked the
necessary condensation nuclei, and a consid­
erable undercooling was necessary to make
the water vapor condense out of the air, and
(ii) the reactor walls were cooler than the in­
side air, and a relatively large amount of
water vapor tended to condense on the inside
reactor walls, without first reacting with the
BCME present in the air.

Table 21 shows the slow decay of BCME in
air at about 30°C and the quick mopping-up
of the BCME residue when superheated
steam was injected.

Results. It was shown that water vapor in the
moment of condensation, ie, in the moment
of the aggregation state change, was an effec­
tive scavenging agent for BCME in air.

Injections of steam into a space containing
BCME vapors in air proved to be more effec­
tive than cooling the air to under the dew
point, with the attendant separation of liquid
water in droplet form from the air.

Superheated steam was found to be more
effective than saturated steam.

A discontinuous injection of steam accom­
panied by rapid air movement was found to
be more effective than an injection of the
same amount of steam in a single dose, with­
out increasing the rate of air movement.

When the steam contained small amounts
of ammonia or of an ammonium salt, its ef­
fectiveness in mopping up BCME in air was
enhanced.

Furthermore, it was found that BCME is
destroyed when the BCME-containing air is
made to impinge against a heated surface.

Discussion. The presented findings are of
importance for those operations in which
BCME is or might be formed.

With the use of injections of (preferably
slightly alkalized) steam into the reactor
headspaces, BCME can be liquidated before
the reactors are opened and their contents
can communicate with the outer atmo­
sphere.



Table 21. Comparison of the long-term decomposition rate in dry air with the mopping-up rate of bis(chloromethyl)­
ether (BCME) by means of a superheated steam injection"

Experiment Reaction time Concentration BCME residue Temperature
stage (min) of BCME (ppm) (%ofinput) (0C)

Before steam 0 2.0 100 34
injection 7 0.70 35 34

124 0.64 32 28
997 0.28 14 21

After steam 0 0.28 100 21
injection 2 0.18 64 25

8 0.11 39 24
12 0.008 3 24

a At time t=998 min, 1 g of superheated steam was injected into the 1.4-1 reactor which contained a BCME residue
of 0.28 ppm. The best fit for the mopping-up reaction was the following linear equation: CacMe(%)=91.21-7.22t
(t=time in min).

If BCME escapes from the reactors into
the workroom air, suitably designed steam
screens can be an efficient means for
liquidating this compound.

Any such arrangement must, however, be
combined with efficient ventilation. The
point is that water droplets with dissolved
formaldehyde and hydrochloric acid (origi­
nated by BCME decomposition) can
reevaporate, and thus these two BCME pre­
cursors are released into the air again. Under
suitable conditions this phenomenon could
lead to a renewed formation of BCME "in
the background."

The second mechanism for destroying
BCME in air, namely, shock-heating of
BCME-containing air, can be made use of in
connection with the first mechanism, ie,
BCME destruction by means of condensing
steam, in order to ensure that all BCME is
destroyed.

The hot surfaces against which BCME­
containing air is made to impinge can be
covered with an alkaline catalyst (eg, silica
gel imbued with an alkaline metal hydroxide

and dried) in order to increase the rate of
BCME destruction.

In equipment for treating BCME-contain­
ing effluent air, use can be made of the cy­
clone principle in which superheated steam is
blown into the air vortex inside a cyclone in
order to ensure a good mixing.

In the design of equipment for BCME re­
moval from air, it should be kept in mind that
the primary droplets formed from condens­
ing steam ought to be as small as possible in
order to obtain as large a water surface as
possible.

In view of the importance of BCME de­
struction methods to the chemical industry,
further research is indicated as regards both
of the described methods of BCME destruc­
tion. Of great practical interest would be the
study of suitable catalysts for BCME de­
struction on hot (or maybe even cold) sur­
faces.

Chemical engineering solutions for
BCME destruction equipment would not
seem to present any special problems.

General discussion and conclusions

Bis(chloromethyl)ether formation from
formaldehyde-based resins

The respective research resulted not only in
industrially important information, but also
in the development of an experimental
technique which is applicable, in a wider con-

text, in BCME and other studies.
Simulation experiments according to spe­

cially designed programs showed that no
measurable amounts of BCME were formed
when formaldehyde-based resins of the
phenol/formaldehyde, urea/formaldehyde,
and melamine/formaldehyde type, which
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(eq 12)

contain both free formaldehyde and chloride
ions, were manufactured, handled, proces­
sed, and used.

This finding answers the primary question
of the present investigation.

The experimental design specially de­
veloped for these experiments can be used
for investigations of similar character. The
water and oil bath equipment operating with
glass vial microreactors has proved to be a
simple, efficient, and safe way of studying
the potential formation of BCME in and
from systems involving formaldehyde and
chloride ions.

The development of this laboratory
technique can be regarded as a technological
spin-off of the present project.

Bis(chloromethyl)ether formation from
its precursors in air

The simulation experiments concerning the
formation of BCME from formaldehyde
vapors and gaseous hydrogen chloride were
meant only as a complementary study on the
modalities of BCME formation, as well as
the chemical and physical behavior of
BCME.

The question of how much BCME is, or
can be, formed in atmospheres containing
known amounts of formaldehyde, hydrogen
chloride, and water vapor, at a certain tem­
perature and in a certain space that is charac­
terized by its volume, its surface area and the
movement of air contained in it, acquired,
however, ever increasing importance during
the work on this project, especially in con­
nection with the collected data about the ac­
tually measured and reported concentrations
of BCME in the atmosphere of industrial
workplaces.

In the course of experimental work on the
present project it was gradually realized that
the question of how much BCME formation
in air can be expected was a pivotal problem
of industrial hygiene which would require
further research beyond the scope of the
present research project.

Occurrence ofbis(chloromethyl)ether, actual
and potential conentrations

The actual BCME concentrations that have
been measured under industrial operational
conditions in workroom atmospheres in the
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past have varied between about 0.1 ppb and
10 ppb in air.

There were, however, only a few cases in
the literature in which explicit data of mea­
sured concentrations of BCME were re­
ported (67, 92, 95,125,371,372). Other re­
ports were positive as to the formation of
BCME but less explicit as regards the con­
centrations found (34, 54, 55, 72, 82, 137,
172,200,221,225,337,344,345,352,355,
364, 368, 369, 370, 385), while several re­
ports were negative as regards the possibility
of BCME formation in analyzable amounts
(generally under 0.1 ppb) from relatively low
concentrations of formaldehyde and hydro­
gen chloride (71,141,144,194,363,377).

If the formation of BCME in air were as
simple as represented by equation 2 in which
the reactants formaldehyde and hydrogen
chloride form BCME and water, it would be
possible to calculate the equilibrium con­
stant K, in the conventional way by means of
laboratory experiments with the use of vary­
ing concentrations of reactants. The calcu­
lated values of the equilibrium constant K] as
determined at a certain temperature are ex­
pected to have only a relatively narrow
spread.

Laboratory experiments of this kind with
accessible results were made, eg, by Kallos &
Solomon in 1973 (144), by Frankel et al in
1974 (92), and for the present investigation
in 1979 (see table 8). It is probable that also
some other teams made similar experiments
for internal use only, without publishing
their results.

With the use of equation 2 as a basis, equa­
tion 11 could be derived for calculating the
equilibrium constant K" namely:

(BCME)(HP)
K1= (eq 11)

(HCHO)2(HCI?

After the equlibrium constant K, has been
determined by experiments, it should be
possible to use it in equation 12 for calculat­
ing the expected concentration of BCME in
the gaseous phase if the concentrations of
formaldehyde, hydrogen chloride (or, more
generally, chloride ions), and water (eg, in
parts per million or in moles per liter) were
known.

(BCME)=------­
(H20)

The water term (H20) in equation 12 com­
prises both the reaction water and the water



that forms the atmospheric humidity. As the
latter occurs in the 104 ppm order of mag­
nitude. it is quantitatively much more impor­
tant than the actual reaction water when
BCME is formed from those precursor con­
centrations which can actually occur in in­
dustrial workrooms.

Calculation of bis(chloromethyl)ether oc­
currence

When the aforementioned method of cal­
culating the values ofK, was used. the results
were entirely unsatisfactory. Frankel et aI's
results in table 8 show that the values of the
equilibrium "constant" K]. calculated on the
basis of their experiments. were far from uni­
form as their extreme values. namely.
2.Sxto lO and 1.6X103

• differ by a factor of
1.6x 107

• The extreme values of K, based on
the results of the present investigation differ
only by a factor of to. but even they cannot
be used for calculations of the expected
BCME concentrations as they are not valid
for the same temperature.

While Frankel et aI's results are valid for
26°C (299 K) and a relative humidity of the
air of 40 %. which yields a concentration of
water vapor of 13.300 ppm. the measure­
ments of the present investigation were
made at various temperatures and relative
humidities because the purpose of these
measurements was to discover potential
maximum values of BCME concentrations.

The results of Frankel et aI's experiments
show that the values of K, increase systemat­
ically and monotonously with decreasing
concentrations of the reactants. A similar
movement of the values of K, could not be
detected in the experiments of the present in­
vestigation because of the respective differ­
ences in experimental design. Thus it can be
stated that K] is not a constant but a charac­
teristic value that changes with the concen­
tration of the reactants in a seeminly regular
and systematic way. A hypothesis has been
made that the behavior of the values of K1
might be due to the surface effect of BCME
on the reactor walls.

In a search for a better fit. even the values
of K2 were calculated (see table 8). In these
calculations. the atmospheric humidity was
regarded as inert matter. and only the
amount of water generated in the reaction
was considered. This idea was based on ob­
servations that BCME/formaldehyde/hydro-

gen chloride/water systems in air sometimes
behaved inconsistently. An addition of water
in the form of water vapor into the system
could decrease the concentration of BCME
or keep it constant or even increase it.

It is of course clear that there cannot be
two sorts of water and that this procedure is
inadmissible from the point of view of reac­
tion kinetics even if the spread of the K2 val­
ues happens to be considerably narrower
than that of the K, values.

As it is not possible to determine the ex­
pected concentration of BCME for a given
atmosphere if the value of K I calculated at
the same temperature for other concentra­
tions of the reactants in another system is
known. there are only two possibilities for
determining the concentration of BCME for
a given system of reactants and reaction con­
ditions: (i) using empirical formulas derived
by multiple nonlinear regression of a large
amount of experimental data or (ii) relying
only on analytical procedures.

Empirical formulas. In chemical engineer­
ing. it is often useful to use multiple non­
linear regression procedures for deriving for­
mulas that correlate a certain number of vari­
ables in the form of empirical equations
showing the dependence of a certain process
variable on other process variables or condi­
tions.

The most important operational variables
in gaseous systems producing BCME at at­
mospheric pressure are: (i) the concentra­
tion of formaldehyde (HCHO), (ii) the con­
centration of hydrogen chloride (HCI),
(iii) the concentration of water vapor (H20).
(iv) the reaction temperature T. (v) the vol­
ume V of the reaction space. (vi) the area S
of the surfaces with which the BCME-con­
taining air comes in contact. and (vii) the av­
erage velocity v of air currents towards the
space-limiting surfaces.

The concentration of BCME is given in
parts per billion; the concentrations of form­
aldehyde, hydrogen chloride. and water are
given in parts per million; the reaction temp­
erature is given in Kelvins (absolute temper­
ature); the volume is given in cubic meters;
the surface area is given in square meters;
and the velocity of air currents is given in
meters per second.

It seems that the introduction of an eigth
parameter. namely. the dimensionless reac­
tivity index i, of the environment against
BCME might be useful in some cases.

69



An empirical formula obtained by mul­
tiple nonlinear regression and containing the
above seven terms would have the following
form:

(BCME)pph=Ax(HCHO)~pmx (HCI)~pmx(HP)~pmx

xTkXV~, xS~,xv::Vs (eq 13)

or

log (BCME)=log A+B.log (HCHO)+C.log (HCI)+
+D.log(H20)+E.log T+F.log v+
+G.log S+H.log v. (eq 14)

It is supposed that the separate terms V (in
m3

) and S (in m2
) could be replaced by a

single term which is their quotient VIS (in
m), at least in some cases.

If a sufficient amount of experimental data
is available, relatively reliable empirical
equations can be calculated for operational
use within certain limits even if the respec­
tive reaction mechanisms and reaction kine­
tics are not fully established.

At first sight there seems to be a consider­
able discrepancy between the actually mea­
sured BCME concentrations as found in in­
dustrial workplaces (ie, 0.1 to 10 ppb) with
tolerable atmospheric concentrations of
formaldehyde and hydrogen chloride (with
peaks of up to 10 ppm), on one hand, and
those concentrations of BCME that were ob­
tained in laboratory simulation experiments
in glass reactors of 5- to 10-1 volumes, on the
other.

So far the most consistent experimental re­
sults for deriving a general formula are those
of Frankel et al (92). With the use of a multi­
ple nonlinear regression procedure on
trivariate data, it was possible to derive the
following formula from their experimental
results:

log (BCME)ppb= -2.249+0.6671og(HCHO)ppm+
+0.774 log (HCl)ppm. (eq 15)

The terms (H20), T, V, S, and vcould not
be included as their respective values were
constant for all experiments in the set. This
formula (with coefficient of determination
r=1.00) is valid for a relative humidity of
40 % and a temperature of 26°C. The reactor
size was not given in the original publication,
but it can be assumed to have been 5 to 10 I.

If equation 15 is used for calculating the
concentrations of BCME in some typical for­
maldehydeihydrogen chloride systems, re­
sults according to table 22 are obtained.
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The values of BCME concentrations pre­
sented in table 22 seem rather low if com­
pared with the actually measured BCME
concentrations in industry. A probable ex­
planation is that a pronounced wall effect op­
erates in the formation of BCME and that
larger reactors would lead to higher BCME
concentrations, with the same reactant con­
centrations, as they better approximate a
wall-free space in which the maximum for­
mation of BCME can be expected.

It was actually observed that the formation
of BCME is enhanced if the reactor volume
increases with constant concentrations of
reactants and a constant temperature. Re­
sults obtained in the laboratories of a chemi­
cal concern, which studied the formation of
BCME in 50-1 reactors, confirm the
hypothesis that the amount of BCME gener­
ated from given concentrations of formal­
dehyde, chloride ions, and water vapor,
under constant conditions of temperature
and air movement, is greater in large vessels
than in small ones. The respective concern
forbade however the use of these values in
published communications.

An attempt was made to derive an equa­
tion which contains the volume term V (in I).
By a combination and conversion of selected
data from the literature, it was possible to de­
rive the following tentative equation:

log (BCME)=-3.375+ I.SIS log (HCHO)+
+1.377logV. (eqI6)

In this equation the concentration of BCME
is given in parts per billion, the concentra­
tions of formaldehyde and hydrogen
chloride in parts per million
[(HCHO)=(HCl)], and the volume of the
reactor in liters. The respective coefficient of
determination was r2=0.98.

Owing to the mentioned limitations and to
the fact that data from different simulation
experiments were coupled and used, equa­
tion 16 ought to be considered only as proof
of the feasibility for the principle involved.

The idea that a reactivity index if of the en­
vironment, ie, of the contact surfaces and the
gaseous milieu, would be useful is based on
the following reasoning:

It is known, and the experiments in the
present investigation have confirmed, that
different materials sequestrate and scavenge
BCME (probably by adsorption and/or de­
composition) with different intensities.
Deactivated borosilicate glass is relatively in-



Table 22. Calculated concentrations of BCME. if the general formula
derived from Frankel et aI's experiments (92) is used.

Concentration of Concentration of Concentration of BCME
formaldehyde (ppm) hydrogen chloride (ppm) (ppb)

active against BCME, while, eg, cellulose or
materials with a thin water film on their sur­
faces quickly react with BCME.

If the reactivity index i, of the environment
in which BCME occurs in the gaseous pha~e
in air is expressed by means of the following
equation:

where (BCME)calc=concentration of BCME
as calculated with the use of equation 13 or
14 and (BCME)anal=concentration of
BCME as determined by analysis, then the
extreme values of in ie, °and 1, signify the
following limiting states: i,=O when the
analytically determined concentration of
BCME is equal to the calculated value
[(BCME)calc=(BCME)anal]' which means
that the environment liquidates no BCME;
i,= 1 when no BCME is found analytically,
while the calculated concentration of BCME
has a definite value [(BCME)anal=O;
(BCME)calc:foO], which means that the envi­
ronment liquidates all BCME which happens
to be released into it and/or formed in it.

An example will show the application of
the presented principle. If the respective val­
ues are (BCME)calc=l.O ppm and
(BCME)anal=0.3 ppm, then the reactivity
index is i,=(1.0--0.3)/1.0=O.7. This means
that the environment liquidates (adsorbs
and/or decomposes) 70 % of the amount of
BCME which is released into and/or formed
in the atmosphere of the space in question.

The reactivity index i, can be a useful indi­
cator for assessing the effectivity of the mea­
sures which have been taken to reduce the
occurrence of BCME in the air of an en­
closed space, ie, of a space confined by and
containing such surfaces as interfere with
BCME in the enclosed air.

1
1
2
5

10

(BCME)calc - (BCME).nal
i,=--------

(BCME)calc

1
5
5
5

10

(eq 17)

0.006
0.02
0.03
0.06
0.16

It is, however, necessary to make the fol­
lowing reservation: Provided equation 13
were used indiscriminately, the concentra­
tion of BCME would appear to continue
growing towards infinity if volume V were al­
lowed to increase beyond measure.

Theoretically, it is true that a really wall­
free reactor is the one with infinite volume.
But in practice the concentration of BCME is
bound to even out towards a true chemical
equilibrium in a much smaller volume.

Equation 13 must, therefore, be based on
the assumption that BCME in environments
with a given concentration of formaldehyde,
chloride ions, and water vapor, as well as
with a given temperature, is formed with a
rate that is proportional to the reaction vol­
ume V and, at the same time, is decomposed
with a rate that is proportional to the size of
the surfaces, their reactivity towards BCME,
and the mass transfer factor (in this case,
mainly the air movement towards the sur­
faces).

When volume V continues to grow, the
last kinetic component will play an increas­
ingly important role. In small vessels, the
mass transport can be rapid with respect to
the rates of the chemical reactions that go on
in the gas phase and on the surfaces.

After a certain size of volume has been
reached, the mass transport can be expected
to become the dominant factor. This
phenomenon occurs before the volume be­
comes infinite (eg, in large factory halls), and
the concentration of BCME will come near
to the true equilibrium for purely gas-phase
reactions.

In a diagram in which volume V would
form the abscissa and the concentration of
BCME the ordinate, equation 13 would
show the concentration of BCME tending to
grow toward infinity with volume V increas­
ing beyond all measure. But because of the
mass transport factor the concentration of
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BcME would, in reality, tend to approach
only an asymptotic value corresponding to
the equilibrium concentration of BCME.

Pioneering work as regards the calculation
of BCME concentrations using formulas de­
rived by means of nonlinear multiple regres­
sion was done by ten Berge (28 and private
communication of 3 July 1981). He also
showed the importance of using reaction
data that are as complete as possible. When
he correlated only the concentrations of
formaldehyde and hydrogen chloride, he ob­
tained equations that gave the following re­
sults for 2 ppm of formaldehyde and 5 ppm of
hydrogen chloride in air: 0.005 ppb of
BCME for the results of the present investi­
gation (taken as averages), 0.027 ppb of
BCME for the results of Frankel et al (92),
and 0.025 ppb of BCME for the results of
these two investigations combined. If, on the
other hand, the concentration of water vapor
is considered and the available experimental
data are used, then the results are 1.4 ppb of
BCME for 1,000 ppm of water vapor (corre­
sponding to a relative humidity of4.3 %) and
0.14 ppb of BCME for 10,000 ppm of water
vapor (corresponding to a relative humidity
of 43 %) at the respective temperature. It
can be seen that the latter results are much
nearer the actually found concentrations of
BCME (0.1 to 10 ppb) than the former.

Ten Berge's work seems to confirm the
possibility of deriving a formula of the equa­
tion 13 type for calculating the concentration
of BCME in the workroom air provided the
reactant concentrations and the reaction
conditions are known.

In the light of experiences so far gained
with BCME simulation experiments, it
would seem that the following minimum sets
of variables would have to be used in deriv­
ing a formula of the equation 13 type for pre­
dicting the occurrence of BCME in air:
(i) ten combinations of formaldehyde and hy­
drogen chloride concentrations, (ii) two
temperatures, (iii) two relative humidities,
and (iv) three reactor sizes. Thus a total of at
least 120 separate experiments would be
needed and each experiment would have to
be repeated at least twice for the sake of ac­
curacy. Besides, a way must be found to vary
the mass transport in the experimental reac­
tors in a controllable way which can simulate
air currents in industrial workrooms.

Analytical procedures. Instead of laboratory­
derived equations, it is possible to use mea-
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surements of BCME concentrations in the
atmosphere only (eg, in industrial work­
places, inside and outside of chemical plants,
in polluted urban atmospheres, etc). Such
measurements were made, eg, by Yao &
Miller (337).

Although there are reliable analytical
methods available for freshly formed and/or
collected BCME, it seems that a part of the
measurements made in the past resulted in
inaccurate or even zero data because coad­
sorbed water vapor on the adsorbent partly
or even wholly decomposed the adsorbed
BCME. Hints to this possibility were made
as early as in the Burlington report of 1975
(371), and experimental proof was given in
1977 by Berkley et al (29). This disappear­
ance of BCME in the adsorbed state seems to
be a peculiarity of BCME, as water-stable
organic compounds can be retrieved from
the same adsorbents in the original amounts
despite the presence of coadsorbed water
(138). Analytical methods for BCME de­
veloped by several chemical companies for
internal use also contained instructions for
removing the coadsorbed water by means of
a stream of inert gas (50, 69).

Besides, the possible role of a wall effect
(adsorption and/or decomposition of BCME
on surfaces) was not recognized in the past.

Muller and co-workers (188, 189) took up
the problem of a reliable method of BCME
collection for gas chromatographic-mass
spectroscopic analyses and developed a pro­
cedure in which the adsorbed BCME is ex­
tracted from the granular adsorbent by
means of an inert solvent soon after collec­
tion. The BCME solution in this solvent is
then used for injection into the gas
chromatography-mass spectroscopy equip­
ment. This procedure allows delays of up to
several weeks between BCME collection
and eventual sample analysis. If, on the
other hand, BCME is kept adsorbed on the
adsorbent in the presence of coadsorbed
water, it can disappear, partly or even to­
tally, in a matter of days, depending on
which type of adsorbent is used and how
much water vapor in the adsorbed state it
contains.

Another development by the same team of
scientists concerned a spectrophotometric
method of haloether analysis which can be
used instead of, or as a check on, the gas
chromatographic-mass spectroscopic anal­
yses (211).



Prediction of bls(chloromethyl)ether
occurrence

The laboratory simulation technique must be
considered to be highly inaccurate and thus
inadequate for predicting the probable con­
centrations of BCME which might be formed
from known concentrations of formaldehyde
and chloride ions in air under specific reac­
tion conditions. For example, Eisner (67)
pointed to the great differences in the experi­
mental results of Kallos & Solomon (144) on
one hand and Frankel et al (92) on the other.

It does, however, seem that this problem
can be solved if the possibility of a wall effect
is considered. This effect depends mainly on
the area of the surfaces in contact with
BCME-containing atmosphere in a given
volume, on the reactivity of these surfaces
against BCME, and on the mass transfer fac­
tor.

The experimental results so far obtained
point to the existence of a wall effect (surface
effect), but final confirmation must be made
by specially designed experiments.

Preventive measures

From the industrial point of view there are
two separate aspects of the BCME problem,
namely; the release of BCME from reactions
in which BCME or CMME is used as a reac­
tant and the formation of BCME from its
precursors, either in industrial processes
with subsequent release into the workroom
air or directly in the workroom air. As re­
gards the former, the resources of modern
chemical engineering enable the respective
equipment and reactions to be designed in
such a way as to present practically no risk of
workers being exposed to BCME. This situa­
tion is achieved by remote control and com­
plete automation of the processes in question
(123,238).

The second aspect is of considerable
hygienic importance, and the results ob­
tained in the present investigation can be
summed up as follows: BCME can be easily
destroyed by condensing water vapor, espe­
cially if this water vapor has an alkaline reac­
tion.

Simulation experiments concerning the
drying and curing of formaldehyde-based re­
sins did not show any BCME development,
and it is supposed that this fact is due to the
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condensation of water vapor released by the
drying or curing process.

If BCME is really decomposed by water in
the form of tiny fog droplets with a large total
surface, then its precursors formaldehyde
and hydrogen chloride, are dissolved in the
water of these droplets. If these droplets
evaporate, then formaldehyde and hydrogen
chloride can reenter the atmosphere in gase­
ous form and there combine to reform
BCME "in the background. "

There seems to be a possibility that, under
certain conditions, an enhanced formation of
BCME can occur in a pocket of the atmo­
sphere. This phenomenon is then followed
by diffusion of the formed and relatively sta­
ble gaseous BCME into the neighboring air
masses. Therefore, care must be taken to re­
move the formaldehyde and hydrogen
chloride by ventilation from the workroom
air.

It is preferable to prevent the possibilities
of BCME formation a priori. This preven­
tion can be achieved with the following mea­
sures: (i) a strict spacial and temporal separa­
tion of the storing, handling and use of form­
aldehyde and chemicals which form and/or
release formaldehyde, on one hand, and of
hydrochloric acid and chemicals which form
and/or release chloride ions, on the other;
(ii) avoidance of the use of chemicals which­
when interacting - can form BCME in the
chemical processes; and (iii) design of stor­
ing, handling, and manufacturing equipment
so as not to allow a leakage of these che~i­

cals into the storerooms and workrooms
when the use of chemicals that form BCME
cannot be avoided.

Bls(chloromethyl)ether monitoring

As there is great uncertainty as to which con­
centrations of BCME can be formed from
given concentrations of precursors under
specific reaction conditions, it is recom­
mended to run two projects simultaneously,
ie, a laboratory simulation project in order to
establish a workable formula of the equation
13 type and a campaign of BCME analysis in
all industrial and nonindustrial environ­
ments where BCME is suspected to occur.

If, in the second project not only the con­
centrations of BCME, but also those of the
remaining reactants (ie, formaldehyde and
chloride ions) are measured, and if, besides,
the temperature and the relative humidity of
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the air, as well as the volume of the work­
room in question, the area of the surfaces,
and the velocity of the air currents are deter­
mined, in each case, then a large body of data
can be built-up which not only serves as a
corrective for the first project but also yields
information about the BCME mopping-up
characteristics of various environments. The
final result will be a refined and reliable for­
mula of the equation 13 type which might
make BCME measurements unneccesary:in
many cases.

While the sample collection in the field
must be done locally, the analyses of the col­
lected samples ought to be performed in a
centralized way by regional or even national
laboratories. There are weighty reasons for
this centralization: (i) local laboratories are
not usually equipped to deal with this sort of
work; (ii) the analyses of BCME are very
exacting, and costly sophisticated equip­
ment, such as gas chromatography-mass
spectroscopy setups are needed; (iii) the
analytical instruments must be maintained in
top trim and attended to by skilled and ex­
perienced personnel; and (iv) the actual
analyses require constant calibrations with
pure BCME and BCME solutions. These
again need expert handling by competent
personnel. - Besides, as few people as possi­
ble should be allowed to be in prolonged and
regular contact with BCME as a reagent.

Cancer risk due to
bls(chloromethyl)ether exposure

So far, most cancer deaths attributed to
BCME or CMME have been due to expo­
sures under industrial or laboratory condi­
tions when these substances were used as in­
dustrial chemicals or reagents.

The total number of cancer deaths (a
majority of them oat-cell bronchial car­
cinomas) approaches that of vinyl chloride
monomer. In 1981, the total number of
BCME-caused lung cancer deaths exceeded
70 when Norpoth (209) called attention to 12
newly discovered lung carcinoma cases in the
Federal Republic of Germany, noting that
from a total of 20 carcinoma cases in that
country 12 were due to direct exposure to
BCME, while eight occurred in workers en­
gaged in chioromethylation reactions in
which BCME precursors were used.

So far, the principal epidemiologic studies
have been made in the United States. At
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present, a large epidemiologic study is in
progress there; it will cover seven major
CMME and BeME producers for the period
1948-1979. An estimated 2,000 exposed and
3,500 nonexposed workers will be available
for this study, which is expected to be ready
for publication in 1982 (224).

No study has been published regarding the
danger of BCME formation from formal­
dehyde and chloride ions in air in terms of
cancer cases.

In the Montedison plant of Castellanza
(Varese) in Italy, an epidemiologic study is
being made at present. It includes both
CMME as a reagent and formaldehyde with
chloride ions in air. The number of workers
employed in the plant since 1946 has been
around 2,500, and thus it is possible that rel­
evant data will be obtained even for BCME
formed from its precursors in the workroom
air (275). The results of this study will proba­
bly indicate whether similar epidemiologic
investigations ought to be made in other
plants where workers have been exposed to a
combination of formaldehyde and chloride. . .
Ions tn alT.

When workers in whom BCME-caused
carcinomas later developed were exposed to
BCME or CMME - ie, during the 1940s to
1960s and at the beginning of the 1970s - no
measurements were made of BCME or
CMME concentrations in the workroom air.
Thus only a guess can be made of how high
these concentrations might have been. It can
be conjectured that the concentrations of
CMME might have been from 1 to 10 ppm in
the workroom air. Higher concentrations
would have been very unpleasant and hardly
tolerable. If it is supposed that the car­
cinogenic agent in technical grade CMME
was BCME, the content of which was 1 to
8 %, then the workroom concentration of
BCME in air might have varied from 10 to
800 ppb, more probably from 10 tol00 ppb,
because the aforementioned concentration
of 10 ppm of CMME is supposed to have oc­
curred only in short-term peaks (287, 288,
289,290).

In the work done by Kuschner et al (152)
and reported in 1975, BCME was shown to
be potently carcinogenic in rats, both in life­
long exposure (6 hid, 5 d/week) and in lim­
ited-time exposures for 10 to 100 d, at a con­
centration of 0.1 ppm (100 ppb) in air.

As also reported in 1975, Leong et al (159)
repeated the experiments on rats under the



same conditions, exposing them to 100, 10,
and 1 ppb of BCME, respectively. While the
concentration of 100 ppb was again found to
be strongly carcinogenic, there were no indi­
cations of tumors in the 10 and 1 ppb expo­
sure groups. Thus it might have been con­
cluded that the concentration of 1 ppb of
BCME in air represented an acceptable risk,
being two orders of magnitude below the
concentration of BCME which caused
cancer in animals.

The fact that the animal exposure in Leong
et aI's investigation was not life-long but
lasted only six months makes their results in­
comparable with Kuschner et aI's. The con­
sequence is that, so far, nothing is known
about the relative health risks associated
with the 10- and I-ppb levels of BCME in air.

What is urgently needed are new life-long
animal inhalation experiments at BCME
concentrations of 10, 1, and, possibly also,
0.1 ppb of BCME in air.

In the investigations made by Nelson et al
and reported in November 1979 (385), rats
were exposed to a mixture of 10.6 ppm of
hydrogen chloride and 14.6 ppm of formal­
dehyde in air. This mixture, in which 0.1 ppb
of BCME was found, proved to be car­
cinogenic in rats (87, 255).

If only a small part of the tumors in ques­
tion (a 25 % incidence of squamous-cell car­
cinomas of the nasal cavity in rats over a
course of 2 a) was caused by the BCME
formed in air from formaldehyde and
chloride ions, while the rest might have been
caused by unreacted BCME precursors,
either singly or jointly, then even a BCME
concentration as low as 0.1 ppb cannot be
considered quite safe.

Regulatory legislation

The present American threshold limit value
for BCME, which is accepted in several
other countries as well, is 1 ppb in air. This
value was announced in the 1979 list pub­
lished by the American Conference of Gov­
ernmental Industrial Hygienists (ACGIH)
(8). In Sweden, there is no hygienic value for
BCME and CMME. These substances are
not allowed to be produced or used in indus-
try. . '

The definition of a threshold limit value
(204, 3(0) is that amount of substance to
which nearly all or most workers may be ex-

posed, without personal protective equip­
ment, for 8 hid, 5 d/week, without predict­
able injury. Thus a threshold limit value is no
property of the substance in question, it is
only a "label," a professional guide, estab­
lished by the ACGIH which, however, is not
a government agency. In contrast to the
"permissible exposure limit" which is the leg­
ally established average concentration of a
contaminant to which workers are allowed to
be exposed over an 8-h period and which is
enforceable by the Federal Government,
threshold limit values are not enforceable by
law. They are, however, often more restric­
tive than permissihle exposure limits.

It is an interesting fact that BCME, which
is a potent carcinogen, has a listed threshold
limit value w.hile CMME, which is a much
weaker carcinogen (mostly because of its
BCME content as impurity), has none. This
apparent paradox will be understood if it is
realized that BCME can be easily formed
from its precursors formaldehyde and
chloride ions in air while an atmospheric for­
mation of CMME from its precursors form­
aldehyde, chloride ions, and methanol has
not been proved.

If it is asked why the threshold limit value
for BCME is just 1 ppb, there are two possi­
ble answers: (i) either the 1-ppb threshold
limit value for BCME is a value of conveni­
ence because many industrial processes
evolve BCME concentrations of 0.1 to 1 ppb
in the reactor headspace gases or in the sur­
rounding air and because many workroom
atmospheres cannot prevent such BCME
concentrations from occurring; or (ii) the
1-ppb threshold limit value for BCME is
based on Leong et ai's research results of
1975 (159).

As shown in the preceding section, the
latest experience is that even a concentration
of 0.1 ppb of BCME in air cannot be consid­
ered to be totally beyond suspicion of
carcinogenicity. Therefore the present
threshold limit value of 1 ppb of BCME,
which the industry sometimes tends to re­
gard as a license for contaminating the work­
room atmospheres with BCME up to this
level, stands in an unfavorable relation to the
latest experimental results.

It might be argued that - especially be­
cause of the sensitivity of BCME to liquid
water - there might be a safe concentration
threshold (at which all inhaled BCME would
be decomposed on the moist mucous mem­
branes of the airways - as suggested by W
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Weiss in his private communication of 19
January 1981), but, before such a threshold
is safely established, it is probably preferable
to presume that is does not exist. Anyway, it
is useful to realize that when the BCME con­
centration in air is as low as 0.1 ppb, then one
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