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Abstract

This paper introduces a new derivatization agent for the simultaneous quantification of formaldehyde and methanol during
curing reactions of complex organic coatings. Formaldehyde emitted from a polyester-melamine coating is derivatized in
a gas phase reaction with unsymmetrical dimethylhydrazine (UDMH) to form formaldehyde dimethylhydrazone (FDMH).
UDMH and FDMH tend to degrade at temperatures above 200 °C rather fast. The applicability of derivatization agent and
analyte as well as their degradation products are therefore discussed thoroughly. In this method curing temperatures of 150 °C
with incubation times between 0.1 and 60 min are used to trigger crosslinking reactions. The emissions of formaldehyde and
methanol are continuously quantified with headspace gas chromatography to obtain an emission trend. While one of the main
sources of formaldehyde is the demethylolation during crosslinking, methanol is produced via hexamethoxymethylmelamine
(HMMM) deetherification and as a condensation byproduct. The emission monitoring shows a high potential for comparative
and mechanistic investigations. Results show good repeatability with low standard deviations (< 7%) with a quantification
limit of 2.09 ug for formaldehyde and 2.08 pg for methanol.

Keywords Formaldehyde derivatization - Methanol quantification - Polyester melamine resins - Curing profile - Headspace

gas chromatography

Introduction

Polycondensates based on alkylated melamine—formalde-
hyde resins—in particular hexamethoxymethylmelamine
(HMMM)—release methanol during crosslinking as a con-
densation byproduct [1]. According to the specific formula-
tion of the coating and its corresponding process conditions
formaldehyde may occur as a byproduct, which is known
to be a toxic chemical. When exposed to methanol or for-
maldehyde side effects can range from mucous membrane
irritation to acute toxicity concerns [2, 3]. Besides toxicity
issues the amount of formaldehyde and methanol produced
might give insights into enhanced curability of individual
coatings [4]. To assess these emissions, adequate analytical
methods are needed. Quantitative methods to analyze metha-
nol via Headspace-GC-MS (HS-GC-MS) have already been

P< Clemens Schwarzinger
clemens.schwarzinger @jku.at

Institute for Chemical Technology of Organic Materials,
Johannes Kepler University Linz, Altenbergerstraf3e 69,
4040 Linz, Austria

developed for other applications like solid insulation systems
[5]. Formaldehyde on the other hand is, mainly due to its
polarity, lack of chemical standards, and its high reactivity,
relatively difficult to quantify. The conversion into a more
stable substance is therefore needed. Published derivatiza-
tion methods include the reduction of formaldehyde to meth-
anol [6] and the addition of alcohols to form acetals [7]. Due
to the simultaneous emission of methanol and formaldehyde
during curing reactions, these derivatization methods cannot
be used without any interferences. The most prominent way
to derivatize formaldehyde is by the application of hydra-
zine species to form a stable Schiff base [8—12]. Thereby the
primary amine specifically reacts with carbonyl functionali-
ties [13]. Hydrazine derivates such as pentafluorophenylhy-
drazine (PFPH) or 2,2,2-trifloro-ethylhydrazine (TFEH) are
known to form thermally stable derivatization products with
aldehydes, which makes them suitable for GC-MS [14].
Unsymmetrical dimethylhydrazine (UDMH) was recently
described as a potential reagent for the quantification of
aldehydes using an HPLC-DAD method [11]. It is a stable
component that acts as a strong reducing agent. The volatil-
ity of UDMH is very high compared to other hydrazines,
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Scheme 1 Reaction equation

for the formation of FDMH and O
water from formaldehyde and .
UDMH

which makes gas phase derivatization reactions possible
even at low temperatures. UDMH is commonly used as a
fuel in the space industry. During combustion, it can dis-
integrate into even more toxic compounds that can migrate
into soil, water or air. Its hazardous characteristics and ther-
mally initiated degradation are one of the main reasons why
UDMH and its transformation products are an important
topic in environmental analysis [15-17].

Formaldehyde dimethylhydrazone (FDMH) is one of
the transformation products that occur when formaldehyde
reacts with UDMH (Scheme 1) [18]. The reaction equilib-
rium is in favor of the products.

Under these aspects, this work provides insights into the
stability of UDMH and FDMH under inert conditions. Fur-
thermore, the usage of UDMH as a derivatization agent for
an HS-GC-MS method with a focus on the simultaneous
quantification of methanol emissions during the curing of
melamine resin-polyester systems is discussed.

Experimental
Chemicals and Samples

UDMH (98%) and methanol (LC-MS grade) were pur-
chased from Sigma Aldrich and Honeywell. Commercially
available formaldehyde was purchased in the form of an
aqueous formalin solution from Sigma Aldrich. Iodometry
and a standard liquid injection GC-MS method were utilized
to quantify the levels of formaldehyde and methanol in the
formalin solution, revealing concentrations of 36.57 wt.%
for formaldehyde and 11.67 wt.% for methanol. For the
stock solution, methanol was added to the formalin result-
ing in an aqueous solution with 30.60 wt.% formaldehyde
and 26.10 wt.% methanol. The derivatization agent was used
without any further dilution. As a sample, hexamethoxy-
methylmelamine (HMMM, Cymel 300) from Allnex was
mixed with a commercially available model coating based
on a linear polyester-polyol system with a M, of 2000 in a
ratio of 30:70.

Headspace-GC-MS
All measurements were performed on a GC (Thermo Sci-

entific, Trace GC Ultra) coupled to a MS (Thermo Scien-
tific, [ISQ) with an automated headspace sampler (Thermo
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Scientific, TriPlus RSH) in static mode. A ZB-624 column
(30 mx0.32 mm LD., film thickness 1.80 um) was used
with a constant helium flow. The oven temperature was first
held for 1 min at 40 °C, heated to 80 °C with 3 °C min~!,
and lastly heated to 240 °C with 20 °C min~! and held for
6 min. The PTV- and MS-inlet were operated at 220 °C. A
split flow of 80 mL min~! was used. The headspace incuba-
tion temperatures were 100, 150, or 200 °C respectively,
depending on the subsequent measurement. Incubation times
varied between 0.1 and 60 min. Peak areas were assigned via
SIM mode by using the most abundant fragmentation ions
(FDMH: 72 m/z and methanol: 31 m/z), unless otherwise
stated.

Sample Preparation

Coating samples between 2-3 mg were applied on an alu-
minium pan, weighed, and transferred into an inert head-
space vial. Inert handling was performed in a glove box.
Handling of the derivatization agent and the samples under
inert conditions is necessary since it prevents unwanted oxi-
dation, potential combustion, and the introduction of car-
bonyls from laboratory air into the headspace vials. Finally,
1 uL of UDMH was introduced into the headspace vial. The
sample is then measured via HS-GC-MS.

Results and Discussion
Reactivity

To trace the emission of formaldehyde during the curing
process it is necessary to achieve full conversion between
formaldehyde and UDMH as quickly as possible. UDMH
and formaldehyde are both very reactive components and
form their reaction product rather fast in aqueous media [11].
To test the reactivity in a gas phase reaction a volume with
a molar ratio of 2:1 (UDMH:formaldehyde) was introduced
into a headspace vial and measured immediately. To avoid
reactions before the measurement, both components were
placed individually in aluminium pans. Testing the reactiv-
ity at 150 °C with incubation times between 0.1 and 10 min
results in very similar FDMH quantities (Table 1). The low
standard deviation indicates a full conversion even at very
short reaction times and enables emission monitoring for a
longer period.
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Table 1 Peak areas of FDMH at 150 °C with different incubation
times

Incubation Peak area / Average Standard deviation / %
time / min counts * 10°

0.1 5.86 6.00 1.78

0.3 6.02

1 6.02

2 6.09

5 6.12

10 5.88

Average and relative standard deviation were calculated based on
these six measurements

The primary amine functionality of UDMH can undergo
various side reactions that are mostly studied under the
aspect of combustion. Currently, more than 80 transforma-
tion products from UDMH are known [19].

Since no combustion occurs while operating under inert
conditions, new transformation products were assessed at
different temperatures (Fig. 1). Therefore, 1 uL UDMH and
0.8 uL formaldehyde in the form of a formalin solution were
each introduced into a headspace vial and measured at 100,
150, and 200 °C, respectively. The hydrazine is present in a
large molar excess, to show potential degradation products
more effectively. The analytes were assigned according to
spectral databases and literature [19].

During the thermal degradation of FDMH and UDMH,
acetaldehyde was formed as a minor oxidation product at
200 °C. Due to the excess of UDMH, the aldehyde reacts
further to N-(ethylideneamino)-N-methylmethanamine. As
a result of oxidation processes, methyl formate might be
formed indirectly from UDMH [20]. Formic acid and metha-
nol are products from Fenton processes in liquid media, that
are currently used for the catalytic detoxification of UDMH.
Especially formic acid is known to develop fast during the

oxidation of UDMH [21]. Interestingly, varying tempera-
tures do not influence the amount of methyl formate gener-
ated. Nevertheless, further reactions of formic acid and its
esters with trimethyl hydrazine and UDMH result in their
respective amides [19]. The degradation and transformation
reactions are particularly high at 200 °C since no UDMH
could be detected. Another degradation product is also
2-(dimethylamino)acetonitrile. Product % in Fig. 1 could
not be assigned via spectral databases. Interestingly it is the
only compound that shows indirect properties. The molecu-
lar peak was assigned to a m/z ratio of 129. Fragmentation
ions occurred at m/z ratios of 42, 58, 71 and 85. Due to its
inverse characteristics, it is assumed to be an impurity within
the derivatization agent, that is consumed in transformation
processes. Overall, a drastic increase in thermally induced
transformation products between 150 and 200 °C could be
shown.

Liquid coating systems contain large amounts of organic
solvents for viscosity adjustments. Mixtures of aromatic
hydrocarbons partially include high boiling components, that
are needed to achieve latent drying [22]. Less volatile sol-
vents are also present in the pre-solubilized polyester resin,
that was used as a sample. To avoid permanent condensation
in the injection unit, temperatures above 200 °C have to be
applied. This might lead to further unwanted transforma-
tion products of UDMH. UDMH and formalin were again
introduced in equimolar amounts into a headspace vial, but
measured with varying incubation times at 200 °C (Fig. 2).

All transformation products were detected at
200 °C with incubation times of more than 5 min. For
2-(dimethylamino)acetonitrile and N-(ethylideneamino)-
N-methylmethanamine a linear increase was found,
while a near exponential increase could be shown for
N-(dimethylamino)-N-dimethylformamide between
5 and 30 min. Due to structural similarities with
N,N-dimethylnitrous amide, the high occurrence of

Fig. 1 Transformation 2.0
products (a: acetaldehyde, b:
methyl formate, c: UDMH,

d: N-(dimethylamino)-
N-methylformamide, e:
N-(ethylideneamino)-N-
methylmethanamine, f:
2-(dimethylamino)acetonitrile,
g: N,N-dimethylnitrous amide
and h: not identified) of FDMH
and UDMH characterized by
HS-GC-MS at different tem-
peratures (green line: 100 °C, f\
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N-(dimethylamino)-N-dimethylformamide cannot only be
explained by different detector responses, but the forma-
tion seems to be highly favored. UDMH shows a constant
behavior between 0.1 and 1 min, while after 5 min almost
25% of the residual derivatization agent is degraded.
Although no degradation products were detected during
this incubation time, it is most likely that some intermedi-
ates like organic acids are not detectable with this setup.
The amount of FDMH produced stays within a standard

Incubation time / min

deviation of < 10% over several incubation times (Fig. 2,
dark green solid line).

Further experiments were performed to investigate the
stability of UDMH to distinguish products stemming from
UDMH and FDMH. 1 pL of the derivatization agent was
placed in an inert headspace vial three times and measured
at 100, 150 and 200 °C (Fig. 3).

When comparing the stability graphs of FDMH/UDMH
(Fig. 1) and UDMH (Fig. 3), dimethylamine and 1-methyl-
2-methylenehydrazine are only detectable when pure UDMH

Fig. 3 Transformation products 7
(a: dimethylamine, b: UDMH, ——100°C |
c: FDMH, d: 1-methyl-2-meth- 6l 150 °C IV b
ylenehydrazine and e: N,N- —200°C
dimethylformamide) of UDMH > 5k
at different temperatures (green N
line: 100 °C, orange line: 24l
150 °C, brown line: 200 °C) % ~ ,L .
with an incubation time of one S SN
hour (colour figure online) > 3f
2
22 |
£ /N\ a d O\N/N\ e
'l |
0 —M/\_l“ - - / - - I\ -
1.5 2.0 2.5 3.0 3.5 4.0 4.5 11.0 115 12.0
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is degraded at 200 °C. They are therefore assumed to be
intermediates in the formation of other substances. Further-
more, the first oxidation stage products of UDMH include
FDMH and N,N-dimethylformamide (DMF) [23]. The
occurrence of FDMH at high temperatures is contradictory
to the analysis method shown in this publication. It, there-
fore, needs careful assessment of the degradation process
of UDMH. All transformation products were detected and
the oxidation of UDMH to FDMH occurred within one hour
at temperatures above 150 °C. FDMH was also found in
minor but equal quantities at 30, 100, and 150 °C, which
indicates low amounts of impurities in the derivatization
agent. The use of a BLANK value is not necessary since the
peak area within the standards compensates for the increased
FDMH amount. In terms of thermal stability both, UDMH
and FDMH, are stable enough within an incubation time of
one hour at 150 °C under inert conditions to be used as a
derivatization agent and to be quantitatively measured.

Addition of the Derivatization Agent

Stochiometric addition of most derivatization agents is not
enough due to potential losses, side reactions, or low conver-
sion. To assess the dosage of the derivatization agent differ-
ent molar equivalents of UDMH were added in a headspace
vial with a formalin solution. Each sample was measured
with an incubation time of one hour at 150 °C (Fig. 4). A
plateau is reached after about 2.2 molar equivalents, which
marks the minimal needed amount of derivatization agent
to achieve full conversion.

Method Development
Further method validation included calibration, accu-

racy testing, and precision. The calibration of methanol
and formaldehyde was performed by diluting the stock

solution with highly purified water (1:5, 1:10, 1:25, 1:50,
1:75, 1:100 and 1:150) and adding 1 pL of standard and
1 pL derivatization agent into an inert headspace vial. For
methanol (1) and formaldehyde (2) a calibration equation
was calculated. Linear regression is shown in Fig. 5. The
response of the derivatized formaldehyde is significantly
larger than that of methanol.

Y(FA) = 5.20 107 % X(FA) + 1.29 % 10® ()

Y(MeOH) = 1.08 % 107 % X(MeOH) — 2.62 % 10° 2)

where Y is the peak area of FDMH and X is the formalde-
hyde (FA) content in pg in formula (1) and Y is the peak area
of methanol (MeOH) and X is the methanol content in ug
in formula (2).

10 10
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Fig.5 Calibration curves of methanol (dotted black line) and formal-
dehyde (dotted green line) (colour figure online)
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The limit of quantification (LOQ) and the limit of detec-
tion (LOD) of the method are calculated according to [24].
The LOQ resulted in 2.08 ug for methanol and 2.09 pg for
formaldehyde and the LOD for both analytes in 0.69 ng.
To validate the method and to show that the calibration
curve is accurate for several incubation times, samples were
spiked with a standard containing 52.23 pg formaldehyde
and 45.75 pg methanol. As a reference a sample without
any spiking solutions was also prepared and measured. The
difference between the emitted formaldehyde and methanol
content per mass of liquid coating of the unspiked sample
and the spiked coating sample was used to calculate the
analyte content with formulas (1) and (2). The recovery for
formaldehyde varies between 87 and 103% and for metha-
nol between 95 and 109% depending on the incubation time

Table 2 Recovery of formaldehyde and methanol with different incu-
bation times at an incubation temperature of 150 °C

(Table 2). Linear regression for both analytes was only done
at an incubation temperature of 150 °C for one hour. The
recovery for this method is 103% for formaldehyde and 99%
for methanol. Nevertheless, non-calibrated incubation times
can still be used with this method, but mostly show a much
higher or lower recovery than calibrated analytes.

The precision was validated for the accuracy of the
individual incubation times by measuring coating sam-
ples three times at the respective time. Lower incubation
times (< 1 min) showed a higher potential for larger stand-
ard deviations (<30%) for both analytes. At incubation
times > 1 min, the standard deviation was below 7% (Fig. 6).

Emission Monitoring

Since no methanol or formaldehyde is present in the pol-
yester system, it can only occur as free formaldehyde in
the HMMM solution, be a side product in melamine resin
crosslinking or thermally/pH induced deetherification of

Incubation Formaldehyde Recover Methanol Recover: R
time content Y /% Y content /% Y HMMM. The reaction paths where methanol and formalde-
/ min /g /g hyde are occurring as byproducts are depicted in Scheme 2.
The split off of methanol from HMMM can spontaneously
1 49.77 95.29 49.96 109.21 . . o
0 45.53 %717 19,04 10917 be achieved at high temperatures (180-200 °C). Lower tem-
’ ’ ’ ’ peratures still achieve the detachment of methanol, but take
20 46.78 89.57 43.27 94.58 . . . .
longer times. Depending on the degree of etherification,
30 47.30 90.56 45.86 100.23 s . . .
crosslinking of the melamine system is already possible
60 53.66 102.75 45.25 98.90 ° . - . . .
at 120 °C. During crosslinking melamine resins, bonding
Fig.6 Emission (graph A) and 15 / 15
emission rates (graph B) of for- @ E Idehvd
maldehyde and methanol during > —e- rormaldenyde /i o
L £ —m— Methanol _— T £
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o) ° =
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Scheme 2 Methylolated mela-
mine resins (1) have a random
distribution of three distinct
functionalities that are involved
in specific reaction mechanisms:
methylolated groups (light
green), primary or secondary
amines (light blue) and hydroxy
methyl groups (light red). The
reaction partners and products
are indicated in the same color
as the functionalities of the
melamine resin. Melamine res-
ins (1) can undergo selfconden-
sation (2) and form methylene
bridge formation under the
emission of formaldehyde (3,
light red). Another reaction

that includes formaldehyde as

a byproduct is the demethylola- . N )
tion of melamine (5, light red). N
Polycondensation of melamine
and a polyester results in ether
linkages with methanol as a
byproduct (4, light green). Also,
primary or secondary amines
can form methylene linkages
even without the emission of
formaldehyde (6, light blue).
Depending on the polyester
system R’ can be either a hydro-
gen atom, a carbon atom or a
carbonyl functionality (colour
figure online)

Polyester” "R’

is either formed via ether or methylene linkages. In either
case, methanol is split off as a side product, while formal-
dehyde is only emitted in the latter [25]. Polycondensation
of polyester-melamine systems also results in the emission
of methanol. To quantify the analytes, the coating samples
were measured three times, respectively, at seven incubation
times (0.1, 0.3, 1, 10, 20, 30, and 60 min) at 150 °C (Fig. 6).

Free formaldehyde is the first component to be released.
Considering that 1 mg of sample consists of 30 wt.%
HMMM with £0.25% of free formaldehyde, the amount
of free formaldehyde should be <0.75 ug mg~!. This is
in accordance with the first two incubation times (0.1 and
0.3 min). The cleavage of the ether linkages in HMMM
leads to an increase in methanol production after 0.3 min
and the formation of partially etherified HMMM. The unpro-
tected hydroxy groups can then undergo self-condensation
to form oligomeric structures, polycondensation with the
polyester system, or a thermally initiated release of formal-
dehyde. Another formaldehyde source is the elimination of
formaldehyde from ether bridges of oligomeric melamine
structures. The highest emission rate for methanol is about

R'-.Polyester

OH

_____________

0.8 ug mg~! min~! and for formaldehyde 1.8 pg mg~! min~".

Both rates were found at an incubation time of <1 min. At
incubation times > 1 min the rate of formaldehyde produced
decreases again until the quantity of methanol and formal-
dehyde are nearly identical after 20 min, resulting in about
10 pg each. After about 30 min the emission rates of both
analytes show a similar decreasing behavior.

Since the amount of analyte produced is highly dependent
on the crosslinking agent, comparative studies on the tech-
nical properties of different polymer systems or curability
based on the production of methanol are aspects that can be
assessed with these curing profiles.

Conclusion

A derivatization headspace-GC-MS method was success-
fully developed for quantifying formaldehyde and metha-
nol during low-temperature (< 150 °C) curing. Formalde-
hyde is derivatized in a gas phase reaction with UDMH to
form FDMH. Inert handling and low-temperature curing
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are needed to avoid thermal degradation (> 150 °C) of the
derivatized products. The method enables the assessment
of curing profiles of complex formaldehyde-based polycon-
densates. Low standard deviations (< 7%) during repeatabil-
ity testing and low quantification limits for formaldehyde
(2.09 pg) and methanol (2.08 pg) make comparative studies
on technical properties or curability possible.
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