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The high toxicity of isocyanate species in the workplace demands the development of sensitive techniques

for the detection of isocyanates to protect workers from adverse health effects. To detect airborne

isocyanate molecules in a workplace, several analytical techniques such as colorimetry, amperometry,
capillary zone electrophoresis, high-performance liquid chromatography and fluorescence are reported

in the literature. Among them, fluorescent probes due to their high sensitivity and selectivity grabbed
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special attention for the determination of the isocyanate group. This review primarily focused on

fluorescent derivatizing agents (with amine and hydroxyl groups) available for the determination of
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isocyanates in the literature and also discussed about fluorescent polymers in non-derivatization mode
for isocyanate estimation, which is less explored.

Isocyanates are a group of highly reactive, low molecular weight organic compounds, which are widely used in the automobile industry, and the manufacture of
flexible and rigid foams, and coatings such as paints and varnishes. Although industrially important, organic isocyanates are significantly toxic and exposure to
these chemicals causes respiratory-related diseases such as asthma, pulmonary emphysema and bronchitis. For example, the Bhopal gas tragedy, where over 500
thousand people were exposed and eight thousand or more people died within a short time of exposure and thousands of victims were partially injured, having
severe health side effects due to the leakage of methyl isocyanate from the pesticide industry at Bhopal, India in 1984. Due to the severe physiological adverse
effect of inhalation of isocyanates, regulatory organizations such as the National Institute for Occupational Safety and Health, Occupational Safety and Health
Administration and American Conference of Governmental Industrial Hygienists have set occupational exposure limits for these compounds at 5 ppb (Time-
Weighted Average TWA) for a full work shift and 20 ppb (TWA) for a short-range exposure limit. However, the estimation of isocyanate concentration in the
working atmosphere is critical to protect workers from adverse health effects due to isocyanate's high reactivity, volatile nature and instability. To detect airborne
isocyanate vapours in a workplace, several analytical techniques such as colorimetry, amperometry, capillary zone electrophoresis, high-performance liquid
chromatography and fluorescence have been reported in the literature. Among them, fluorescent probes due to their high sensitivity and selectivity grabbed
special attention for the determination of the isocyanate group. This review is an attempt to give a complete insight into fluorescent reagents for isocyanate

detection with a chromatographic separation mode.

. Introduction

Organic isocyanates are a class of chemicals having the -NCO
group attached to an organic moiety. Even though Wurtz
synthesized the first organic isocyanate in 1849, the growth of
the significant industrial and technical usage of isocyanates did
not occur until 1937, when Bayer prepared polyurethane prod-
ucts from a reaction between toluene diisocyanate and poly-
functional alcohols. During the past three decades, various
organic isocyanates have been widely used as building blocks to
produce vital polymeric products such as polyurethane foams,
synthetic rubbers, insulation materials, surface coatings,
binders, and sealants.'” In the class of isocyanates, mono-
isocyanates (having one -NCO group) including methyl isocya-
nate (MI), phenyl isocyanate (PI) and benzyl isocyanate (BI) are
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mainly used as components for the production of agricultural
and pharmaceutical products such as herbicides and pesti-
cides.®** Diisocyanates (having two -NCO groups) including
methylene bis(phenyl isocyanate) (MDI), toluene diisocyanate
(TDI), hexamethylene diisocyanate (HDI), naphthalene diiso-
cyanate (NDI), methylene bis-cyclohexyl isocyanate (HMDI) and
isophorone diisocyanate (IPDI) are predominantly used as
a curing agent during the production of several polymeric
materials in the polymer industries. Particularly, TDI and IPDI
are commonly used as curing agents during the production of
HTPB based composite solid rocket motor propellant.’*** The
chemical structures and important physicochemical properties
of selected organic isocyanates are shown in Fig. 1 and Table 1.

Even though industrially important, organic isocyanates are
significantly toxic and exposure to these chemicals may irritate
the skin, mucous membranes, eyes, and respiratory tract.***®
For example, the Bhopal gas tragedy, where over 500 thousand
people were exposed and eight thousand or more people died
within a short time of exposure and thousands of victims were
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Fig. 1 Chemical structures of commercially important organic isocyanates.

partially injured, having severe health side effects due to the
leakage of MI from the pesticide industry at Bhopal, India in
1984."7* The main adverse health effect associated with isocy-
anate exposure is respiratory-related diseases such as asthma,
pulmonary emphysema and bronchitis.**** Due to the severe
physiological adverse effect of inhalation of isocyanates, regu-
latory organizations such as the National Institute for Occupa-
tional Safety and Health (NIOSH), Occupational Safety and
Health Administration (OSHA) and American Conference of
Governmental Industrial Hygienists (ACGIH) have set occupa-
tional exposure limits (OELs) for these compounds at 5 ppb
(Time-Weighted Average TWA) for a full work shift and 20 ppb
(TWA) for a short-range exposure limit.>** However, the esti-
mation of isocyanate concentration in the working atmosphere
is critical due to its high reactivity, volatile nature and insta-
bility. Hence, various research activities have been carried out to
develop rapid and sensitive analytical techniques for the
detection of airborne organic isocyanates.

The most commonly used methods to detect and determine
airborne isocyanates are the derivatization of isocyanates with
an amine or hydroxyl agent at the time of sample collection and
the analysis of the resulting derivatives by using various
analytical techniques such as colorimetry, gas chromatography
(GC), high-performance liquid chromatography (HPLC), capil-
lary zone electrophoresis (CZE), proton transfer reaction mass
spectrometry (PTR-MS) and fluorescence.’”* Due to the high
reactivity of isocyanates towards nucleophiles, the derivatiza-
tion technique is found to be the best route for the detection
and determination of isocyanates. The purpose of derivatization
is to stabilize isocyanates and enhance their detection ability.*

Table 1 Physicochemical properties of selected isocyanates®

Marecali et al. reported a colorimetric technique to determine
derivatized isocyanates, which involves hydrolysis of isocya-
nates to amines, followed by derivatization such as diazotiza-
tion.*»*> Though this technique is less expensive, it suffers from
low sensitivity and is not suitable for aliphatic isocyanates as
diazotization is specific only to aromatic isocyanates.** Schan-
che et al. developed a detection technique by GC for TDI but the
detection for a broader range of isocyanates could not be further
explored.** HPLC with amperometry and UV detection is
a widely used technique for the quantification of derivatized
isocyanates. However, the use of a non-selective UV detector and
unstable amperometry detector result in low sensitivity and
therefore is not a reliable approach.*

Rudzinski et al.*® used the CZE technique to determine HDI
and its oligomers. Although this technique has five-fold sensi-
tivity for HDI compared to that of HPLC, the repeatability of
results was not achievable when there is a small variation in pH.
Also, the capillary was found to be degraded within a short
period of its usage with some of the derivatizing agents.*® Even
though PTR-MS has good sensitivity towards the determination
of isocyanates, the instrumental setup is highly expensive.”
Though the UV-Vis spectrophotometry technique is simple and
available at any common laboratory, this technique exhibits low
sensitivity for the determination of isocyanates.*®* Though
various derivatizing agents are available in the literature for the
detection of airborne isocyanates, HPLC with the fluorescent
detection technique is found to be more accurate and conve-
nient for operation due to its high sensitivity and selectivity.
Fluorescent probes based on small organic molecules, polymers
and nanomaterials have become important tools in the field of

Isocyanates M. wt VP (mmHg) Volatility Form PEL TWA? (ppb)
MI 57.05 348” Very high Highly volatile liquid 2
HDI 168.2 0.05° High Liquid 5
TDI 174.2 0.01° High Liquid (mixture of 2,4 and 2,6-isomers) 5
IPDI 222.3 0.0003” Moderate Liquid 5
MDI 250.25 0.000005° Very low Low melting point solid 5

@ VP - vapour pressure. ” VP - at 20 °C. ° VP - at 25 °C. ¢ PEL - permissible exposure limit and TWA - 8 h work shift (OSHA).
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reagent Detection mode Detection limit Isocyanates studied Ref.
NMA LC-fluorescence, LC-UV-Vis 0.25 ug m~? (10 ppt) per 20 L HDI, IPDI, Desmodur N 57
air sample/= 0.5 ng (3 ppt)
per 10 pL sample injection
volume
MNMA LC-fluorescence, LC-UV-Vis 0.001-0.015 mg m™>/0.14- TDI, MDI, HDI, IPDI, 58
0.44 ppb per 1 L air sample Mondur P, PI, Mondur TD-
and 50 pL sample injection 80, Multrathane M, Mondur
volume HX, Desmodur N75
MAMA LC-fluorescence, LC-UV-Vis 1 x 10~* mg m " per 15 L air 2,4 and 2,6 TDI, HDI, MDI 59
sample and 100 puL sample
injection volume
TRYP LC-fluorescence, LC-ECD 0.0005 ppm per 120 L air MI, TDI, HDI, PMPPI, 62
sample Mondur MR, Mondur CB-75
2PP UV-Vis, fluorimeter 64-67 mmol L ! 2,4 and 2,6 TDI, HDI, MDI 65
MAP LC-fluorescence, LC-UV-Vis, 31-124 pmol L™t 2,4-TDI, HDI, MDI, PI, BI 67
LC-ECD
PAC LC-fluorescence, LC-UV-Vis 21-83 nmol mL™* 2,4-TDI, HDI, MDI, PI, BI 69
NBDPZ LC-fluorescence, LC-UV-Vis, 5-9 nmol L™* 2,4 and 2,6 TDI, HDI, MDI, 70
LC-MS-MS ML, PI, ethyl, propyl, pentyl,
hexyl and benzyl isocyanates
MMNTP LC-fluorescence, LC-UV-Vis 6.7-7.7 pmol per 30 L air 2,4 and 2,6-TDI, HDI, MDI, 72
sample and 20 pL sample PI
injection volume
BHAC Fluorimeter 96 nM for CEI TDI, IPDI, HDI, MDI, PI, CEI 73
BVN Fluorimeter 56 nM EI 74

cell imaging, tumour diagnosis, drug delivery and sensors
because of their extreme sensitivity and excellent specificity.**->*
The Occupational Safety and Health Administration (OSHA)
and National Institute for Occupational Safety and Health
(NIOSH) were also using fluorescence derivatizing agents for the
detection of isocyanates due to their high stability and high
sensitivity. Specifically, tryptamine-NIOSH 5522, 1-(2-pyridyl)-
piperazine (2PP) - OSHA 42/47, and 1-(9-anthracenylmethyl)
piperazine (MAP)-NIOSH are widely used as per the NIOSH
manual of analytical methods.?*®* Table 2 summarizes the
widely used fluorescent agents for the determination of isocy-
anates reported in the literature. The scheme of derivatization
with fluorescent reagents is shown in Fig. 2. This review is an
attempt to give a complete insight into fluorescent reagents for
isocyanate detection with a chromatographic separation mode.

Il. Fluorescent reagents based on
derivatization mode
II.a. Amine based

An amine-based derivatization technique with an N-(4-nitro-
benzyl)-N-propylamine (NNNP) reagent followed by liquid
chromatographic separation of the resulting urea derivatives for
the detection of isocyanate species was developed by Dunlap
et al.> Later Hardy et al>® explored liquid chromatographic
separation using a UV detector with commercially available 1-(2-
pyridyl) piperazine (2PP) as a derivatizing agent and found that
the resulting urea derivatives with 2PP have significantly higher
molar absorptivity than those derived from the NNNP reagent.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Further, Levine et al.’” prepared a fluorescent reagent 1-naph-
thalenemethylamine (NMA), which form its fluorescent deriva-
tives with isocyanates. These derivatives were analysed using
reverse-phase isocratic LC with a fluorescence detector using an
excitation wavelength of 216 nm (). Notably, this technique
could able to detect 0.5 ng of aliphatic Desmodur N-[hexam-
ethylene diisocyanate-biuret trimer (HDI-BT)] which was
equivalent to 3 ppt in a 20 L air sample. This technique is found
to be fifty times more sensitive than a previously reported NNNP
based technique® as NMA is found to react faster than NNNP
with isocyanates. However, it was reported that NMA as
a primary amine can cause side reactions after derivatization,
which can affect the sensitivity of the analysis. To overcome the
limitations of NMA, Kormos et al.®® synthesized methylated
NMA, a secondary amine, with N-methyl-1-naph-
thalenemethylamine (MNMA) as a fluorescent reagent and this
reagent was found to be versatile and chromatographic sepa-
ration (LC) was also further improved. MNMA readily forms
fluorescent active urea derivatives and exhibits higher sensi-
tivity than NMA due to its fast reactivity with both aliphatic and
aromatic isocyanates. However, it was reported that MNMA
exhibits an impurity peak (oxidized product of MNMA) at an
elution time of 1.6 min and the peak intensity increases grad-
ually with time and exposure of light.

Following the same path, C. Sango et al.>* developed an
improved HPLC method with 9-(N-methylaminomethyl)-
anthracene (MAMA) as a fluorescent and UV detection reagent
for the detection and estimation of isocyanates. The MAMA-
based urea derivative exhibits fluorescence as well as strong UV-
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Fig. 2 The schematic reaction of di-isocyanates with fluorescent derivatizing agents.

absorption with high molar absorptivity at 254 nm. The sensi-
tivity of this method was found to be ten to twenty-fold better
than that of previously reported NNNP.* By using MAMA, four
different isocyanates 2,4-TDI, 2,6-TDI, HDI, and MDI were
separated by both fluorescent and UV detectors with a detection
limit of 1 x 107" mg m™? in a 15 liter air sample.* The total
reactive isocyanate group (TRIG) is the total concentration of
the isocyanate group, regardless of the molecule (monomer or
oligomer or prepolymer) to which the isocyanate group is
attached. TRIG was also evaluated by using MAMA for a series of
11 model isocyanate compounds including aliphatic, aromatic,
mono-, and polyisocyanates. Derivatized products of these
isocyanates were estimated by using reversed-phase HPLC with
different detection modes i.e., fluorescence with A.,-245 nm and
Aem-414 nm and UV absorbance at 245 and 370 nm. All these
detection modes showed statistically significant differences for
isocyanates when examined by the analysis of the variance and
response factor. Here, the response factor is taken as the ratio
between the integrated peak area and corresponding

1252 | Environ. Sci.: Atmos., 2022, 2, 1249-1258

concentration. Fluorescence detection exhibits a higher
response factor than UV detection at 245 nm and 370 nm.*
Rando et al. continued the work further to determine the
airborne total reactive isocyanate group (TRIG), which is
essential to protect the working atmosphere by proper quanti-
fication of isocyanate leaching during polyurethane forma-
tion.** It was demonstrated that the MAMA reagent was
successfully able to quantify TRIG using reverse-phase HPLC
with fluorescence and UV detection modes in the products of
polyurethane and oligomer precursors such as Lupranate M20S
(40% MDI monomer & 60% MDI oligomer), CMDI (58-68% MDI
monomer & remaining MDI oligomer), poly[methylene (poly-
phenyl isocyanate)] (PMPPI-oligomeric form of MDI), Desmo-
dur N100 (HDI homopolymer, HDI-BT & 1.6% HDI), Imron
paint activator192S (33% HDI oligomer) and Rexthane (TDI
monomer and prepolymer). TRIG estimation was successfully
achieved by using MAMA in all six different oligomers or pre-
polymer precursors using a UV response ratio of A-245/370 nm
and quantitative recoveries have been observed in comparison

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with a reference titrimetric procedure. However, one of the
disadvantages of this technique is the presence of phosgene,
which causes significant positive interference in the determi-
nation of TRIG using the MAMA reagent since phosgene also
reacts readily with MAMA.**

Wu et al.®* investigated tryptamine 3-(2-aminoethyl) indole
(TRYP) as the derivatizing agent for isocyanate determination
with fluorescence (lex = 275 nm and Ae, = 320 nm) and
amperometry detectors. Both fluorescence and amperometric
oxidation of tryptamine are induced by the conjugated 7t-system
of the indolyl moiety, which is located two carbon atoms away
from the derivatising site of the amino group. Hence, the p-
orbital (or orbitals) of isocyanates after derivatisation would not
overlap with the indolyl m-system and hence the electronic
structure of the m-system is not perturbed and hence the
quantum efficiency of TRYP remains unchanged. The trypt-
amine derivatizing agent was specifically used to determine
methyl isocyanate (MI) and the derivatized product (TRYP-MI)
was characterized by "H-NMR, which indicates the presence of
a signature doublet peak of -CHj; at 2.8-3.3 ppm. Amperometry
measurements of TRYP-MI in comparison with the existing 1-(2-
methoxyphenyl) piperazine (MPP-MI) yield almost comparable
results.®® However, LC based fluorescence detection of TRYP-MI
was 30 times more sensitive than that of MPP-MI and found to
detect less than 1 ng of TRYP-MI. Further, a stability study
indicates no apparent loss of TRYP observed even after 35 days
under the experimental conditions.®” As a continuation of
previous work, Wu et al.** studied TRYP derivatization with TDI,
MDI, HDI and PMPPI and characterized it by using IR spectra
which exhibit an IR band at around 1610 cm™ ", which repre-
sents characteristic carbonyl stretching of the urea functional
group. All the derivatized products formed were quantified
using fluorescence and amperometry techniques efficiently.
Further Wu et al.*® also studied the competitive derivatization
rate of TRYP with other amine-based derivatizing agents like N-
methyltryptamine (NMTP), PP, MPP and NNNP. The results
indicate that a much smaller amount of TRYP or MPP is
required than that of NNNP to efficiently derivatize an equiva-
lent amount of isocyanate, which is beneficial in the HPLC
system if TRYP/MPP were to be used.

Salthammer et al.®® developed a versatile fluorescent reagent
1-(2-pyridyl)-piperazine (2PP) for the determination of isocya-
nates. Urea derivatives of 2PP exhibit a high molar absorption
coefficient and fluorescence quantum yield of 0.14-0.21 at 20 °C
and display a small variation of the solvatochromic effect on
absorption and fluorescence spectra. The effects of heat and
light on the spectroscopic properties of these products were also
studied. It is observed that these derivatives are stable in
methanolic solution for more than 200 hours under dark
conditions but found to be highly sensitive to temperature.
Specifically, MDI-2PP and HDI-2PP exhibit a decreased
quantum yield of about 10% for the temperature rise from 20 °C
to 30 °C. It was shown that the absorption of 2,6-TDI-2PP is
slightly blue-shifted in non-polar n-hexane and fluorescence
spectra show a slight bathochromic shift because of the
increased solvent polarity. This effect is stronger for only 2PP
(356 nm-n-hexane; 382 nm-acetonitrile) but less pronounced for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the urea derivative 2,6-TDI-2PP (355 nm-n-hexane; 369 nm-
acetonitrile). Also, 2PP urea derivatives were compared with
derivatives with similar structured 2-pyridinamine for variation
in solvent polarity. The addition of a small amount of ethanol to
2-pyridinamine in isooctane results in notable variation in the
shape and intensity of spectra due to hydrogen bond formation,
and such an effect is not observed in 2PP due to the steric
hindrance originating from the piperazine ring.*

A novel fluorescent derivatizing agent, 1-(9-anthrace-
nylmethyl) piperazine (MAP) was synthesized by Streicher
et al.”” to detect and estimate non-monomeric isocyanates. The
effectiveness of MAP towards isocyanate derivatization was
studied and compared with that of existing three different
fluorescent agents MPP, MAMA and TRYP. The relative reac-
tivity of phenyl isocyanate with MAP and MPP is almost
comparable since the reactive piperazine group remains the
same. It was observed that MAP reacts 4 times and 3.3 times
faster than TRYP and MAMA, respectively. It was also reported
that the fluorescence intensity of the derivatives of mono-
isocyanates (BI and PI) of MAP and MAMA was higher than that
of the derivatives of di-isocyanates (HDI, TDI, and MDI). This
may be due to the intramolecular quenching in the diisocyanate
ureas of MAP and MAMA. However, such an inference was not
observed in the case of TRYP urea. The urea derivatives of MPP
and MAP with five different isocyanates are subsequently ana-
lysed by HPLC with UV and EC detection. The average UV
response of MAP urea was 4.8 times greater than that of MPP
urea, but the EC response was slightly less than that of MPP
urea. The replacement of the secondary amine group present in
MAMA with piperazine results in MAP, which is highly reactive
and more sensitive than MAMA towards isocyanates.®”

Wang et al.®® described a new strategy for fluorometric
determination of methyl isocyanate (MI) in air, which involves
the degradation of MI to corresponding methylamine. Methyl-
amine thus obtained reacts with acetylacetone and formalde-
hyde at a pH of 5.6 (sodium acetate buffer solution) to form
a fluorescent compound, N-methyl-2,6-dimethyl-3,5-diacetyl-
1,4-dihydropyridine. A fluorescence study was carried out at Ay
404 nm and A¢,-474 nm. The effect of pH over the formation of
a fluorescent compound was studied by varying pH from 2 to 10.
It is observed that the fluorescence intensity was found to be
maximum at A.,-474 nm at pH 5-6 and low at pH 2-4. Also,
a heating time of ~16 min was found to be optimum to get
maximum fluorescence intensity. However, heating beyond 16
min causes degradation of the compound, while a low heating
time results in low fluorescence intensity as the time is not
sufficient for the reaction to yield the fluorescence compound.
The presence of foreign ions (Na*, K", Mg>*, Ca>*, Cu®*, Ni*", F,
Cl7, Br- and NO; ) was studied and found that foreign ions
significantly cause positive interference in the determination of
MI.%® Though this technique is highly sensitive, it is not further
explored for the study of different isocyanates, since the
formation of fluorescent compounds highly depends on pH,
temperature, and foreign ions.

Roh et al® synthesized 9-anthracenylmethyl 1-piper-
azinecarboxylate (PAC) and developed a technique for the
quantification of non-monomeric isocyanates with a single
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analyte peak in HPLC, which can overcome various limitations
of traditional methods. In this technique, isocyanate species
were derivatized with 9-anthracenylmethyl 1-piperazinecarbox-
ylate (PAC) and subjected to a cleavage reaction with sodium
thiomethoxide. The cleavage product 9-anthracenylmethyl
methyl sulfide (AMMS) was estimated by HPLC as a single
analyte peak. Using this strategy, all non-monomeric isocya-
nates are converted to a single analyte and the problem of
variable response factors using different species is thus pre-
vented. Hence by using this technique, the authors successfully
separated a single AMMS analyte peak in HPLC and proposed
a technique for the quantification of the total isocyanate group
in polymeric isocyanates also. PAC was efficiently used to
derivatize BI, PI, HDI, TDI, and MDI followed by a cleavage
reaction and a single analyte peak as well as urea derivatives of
PAC were separated by HPLC using a fluorescence/UV detector.
This technique can also be applicable for the estimation of the
surface bound free isocyanate group in the polyurethane. The
relative kinetics of the reaction of phenyl isocyanate with PAC
and MAP were studied and it was found that PAC is less reactive
than MAP with a relative rate factor of 12.6 for MAP/PAC. The
PAC usage was limited because the cleavage product of AMMS is
not exactly specific for isocyanate-PAC derivatives,* since
AMMS can also be originated from the degradation of PAC or
reaction product of PAC with solvent impurities.

Vogel et al.”>"* described a versatile method for the deter-
mination of mono- and di-isocyanates in air samples with UV-
visible and fluorescence detection with a new reagent 4-nitro-7-
piperazino-2,1,3-benzoxadiazole (NBDPZ). The urea derivatives
of NBDPZ were separated by employing reverse phase HPLC and
exhibited the red-shifted absorption maximum in UV and
fluorescence detectors (UV/Vis — Amax-480 nm; fluorescence-Aey-
470 nm and A.,-535 nm). NBDPZ displays increased selectivity
compared with MAMA and MPP. The rate of reaction of NBDPZ
with 2,6-TDI was found to be = 3 times faster than that of
MAMA-2,6-TDI. Also, the determination of isocyanates in the
gas phase using impinge sampling methods with NBDPZ was
performed and it was found that the aromatic isocyanate
recoveries were in the range of 79-95%. On the other hand,
aliphatic propyl isocyanate recovery was significantly lower
because of the low reactivity towards NBDPZ compared to
aromatic isocyanates. The LOD of MDI using NBDPZ in fluo-
rescence detection mode was found to be 5-9 nmol L™ for the
individual isocyanate derivatives.”” Further, NBDPZ coated
octadecyl modified silica (ODS)-filled glass tubes were used for
the estimation of isocyanates and found that the 2,4-TDI
recovery was in the range of 86-99%.7° To investigate the prac-
tical application of the NBDPZ test tube method for the deter-
mination of isocyanates, leaching resulting from polyurethane
foams (PUF) based on MDI was studied. The non-heated PUF
results in no MDI emission, whereas the thermally treated
samples revealed a significant release of residual monomeric
MDI. Despite numerous advantages and the applicability of
NBDPZ for isocyanate detection, the stability of NBDPZ in the
solution is very low. NBDPZ in solution under refrigerated
conditions over two weeks exhibits a decreased peak area from
100% to 80% of its initial value. Further, the peak area is found

1254 | Environ. Sci: Atmos., 2022, 2, 1249-1258

View Article Online

Critical Review

to be decreased down to 41% at room temperature in the dark
and 27% at RT under daylight. However, storage of the solid in
the refrigerator yielded no degradation of NBDPZ for six
months.”

Werlich et al.”> developed a technique with a newly synthe-
sized derivatizing reagent 4-methoxy-6-(4-methoxy-1-naphthyl)-
1,3,5-triazine-2-(1-piperazine) (MMNTP) for isocyanate deter-
mination. MMNTP was successfully used to derivatize five
different isocyanates (PI, HDI, 2,4-TDI, 2,6-TDI, and MDI) and
all five isocyanates separated by the HPLC method using UV
(Amax-325 nm) and fluorescence detection mode (A.,-325 nm and
Aem-405 nm). The MMNTP reacts faster with aromatic isocya-
nates, but aliphatic isocyanates require a minimum of 2 h
incubation. Also, Werlich et al. demonstrated that the MMNTP
reagent is found to have good spectroscopic properties with low
detection levels in the range of pmol for both UV and fluores-
cence detection.”” The MMNTP reagent was used for an air
sampling system for the real sample DESMODUR T80. The
technique involves a glass tube filled with MMNTP coated
chromosorb as a backup and a sampling layer with a pump flow
of 1 L min~". Using this technique, the analyte peaks are effi-
ciently separated in the sampling layer along with additional
peaks, which originate from the impurities of diisocyanates of
the technical mixture.”

ILb. Hydroxyl based

Gao et al.” reported the first hydroxyl-based fluorescent reagent
N-(n-butyl)-6-hydroxy-anthracene carboxamide (BHAC) for
direct detection of isocyanates in the literature. This ratio-
metric fluorescent reagent with dual fluorescence intensity is
highly efficient compared to the single fluorescent intensity
probe. The authors also demonstrated sensing of BHAC coated
test paper, which can detect six different commercially available
aromatic and aliphatic isocyanates. Further, Chen et al’™
developed a single-fluorophore-based ratio-metric fluorescent
reagent N-buty-4-(4-vinyl phenol)-1,8-naphthalimide (BVN) to
detect gaseous isocyanates quantitatively based on the intra-
molecular charge transfer (ICT) mechanism. Isocyanate group
interaction with BVN by using frontier molecular orbital (FMO)
theory was studied. Also, proton NMR study exhibits the
incorporation of the ethyl group from ethyl isocyanate in the
BVN.”™ However, the combination of chromatographic separa-
tion with fluorescence detection has not been explored yet,
which can further enhance the sensitivity.

Ill. Based on non-derivatization mode

Although the derivatization of isocyanates is considered
instantaneous, some of the isocyanate derivatizations take
several hours to complete. In this time lag, isocyanate
undergoes evaporation in the working atmosphere. According
to OSHA and NIOSH methods, approximately 5% of isocyanates
are lost due to the slow reaction. To overcome these issues,
Ghosh et al. reported a conjugated polymer-based technique,
which does not involve derivatization. A conjugated polymer
was synthesized using pentiptycene and tetraphenylethylene
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units linked by acetylene and used for direct detection of
isocyanates in air.”® It was reported that the conjugated polymer
could be able to detect eight industrially available aliphatic and
aromatic isocyanates with a detection limit of parts per trillion
level (ppt), which is even lower than its occupational exposure
limit. The isocyanate detection depends on its vapour pressure.
The detection of isocyanates by this polymer is mainly due to
the transfer of excited energy to the electron-deficient di-
isocyanates.”

IV. Conclusion

Various fluorescent derivatizing agents with analytical separa-
tion have been summarized and discussed for the detection and
quantification of isocyanates. Especially amine-based fluores-
cent reagents TRYP, MAMA, 2PP, MAP, NBDPZ and MMNTP
display high sensitivity towards isocyanates. The relative reac-
tivity of these reagents towards isocyanates is well discussed.
Further MAMA and TRYP were specifically used to determine
TRIG in the polyurethane precursors and oligomers apart from
monomeric isocyanates. Also, TRYP, 2PP, and MAP are also
found to be used in the NIOSH manual of analytical methods
for isocyanate quantification due to their high sensitivity and
stability. On the other hand, hydroxyl-based reagents BHAC and
BVN are equivocally efficient as amine-based fluorescent
reagents and used to estimate different isocyanates using
a fluorimeter. Chromatographic separation with fluorescence
detection needs to be further explored in such cases. A conju-
gated polymer was used for the detection of isocyanates with
high selectivity and sensitivity. Such a polymer can be effectively
used to determine an ultra-low concentration of isocyanates in
non-derivatization mode. In conclusion, still there is scope or
a need for the development of different materials, based on
polymers or nanomaterials for efficient determination and
implementation in the practical application of airborne isocy-
anate determination.

Abbreviations

PTR-MS Proton transfer reaction mass spectrometry

HPLC  High-performance liquid chromatography

MDI Methylene bis(phenyl isocyanate)

TDI Toluene diisocyanate

HDI Hexamethylene diisocyanate

NDI Naphthalene diisocyanate

HMDI  Methylene bis-cyclohexyl isocyanate

IPDI Isophorone diisocyanate

HTPB  Lydroxyl terminated polybutadiene

MI Methyl isocyanate

NIOSH National Institute for Occupational Safety and Health

OSHA  Occupational Safety and Health Administration

ACGIH American Conference of Governmental Industrial
Hygienists

OELs Occupational exposure limits

TWA Time-weighted average

TRIG Total reactive isocyanate group

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

CZE Capillary zone electrophoresis

NNNP  N-(4-Nitrobenzyl)-N-propylamine

2PP 1-(2-Pyridyl) piperazine

NMA 1-Naphthalenemethylamine

HDI-BT Hexamethylene diisocyanate-biuret trimer

MNMA N-Methyl-1-naphthalenemethylamine

MAMA  9-(N-Methylaminomethyl)-anthracene

TRYP 3-(2-Aminoethyl) indole

PMPPI  Polymethylene(polyphenyl isocyanate)]

MPP 1-(2-Methoxyphenyl) piperazine

MAP 1-(9-Anthracenylmethyl) piperazine

BI Benzyl isocyanate

PI Phenyl isocyanate

PAC 9-Anthracenylmethyl 1-piperazinecarboxylate

AMMS  9-Anthracenylmethyl methyl sulfide

NBDPZ 4-Nitro-7-piperazino-2,1,3-benzoxadiazole

ODS Octadecyl modified silica

PUF Polyurethanes

MMNTP 4-Methoxy-6-(4-methoxy-1-naphthyl)-1,3,5-triazine-2-
(1-piperazine)

BHAC  N-(n-butyl)-6-hydroxy-anthracene carboxamide

BVN N-Buty-4-(4-vinyl phenol)-1,8-naphthalimide

ICT Intramolecular charge transfer

FMO Frontier molecular orbital
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