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SUMMARY: To date, formaldehyde (FA) is one of the more common chemicals and its use is wide-
spread around the world in different sectors, especially in chemical facilities and health care. FA is
widely used in working activities owing to its chemical and physical properties. However, it also
represents a concerning hazard for the workers” health due to its toxicity and recognized carcino-
genicity. The FA exposure evaluation in occupational setting has arisen interest in the scientific
community that leads to the development of several analytical instruments in order to assess both
long term and short-term exposure. The paper presents and discusses an equivalence tests proce-
dure via the 2.4-dinitrophenylhydrazine (DNPH)-active air sampling formaldehyde (FA) reference
method and two non-reference instruments based on continuous, direct reading monitoring, na-
mely ProCeas® (AP2E) and NEMo XT (Ethera). The FA standard atmosphere calibration system was
used to check the reference method by Pearson’s test. Subsequently, the Passing-Bablok test was
carried out between the non-reference methods and the DNPH method for potential systematic or
proportional errors, and finally the Bland-Altman plot was applied to determine the mean bias and
the variances of the recorded values by the reference and non-reference methods in on-field sam-
pling. The results showed a good correlation between the non-references method and the DNPH
ones, suggesting their possible applications in heterogeneous occupational scenarios.
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the United States (US) Environmental Protection
Agency (EPA). It is by far the FA is the most im-
portant HAP in terms of health risk, accounting
for over 50% of the total HAPs-related cancer
risks in the US (Strum et al., 2076). In occupati-
onal setting in the European Union, the number
of workers exposed to FA above the background
level is calculated to be 1.7 million (Scarselli et
al., 2017). Although most exposed workers are
foreseeably engaged in chemical and plastics fac-

INTRODUCTION

Formaldehyde (FA) is the one of the most im-
portant carcinogen in outdoor air among the 187
hazardous air pollutants (HAPs) identified by
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tories, the highest mean levels of exposure were
recorded in the health-care sector, especially in
Anatomical Pathology Laboratories (Higashikubo
etal., 2017, D'Ettore et al., 2017).

The protection of the air against pollutants is
one of the most important elements of European
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Union (EU) policy both in the environmental and
occupational fields. In 2008 the Directive of Euro-
pean Parliament and European Council 2008/50/
EC establishes the need to reduce pollution to
levels which minimise harmful effects on human
health, and the environment, to improve the mo-
nitoring and assessment of air quality including
the deposition of pollutants and to provide infor-
mation to the public. Since 2019, the scientific
evaluation of the relationship between the health
effects of hazardous chemical agents and the le-
vel of occupational exposure was conducted by
European Chemicals Agency (ECHA) and its Com-
mittee for Risk Assessment (RAC).

As a pollutant, formaldehyde (FA) can be re-
leased into the environment by both natural and
human activities. In the urban environment, the
FA air concentrations ranging from 1.2 to 36 pg/
m® (Rodrigues et al., 2017, Salthammer, 2019).
The European Commission instituted, in Novem-
ber 2014, an outdoor air limit for FA of 0.9 pg/m*
(Dugheri et al., 2019). In 2015, the EU e Scienti-
fic Committee on Occupational Exposure Limits
(SCOEL) proposed the FA OELs of 0.36 mg/m?
for 8-hour exposure and 0.72 mg/m? for 15-mi-
nute exposure. Besides, the expert panel endor-
sed Directive 2019/983 of June 5, 2019, which
introduced a transitional period of 5 years for the
healthcare sector, during which the FA limit value
of 0.6 mg/m? for 8-hour exposure would apply.

These restrictive limit and reference values
for airborne FA can only be simultaneously de-
tected with a few analytical methods, therefore
a monitoring strategy is necessary which allows
the assessments of both occupational hygiene and
air quality. The reference methods to detect ga-
seous FA are based on active or passive sampling
using 2,4-dinitrophenylhydrazine (DNPH), as re-
agent, whether on filters or solid sorbent and la-
ter analysed by liquid- (L) or gas-chromatography
(GQ) (Dugheri et al., 2017, 2021). These indirect
methods provide FA concentration averaged 8
hours at high sensitivity, however the results are
not in real time mode.

Results obtained (Dugheri et al., 2022) su-
ggest that occupational monitoring, which com-
prises long- and short-term evaluation, must be
recommended to obtain a complete exposure
assessment, especially, for FA with chronic and
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acute toxicity and related occupational limits. To
simplify the sampling process and analytic ope-
rations, portable direct-reading, in-continuous
FA monitors are of increased interest, laying the
bases for on-site analyses as confirmation-level
methods, with high specificity, like conventional
monitoring methods (Dugheri et al., 2021). The
experimental and field comparisons showed that
direct-reading instruments are consistent (Hack et
al., 2005, Wisthaler et al., 2008, Chevallier et al.,
2012). Furthermore, they can be easily integrated
into an occupational hygiene plan to prevent si-
gnificant acute toxicity resulting from FA air mo-
nitoring in the workflow connected to the anato-
mical pathology laboratory (Dugheri et al., 2018).

In EU, a methodology for the demonstration
of equivalence of non-reference methods for ga-
ses and vapors in the occupational hygiene field
has not been regulated yet. The UNI EN 482:2021
and 1SO 20581, as basic performance require-
ments, as well as UNI EN 14412:2005 and ISO
22065:2020, allowed the validation of the met-
hod but not the comparison between reference
and non-reference methods.

Differently, concerning the ambient air quality
and cleaner air in Europe (Directive of European
Parliament and European Council 2008/50/EC),
in the methodology of equivalence determinati-
on, the member countries are allowed to apply
another measurement methods provided that they
are able to demonstrate its equivalence with the
reference method. The Directive established a
group of laboratories that shall be involved in the
wide quality assurance programmes and shall also
coordinate the appropriate realisation of referen-
ce methods and the demonstration of equivalence
of non-reference methods. Likewise, in a non-
standard guide (EC Working Group on Guidance
for the Demonstration of Equivalence, 2010), the
EU recommends a procedure based on estimation
of uncertainty of the results obtained using a can-
didate sampler by laboratory and field tests. The
criteria for acceptance of the candidate monito-
ring, as equivalent to the reference method, are
as follows: n. 4 campaigns a year (each with n. 40
‘side by side’ measurements), orthogonal regressi-
on applied to each set of measurements separately
and then again to one global measurement set,
inclination coefficient of the straight ‘b” does not
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differ significantly from unity, coefficient of axis
interception ‘a’ does not differ significantly from
zero, elimination of gross errors using Grubbs
test, difference in expanded relative uncertainty
between results for the candidate sampler and the
reference sampler less than 25%.

The paper present and discuss a new metho-
dology of equivalence determination - for occu-
pational hygiene - via laboratory and on-field tests
comparing the DNPH-active air sampling FA re-
ference indirect method versus two non-reference
instruments based in-continuous, direct reading
monitoring, namely ProCeas® Formaldehyde
analyzer (AP2E, Aix-en-Provence, France) and
NEMo IAQ Monitor XT (Ethera, Crolles, France).

MATERIALS AND METHODS

Air monitoring system

This work introduced an airborne FA moni-
toring system that improved measurements in
terms of specificity, sensitivity, and robustness.
The three methods of monitoring FA airborne des-
cribed here are still in use, and available on the
market. Specifically, the reference method is indi-
cated below:

e DNPH-coated cartridges on a silica sor-
bent (Sep-Pak XpoSure Sampler Plus Short,
Cat. No. WAT047205, Waters, Milford,
MA, US) were used in active sampling by
a 6-position GasCheck Basic automatic
collector box (AMS Analitica, Pesaro, Italy)
set to 0.3 and 1.2 L/min flow rate for 8-h
and 15-min, respectively. The capillary GC
analysis of FA-2,4-DNP-hydrazone was
performed as described in previous work
(Dugheri et al., 2020, 2018, 2017). Briefly,
a 35% phenyl-65% polydimethylsiloxane
(PDMS) stationary phase column (Cat. No.
122-3832U1, DB-35MS Ul, Agilent J&W
GC Column, Santa Clara, CA, US) was
connected to large-volume injection (LVI)/
programmed temperature vaporisation
(PTV) injector (SCION Instruments, Amun-
dsenweg, The Netherlands), and a nitro-
gen-phosphorus  thermionic specific de-
tector (TSD) within a GC Varian CP3800.

Certified Reference Material (CRM) - pro-
duced following International Organiza-
tion for Standardization (ISO) 17034 and
ISO/International Electrotechnical Commi-
ssion (IEC) 17025 guidelines - were used
for GC calibrations. Fully automation of
the elution of DNPH-coated cartridges and
the subsequent analysis was performed
using a xyx robotic system called Multi-
Purpose autoSampler (GERSTEL GmbH &
Co.KG, Mulheim an der Ruhr, Germany),
on-line with the GC and equipped with the
DNPH-option (GERSTEL GmbH & Co.KG)
controlled using the MAESTRO software
(GERSTEL GmbH & Co.KG).

We compared the reference method with
two in-continuous, direct reading, pre-calibrated
(from the manufacturers) instruments:

e Next Environmental Monitoring (NEMo,
Cat. No. NE-KIT440) XT (Ethera) passive
sampler with a nanoporous FA sensor (Cat.
No. NE-FORO1x), which uses a sol-gel pro-
cess based on colour variation with an op-
tical reader every 2-hours and and Limit of
Detection (LoD) of 8 mg/m?,

e ProCeas® Formaldehyde analyzer (AP2E) a
laser infrared spectrometer for instantaneo-
us (response time up to 2 seconds) monito-
ring (LoD of 1.2 mg/m3).

Data management

Collection of the air samples for FA was
conducted based on UNI EN 1540:2022 e ISO
18158:2016. The two Machine to Machine
(M2M) solutions - NEMo XT by Sigfox and Gas-
Check Basic via conventional Mobile Commu-
nications (GSM) together with ProCeas® by Vir-
tual Private Network (VPN) - have successfully
allowed remote monitoring systems. A Database
Management System (DBMS) has provided a cen-
tral data repository that be accessed by multiple
users in a controlled manner. The centralized sto-
rage and management of data within the DBMS
has provided: data abstraction and independen-
ce, data security and uniform data administration
procedures. Its interface with open-source Bika
LIMS (Cape Town, South Africa) has allowed to
implement instrument interfaces, quality control
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and 1SO 17025 accreditation, eliminating hu-
man errors and reducing administration costs.

Equivalence tests procedure

The proposed equivalence procedure betwe-
en the reference and non-reference methods is
articulated in three steps, indicated below.

i) Linear regression model with Pearson co-
efficient (r) to verify the correlation of the dyna-
mic atmosphere standards with reference met-
hod. DNPH reference method was verified with
the dynamic FA atmosphere standard (0.024-
12.28 mg/m?), obtained by permeation tube,
using a linear regression model with Pearson
coefficient (r). This test aims to evaluate statisti-
cal significance of the correlation between the
DNPH method, used as reference method in the
subsequent steps of the equivalence procedu-
re, and the standard vapors, used as calibrators:
10 gaseous standards at different concentration
(ranging from 0.013 to 14.652 mg/m?®) were te-
sted in triplicated with the DNPH method in the
test chamber at 25°C. The average values, resul-
ted by the DNPH method, were plotted against
the expected value, equal to the FA gaseous stan-
dard concentrations.

ii) Passing-Bablock regression for pairwise
compared reference and non-reference methods
in test chamber. NEMo XT, ProCeas® and the
reference DNPH method were used in the test
chamber at 25°C to analyze 17 FA concentration
calibration levels (ranging from 0.010 to 2.560
mg/m?®). The results of the two direct reading
instruments were compared pairwise with the
one obtained by DNPH reference method, using
Passing-Bablock regression plot. This regression
analysis allows us to evaluate the constant (inter-
cept) and proportional (slope) systematic error.
It is always necessary to report not only these
two parameters, precise estimates of the true in-
tercept and the true slope, but also the corres-
ponding intervals of 95% confidence, that are
the intervals in which with a certain confidence
(95%) the true intercept and the true slope can
be found. In particular, the relevant intervals of
confidence must include 0 (zero) for the inter-
cept and 1 (one) for the slope in order to demon-
strate the absence of constant and proportional
systematic error.
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iii) Bland-Altman regression for pairwise
compared reference and non-reference methods
on-field measurements. Reference and non-re-
ference methods were compared pairwise by
Bland-Altman plot with Confidence Intervals
(Cls) calculation from the results obtained by on-
field measurements. The average of the two met-
hods (x-axis) can be graphed toward the differen-
ces of the two methods expressed as a percent
from the mean, i.e., method1- method2/mean *
100 (y-axis).

We proceed by assessing the possible presen-
ce of systematic error by calculating the "bias,"
obtained as the mean of all differences and the
associated confidence interval of 95%: there is
a systematic error significant ("bias" significant)
when the value 0 (zero) will not be within the
relevant 95% confidence interval. In the absen-
ce of systematic error, the points corresponding
to the differences between the two methods
should accumulate randomly around the zero
line. In addition to the mean difference (and
the corresponding 95% confidence interval), it
is also necessary to calculate the interval en-
compassing 95% of these differences using the
mean=+1.96SD, where the mean and SD are the
mean ("bias") and SD of the differences found,
respectively. This interval has considerable im-
portance in the experiment of comparison, be-
cause it makes it possible to identify the magni-
tude of most (95 percent) of the differences found
(Vidali et al., 2016).

The statistical analysis was performed with
Excel (Microsoft Office 365, Microsoft, Red-
mond, US) and a new interactive website (avai-
lable at https://bahar.shinyapps.io/method_com-
pare/) developed by Bahar et al. (Bahar et al,
2017) for method comparison and bias estimati-
on studies, based on free and open-source tools
using R programming language (R Core Team,
2021).

Laboratory measurement for the test for
equivalence: dynamic FA atmosphere standard
by permeation tube

Calibration of the air monitoring devices
was verified with a dynamic calibration system.
To carry out FA dynamic atmosphere standard,
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permeation tube devices filled with paraformal-
dehyde were purchased from Fine Metrology
(Spadafora, Messina, Italy). Each tube was ca-
librated according to Environmental Protection
Agency (EPA) and certified (£5%) for the perme-
ation rate (48, 92, 143, and 176 ng/min) at the
calibration temperature (60 °C).

The calibration gas generator with tempera-
ture controlling system (Sonimix 6000C1, LNI
Swissgas, Versoix, Switzerland) was employed
to generate FA atmosphere at constant concen-
trations from one or more permeation tubes.
The temperature of the chamber which directly
affects the permeation rate of the FA gas was
controlled digitally at 60 °C. According to the
manufacturer, the desired volumetric concentra-
tion is established or changed by simply varying
the inert carrier gas flow (which sweeps the ca-
libration gas from the chamber) from 0.5 to 5 L/
min.

The gas concentration generated from perme-
ation tubes with different dilution gas flows can
be represented by

[FA_]=(W/T)xF_-

air:

where [FA | is the concentration of the FA in
the air (ug/L), F, is the airflow (L/min), W/T, the
permeation rate (PR) (ng/min) given by W, the FA
weight loss (ng) and T, the measurement interval
(min); (Dugheri et al., 2022).

On-field measurements for the test for
equivalence

This study was carried for n.4 months betwe-
en 2021 and 2022 in the anatomical pathology
laboratory, at the General Hospital of Macerata
(Macerata, ltaly). Environmental air monitoring
was carried out in the Pathology Lab gross room,
where tissue specimens were examined and dis-
sected by residents, pathologists, and trained
technicians. All three monitoring devices (Gas-
Check Basic automatic collector box, NEMo XT,
and ProCeas®); (Figure 1) were placed on a tri-
pod, positioned near the operation area at 40 cm
from the operator’s breathing zone and connec-
ted wirelessly to the Chromline FA Data Storing
System (Dugheri et al., 2018).

Figure 1. Monitoring devices: Proceas® (a),
GasCheck (b) and NEMo XT (c)

Slika 1. Uredaji za nadzor: Proceas® (a),
GasCheck (b) i NEMo XT (c)

RESULTS AND DISCUSSION

Linear regression model with Pearson coeffi-
cient (r) to verify the correlation of the dynamic
atmosphere standard with reference method.

This step was carried out to verify the signifi-
cance of correlation between the reference met-
hod using DNPH with the FA standard vapors,
obtained by permeation tube, used as standard
calibrators. The results were shown in Figure 2.
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Figure 2. Graphical representation of the linear
regression model of DNPH method paired with
standard atmospheres

Slika 2. Graficki prikaz modela linearne regresije
DNPH metode sparen sa standardnim atmosferama
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The data obtained by the DNPH method
plotted on the respective expected values of the
FA gaseous standard showed a requal to 0.98. In
sight of this, the DNPH method presents a strong
positive correlation with the generated standard
atmospheres of FA, and it can be assumed as re-
ference method for the subsequent evaluations of
the equivalence procedure.

The uses of permeation tubes have grown
to such an extent that they are now produced
commercially for more than 400 compounds
(Tumbiolo et al., 2005). Permeation methods use
a sealed container divided into two sections by
a permeable membrane made of polymers, that
is selected according to the application. In the
permeation tube, the analyte migrates through the
permeable membrane at a defined temperature
and the permeation rate is obtained by gravimetric
determination (Dugheri et al., 2022). Concerning
the FA, this reference method for standard gaseo-
us dynamic generation involves the depolymeri-
zation of paraformaldehyde or polyoxymethylene
in a permeation tube (Brewer et al., 2013). The
permeation tube technology presents fewer issues
compare to the other FA generation systems tech-
nologies: i) the motor-driven syringe pump system
is affected by the formation of FA oligomers, water
condensation, and time limits of generation (An-
drawes, 1984), ii) the nebulizers require further
tests to optimize their geometry and guarantee
sufficient robustness (Dugheri et al., 2022), iii) the
catalytic conversion of methanol is not commer-
cially available, and it is set for research-specific
applications (Dugheri et al., 2022).

Thus, in this context, the FA vapor standards
generated by permeation are used to test the met-
hod based on DNPH derivatization. This method
is considered the reference method to determine
the derivatized FA concentrated on a solid sor-
bent, and this well-defined procedure can be also
certified using FA-DNPH-hydrazone standards,
such as in most Proficiency Testing programs
(such the IFA - Institut fur Auslandsbeziehungen
der Deutschen Gesetzlichen Unfallversicherung-
proficiency testing for aldehydes). The analysis
of FA DNPH-derivatives was carried out with GC
coupled with specific detector. In consideration of
the user-friendliness, the portability, and the con-
tained costs, as well as its "green line" - hydrogen,
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nitrogen, or air as a carrier gas (Margolin et al.,
2022), and introduction of MicroElectroMecha-
nical Systems (MEMS) technology (Immadeddine
and Khaladoun, 2018) - GC is considered a ma-
ture technique for high performance, robustness,
and wide applicability in a routine and industrial
environment. Particularly, Capillary GC (CGCQ),
introduced about 60 years ago, has evolved thro-
ugh many developmental milestones into an in-
dispensable instrument in many analytical labo-
ratories (David and Sandra, 2022). The analytical
separation by GC was used considering that pre-
vious Authors (Huynh et al., 2002, Hafkenscheid
and van Oosten, 2002, Dugheri et al., 2018) fo-
und that the coefficient of variation in the DNPH-
LC/ultraviolet FA method was approximately 23%
for low levels of FA (0.012 mg/cartridge). Moreo-
ver, the LC technique - more expensive in terms
of purchase and maintenance than GC - is limited
in terms of co-elution and specificity, given that
the detection and quantification limits exceed the
indoor air quality legal requirements, especially
during short sampling times.

The GC analysis of DNPH-derivatives suffers
from one major problem that is the excess of the
derivatizing agent, that must be removed from the
sample prior to analysis. To overcome this issue,
according to previously proposed procedure (Du-
gheri et al., 2017) a clean-up of the sample by
cation exchange solid phase extraction, using a
polymeric MCX Plus Oasis mixed-mode cation-
exchange cartridge (Cat. No. 186003516, Waters,
Milford, US), was carried out. This step drop the
LOD by one order of magnitude. Consequently,
we selected the cheaper and easier-to-opera-
te system consisting of a GC/TSD apparatus that
permitted the separation of the major DNPH de-
gradation product (2,4-dinitroaniline) from the
FA-2,4-dinitrophenylhydrazone.

Passing-Bablock regression for pairwise com-
pared reference and non-reference methods in
test chamber.

In this step, the two in-continuous direct re-
ading instruments are tested and paired with the
reference method with DNPH, analysing FA stan-
dard vapors in a test chamber at 25°C.

The great ferment for in-continuous, direct re-
ading instruments for both short- and long-term
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airborne FA monitoring is due to their ease of use
and possibility of remote management, as well as
defined calibration by the manufacturing com-
pany. Immediate measurement methods are sim-
plified procedures for the assessment of the target
substances concentration on the spot. Compared
to indirect collecting methods, instantaneous ones
provide results in a shorter time. Thanks to the
simplification of sampling and determination, FA
in-continuous, direct reading monitors are increa-
singly attractive. Spectroscopic techniques present
specificity and thanks to their sensitivity and high
sampling frequency, can be chosen as reference
methods. Between these kind of instruments, the
ProCeas® (AP2E) Formaldehyde is a new comple-
te pre-calibrated instrument based on enhanced
laser infrared (IR) spectrometer for measurement
of FA in ambient air. Optical Feedback Cavity
Enhanced Absorption Spectroscopy (OFCEAS) is
a direct intensity measurement scanning spectros-
copy technique, relying on hyper-reflective mea-
surement gas cells and laser source purity enhan-
cement technique. This instrumental setting allow
to achieve extremely low-level detection of trace
gases in very short times. OFCEAS technology
associated with Low Pressure Sampling (LPS) - a
novel sampling technique under reduced pressu-
_ Passing Bablok RegressionFit (n=17)

— 0+0.95 * Method1
identity

25

15 20

ProCeas®
1.0

Pearson's r = 0.997
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DNPH

re (50 mbar absolute at flow rate of 3 to 9 Liters/
hour at atmospheric pressure) - enables direct FA
airborne measurement providing selectivity and
simultaneous multi-component measurement wit-
hout interferences, regardless of the matrix. LPS
in the sampling system removes any risk for che-
micals adsorption/desorption and condensation
in the line. The NEMo incorporates an innovative
measurement technology developed by ETHERA
under CEA/CNRS license based on nano-porous
materials and direct optical reading. The mea-
suring is ranged from 7 to 2000 ppb according
to exposure time (from 15 to 120 minutes). The
sampling is of the diffusive type by consumable
Formaldehyde sensor (ETHERA ref. NE-FORO1x)
to be replaced every 7-15 days according to expo-
sure concentrations. In another commercial ver-
sion - Profil’Air® measuring kit - ETHERA allows
to perform both active and passive sampling for
short- and long-term exposures with the consu-
mable Formaldehyde sensor by a subsequent ma-
nual spectrophotometric analysis.

The results of the statistical analysis of Pro-
ceas® and NEMo XT paired with DNPH method
were showed in Figure 3 and 4 respectively.

Intercept Slope

PaBafit
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Figure 3. Graphical representation of Passing-Bablock regression between Proceas® and DNPH

Slika 3. Graficki prikaz Passing-Bablock regresije izmedu Proceas® i DNPH
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Figure 4. Graphical representation of Passing-Bablock regression between NEMo XT and DNPH
Slika 4. Graficki prikaz Passing-Bablock regresije izmedu NEMo XT i DNPH
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The data showed that the Proceas® does not
present both constant and proportional systematic
error, since its intervals of confidence for slope
and intercept include 0 and 1, respectively (Ta-
ble 1 and Figure 3); concerning the NEMo XT, it
shows instead the presence of proportional syste-
matic error since the respective relevant interval
of confidence does not include 1 (Table 2 and
Figure 4). This errors can lead either to a mathe-
matical correction, or to an examination of the
causes of error with consequent elimination. In
this case, the proportional systematic error ob-
served for the NEMo XT could be attributed to a
non-perfect interface between the direct reading
instruments and the test chamber.

Table 1. Estimate (EST), and upper-lower confidence
interval (UCI-LCI) for intercept and slope

Tablica 1. Procjena (EST) i gornji-donyji interval
pouzdanosti (UCI-LCI) za odsjecak i nagib

Pair EST Ucl LCI
®£ E Intercept | -0.003009 | -0.01239 0.01434
2

o

L2 Slope 0.9505 0.8958 1.014
=T

X Intercept | -0.008415 | -0.01794 0.0029
oz

>N

% 4 Slope 0.8141 0.6655 0.8799

Bland-Altman regression for pairwise compa-
red reference and non-reference methods on-field
measurements.

The three methods, DNPH, NEMo and Pro-
ceas®, were tested for pairwise in an anatomical
pathology laboratory in order to observe their clo-
seness agreement during on field measurements.

The paired results, DNPH vs Proceas® - DNPH
vs NEMoXT - Proceas® vs NEMo XT, were graphed
in Figure 5.
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Figure 5. Bland-Altman regressions for pairwise FA
monitoring methods: a) DNPH vs NEMo XT, b) DNPH
vs Proceas®, c)Proceas® vs NEMo XT

Slika 5. Bland-Altmanove regresije za parne metode
pracenja FA: a) DNPH prema NEMo XT, b) DNPH
prema Proceas®, c) Proceas® prema NEMo XT
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The two direct reading instruments showed a
small bias paired both with the reference DNPH
method and between each other: 0.02 for DNPH
vs NEMo XT, 0.01 for DNPH vs Proceas® and
0.02 for Proceas® vs NEMo XT. The biases obser-
ved are not systematic significant error in all the
three tests carried out, since the value 0 is inclu-
ded in each 95% confidence interval. There are
some outliers measures that could be due to the
heterogeneity of the sampled environment and
the monitored tasks.

The grossing activities could be the main tar-
get for reducing pollution by formalin vapours.
Pathologists spend long hours in front of the as-
pirating chemical fume hood and, therefore easy
monitoring of the airborne FA with multipoint
configured instruments or lower priced instru-
ments are recommended. The 8-h TWA levels are
not always appropriate assessing the occupational
exposure because they are influenced not only by
the proportion of large vs small specimens grossed
during the work shift, but also heavily by the in-
traday workload variation. For these reasons, the
introduction of in-continuous monitoring systems
should be adopted to make a fair assessment of
FA exposure and, at the same time, to evaluate
the goodness of high-tech tools and FA mitigati-
on solutions adopted. In this sight, for short-term
sampling we used a ProCeas® with multichannel
monitoring; weight (20 kg) and size (standard
19”7, 4U rack, 550 mm depth), as well as high cost
(around 50,000 euros), requires centralization of
monitoring, managed with a multipoint sampler.
Conversely, the small size (190x135x70 mm) and
weight (520 grams), as well as the battery power
(lithium battery 3.6V, 17Ah-D type with connec-
tor, lifetime up to one year), and the lowest cost
(around 5,000 euros) compared to ProCeas®,
make the NEMo XT wearable near the breathing
area. In this study, the direct reading instruments
are mounted on a tripod, located near the che-
mical fume hood. In order to assess the occupa-
tional exposure, the EN 689:2018 encourages
the use of personal sampling devices within the
breathing zone of the worker. EN 1540:2011 and
ISO 18158:2016 specify that the breathing zone
corresponds to a hemisphere (circa 30 cm in ra-
dius) extending out in front of the face, centered
on the midpoint of a line running from ear to ear,
with a plane connecting this line, the top of the

head and the larynx. However, some Authors (Vi-
mercati et al., 2010, Lee et al., 2017, Dugheri et
al., 2019)revealed similar FA median concentrati-
ons of the personal and area exposures, indicating
that they were comparable - with an approximate
ratio of 1.0 - when work processing no-requires
continuous movement around the work area.

CONCLUSION

For the first time, the Authors present an equi-
valence test procedure for FA air monitoring met-
hods in work environments. The test carried out
on two direct reading, in-continuous monitoring
systems showed that both instruments could gu-
arantee performance equal to the assumed re-
ference method, DNPH sampling system and
subsequent GC-TSD analysis. The possibility to
introduce these kind of instruments in heteroge-
nous occupational scenario, maintaining similar
performances of reference method, both in term
of sensitivity and specificity, could allow a com-
plete environmental and personal occupational
monitoring.

ACKNOWLEDGMENTS

This manuscript has been developed in the
concept of the project A.RMONILO.S.O. (De-
finizione di una strategia di controllo nel mo-
nitoraggio ambientale di agenti xenobiotici nei
Settori produttivi principali della Regione Mar-
che) by ASUR Marche UOC PSAL AV3 and the
Department of Clinical and Experimental Medici-
ne of the University of Florence (Prot. 0018836,
01/31/2020).

LITERATURE

Adamovic, D., Cepic, Z., Adamovig, S., Sto-
3ic, M., Obrovski, B., Moraca, S. et al.: Occu-
pational Exposure to Formaldehyde and Cancer
Risk Assessment in an Anatomy Laboratory, Int J
Environ Res Public Health, 18, 2021, 21, 11198.

Andrawes, F.: Detection of Traces of Formal-
dehyde in Pure Air by Gas Chromatography and
Helium lonization Detection, / Chromatogr Sci,
22,1984, 506-50.

105



S. DUGHERI et al.: Strategy to evaluate ...

SIGURNOST 66 (2) 97 - 109 (2024)

Bahar, B., Tuncel, A. F., Holmes, E. W.,
Holmes, D. T.: An interactive website for analyti-
cal method comparison and bias estimation, C/i-
nical Biochem, 2017, 50, 18, 1025-9.

Beane, F., Blair, L. E., Lubin, A., Stewart, J.
H., Hayes, P. A., Hoover, R. B., et al.: Morta-
lity from solid tumors among workers in formal-
dehyde industries: an update of the NCI cohort,
Am J Ind Med, 56, 2013, 9, 1015-1026.

Blair, A., Stewart, P. A.: Correlation betwe-
en different measures of occupational exposure
to formaldehyde, Am J Epidemiol, 131, 1990, 3,
510-516.

Brewer, P. J., di Meane, E. A., Vargha, G. M.,
Brown, R. J., Milton, M. J.: Gaseous Reference
Standards of Formaldehyde from Trioxane, Ta-
lanta, 108, 2013, 83-87.

Buesa, R. J.: Histology safety: now and then,
Ann Diagn Pathol, 11, 2007, 5, 334-339.

Cammalleri, V., Pocino, R. N., Marotta, D.,
Protano, C., Sinibaldi, F., Simonazzi, S. et al.:
Occupational scenarios and exposure asse-
ssment to formaldehyde: A systematic review,
Indoor Air, 32, 2022, €12949.

Chevallier, E., Caron, T., Belon, C., Karpe, P.,
Tran-Thi, T. H., Colomb, S., et al. Development
of a formaldehyde chemical sensor for indoor air
quantification: application in health and safety at
work, Ventilation, 2012, 1-6.

David, F., Sandra, P.: Separation Science: The
State of the Art: How Mature is Gas Chromato-
graphy? An Industry Perspective, LCGC Europe,
35,2022, 10, 416-418.

d’Ettorre, G., Criscuolo, M., Mazzotta, M.:
Managing formaldehyde indoor pollution in
anatomy pathology departments, Work, 2017,
56, 397e402.

Dugheri, S., Bonari, A., Pompilio, 1., Colpo,
M., Mucci, N., Montalti, M. et al.: Development
of an innovative gas chromatography-mass
spectrometry method for assessment of for-
maldehyde in the workplace atmosphere, Acta
Chromatogr., 29, 2017, 4, 511-514.

Dugheri, S., Bonari, A., Pompilio, 1., Colpo,
M., Mucci, N., Arcangeli, G.: An Integrated Air

106

Monitoring Approach for Assessment of Formal-
dehyde in the Workplace, Saf Health Work, 9,
2018, 4, 479-485.

Dugheri, S., Mucci, N., Pompilio, 1., Cappelli,
G., Bossi, C., Bonari, A., Arcangeli, G.: Determi-
nation of airborne formaldehyde and ten other
carbonyl pollutants using programmed tempe-
rature vaporization-large volume injection-gas
chromatography, Se Pu, 36, 2018, 12, 1311-
1322.

Dugheri, S., Mucci, N., Cappelli, G., Bona-
ri, A., et al.: Monitoring of air-dispersed formal-
dehyde and carbonyl compounds as vapors and
adsorbed on particulate matter by denuder-filter
sampling and gas chromatographic analysis, /n. /
Environ Res Publ Health, 2019, 1, 11, 1969.

Dugheri, S., Massi, D., Mucci, N., Berti, N.,
Cappelli, G., Arcangeli, G.: How improvements
in monitoring and safety practices lowered airbor-
ne formaldehyde concentrations at an Italian uni-
versity hospital: a summary of 20 years of experi-
ence, Arh Hig Rada Toksikol, 71, 2020, 178-189.

Dugheri, S., Massi, D., Mucci, N., Berti, N.,
Cappelli, G., Arcangeli, G.: Formalin safety in
anatomic pathology workflow and integrated air
monitoring systems for the formaldehyde occu-
pational exposure assessment, Int /] Occup Med
Environ Health, 34, 2021, 3, 319-338.

Dugheri, S., Massi, D., Mucci, N., Cappelli,
G., Trevisani, L., Arcangeli, G.: Formalin safety in
pathology laboratory and innovative monitoring
for airborne formaldehyde exposure, Sigurnost,
63, 2021, 2, 165-180.

Dugheri, S., Massi, D., Mucci, N., Marrubini,
G., Cappelli, G., Speltini, A. et al.: Exposure to
airborne formaldehyde: Sampling and analytical
methods A review, Trends Environ Anal Chem,
29, 2021, 66, e00116.

Dugheri, S., Daniela Massi, M., Mucci, N.,
Marrubini, G., Cappelli, G., Trevisani, L., Bonfe-
roni, M.C., Arcangeli, G.: An Upgrade of Appara-
tus and Measurement Systems for Generation of
Gaseous Formaldehyde: A Review, Crit Rev Anal
Chem, 52, 2022, 7, 1702-1716.

Dugheri, S., Cappelli, G., Isolani, L., Trevi-
sani L, et al.: Strategy to evaluate the impact of



S. DUGHERI et al.: Strategy to evaluate ...

SIGURNOST 66 (2) 97 - 109 (2024)

formaldehyde in anatomical pathology labora-
tory. Part Il: short- versus long term-exposure,
Submitted, 2022.

EC Working Group on Guidance for the De-
monstration of Equivalence, Guide To The De-
monstration Of Equivalence Of Ambient Air Mo-
nitoring Methods, 2010.

Fustinoni, S., Campo, L., Spinazze, A., Cribil,
FM., Chiappa, L., Sapino, L. et al.: Exposure and
Management of the Health Risk for the Use of
Formaldehyde and Xylene in a Large Pathology
Laboratory, Ann Work Expo Health, 65, 2021; 7:
805-818.

Golden, R.: Identifying an indoor air exposu-
re limit for formaldehyde considering both irri-
tation and cancer hazards. Critical Rev Toxicol,
41,2011, 8, 672-721.

Hafkenscheid, T. L., van Oosten, J. A.: Re-
sults from interlaboratory comparisons of al-
dehyde-2,4 dinitrophenylhydrazone analysis,
Anal Bioanal Chem, 372, 2002, 658e63.

Hak, C., Pundt, I., Kern, C., Platt, U., Dommen,
J., Ordonez, C., et al.: Intercomparison of four
different in-situ techniques for ambient formal-
dehyde measurements in urban air, Atmos Chem
Phys Discuss, 2005, 5, 3, 2897-945.

Health and Safety Laboratory.  The
Workplace Analysis Scheme for Proficiency
(WASP).  Accessible  at:https://www.hsl.gov.
uk/media/230213/14th%20wasp%20partici-
pant%20handbook%202013%20v2.pdf. Acce-
ssed: 5.12.2022.

Higashikubo, 1., Miyauchi, H., Yoshida, S.,
Tanaka, S., Matsuoka, M., Arito, H., Araki, A.,
Shimizu, H., Sakurai, H.: Assessment of workpla-
ce air concentrations of formaldehyde during
and before working hours in medical facilities,
Ind Health, 2017, 55, 192e8.

Hirst, D., Gressel, M. G., Flanders, W.: Short-
term monitoring of formaldehyde: comparison of
two direct-reading instruments to a laboratory-
based method, / Occup Environ Hyg, 8, 2011,
6, 357-363.

Huynh, C. K., Vu-Duc, T.: Intermethod com-
parisons of active sampling procedures and

analysis of aldehydes at environmental levels,
Anal Bioanal Chem, 372, 2002, 654e7.

Imadezzine, A., Khaldoun, B.: MEMS Devices
for Miniaturized Gas Chromatography, Chapter
7. MEMS Sensor, 2018, Edit by Siva Yellampalli.

[FA - Institut fur Auslandsbeziehungen der
Deutschen Gesetzlichen Unfallversicherung.
Proficiency testing at the IFA. Accessible at:
https://www.dguv.de/ifa/fachinfos/ringversuche/
index-2.jsp. Accessed: 5.12.2022.

ISO 22065:2020, Workplace air — Gases
and vapours — Requirements for evaluation of
measuring procedures using pumped samplers

ISO 20581, Workplace air — General requ-
irements for the performance of procedures for
the measurement of chemical agents

Kromhout, H.: Design of measurement stra-
tegies for workplace exposure, Occup Environ
Med, 59, 2002, 5, 349-354.

Lee, E. G., Magrm, R., Kusti, M., Kashon, M.
L., Guffey, S., Costas, M. M. et al.: Comparison
between active (pumped) and passive (diffusive)
sampling methods for formaldehyde in patho-
logy and histology laboratories, / Occup Environ
Hyg, 14,2017, 1, 31-39.

Gas Chromatography Market - Global Fo-
recast to 2025, Markets and Markets Rese-
arch Private Ltd. Accessible at: https:/www.
marketsandmarkets.com/pdfdownloadNew.
asp?id=101656773. Accessed: 5.12.2022.

Margolin Eren, K. J., Prest, H. F., Amirav, A.:
Nitrogen and hydrogen as carrier and make-up
gases for GC-MS with Cold El, / Mass Spectrom,
2022, 52, e4830.

Mucci, N., Dugheri, S., Rapisarda, V., Cam-
pagna, M., Garzaro, G., Farioli, A., Cappelli,
G., Arcangeli, G.: Occupational exposure to
airborne formaldehyde in hospital: setting an
automatic sampling system, comparing different
monitoring methods and applying them to assess
exposure, Med Lav, 110, 2019, 6, 446-458.

News Channel Nebraka River Country - For-
maldehyde Detectors Market Size in 2022: 2.9%
CAGR with Top Countries Data, What are the
key industry trends of the Formaldehyde De-

107



S. DUGHERI et al.: Strategy to evaluate ...

SIGURNOST 66 (2) 97 - 109 (2024)

tectors market? accessible at: https:/rivercountry.
newschannelnebraska.com/story/46303430/For-
maldehyde-Detectors-Market, accessed: 5.12.2022.

R Core Team, 2021. R: A language and envi-
ronment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. Acce-
ssible at https://www.R-project.org/. Accessed:
5.12.2022.

Rodrigues, M. C., Guarierio, L. L. N., Cardo-
so, M. P. et al.: Acetaldehyde and formaldehyde
concentrations from sites impacted by heavy-
duty diesel vehicles and their correlation with
the fuel composition: diesel and diesel/biodiesel
blends, Fuel, 92,2012, 1, 258-263.

Salthammer T.: Formaldehyde sources, for-
maldehyde concentrations and air exchange ra-
tes in European housings, Build. Environ, 2019,
150, 219-232.

Scarselli, A., Corfiati, M., Di Marzio, D.,
lavicoli, S.: National estimates of exposure to
formaldehyde in italian workplaces, Ann Work
Expo Health, 2017, 61, 33e43.

Strum, M., Scheffe, R.: National review of
ambient air toxics observations, / Air Waste Ma-
nag. Assoc., 2016, 66, 120-133.

108

Tumbiolo, S., Vincent, L., Gal, J. F., Maria, P.
C.: Thermogravimetric Calibration of Permeation
Tubes Used for the Preparation of Gas Standards
for Air Pollution Analysis, Analyst, 130, 2005,
1369-1374.

UNI EN 482:2021. Workplace exposure -
Procedures for the determination of the concen-
tration of chemical agents - Basic performance
requirements

UNI EN 14412:2005. Indoor air quality -
Diffusive samplers for the determination of con-
centrations of gases and vapours - Guide for se-
lection, use and maintenance

Vidali, M., Tronchin, M., Dittadi, R. et al.:
Gruppo di Studio SIBioC - Medicina di Laborato-
rio Statistica -Protocollo per la comparazione di
due metodi analitici di laboratorio, Bioch Clin,
2016, 40, 2, 129-142.

Wisthaler, A., Apel, E. C., Bossmeyer, J., Han-
sel, A., Junkermann, W., Koppmann, R. et al.:
Intercomparison of formaldehyde measurements
at the atmosphere simulation chamber SAPHIR,
Atmos Chem Phys., 2008, 8, 2189-200.



S. DUGHERI et al.: Strategy to evaluate ... SIGURNOST 66 (2) 97 - 109 (2024)

STRATEGIJA ZA OCJENJIVANJE UCINKA FORMALDEHIDA
U ANATOMSKOM PATOLOSKOM LABORATORIJU
TRECI DIO: PROVODENJE TESTA EKVIVALENCIJE ZA METODE PRACENJA ZRAKA

SAZETAK: Sve do danas formaldehid (FA) Cesto je koristena kemikalija a njegova je uporaba
rasirena diljem svijeta u razlicitim sektorima a narocCito u kemijskim pogonima i zdravstvu.
FA se mnogo koristi u raznim radnim postupcima zbog svojih kemijskih i fizikalnih svojstava.
Medutim, njegova toksicnost i karcinogenicnost predstavljaju opasnost za zdravlje radnika.
Istrazivanje izlaganja FA-u u radnom okruzju predmet je zanimanja znanstvene zajednice i
rezultira razvojem vise analitickih instrumenata kojima se utvrduje njegov ucinak na zdravije
nakon duljeg i kraceg izlaganja. U radu je predstavljen i opisan postupak za test ekvivalencije
pomocu FA referentne metode 2.4 dinitrofenilhidrazin (DNPH) -aktivnim uzimanjem uzoraka i
dva nereferentna instrumenta temeljena na kontinuiranom izravnom pracenju ocitanja, ProCeas®
(AP2E) i NEMo XT (Ethera). Koristena je sustav za FA standardnu kalibraciju kako bi se referentna
metoda provjerila pomocu Pearsonovog testa. Zatim je napravljen Passing-Bablok test izmedu
nereferentnih metoda i DNPH metode za otkrivanje mogucih sistemskih i proporcionalnih
pogresaka, a na kraju je izraden Bland-Altman grafikon za odredivanje srednjeg odstupanja i
varijacija u vrijednostima dobivenima referentnim i nereferentnim metodama uzorkovanja na
terenu. Rezultati su pokazali dobru korelaciju izmedu nereferentne metode i DNPH metoda,
naznacujuci moguce primjene u raznorodnim radnim uvjetima.

Kljucne rijeci: formaldehid, postupak ekvivalencije, pracenje radnog okruzja

[zvorni znanstveni rad
Primljeno: 22.12.2022.
Prihvaceno: 8.6.2023.

109





