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Abstract
Formaldehyde is recognized to be a carcinogen and a genotoxic indoor pollutant. The National Institute for Occupational 
Safety and Health (NIOSH) identify 1 ppm as the ceiling limit, a value which should not be exceeded at any time. This low 
ceiling limit generates the need for real-time monitoring; which can, however, lack in accuracy. In this project, formalde-
hyde low-cost monitors are both evaluated in a laboratory platform and in an indoor environment. Using a controlled 
environmental chamber, the formaldehyde sensors show a linear regression coefficient R2 of 0.98 when compared to the 
reference method [NIOSH 2016, based on 2,4-dinitrophenylhydrazine (DNPH) derivatization]. Readings taken with the 
calibrated low-cost monitors in a gross anatomy laboratory, where embalmers, medical students and staff are exposed to 
formaldehyde and other toxic volatile organic compounds, show that the embalming and dissection processes generate 
average values of about 900 and 1300 ppb, respectively, when corrected for phenol interference. The corrected average 
values are within 20% of the reference method values. Real-time data for the same processes show maximum concen-
trations (1-min average) of about 3.5 ppm in both embalming procedure and dissection laboratory. Therefore, real-time 
monitoring can show values of formaldehyde exceeding the acceptable exposure short-term limit and ceiling limit.

Keywords  Formaldehyde detection · Embalming procedure · Gross anatomy laboratory · Morgue air quality · Real-time 
monitoring · Federal reference method

1  Introduction

Formaldehyde is widely recognized as a dangerous indoor 
pollutant [6, 50]. The International Agency for Research 
on Cancer (IARC) recognizes formaldehyde as a carcino-
gen [24]; it can cause nasopharyngeal cancer in humans. 
Current research also indicates that formaldehyde is geno-
toxic. About 0.36 ppm is enough to provoke irritation to 
the eyes [7]. Therefore, for an exposure time of 15 min, 
0.1 ppm (100 ppb) is recommended to prevent sensory 

irritation in the general population [9]. Controlled stud-
ies in humans report that for less than an hour of expo-
sure to formaldehyde concentrations below 2 ppm, no 
toxicological effects on the eyes or on tissues in the upper 
respiratory tract are produced [19]. However, long-term 
exposures to more than 2.5 ppm show a high possibil-
ity of developing myeloid leukemia [8, 9, 19]. Hence, the 
Occupational Safety and Health Administration (OSHA) 
permissible exposure limits (PEL) are set at an 8-h time of 
0.75 ppm and a 15-min short-term exposure limit (STEL) 
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of 2 ppm. The National Institute for Occupational Safety 
and Health (NIOSH) recognizes an 8-h time-weighted aver-
age (TWA) of 0.016 ppm and a STEL of 0.1 ppm [19], while 
the most recently set threshold limit values (TLV) from the 
American Conference of Governmental Industrial Hygien-
ists (ACGIH) list a TWA of 0.1 ppm and a 15-min STEL of 
0.3 ppm.

Formaldehyde can be generated by a broad range of 
sources, such as biomass combustion, oxidation of vola-
tile organic compounds (VOCs) and reactions between 
ozone (mainly from outdoors) and alkenes [4, 28, 37, 45, 
55]. Some indoor sources are smoking, heating, cooking, 
candle or incense burning, building materials and con-
sumer products [23, 25, 36, 38, 43]. In a common North 
American household, daily 8-h TWA levels of formalde-
hyde vary between 16 to a maximum of 77 ppb [23]. Much 
higher levels are found in a gross anatomy laboratory [29, 
48]; 8-h average and maximum formaldehyde levels are 
about 0.7 and 3 ppm, respectively [42]. Another toxic gas 
present in a gross anatomy laboratory is phenol [22, 46], 
which is not only present in the embalming fluid but it is 
released in the early stages of human body decomposi-
tion [53]. Both NIOSH and OSHA established 5 ppm as an 
8-h TLV. NIOSH recommends 15.6 ppm as the ceiling level, 
the maximum value that a person should avoid, for phe-
nol exposures [39]. This limit decreases when considering 
women because of reproductive hazards [56].

In a gross anatomy laboratory, the maximum formalde-
hyde air concentrations are found during the embalming 
procedure in the morgue [42]. Several embalming proce-
dures are used; however, differences are minor. The first 
step in the embalming procedure involves the drilling 
of a hole in the brain. Later, the blood is removed from 
the body veins and it is substituted with a formaldehyde-
based chemical. The total time required to infuse 15 L 
of the embalming fluid is about 40 min. In addition, the 
organs in the chest cavity and the abdomen are perforated 
and drained of residual fluids; formaldehyde-based chemi-
cals are then injected [30]. Common embalming mixtures 
range from 7 to 37% formaldehyde by weight [20]. Some 
alternatives to the traditional embalming fluids are under 
development; however, formaldehyde-based embalming 
fluids are still the majority used [20, 26]. Furthermore, to 
reduce the emissions of formaldehyde and phenol the 
cadaver is perfused with a 20% Infutrace solution [60] after 
a 7-day fixation period. Infutrace, a proprietary, non-toxic 
solution with undisclosed chemical compounds, reacts 
gently with the specimen fixed with a formaldehyde-
based embalming fluid and produces a significant reduc-
tion, about 95%, of the sum of formaldehyde and phenol 
vapors [30].

On average, an embalmer spends about 2 days a week 
working on embalming bodies; thus, there is the potential 

for repeated exposure to high concentrations of formalde-
hyde. Medical students and staff are exposed for at least 
43 h per semester to embalmed bodies [41]. Monitoring 
vapor concentrations may be used to help limit the expo-
sure of both embalmers and students to formaldehyde. 
The common techniques to measure formaldehyde and 
phenol concentrations are NIOSH 2016 and NIOSH 2546, 
respectively. The NIOSH 2016 method uses dinitrophenyl 
hydrazine (DNPH)-treated silica gel tubes, which is very 
consistent with little-to-no background levels of formalde-
hyde present. The NIOSH 2546 targets all isomers of cresol 
and phenol, and the sampling device used is a XAD-7 tube. 
Both methods have a detection limit of around 1 μg/m3 
[59]. The main drawback of the NIOSH methods is their 
high costs. Moreover, this type of method cannot pro-
vide any real-time information on the pollutants’ levels. 
Monitoring formaldehyde levels in real time allows for a 
correlation of concentration spikes to their cause. Under-
standing these correlations can help to reduce the short-
term exposures to both embalmers and students and to 
prevent their health impacts. An inexpensive, affordable, 
and easy-to-use method for real-time detection is low-cost 
monitors [1].

In recent years, many research studies have focused on 
the development of an accurate low-cost monitor for vola-
tile organic compounds, specifically targeted to formal-
dehyde [5, 11, 21, 61]. A few methods to achieve the real-
time detection of formaldehyde are available, as shown 
in some examples reported in Table 1 [12]. In Table 1, the 
main research studies on the development of different 
methods for the detection of formaldehyde are reported. 
The most common methods to detect formaldehyde are 
colorimetric, piezoresistive, electrical impedance spectros-
copy (EI), and metal-oxide conductimetry (MOX) [14, 52]. 
The first group involves a chip made of a substrate and a 
coating of a material that can react with formaldehyde. 
The fluorescence generated by the reaction between the 
formaldehyde and the coating is conveyed to a photode-
tector. Different products vary in the substrate and the 
coating used (Table 1). Colorimetric sensors can show a 
high accuracy and the highest selectivity for a targeted 
gas; however, a long procedure for the sensor develop-
ment is required increasing, thus, the costs [52]. Piezoelec-
tric formaldehyde sensors use materials that generate a 
response once exposed to the targeted gas. The low limit 
of detection (LOD) and the lower influence to humidity 
compared to colorimetric sensor motivate recent research 
projects. However, high complexity in their fabrication and 
validation are factors that reduce their popularity [52].

Therefore, the current commercially available low-cost 
formaldehyde sensors are EI and MOX. High availability, 
low costs, low limit of detection, and high selectivity are 
the reasons of their popularity [54]. They can be tuned to 
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further increase their sensitivity, stability and selectivity 
toward formaldehyde by implementing their algorithm 
to convert the raw sensor outputs into units of concen-
tration [15, 16]. Other advantages of EI sensors are: the 
ability to be miniaturized, high sensitivity, low cost of elec-
trode mass production, and ease of implementation [16]. 
Examples of commercially available EI and MOX sensors 
are reported in Table S.1 in the Supplementary Informa-
tion (SI) section. The moderate cost, availability, ease of 
use, user-friendly software, data accessibility, low limit of 
detection, and high accuracy are the reasons for the selec-
tion of uHoo monitors for this project. Moreover, the ability 
of measuring simultaneously the total volatile organics, 
excluding formaldehyde and using a separate MOX sensor, 
is appealing for environments, such as a gross anatomy 
laboratory, where formaldehyde is one of the volatiles 
present.

While the references regarding the implementation of 
a low-cost sensor are numerous, few studies are dedicated 
to their evaluation [10, 33, 44] due to the high expenses 
connected to the NIOSH 2016 method and in the dangers 
linked to the use of high levels of formaldehyde.

In this project, an EI sensor is evaluated under labora-
tory-controlled environmental conditions. Additionally, 
these low-cost multi-channel sensors were placed in a 

gross anatomy laboratory and used to record in real time 
the concentration levels of formaldehyde. The accuracy of 
the low-cost monitors was achieved through the compari-
son with the standard method NIOSH 2016. Furthermore, 
exposure levels of formaldehyde for embalmers, medicine 
students, and other operators are reported for each activ-
ity analyzed.

2 � Materials and methods

2.1 � Formaldehyde low‑cost sensor

The formaldehyde sensor is embedded in a low-cost 
multi-channel monitor (uHoo, uHoo Limited) that is able 
to measure other indoor pollutants, as detailed in the SI 
and in a previous Ref. [3]. For example, one sensor con-
tained in uHoo monitors is dedicated to the detection of 
volatile organic compounds (VOCs). Both VOC and for-
maldehyde sensors are EI and, while the first responds to 
all the volatiles excluding formaldehyde, the second one 
involves algorithms that aim to detect only formaldehyde. 
The similarity between these two sensors is expected 
to raise interferences. A series of algorithms have been 
developed by uHoo to transform the raw data from each 

Table 1   Examples of research studies on the development of low-cost sensors aimed for measurements of gaseous formaldehyde

a Data are extracted from plots
b Some acronyms are used for brevity: LOD stays for limit of detection, RH for relative humidity, MWNTS for multiwall nanotubes, PBDTTT-
C-T for Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][2-(2-ethyl-1-oxohexyl)thieno[3,4-b]thiophenediyl]], 
PC71BM for [6,6]-Phenyl C71 butyric acid methyl ester

Substrate and sensitive materials Range [ppb] Accuracy [ppb] Interference References

Colorimetric or spectrometric
Sol–gel doped with Fluoral-P mol-

ecules form dihydrolutidine
30–200 1 After 12 h at RHb = 70%, no response Descamps et al. [17]

Silica paper coated with hydroxy-
lamine sulfate and thymol blue

30–1000 50a At RH = 30%, response decreases 
from 300 to 200 ppb

Qin et al. [47]

Piezo-resistive
Piezoelectric stack composed of a 

Mo/Ti bottom electrode coated 
with multiwalled carbon nano-
tubes-polyethyleneimine

30–1000 NA Att RH – 70%, the linearity increases 
by 23%

Wang et al. [57]

ZnO piezoelectric film resonators 
modified with a pure MWNTsb

20–1000 5a At RH of 80%, LODb increases from 
24 to 38 ppb

Ma et al. [35]

Metal oxide (MOX)
SnO2, CuO with photoresist and a 

graphene sensing film
3 × 102–5 × 105a NA NA Zhang et al. [63]

Nanostructured Sn oxide-based 
porous materials doped with Zn

8–500a 1 At RH = 60%, the LOD increases from 
8 to 50 ppb

Electrical Impedance (EI)
Macroporous TiO2-based semicon-

ductor-type sensor
5–50a 1a At RH  = 50%, the impedance of the 

sensor increases
Liu et al. [34]

Nanostructured zinc oxide (ZnO 5–1000a 18 Kannan and Saraswathi [27]
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formaldehyde and VOC sensors into data showing meas-
urements of these two pollutants. These two sensors pro-
duce readings each minute and auto-calibrate every 24 h. 
The auto-calibration consists in an estimation of the expo-
sure levels that the sensors are exposed to for a prolonged 
time. Therefore, the software updates and becomes more 
accurate to the prolonged specific conditions of the indoor 
environment. Due to this frequent auto-calibration, a 
period of “warm-up” of the formaldehyde and VOC low-
cost sensors is needed for a reliable measurement. More 
details on the VOC sensor are reported in a previous pub-
lication [3].

The commercially available uHoo formaldehyde sensor 
can reach level of 2000 ppb. However, for the tests shown 
in this publication, the sensor was set to have a maximum 
of 10,000 ppb. The manufacturer claims a resolution of 
1 ppb and an accuracy of 30 ppb. Potential interferences 
to a formaldehyde sensor are VOCs, as shown in previ-
ous references [51, 62]. While uHoo multi-channel moni-
tors including a TVOC sensor are commercially available, 
the version used in this study, including a formaldehyde 
sensor, is not on the market at the moment and it was 
designed and built for this research project.

2.2 � Low‑cost formaldehyde sensor’s laboratory 
evaluation

The low-cost formaldehyde sensor is evaluated using the 
setup shown in Fig. 1. Three sensors were placed in a 40 L 
enclosure (19.68 × 15.75 × 7.87 cm). The location of the sen-
sors was selected arbitrarily. However, for the same level 
of expected concentration of formaldehyde, the maxi-
mum variability of the sensors reading was 13%. A fan was 
used to accelerate the distribution of the evaporating gas 
inside the enclosure. The enclosure was air-tight; even the 
connections to the low-cost sensors and to the fan were 
sealed. Seven quantities of formalin solution were inserted 
in the enclosure to generate a broad range of mass lev-
els. Two syringes (1 µl and 10 µl) were used to quantify 
the formalin solution that was inserted in the enclosure 

through a rubber septum. The quantity of formalin solu-
tion inserted in the enclosure quickly evaporates due to 
high vapor pressure [2, 18] and, if not, was then deposited 
on a filter paper.

A reference method was used to validate the accuracy 
of the low-cost formaldehyde sensor readings. The refer-
ence method selected was NIOSH 2016, a Federal Refer-
ence Method (FRM) [40]. Formaldehyde is trapped on an 
active sorbent impregnated with 2,4-dinitrophenylhy-
drazine (2,4-DNPH). Per each concentration selected, one 
sorbent tube was taped close to the collection point of 
one low-cost sensor. To evaluate the reproducibility, the 
same experiment was repeated twice for some of the con-
centrations studied. Active collection was selected since 
OSHA advises that passive samplers should not be used 
for sampling circumstances concerning formalin solutions 
because of an underestimation in the presence of reac-
tion products of formaldehyde and methanol (a formalin 
additive) [32]. A Gillian GilAir pump was connected with 
the glass tube NIOSH sampler. The total flow rate was cali-
brated with a flow meter and set at 0.2 L/min. The bias 
error of a Gillian GilAir pump is estimated to be 10−2 L/
min. By propagating this uncertainty, the error involved in 
the formaldehyde measurements is considered irrelevant.

To ensure a steady-state formaldehyde concentration 
inside the chamber, an equal amount of clean air was 
inserted while collecting even though the collection was 
activated only when the formaldehyde readings of the 
low-cost sensors reached a stable value (± 5% of varia-
tion). The collection time was set to 25 min. Analysis is then 
conducted in the laboratory by high-performance liquid 
chromatography and ultraviolet detection at 350 nm.

The formalin solution used (~ 37 wt% in water) was sta-
bilized with methanol—approximately 10–15%, which can 
interfere in the measurements of formaldehyde achieved 
by using low-cost sensors. The interference of methanol 
to the formaldehyde sensor was verified by inserting pure 
methanol in the enclosure and recording the formalde-
hyde sensors readings. Since the formalin solution con-
tains a large content of water, the impact of humidity to 
the measurement of formaldehyde of the low-cost sensors 
is quantified (Table S.1 in the SI).

The effect of other pollutants on the low-cost formalde-
hyde sensors has been tested. For example, phenol, which 
is the most common pollutant in gross anatomy labora-
tories besides formaldehyde, was inserted in the system 
shown in Fig. 1. Other substances that were involved in 
experiments conducted in the gross anatomy laboratory 
were Infutrace, cadaver’s leakage, and embalming fluid. 
All these substances were also introduced in the system 
shown in Fig. 1. In the case of phenol, due to its presence 
in every activity in a gross anatomy laboratory, ten differ-
ent quantities were injected. Moreover, five different tests 

Fig. 1   Experimental system used to validate the formaldehyde 
readings of the tested low-cost multi-channel monitors. Three 
monitors are placed at different locations in the enclosure. One 
NIOSH sampler is placed on the side of one of the three monitors
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were conducted per each quantity inserted. For the other 
substances, four-to-five different quantities were injected 
and each test was repeated five times.

2.3 � Gross anatomy laboratory formaldehyde 
measurements

Levels of formaldehyde were measured in the gross 
anatomy laboratory of the University of British Columbia. 
The main expected reason of formaldehyde emissions 
in a morgue is the liquid used for embalming the body 
which is composed of 71% 2-propanol, 20% propylene 
glycol, 5% formalin [1.8% formaldehyde], and 4% phe-
nol. In addition, Infutrace, a liquid, with unknown com-
position (possibly containing a small portion of formal-
dehyde), is used for post-treatments of the embalmed 
body to reduce formaldehyde emissions. When insert-
ing Infutrace in an embalmed body, embalming liquids 
can leak. The embalming liquid, the embalming liquid 

deprived of formalin, Infutrace, and the leakages from 
a decomposing body were inserted in the same experi-
mental system shown in Fig. 1 in order to verify a possible 
interference with the formaldehyde sensor contained in 
uHoo monitors.

Figure 2 shows the layout of the University of British 
Columbia gross anatomy laboratory. The locations at 
which measurements were taken were labeled with let-
ters; A, B, C, D, and E indicate five locations in the dissec-
tion laboratory, F the morgue where the embalming pro-
cedure commonly takes place, G the storage room, and H 
the hallway. The sensors were placed close to a wall due to 
the need of a constant electrical supply. Air Handling Unit 
(AHU) numbers 7 and 5 are used for the gross anatomy lab-
oratory and for the morgue, respectively. Both AHU sup-
plies 100% of outdoor air with a single supply air fan, cool-
ing coil, heat recovery and humidify coil. The supply fan is 
operated through Variable Speed Drive (VSD) unit working 
at 90 and 95% for AHU-7 and-5, respectively. By measuring, 

Fig. 2   Image of the layout of the University of British Columbia gross anatomy laboratory. The analyzed rooms and locations were labeled 
with a letter. A, B, C, D, and E relate to five locations in the dissection laboratory opened space; F the morgue, and G the storage room
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with an anemometer, the air velocity in the ducts of the 
systems, the air volume per time can be derived. Based on 
the last maintenance report, about 36,100 and 11,000 cfm 
are supplied by AHU-7 and AHU-5, respectively. Therefore, 
air ventilation of 15 and 20 rooms per hour occurs in the 
gross anatomy laboratory and in the morgue, respectively. 
Even though humidity shows a mild effect on the low-cost 
formaldehyde sensor used (see SI), more tests would be 
needed to confirm this trend. Therefore, humidity was 
recorded, by using a thermo-hygrometer (Omega HHF710) 
throughout the experiments in the morgue. The humid-
ity levels vary from 27 to 32% depending on the location 
within the gross anatomy laboratory.

A total of 20 activities were studied. The readings of 
low-cost sensors were compared with the NIOSH 2016 
for 12 activities due to limitations in the expenses. For the 
same reason, for one activity, the average levels of phe-
nol were recorded using NIOSH 2546 [49]. Details on the 
activities measured are shown in Table 2. These activities 
were considered since they are expected to generate the 
highest levels of toxic indoor pollutants. Analyzing these 
activities can show the impact to the embalmers, such as 
embalming procedure and mixing fluids, and to the medi-
cal students, such as the gross anatomy laboratory.

The activities shown in Table 2 were selected also for 
the following reasons. A typical embalming procedure 
takes about 4 h of hands-on work, including the Infutrace 

infiltration; on a yearly average, this process is done twice 
per week. Mixing fluid takes about 15 min and is done 
once or twice per month. Brain injection takes about 
2 min and is done for every cadaver, so approximately 100 
times per year or twice per week. At the University of Brit-
ish Columbia, the Medical and Dentistry students’ time in 
the laboratory depends on their year of studies. First-year 
students have approximately 43 scheduled hours in the 
laboratory over two terms, while second-year students 
have about 32.5 scheduled hours.

3 � Results and discussion

3.1 � Low‑cost formaldehyde sensor’s laboratory 
evaluation

The formaldehyde detection is the main innovation of the 
last version of uHoo monitors. Due to the design of the for-
maldehyde and TVOC channels, some degree of cross-talk/
interference is expected. Figure 3a shows the interferences 
of volatile compounds to the readings of formaldehyde 
sensors included in uHoo monitors. Error bars indicate the 
differences in readings of the three low-cost formaldehyde 
and VOC sensors. Due to the interference of methanol to 
the formaldehyde readings of uHoo sensors, the data are 
treated as “without methanol correction” if not corrected 

Table 2   Details on the 
activities recorded with the 
low-cost sensors

For some activities, the readings of the low-cost sensors are compared with NIOSH 2016. NIOSH 2546 
was used to record the average levels of mass of phenol

# Activity NIOSH 2016 Collection time 
(min)

Location

1 No activity x 15 A
2 No activity x 15 F
3 No activity x 15 G
4 One opened bag (2 meters apart) x 15 A
5 One opened bag (placed at A) – 10 B
6 One opened bag (placed at A) – 15 C
7 One opened bag (placed at A) – 30 D
8 One opened bag (placed at A) – 30 E
9 Two opened bags (placed at A) – 30 A
11 Above an opened body x 15 A
12 240 students and 32 opened bags x 20 A
13 240 students and 32 opened bags – 20 E
14 240 students and 32 opened bags – 20 C
15 240 students and 32 opened bags – 20 H
16 350 students and 73 opened bags x (NIOSH 2546) 20 C
17 Mixing embalming fluids x 10 F
18 Brain injection x 7 F
19 Embalming procedure x (2) 10 F
20 Infutrace treatment x 10 F
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and “with methanol correction” if raw data are corrected 
based on the results obtained in Fig. 3a. Using the linear 
equation shown in Fig. 3a, the interference of methanol 
at different quantities of formaldehyde recorded can be 
measured. Therefore, this quantity is later subtracted for 
the laboratory tests, where methanol is a fixed component 
(Fig. 3b).

On average, the low-cost sensor readings were less than 
14% higher than the FRM NIOSH 2016 results (Fig. 3b). It 
appears that high concentrations of formaldehyde show 
higher standard deviations indicating that the homo-
geneity in the enclosure at high concentration is lower 
in respect with lower concentrations. The differences 

between the uHoo formaldehyde sensors and the NIOSH 
2016 sampler can be due to different interferences. The 
cross-interference between VOC and formaldehyde sen-
sors is considered minor, as shown in the SI. The interfer-
ence of other gases to the formaldehyde sensor can be 
thus, a plausible reason. Since the formaldehyde source 
used in the tests contained methanol, its interference is 
verified. The linear regression of this interference gener-
ates a slope of 0.26 and an intercept of about 41, which 
indicate a relatively low impact of methanol to the for-
maldehyde readings. At concentrations below 500 ppb, 
methanol generates an even smaller increase in the 
formaldehyde measurements of uHoo (Fig. 3). Thus, the 
methanol contained in the solution used for the labora-
tory test was assumed not to substantively interfere with 
the formaldehyde readings of the tested low-cost sensors. 
However, at the average concentration seen in these tests, 
about 2500 ppb formaldehyde, the methanol contributed 
an interference of 5% to the formaldehyde sensor. With a 
correction factor calculated from the data shown in Fig. 3a, 
this interference can be corrected for, making uHoo read-
ings less than 6% higher than the NIOSH 2016 results.

To verify the interference of other gases to the for-
maldehyde sensor, a few compounds, such as phenol, 
embalming fluid, and Infutrace, are placed in the same 
experimental system shown in Fig. 1 (results shown in 
Fig. 4). In Fig. 4, the readings of the VOC and the formalde-
hyde low-cost sensors embedded in uHoo monitors are 
compared during the exposure of common pollutants in 
a gross anatomy laboratory, such as phenol (Fig. 4a), or to 
common volatiles used in embalming procedures, such as 
embalming fluid, Infutrace, and body leakages (Fig. 4b). 
Error bars concerning the measurements of reference 

Fig. 3   Comparison between the HCHO concentration levels 
recorded using the NIOSH 2016 and using the tested low-cost 
multi-channel sensors. The readings of the low-cost monitors were 
averaged for the collection time used for the NIOSH 2016

Fig. 4   Comparison between the HCHO and the TVOC sensors is shown when monitors are placed in the experimental system explained in 
Sect. 2.2 and exposed to phenol (a), Infutrace, a cadaver leakage, the embalming fluid, and the embalming fluid without HCHO (b)
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methods are derived by the uncertainty propagation of 
bias errors involved with the pump used for collection and 
the analytical technique. Phenol is an indoor gas highly 
present in a gross anatomy laboratory and is expected to 
contribute to an interference to the formaldehyde sensor. 
Moreover, previous references indicate that phenol is the 
major volatile organic components, besides formaldehyde, 
present in a gross anatomy laboratory. Activities like dis-
section and embalming, typical of a morgue, are shown 
to produce mostly formaldehyde and phenol [13, 58]. It is 
expected that phenol should activate a response only of 
the low-cost VOC sensor. However, due to the similarities 
in the formaldehyde and VOC low-cost sensor, phenol can 
be a source of cross-interference. Figure 4 shows, in fact, 
that phenol generates a positive interference to both the 
VOC and the formaldehyde sensors. This correlation indi-
cates that other alkanes or alcohol can generate a positive 
interference to the low-cost formaldehyde sensor. Even 
though low-cost formaldehyde sensors are supposed to 
target solely formaldehyde, similar chemical compounds, 
such as phenol, can generate a false response of the low-
cost formaldehyde sensor. This is a great limitation for the 
low-cost sensor used and, possibly, of other similar low-
cost formaldehyde sensors.

The leakage from the body generated higher levels of 
formaldehyde, identifying a possible positive interference 
of the formaldehyde sensor when exposed to VOC with 
much higher content. Furthermore, the linearity of regres-
sion coefficient is similar when comparing the formalde-
hyde and the VOC readings of the uHoo monitors when 
exposed to gases evaporating from a common embalming 
fluid and to the embalming fluid deprived by all the for-
maldehyde. Thus, it is expected that the low-cost sensors 
can read higher values than the reference methods when 
exposed to activities such as embalming and dissection 
laboratory [31].

3.2 � Gross anatomy laboratory formaldehyde 
measurements

As shown in Table 2, NIOSH 2016 was used as a compari-
son to the real-time readings of uHoo sensors for selected 
activities. Figure 5 shows the formaldehyde levels meas-
ured per different activities by using both the FRM method, 
the NIOSH 2016, and the low-cost sensors, uHoo. Activities 
1 and 2 shown in Table 2 are not reported in Fig. 5 since the 
detection limit (NIOSH 2016) of 0.1 µg was not reached. 
The readings obtained from uHoo were averaged for the 
same time span used for the NIOSH collection.

For all the activities considered, the tested low-cost 
sensors (crosshatched green columns in Fig. 5) show 
higher values of formaldehyde compared to the NIOSH 
2016 (plain red columns in Fig. 5). The low-cost sensors 

recorded, for the same activities, the presence of volatile 
organic compounds, as shown in the SI. The dotted yel-
low square lined column in Fig. 5 identifies the level of 
phenol recorded using NIOSH 2546. Phenol is selected 
since it is the volatile organic compound with the high-
est content in an embalming fluid. This result confirms 
the conclusions achieved by the data shown in Fig. 4. 
The blue horizontally lined bar in Fig. 5 shows the low-
cost sensor reading corrected using the linearity regres-
sion shown in Fig. 4a. Based on the linear curve shown 
in Fig. 4a, the low-cost formaldehyde sensors show a 
positive interference with different quantities of phenol. 
The regression shown in Fig. 4a determines a correla-
tion between formaldehyde and phenol. Furthermore, in 
Fig. 5, this positive interference is subtracted to the total 
formaldehyde readings of the low-cost sensors (cross-
hatched green columns). By introducing this correction, 
the low-cost sensor readings show an average difference 
of 9% with respect to NIOSH 2016.

Table 3 shows the 8-hour TWA by using 15 min as 
collection time, and the highest instantaneous reading 
of formaldehyde emissions recorded by the validated 
low-cost sensor per each activity tested and shown in 
Table 2. The standard deviations shown in Table 3 were 
obtained by considering different low-cost sensors and 
different locations. Here, the values that exceed the TLV-
STEL, 0.3 ppm, are shown in italic, while the values that 
exceed the NIOSH ceiling limit, 0.1 ppm, are in bold. The 

Fig. 5   Comparison between the HCHO Federal Reference Method 
(NIOSH 2016), red columns, and real-time low-cost sensors read-
ing, green and sparse lined columns. The blue horizontal lined col-
umns indicate the uHoo reading corrected by phenol interference. 
The correction factor is obtained using the linearity of regression 
shown in Fig. 3a. In addition, emissions of phenol are recorded with 
the related Federal Reference Method (NIOSH 2546) and shown in 
yellow square lined column. Locations at which the measurement 
were taken are shown in brackets
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data shown in Table 3 are adjusted for the positive inter-
ference of phenol.

Figure 6 shows the comparison between the real-time 
measurements obtained using the low-cost sensors and 
time-averaged results attained using NIOSH 2016. Figure 6 
concerns two cases of dissection laboratory, as shown in 

Table 2. In Table 3, in 8 out of 20 activities, the 15-min TWA 
values do exceed the TLV-STEL criteria, while the ceiling 
values for almost every activity (17 out of 20) are above the 
NIOSH ceiling limit. Furthermore, the differences between 
the ceiling and the 15-min TWA values show the impor-
tance of real-time monitoring of formaldehyde in a gross 

Table 3   STEL readings (15 min) 
and the ceiling (highest 
instantaneous reading) of 
formaldehyde recorded by 
uHoo per each activity

The standard deviations are obtained by comparing the readings achieved by using different low-cost 
monitors. The spikes relate to 1-min reading. In the STEL column, italic values exceed the TLV-STEL of 
0.3 ppm. In the ceiling column, bold values exceed the NIOSH REL ceiling of 0.1 ppm

# Activity STEL [ppb] Ceiling [ppb]

1 No activity (Location A) 13.5 ± 2.5 53 ± 17.1
2 No activity (Location G) 39 ± 9.8 147 ± 12.3
3 No activity (Location F) 14.5 ± 3.7 83 ± 37.6
4 One opened bag (about 2 meters of distance) 92 ± 23 203 ± 34
5 One opened bag placed at A (Location B) 76 ± 11 138 ± 9.7
6 One opened bag placed at A (Location C) 103 ± 33 183 ± 65
7 One opened bag placed at A (Location D) 93 ± 7.5 146 ± 34
8 One opened bag placed at A (Location E) 64 ± 11 111 ± 10
9 Two opened bags place at A (Location D) 273 ± 32 498 ± 21
11 Above an opened body 395 ± 96 713 ± 78
12 240 students and 32 opened bags (Location A) 545 ± 112 1765 ± 234
13 240 students and 32 opened bags (Location E) 826 ± 145 1334 ± 276
14 240 students and 32 opened bags (Location C) 545 ± 112 1265 ± 234
15 240 students and 32 opened bags (Location H) 23 ± 5.5 54 ± 3.4
16 350 students and 73 opened bags (Location C) 742 ± 256 1856 ± 453
17 Mixing embalming fluids 528 ± 39 1528 ± 324
18 Brain injection 167 ± 46 274 ± 75
19 Embalming procedure 535 ± 91 2177 ± 138
19 Embalming procedure [2] 636 ± 54 1376 ± 234
20 Infutrace treatment 335 ± 54 1180 ± 184

Fig. 6   Real-time readings for the activity of dissection laboratory (a, 
b). The results achieved using the low-cost monitor, uHoo, and the 
Federal Reference Method NIOSH 2016 are shown. a Relates to the 
activity dissection laboratory 1, while b to the activity called dis-

section laboratory 2. Brighter areas identify the standard deviation 
obtained by using different uHoo monitors. Location at which the 
low-cost sensors are placed in brackets
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anatomy laboratory. Examples of real-time data readings 
are shown in both Fig. 6 and Fig. 7.

In Fig. 6, the dissected area concerned the oral cavity. 
In this case, the recording started at the beginning of the 
dissection laboratory, when usually the professor takes 
about 10 min to explain the theory regarding the area of 
the body to dissect. At this moment, only one bag, the 
one used by the professor, is opened. After about 15 min, 
the students started to practice; at first, some of the bags 
are opened and after 10–15 min, all the bags are opened 
(Fig.  6b). The curve in Fig.  6a continues up to 70  min. 
Between the 45th and the 53rd min, the low-cost sensors 
were placed far from the body bags showing similar levels 
to the initial minutes. This level of details in correlating 
formaldehyde, along with other dangerous TVOC, levels 
and the activities in the gross anatomy laboratory would 
be impossible by using the reference methods.

During the other activities, other spikes in formalde-
hyde levels were recorded (Fig. 7a, b). In Fig. 7, the activi-
ties recorded in location F, in the morgue, are shown. Data 
shown in Figs. 6a, b, and 7a, b were not corrected using 
the phenol interference correction factor determined by 
Fig. 3a.

In Fig. 7, the highest spike is seen in the embalming 
procedures. In the first embalming procedure, the first 
peak identifies the starting moment of the insertion of the 
embalming fluid in the cadaver, while the second lower 
peak can identify a possible spill. In the second embalm-
ing procedure, similar peaks are seen. However, in this 
case a higher peak is seen when a spill of the embalming 
fluid happened. The difference between two embalming 

procedures shows the strong influence on the formalde-
hyde emissions of the embalmer’s movements. When con-
sidering the spikes, the instantaneous formaldehyde con-
centration can reach about 3 ppm. A common embalming 
procedure contains about 15 min of levels higher than 
0.1 ppm (Fig. 7b). Considering that, on average, three 
embalming procedures occur every week, an embalmer 
spends on average 39 h per year at levels of formaldehyde 
much higher that 0.1 ppm. By adding other activities, such 
as Infutrace and brain injection and assistance to dissec-
tion laboratories, an embalmer could spend on average 
more than 60 h per year at levels of formaldehyde much 
higher than 0.1 ppm.

4 � Conclusion

Formaldehyde is known to be an indoor pollutant dan-
gerous to human health. Common liquids used for the 
embalming procedure contain more than 37% formalin 
liquid. Embalmers, medical students, and doctors are 
exposed to the vapors emitted by an embalmed body 
for an average of few hours per week. This project veri-
fies the importance of real-time measurements of for-
maldehyde in a gross anatomy laboratory. Totally, 17 of 
the 20 tasks sampled showed ceiling levels exceeding 
the NIOSH REL ceiling of 0.1 ppm, with 7 of those tasks 
having levels more than 10 times in excess. Specifically, 
the dissection laboratory showed levels around 1 ppm 
for more than 1.5  h. Considering embalmers spend 
about 200 h per year in embalming a cadaver, the levels 

Fig. 7   In (a), the real-time measurements obtained by placing the 
monitors in the same location and while one or two bags were 
opened. Sensors were located in the dissection laboratory at the 
location B real-time measurements of the levels in the morgue. In 

(b), the activities considered are: brain injection, two embalming 
processes, and the injection of Infutrace. These tests were con-
ducted in the morgue (Location F)
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of formaldehyde recorded in real time generate a high 
concern for the embalmer and a stricter protection pro-
cedure should be considered to reduce the long-term 
formaldehyde exposure.

Real-time readings were reached by using low-cost 
formaldehyde sensors which include some uncertainties, 
such as the influence of other VOCs, temperature, and 
humidity, long-term performance stability, and detec-
tion limit. For example, an interference between the vol-
atile organic component and the formaldehyde sensor is 
recorded generating an overestimation of the formalde-
hyde levels by the real-time low-cost sensors. Primarily, 
the overestimation includes reading of phenol, another 
toxic gas and the major component of the embalming 
fluid used in the gross anatomy laboratory. In addition, 
the interference of phenol to the formaldehyde low-
cost sensor indicates that other aldehydes or alcohols 
could generate a similar effect. Therefore, the approach 
shown here can be used only for a gross anatomy labora-
tory, where the major indoor pollutants are phenol and 
formaldehyde. In other environments, determining the 
other types of volatiles present can be fundamental to 
estimate the actual levels of formaldehyde recorded by 
the low-cost sensor.

By adjusting uHoo readings for the positive interfer-
ence of phenol, the recorded values differ from NIOSH 
2016 by less than 20%. These sensors can show unex-
pected rises of formaldehyde levels due to the number 
of bags opened in a dissection laboratory, mistakes in 
the embalming procedures, or spills of the embalming 
fluids. The use of these sensors can generate more task-
based information and facilitate a more targeted sam-
pling program, helping to prevent the risks involved with 
a long-term exposure to formaldehyde.

The main advantage of the low-cost sensors is the 
real-time measurements, as shown in Fig. 6. NIOSH 2016 
and NIOSH 2546 samplers are commonly employed for 
15-min STEL sampling or 8-h TWA sampling to compare 
the results with NIOSH TWA and STEL limits. By defini-
tion, their results are averaged over the sampling time. 
Real-time monitoring generates data each minute 
(sampling interval), facilitating comparison with ceil-
ing limits and making it possible to correlate individual 
tasks to formaldehyde and other TVOC emissions. These 
monitors can show how each opened bag produces an 
increase in level of formaldehyde and TVOCs. Figure 6b 
shows the real-time formaldehyde levels recorded in 
the dissection laboratory when one or two bags were 
opened. In both cases, real-time measurement can iden-
tify the exact moment at which the bags are opened.
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