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Abstract: Objectives: Nanoparticles (NPs), including
hazardous substances, are generated in crematoriums
due to the high temperatures during the combustion
process. NPs are reported to greatly impact animals’
health by reaching the alveoli and being carried to the
entire body through the blood stream. However, studies
in crematoriums have yet to assess workers’ exposure to
the generated NPs. The purpose of this study is to as-
sess workers’ exposure to NPs released in crematori-
ums. Methods: Field surveys were conducted in three
crematoriums with an emphasis on cremation, bone re-
arrangement and cleaning processes. The NP concen-
trations and size distributions were analyzed. The depo-
sition of NPs in each respiratory region during each
working process was calculated based on the measured
data using the Human Respiratory Tract Model. Results:
The mean particle number concentration was maximized
momentarily during the bone rearrangement process.
The concentration at the time a crematory’s door was
opened was 500,000 particle/cm®. NPs aggregated to
micro-sized particles within a few minutes, dust gen-
erated by the bone rearrangement, or both. As a re-
sult of model calculation, the mean ratios (alveolar
per the other regions by a crematory) were approxi-
mately 3.0 (bronchus and bronchioles regions: ex-
cept for the first survey in crematorium A which had
the obstruction of measurement) and 4.3 (extratho-
racic airways). The ratios were similar for all crema-
toriums. Conclusions: These results can be used
for health risk assessments in crematoriums. In addi-
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tion, these results should be applicable to estimate
the inhalation unit risk of each respiratory organ such
as lungs and nose.
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Introduction

The number of crematoriums has increased globally in
the past few decades"”. In particular, the death population
of Japan is increasing every year and reached 1.3 million
deaths per year as of 2015 (total death population, includ-
ing still-born infants). Atmospheric pollution from crema-
toriums is becoming more serious: the cremation ratio in
Japan is approximately 99.9%”. The studied pollutants
are mainly polychlorinated dibenzo-p-dioxins and diben-
zofurans (PCDD/Fs)*?, heavy metals (especially mercury
released from amalgam fillings in teeth”™"), combustion
gases (NOx, SOx, CO, HCl), and particulate matter
(PM)"*"™. Soot dust produced during cremation includes
the abovementioned substances.

The concentration range of PCDD/Fs depends greatly
on the cremation condition"”. Takeda et al. studied the
PCDDV/F concentrations in the stack flue gas at 17 crema-
tories in Japan. Total concentrations (normalized by 12%
oxygen) of PCDD/Fs had a range of 4.9-1200 ng/Nm® and
0.064-24 ng TEQ/Nm” *. Wang et al. showed the mean
PCDD/F emissions (11% oxygen) from the stacks of two
crematories in southern Taiwan were 2.36 (without a bag
filter) and 0.322 ng TEQ/Nm’ (with a bag filter)”.

Focusing on the PM, mercury, and acidic gas released
from conventional crematories in Japan, the reported peak
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proportion was 200-300 nm particles. The PM2.5 concen-
tration ranged from 44.5 to 72.2 mg/Nm’ (12% oxygen).
The arithmetic mean concentrations of HCI, SO,, and
mercury in flue gas without a bug filter and catalytic de-
vice were 61.3 mg/Nm’, 12.3 ppmv, 10.3 ug/Nm’ (T-Hg),
and 8.19 pg/Nm’ (Hg") (n = 103)", respectively. The
mean concentrations released from crematories equipped
with these devices were 34.1 mg/Nm’, 11.5 ppmv, 4.5 pg/
Nm’ (T-Hg), and 1.42 ug/Nm’ (Hg") (n = 106). The re-
sults showed that these device could reduce the concen-
tration of acidic compounds. While, it reported that dust
ranged mainly on the nanoscale blow PM2.5 was gener-
ated from crematories'”.

It is also reported that hexavalent chromium is eluted
from the stainless steel casket-placement table during the
cremation process'”. The cremation temperature increases
above 800C using oil and natural gas. Mercury is highly
volatile, but mercury derived from dental amalgams is un-
stable at cremation temperatures (650C -700TC )"*'"”. The
total PM concentration was 1.0-2.4 mg/m’, and the mer-
cury concentration in PM was 0.005-0.300 mg/m* **.

A UK study on occupational exposure to individual
workers in crematoriums is well known'. It found that
the amount of mercury detected in the hair of workers ex-
posed to mercury in crematoriums was unexpectedly
lower compared with that detected in the hair of persons
with occupational exposure to mercury in other work-
places. However, it is insufficient to consider only this
study. A different study reported that nanoparticles (NPs)
greatly impact rats because NPs reach the alveoli and are
distributed throughout the body by blood®”. This impact
depends on the particle diameter™”’. Because these results
have potentially hazardous health effects on humans, an
assessment of NPs and micron-sized particles in cremato-
riums on workers is important. However, no study has as-
sessed crematorium workers’ exposure to generated NPs
in terms of particle diameter and concentration during
each working process.

This study aims to clarify the concentrations of gener-
ated NPs during the working processes and assess the ex-
posure to NPs using a respiratory deposition model. The
maximum NP concentration and size distribution during
different stages of the working process were analyzed.
The initial values for the respiratory deposition model
were obtained by the particle number concentration meas-
ured using a real-time monitoring apparatus. The expo-
sure ratio for each respiratory region was calculated using
the model. These results can be used for risk assessment
of respirable particles released in crematoriums.

Methods
Field surveys were conducted in three crematoriums

(A, B, and C). One (crematorium A) was surveyed twice.
During each survey, the size and number concentration of
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PM were measured during the working processes
throughout the day. Fig. 1 shows the outline of the crema-
toriums and set points of each device. To obtain a com-
prehensive data of PM, real-time monitoring of airborne
PM was conducted using a Scanning Mobility Particle
Sizer (SMPS; Model 3910, TSI Inc.), an Optical Particle
Sizer (OPS; Model 3330, TSI Inc.), and a Fast Mobility
Particle Sizer (FMPS; Model 3091, TSI Inc). The height
of each measurement point was approximately 1 m.
SMPS had running conditions of a flow rate at 0.8 //min
and scanned particles with diameters ranging from 10 to
300 nm in 60-second intervals. OPS had a flow rate of 1 I/
min and scanned particles with diameters of 0.3-10 pm in
10-second intervals. FMPS, which was used only in cre-
matorium C, had a flow rate of 10 //min and scanned par-
ticles with diameters of 5.6-300 nm in 1-second intervals.
The apparatuses were numbered in the order of the meas-
urements. Crematories were equipped with a casket-
placement table. The measurements were conducted
around the casket-placement table using the aforemen-
tioned devices.

Crematorium C had the latest pressure control system.
Consequently, it is expected to have the lowest exposure.
A Low volume Pressure Impactor (LPI; LP-20, Tokyo
Dylec, flow rate of 20 //min) was used to collect airborne
130-nm (50% cutoff) PM, which is close to the peak di-
ameter on the filter for the Scanning Electron Microscope
(SEM) observations during the working processes. A
glass fiber filter (T60A20, SIBATA) was used as the col-
lecting filter.

Table 1 overviews the working processes and measure-
ment apparatuses. In Japan, there are three main working
processes: 1. operating the crematory (cremation), 2. bone
rearrangement before inurnment, and 3. cleaning after in-
urnment. After cremation, the door of the crematory is
opened, after which the casket-placement table comes out
and bone rearrangement is performed. Depending on the
crematorium, inurnment may be conducted without bone
rearrangement. Each crematorium in Japan uses their own
procedures for the working processes.

Crematorium B conducted inurnment directly without a
bone rearrangement process. In addition, the remaining
ashes and bone on the casket-placement table were
cleaned on the following day prior to the next operation.
All surveyed crematoriums had the same cremation time
(approximately 50 min) and cooling time (10 min). How-
ever, the times for all other processes varied. The com-
bustion temperature of the cremation ranged from 800C
to 950C . In crematorium C, after the temperature of the
crematory dropped below 100, the crematory’s door
was opened and the bone rearrangement process started.
The bone rearrangement and cleaning processes were 20
min each in crematorium A, but less than 10 min in cre-
matorium C. In crematorium B, only the cleaning process
was conducted for 20 min. In all the crematoriums, the
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workers worked at the back of crematories during crema-
tion, then around the casket-placement table during the
bone rearrangement and cleaning processes.

PM characterization via SEM observations

To obtain the shape, size, and composition of the PM, a
morphological observation was performed. The sampled
filters were cut into pieces of approximately 5 x 5 mm.
The cut pieces were fixed onto sample stages with carbon
tape. To avoid charging the filters, the samples were sput-
tered with platinum-palladium and observed using SEM
(JSM-5610, JEOL). SEM was equipped with Energy Dis-
persive X-ray Spectroscopy (EDS; JED-2300, JEOL).
The acceleration voltage was 15.0 kV. To compare with
the original condition, a blank filter was prepared. To
check the components of the collected PM, elemental
mapping and spectra analysis of the PM counts divided
by the blank filter’s counts were conducted using EDS.

Real-time measurements of the particle number concen-
tration in each process

Real-time monitoring was conducted using SMPS for
crematoriums A and B (FMPS for crematorium C). The
OPS was operated for all the processes in all crematori-
ums. The particle number concentrations measured near
each operation point were compared to the concentration
measured for each working process in other crematori-

ums. When the crematory’s door was opened, it was pre-
dicted that the generated and accumulated particles during
the cremation were released form the crematory by ther-
mal convection. Therefore, the analysis focused on the
real-time monitoring of exposure at the time the crema-
tory’s door is opened (crematory 2 in Fig. 1a and crema-
tory 3 in Fig. 1b).

Respiratory deposition assessment

In this study, the deposition number of PM in the respi-
ratory organs during the working processes was estimated
using the International Commission on Radiological Pro-
tection (ICRP) Model™. The respiratory regions are di-
vided into two regions (extrathoracic and tracheobron-
chial airways). Extrathoracic airways are further separated
into two sub-regions (anterior nasal (ET ), naso-
oropharynx and larynx (ET.)). The tracheobronchial air-
way is further separated into three regions (bronchus
(BB), bronchioles (bb), and alveolar-interstitial ). These
five parts of the respiratory regions are assumed to be air
filters with have unique deposition ratios and volumes. A
total of nine filters are composed from these five regions
(from inhalation to exhalation). The deposition at each
respiratory region was calculated using this model and the
parameters based on the workers in crematoriums (adult
male, light work (such as cleaning), and nasal breathing).
The calculations were conducted based on the measured
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Table 1. Time course of each working process and measurement apparatus used. (a) Crematori-
um A layout in the first field survey, (b) crematorium A in the second field survey, (c)
crematorium B, and (d) crematorium C.

(a) Time Process OPS SMPS(b) Time Process OPS SMPS

11:25Before cremation 1 13 10:00 .
. 10:10 .
SR o 2 4 0:20 Before cremation
11:500Crematory No.2 in 10:2 L
T 10:30
14:30 OPeration |
14:40, Bone rearrangement 11:35 Crematory No3 in
14:50 e fore inurnment 2 |4 11:45 . 1|2
15:001 .. 11:55 operation
15:10VN0-2 |
15:20 12:40/Bone rearrangement
15:30 | Cleaning No.2 2 4 12:50| before inurnment 1 2
15:40 | ¥No.3
13:1 )

(c) (d) 13:20/ Cleaning No.3 1 5
Time Process OPS SMPS  ™ime Process OPS FMPS LPI
9.1¢ | Cleaning 1 5 9.0 |Crematory No.3 in

crematory No.2 ’ operation

9:20 | Cleaning No.7 9:30 | No.9 in operation
9:30 2 6 Bone rearrangement
9:40 3 7 10:00 No.3 1 5
9:50 > re ‘me

, 10:30 Bone rearrangement 2 6
12:30 and cleaning No.9

. ] ‘N 1
12:40 'Cncmatory No3 |4 12:30 4 Crematory No. 8, 10 " 9
:;;:: in operation 3 7 13:00 |, in operation

i 13:30 Bone rearrangement 3 5
15:00 YNo.10
15:10 | After Cremation |4 8 14:00 | Bone rearrangement 4 8
15:20 (No.3) 15:00 vand cleaning No.8

data for the airborne PM concentrations and their size dis-
tributions. Because the process times varied at each cre-
matorium, the exposure was calculated based on the time
measured during each process.

Results

Fig. 2 shows the mean of the particle number concen-
tration measured during the working processes of each
crematorium. All the mean number concentrations during
the working processes (Fig. 2b, c, and d) were higher than
the concentrations prior to cremation (Fig. 2a). The con-
centrations of particle size ranging from 10 to 50 nm in-
creased during the operation process (Fig. 2b). It was as-
sumed that the primary particles associated with combus-
tion were measured. In crematorium B, the maximum
particle number concentration during cremation was ob-
served. In the first field survey of crematorium A, the
maximum concentration at its peak was >60,000 parti-
cles/cm’ (the right side of y-axis in Fig. 2¢). During the
second field survey, measurements at the time of opening
the crematory door could not be conducted because a be-

reaved family was present. Thus, PM was measured after
the door was opened. The measured value was lower than
that observed in the first survey. The primary particles,
which were not detected at other crematoriums during the
bone rearrangement process, were detected by opening
the door during the crematory’s operation (crematorium
A for the second survey in Fig. 2¢). Compared with the
bone rearrangement process, the peak position of the con-
centration detected during the cleaning process moved to
the right (crematorium A for the first time and cremato-
rium C in Fig. 2d). There is a probability that the residual
ash agglomerated during the cleaning process.

Next, the real-time monitoring was analyzed with an
emphasis on the maximum concentration measured dur-
ing the bone rearrangement process in crematorium A in
both surveys. Fig. 3 shows the measurement results of the
total particle number concentration using SMPS and OPS.
High levels of NP number concentrations were measured
using SMPS in both surveys immediately after opening
the door (Fig. 3a and b). The micron-sized particle con-
centration measured by OPS did not increase much, but
the concentration measured by OPS increased as soon as
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Fig. 2. Mean and SD of the particle number concentration by diameter during each process. (a)

Before cremation (crematorium A 1st (n=13), A 2nd (n=24), B (n=17), and C (n=114)),
(b) crematory in operation (crematorium A 2nd (n=17), B (n=11), and C (n=1125)), (c)
bone rearrangement time before inurnment; the left side of y-axis for crematorium A sec-
ond time survey and crematorium C-8 and 9 (crematorium A 2nd (n=17), C-8 (n=120),
and 9 (n=259)); the right side of y-axis for crematorium A in the first time survey (crema-
torium A 1st (n=16)), (d) the cleaning process (crematorium A Ist (n=14), A 2nd (n=22),
B (n=22), C-8 (n=249), and 9 (n=431)).

the bone rearrangement operation started. Thus, the con-
centration measured by OPS was lower than that meas-
ured by SMPS, and the peak measured by OPS was de-
tected. The peak proportion measured by OPS during the
bone rearrangement process was 300-374 nm particles
(Fig. 2c and 3a) and 374-465 nm particles (Fig. 2¢ and 3
b). The scanning delay time of SMPS is longer than that
of OPS. Consequently, NPs were estimated to have a
longer aggregation time. This could be because of several
possibilities. The aggregation of primary particles pro-
ceeded for a few minutes after opening the door, or
micron-sized dust particles were generated by the bone
rearrangement process, or both.

Fig. 4 shows the SEM images of the airborne PM on
the filter using LPI. PM showed agglomerates bigger than
10 um (Fig. 4a). The observed dust was agglomerated by
the aggregations of primary particles. The individual par-
ticles were nano-sized. EDS was used for elemental map-
ping of the collected particles. Carbon was the primary
component (Fig. 4b). The spectral ratio obtained using

EDS showed two peaks (C and Cl). Because this process
eliminated the effect of the blank filter, CKo. was de-
tected as the maximum ratio (Fig. 4c). However, the con-
tent ratio of heavy metals could not be detected because
of limitations of EDS.

Fig. 5 shows the calculation results using the ICRP
model and the parameters of the working conditions.
Compared with the three respiratory regions, the PM
deposition on the alveoli had the highest ratio for diame-
ters ranging from 10 to 300 nm. PM with larger diameters
was trapped in the extrathoracic airways. Fig. 5b-e show
the calculation results of the total particle deposition num-
ber for each respiratory region by working process. The
crematory in operation in Fig. 5b was measured during
the first cremation in the morning. In the cremation proc-
ess, the measurement was temporarily interrupted in cre-
matorium A because a bereaved family entered and left.
Therefore, the mean of deposition in measurement time
converted to total amount of deposition throughout the
whole cremation process by considering the process time.
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magnification x5000, (b) Mapping image of airborne PM (CKa) x5000, (c) Elemental
ratios of collected PM using EDS of SEM.

As several crematories were measured in crematorium C,
the mean and SD of the depositions during bone rear-
rangement and cleaning processes are shown in Fig. Se.
Because crematorium C had shorter measuring intervals
for the bone rearrangement and cleaning processes than
the other crematoriums, it had the lowest exposure per
crematory. Focusing on the deposition amount during
each working process time by organ using this model, the

deposition in the alveoli during the cremation process was
significantly higher than that during the other processes.
In contrast, crematorium A during the first survey had the
highest exposure. However, the SMPS and OPS data was
not collected during cremation because of obstacles.
Hence, the maximum exposure was measured during the
bone rearrangement process.

Comparing the deposition of alveolar and the other re-
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cleaning are shown as SD of all measured

gions (bb, BB regions and extrathoracic airways) in each
investigated crematorium, the ratios (alveolar to the other
regions) were 3.2 (bb and BB regions) and 4.6 (extratho-
racic airways) for the first survey of crematorium A, 2.9
(bb and BB regions) and 4.1 (extrathoracic airways) for
the second survey of crematorium A, 0.8 (bb and BB re-
gions; it is possible that the sample was not working
properly because of the obstruction around the inlet of de-
vice) and 4.2 (extrathoracic airways) in crematorium B,
and 3.0 (bb and BB regions) and 4.3 (extrathoracic air-
ways) in crematorium C. The mean ratios (alveolar to the
other regions by a crematory) were approximately 3.0 (bb

crematories (n=4).

and BB regions, except for the crematorium B) and 4.3
(extrathoracic airways). The ratios were similar for all
crematoriums.

Discussion

The maximum of the mean particle number concentra-
tion was detected during the bone rearrangement process.
Crematorium A, which had the highest concentration, was
analyzed the particle number concentration via real-time
measurements using SMPS and OPS. The maximum NP
number concentration at the time the crematory’s door
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opened was 500,000 particle/cm’. However, there is a
probability that NPs aggregated into microparticles within
a few minutes.

The total particle deposition by each respiratory region
during the working processes was based on the ICRP
model and was estimated by calculating the particle num-
ber concentrations during the working time. Except for
crematorium B, which did not conduct a bone rearrange-
ment process, the deposition in the alveoli was the highest
compared with all other respiratory regions. Based on the
working process time, the highest exposure occurs during
the cremation process.

Compared to the deposition during each working proc-
ess in the same crematorium (crematorium C), the deposi-
tion in the alveoli during all working processes was sig-
nificantly higher than that in the other organs. The func-
tions which obtained using ICRP model calculated under
the survey conditions had an alveolar deposition peak at
20 nm (Fig. 5a). Considering the fact that NPs decrease
after a few minutes, the exposure to the lungs could be
decreased from 500,000 to 100,000 by paying attention to
NP exposure at the time the crematory’s door opens.

Qualitative analysis of the collected PM samples re-
vealed that carbon was the main component. The second
most prevalent element, chlorine, had a peak that was
one-third of that of carbon. In the future, tiny amounts of
substances such as heavy metals should be analyzed using
a high sensitivity device, such as ICP-MS.

The particle number concentration analysis reveals that
the particle number concentration in crematorium C was
the lowest (Fig. 2). Crematorium C was managed with a
pressure control system to prevent the discharge of gases
from the crematories. Because the peak distribution of the
concentration detected during the cremation process was
10-50 nm, there was a possibility that PM is discharged at
some point. However, crematorium C was running three
crematories simultaneously during the cremation process.
Thus, it is estimated that the deposition during the crema-
tion in crematorium C was less than that in the other cre-
matoriums.

Conclusions

Measurements and calculations from four surveys re-
veal the inhalation exposure during each working process.
In addition, the alveolar exposure during the cremation
process was significantly higher than that in other respira-
tory regions. These results can be applied to estimate the
inhalation unit risk of the exposure to each respiratory or-
gan (e.g., lungs and nose) by the additional elemental
analysis of NPs. Such estimations could be very useful
for health risk assessments.
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