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ABSTRACT
Laser printers are one of the common indoor equipment
in schools, offices, and various other places. Laser printers
have recently been identified as a potential source of
indoor air pollution. This study examines the characteris-
tics of ultrafine particles (UFPs, diameter <100 nm) and
volatile organic compounds (VOCs) emitted from laser
printers housed in a commercial printing center. The
results indicated that apart from the printer type, the age
of printers, and the number of pages printed, the charac-
teristics of UFPs emitted from printers also depend on
indoor ventilation conditions. It was found that at
reduced ventilation rates of indoor air, there was a rise in
the number concentration of UFPs in the printing center.
Interestingly, the contribution of UFPs to the total num-
ber of submicrometer-sized particles was observed to be
higher at a sampling point far away from the printer than
the one in the immediate vicinity of the printer. Black
carbon (BC) measurements showed a good correlation
(rS ¼ 0.82) with particles in the size range of 100–560 nm
than those with diameters less than 100 nm (rS ¼ 0.33 for
50–100 nm, and rS ¼ �0.19 for 5.6–50 nm particles).
Measurements of VOCs in the printing center showed
high levels of m-, o-, and p-xylene, styrene, and

ethylbenzenes during peak hours of printing. Although
toluene was found in higher levels, its concentration
decreased during peak hours compared to those during
nonoperating hours of the printing center.

INTRODUCTION
Office environments have been changing rapidly from the
beginning of information era. More sophisticated and
high-technology computers, photocopiers, laser printers,
and fax machines are being increasingly used in workplace
these days. These electronic equipments have improved
the efficiency of work, but also brought adverse changes
in indoor air quality (IAQ). In the recent decade, several
studies1,2 have identified laser printers as one of the poten-
tial sources of indoor air pollution. Ultrafine particles
(UFPs) and volatile organic compounds (VOCs), which
pose serious threats to human health, were found in printer
emissions.1,3–6 UFPs are either released during printing
activities, or formed as a consequence of reactions between
ozone (O3) and VOCs that are released from printers7.
Studies3,7–10 were initiated to characterize emission profiles
for UFPs, and to determine concentrations of VOCs and
other chemical substances emitted during printing activ-
ities so that the possible health impacts from printer emis-
sions can be understood and estimated thoroughly. He
et al.9 investigated particle emissions from 62 printers and
classified the printers into three types based on their emis-
sion characteristics. They found that UFPs contributed up
to 98–99% of total submicrometer-sized particles emitted
from the printers with peak diameters down to 40 nm. In
the same year, Kagi et al.7 found that printers release a large
amount of VOCs. They found that concentration levels of
VOCs (e.g., styrene and xylenes) increased during printing
activities and the source of styrene was toner dust in printer
cartridges. Recently, Wensing et al.10 monitored printer
emissions in a chamber and found that along with UFPs,
some SVOCs (semivolatile organic compounds) were also
released during the printing activity.

Most of the studies on printer emissions conducted so
far used controlled environmental chambers to
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IMPLICATIONS
This study reports the emission of ultrafine particles (UFPs)
and volatile organic compounds (VOCs) from laser printers in
a commercial printing center. It was found that the number
concentration of UFPs released was not only influenced by
the printer-related parameters, but also by indoor ventilation
conditions. The fraction of UFPswas high at lower air change
rate and at distances away from printers, presumably due to
the formation of new particles. The results imply that laser
printers equipped with particle traps and high ventilation
rates in the commercial printing center are needed to reduce
the exposure of occupants to UFPs and thus the associated
health risk.



characterize the UFPs and VOCs emitted from printers. To
gain a better and comprehensive understanding of health
impacts, characterization of printer emissions in work-
places such as commercial printing centers is needed.
Very few studies9–11 were found in the literature that have
reported printer emissions in real office indoor environ-
ments. Even in those studies, the duration of sampling
was limited to a few days (2–3 days). Commercial printing
centers have quite different indoor environments when
compared to offices because of the heavy usage of a number
of printers throughout the day. People working in such
places are exposed to very high concentration levels of
printer emissions. For example, Dufresne et al.12 reported
that the concentration level of lanthanides in the lung
tissue of a person who worked in a printing shop for 14
years was higher than the average concentrationsmeasured
in 41 other workers who had died of cancer at various other
sites. This finding highlights the importance of and the
need for conducting emission studies from laser printers
in commercial printing centers.

This study was initiated to gain insights into the emis-
sion profiles of laser printers used in a commercial print-
ing center with specific reference to UFPs and VOCs.
Indoor air of a commercial printing center located at the
National University of Singapore was investigated to char-
acterize the emissions of UFPs and VOCs from printers. A
complementary study was conducted using a custom-
designed chamber to find out the similarities and

dissimilarities in the emission characteristics of airborne
particles between the real workplace and the controlled
chamber study.

EXPERIMENTAL
Sampling Site

Air sampling was done in a commercial printing center
located on the 6th floor of a multistorey building (Yusof
Ishak Hall) at the National University of Singapore. It is a
printing facility that is heavily used by the University
students. Figure 1 shows the layout of the printing center.
It has a total of 40 computer desktops (Dell Optiplex
GX280), 2 HP laser monochrome printers (model
4300dtn), and 1 HP color laser printer (model 5500dn).
The printing center has both ceiling-mounted and wall-
mounted air conditioning units and two doors. One of
the doors was permanently closed, wherease the other
door was in use for both entry as well as exit. Business
hours, room dimensions, environmental conditions, and
types of ventilation are presented in Table 1. At night time
after business hours, the air conditioning units were shut
down. Air change per hour is measured by using sulfur
hexafluoride (SF6) as a tracer gas and observing the decay
concentrations at indoor locations using a monitor based
on infrared photoacoustic spectroscopic (PAS) method.
Tracer gas was introduced in the air-handling unit under
normal occupancy. After sufficient time of mixing, the air
exchange rates in the sampling locations were determined

Figure 1. The schematic plan: (a) printing center and (b) experimental chamber.
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using the concentration decay method.13 The air change
rate inside the printing center was maintained at 1.63 ACH
(air change per hour) during normal business hours.

Experimental Chamber
The experimental chamber (volume¼ 1m3)was designed to
study the emissions from a laser printer housed in a con-
trolled environment. The chamber was constructed using
galvanized steel. The inner walls of the chamber were
polished to minimize the removal of airborne particles. The
chamber consisted of inlet and outlet ducts for the exchange
of air. A HEPA (high-efficiency particulate air) filter was
placed at the air inlet to remove outdoor particulates enter-
ing the chamber. The laser printer (HP Laser Jet 4250n) was
placed in the center of the chamber. A tiny inlet was pro-
vided for air sampling purposes directly above the printer.

Instrumentation
Fast mobility particle sizer (FMPS; model 3091; TSI
Incorporated, Shoreview, MN, USA) was used for a contin-
uous monitoring of submicrometer particles in the size
range of 5.6–560 nm. Black carbon (BC) concentrations
were measured using Aethalometer (AE-31; Magee
Scientific, Berkeley, CA, USA) for every 2 minutes continu-
ously throughout the sampling period. The sample air was
drawn at a rate of 4.8 LPM (liters per minute), and was
passed through a quartz filter tape through which a beam
of light with different frequencies passed and reached the
photodiode detector. The instrument calculated the rate of

increase of attenuation (ATN), which was linearly propor-
tional to the loading of aerosol black carbon. As the loading
of the filter increased, existing particles on the filter gradu-
ally reduced the accuracy in the analytical detection of BC
concentrations. Corrections were made to the data using
the “Virkkula” model14 to obtain real BC concentrations.
Stainless steel, passivated air canisters were used for the
VOC sampling in the printing center. The canisters were
then transported to a central laboratory at the University of
California, Irvine, and were analyzed for VOCs using gas
chromatography (GC) equipped with mass spectrometry
(MS), electron capture detector (ECD), and flame ionization
detector (FID) detectors. Further details of VOCs analysis
are given elsewhere.15

Sampling Procedure
Field experiments were conducted for a period of 1 month.
A continuousmonitoring of particle number, mass, and BC
concentrations was done during both operating and non-
operating hours of the printing center. Air sampling was
done at a height of 1.5m from the ground (nose levels of an
average human being), directly above the printers. During
the sampling period, the printing center was open for nor-
mal business, with students moving in and out of the room
for using laser printers. Measurements were also taken
simultaneously at a distance of 4.5 m away, at the opposite
end from where the printers were located, at the same
height using an additional FMPS for a week.

Air samples were collected in the middle of the room
for the analysis of VOCs by using air canisters. The samples
were collected three times a day: (a) before the opening of
the center (i.e., prior to printing or idling mode, at 06:00
a.m.); (b) when the center was just opened for students (the
start of the printing activity, 09:00 a.m.); and (c) during the
heavy usage of printers (peak printing, 12:00 p.m. to 03:00
p.m.), for two consecutive days.

For chamber experiments, background particle num-
ber concentrations inside the chamber were measured for
30 minutes prior to the start of the experiment after adjust-
ing the flow rates of the compressed air and the exhaust fan
in the chamber to attain the desired ACH. A standard for-
mat (ECMA-328) was used for printing on A4 size blank
pages (80 g/m2). The printing rate for the printer was 45
pages per minute. A continuous monitoring of particle
number concentrations and size distributions was con-
ducted during the printing process and was continued
after printing until the concentrations in the chamber
reached their background levels. These experiments were
repeated three times for consistency.

RESULTS AND DISCUSSION
VOCs in the Printing Center

Due to extreme temperatures of the fusion roller (�200 �C),
laser printers emit a considerable amount of VOCs than any
other types of printers.6,7 In order to examine and assess the
contribution of laser printers to VOCs in the indoor air of
the printing center, air samples were collected during three
operating conditions of the printing center typically
encountered in a day (before the printing center was
open: 07:30 a.m.; when the printing center was just open:
09:00 a.m.; and during peak printing hours: 12:00 p.m.).
Table 2 presents the average concentrations of 15 selected

Table 1. Operation hours, room dimensions, environmental conditions, and types
of ventilation.

Indoor characteristics

Operation hours (weekdays) 08:30 a.m. to 9:00 p.m.
Operation hours (weekends) 08:30 a.m. to 5:00 p.m.
Total internal volume (m3) 206.55
Total internal floor area (m2) 81
Number of persons per m2 0.5
Indoor operation temperature (�C) 26
Air humidity (%) 55

Air-conditioning
unit

Model FXA50LVE FXF80LVE
Quantity 3 2
Air flow rate

(m3/min)
12 20

Filtration Resin net
(washable)

Resin net (mold
resistance)

Ventilation system Principle (%) 100 � mixing
Mean recirculation 90%
Heating system n.a.
Humidification n.a.

Printer characteristics

Model 4300 dtn 4250 n
Power consumption

(watts)
Off 0.1 0.3
Standby 26 13
Power save

mode
24 20

Printing 685 680
Cartridge HP 39 A HP 19A
Toner density (range 1–5) 3 3

Betha et al.
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VOCs. As shown in the table, compounds such as freons,
methyl chloride, carbon tetrachloride, and 1,1,1-
trichloroethane did not show any significant variation in
their concentration levels during the different operating
conditions of the printing center. This observation indi-
cates that these compounds were not emitted within the
printing center, but were likely transported from outdoor
air into the printing center through the ventilation system.
Concentrations of ethylbenzene, xylene (o-, m-, p-), iso-
prene, and styrene associated with the toner were higher
than those in the background levels during peak printing
hours. Unlike the environmental chamber where the only
emissions source is the printer, in the printing center there
are many other emissions sources for VOCs. VOCs such as
a- and b-pinene, (associated with paints, wall coatings) and
methylene chloride (associated with adhesives, tapes, etc.)
were also found in significant levels in the printing center.
It should be noted that although toluene was present in
higher levels before the printing center was open, its con-
centration decreased during peak printing hours. Similarly,
styrene was also found to decrease during peak printing
hours. This reduction in their concentrations is probably
because of the release of ozone during peak hours. Ozone
concentrations were not measured in the printing center.
However, it is reported by Lee et al.6 that laser printers on an
average emit ozone in the range of 1.2–1.0 mg/copy, which
are much higher compared to emissions from other printer
types such as inkjet printer (0.05 mg/copy). This observa-
tion is supported by Kagi et al.7 who found that ozone levels
increased by nearly 4 times from the background levels
during the course of printing activity (from 1.5 to 6 ppb).
It is therefore reasonable to assume that ozone emitted
from laser printers would react with VOCs to form second-
ary aerosol particles. Benzaldehyde, formed due to toluene

reacting with ozone, and styrene are some VOCs that have
relatively high potential to form secondary organic aerosol
than other VOCs.16 Also, a rise in nuclei-mode particles and
lowest peak diameter (Figure 1) was observed around the
same time (peak printing hours: 12:00 p.m.). We hypothe-
size that the decrease in the concentrations of toluene and
styrene during peak hours was due to new particle forma-
tion. More research is needed to verify this hypothesis.

Number Concentrations and Size Distributions in
the Printing Center

A statistical summary of the characteristics of
submicrometer-sized particles for three size ranges (5.6–50,
50–100, and 100–560 nm), as measured in the printing
center during operating and nonoperating hours, are
shown in Table 3 for the entire sampling period. The
changes in the particle number concentrations for all
three size ranges during operating and nonoperating
hours were analyzed statistically using analysis of variance
(ANOVA), two factors with replication. UFPs in the size
range of 5.6–100 nm showed a significant increase (P <
0.01) during operating hours and accounted for about
87%and 82%of the total submicrometer particles for week-
days and weekends in the printing center, respectively.
During operating hours, the number concentration of
nuclei-mode particles (5.6–50 nm) increased by a factor of
2.7 and 1.8 during weekdays and weekends, respectively,
when compared to those measured during nonoperating
hours. On the other hand, particles in the size range of
100–560 nm showed an insignificant increase (P > 0.1) in
their concentrations during operating hours. The observed
increase in the particles with the nuclei mode and UFPs
during operating hours suggests that those particles were
freshly emitted due to the intense printing activity. On an

Table 2. Mean and standard deviations of VOCs (mg/m3) measured inside the printing center during different operating modes of printers.

Chemical Compound Before Printing First Few Printing Peak Printing Period Supply Air

Freon11 1.43 � 0.06 1.44 � 0.09 1.39 � 0.01 1.42 � 0.01
Freon 12 2.95 � 0.33 2.95 � 0.34 2.70 � 0.01 2.85 � 0.09
Freon 113 0.61 � 0.01 0.61 � 0.01 0.61 � 0.01 0.61 � 0.01
Freon 114 0.12 � 0.00 0.12 � 0.00 0.12 � 0.00 0.12 � 0.00
Methyl chloride 0.07 � 0.01 0.07 � 0.01 0.06 � 0.00 0.07 � 0.01
Carbon tetrachloride 0.56 � 0.01 0.57 � 0.03 0.56 � 0.01 0.56 � 0.01
1,1,1 -Trichloroethane 0.07 � 0.01 0.07 � 0.01 0.06 � 0.00 0.07 � 0.01
1,3-Butadiene 0.45 � 0.49 0.44 � 0.34 0.19 � 0.01 0.15 � 0.09
Trichloroethene 3.34 � 3.59 3.20 � 1.90 0.50 � 0.24 0.44 � 0.31
Benzene 3.86 � 4.04 4.03 � 2.55 2.84 � 0.01 1.06 � 0.18
Toluene 26.47 � 3.68 25.82 � 1.59 17.35 � 2.35 6.39 � 2.11
Styrene 2.93 � 1.94 8.58 � 3.17 5.92 � 2.32 0.03 � 0.01
3-Methylpentane 2.14 � 2.32 2.01 � 1.63 2.13 � 1.22 1.96 � 1.09
a-Pinene 2.83 � 1.79 2.67 � 1.82 1.16 � 0.54 1.03 � 0.67
b-Pinene 1.22 � 0.82 1.11 � 0.81 0.58 � 0.23 0.35 � 0.22
Methylene chloride 3.02 � 2.25 2.88 � 1.27 5.57 � 6.20 1.67 � 1.53
2-Methylpentane 3.78 � 3.69 5.01 � 2.56 5.09 � 2.84 1.29 � 1.03
Isoprene 4.28 � 1.53 3.43 � 2.11 11.59 � 10.76 3.56 � 1.42
Ethylbenzene 6.51 � 3.40 7.95 � 4.26 10.84 � 2.89 4.68 � 2.14
m-Xylene 3.79 � 2.36 3.36 � 1.65 4.08 � 1.10 3.21 � 2.02
p-Xylene 2.92 � 2.13 3.60 � 2.21 4.09 � 0.22 2.38 � 2.08
o-Xylene 3.39 � 1.94 3.82 � 2.24 5.71 � 1.16 2.14 � 1.42
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average, a total of 5000�9000 pages were printed daily in
weekdays and 1000–2000 pages on weekends during oper-
ating hours. Smoking was not allowed inside and even in
the vicinity of the printing center. In the absence of smok-
ing activity, other human activities such as the movement
of users of the printing facility are not likely to have any
major influence on the number concentration of particles
with aerodynamic diameter less than 1 mm.17 Therefore,
the only major source of particles other than the resuspen-
sion of the settled particles and the ventilation blown dust
is the release of particles from laser printers. As can be seen
in Table 3, the variation of particle number concentrations
(as represented by the standard deviation) was high for
UFPs (5.6–100 nm) during operating hours. This high var-
iation could be due to variations in the intensity of printing
activity during operating hours (5000�9000 pages in week-
days and 1000–2000 pages on weekends). The little varia-
tion observed in the number concentration of 100–560 nm
particles suggests that these particles were less dependent
on the printing activity. These results indicate that the large
counts of UFPs found in the indoor air of the printing
center were mainly due to the printing activity. A previous
study conducted in an office environment also observed an
increase in the concentration of UFPs released during oper-
ating hours due to printing activity.7

Figure 2 shows particle size distributions in the print-
ing center as measured at different times in a day. As shown
in the figure, the smallest peak diameter (�50 nm) was
observed around 12:00 p.m., and the largest (100 nm) at
06:00 a.m., before the center was open for business. The
activity in the printing center was high in the morning
session (09:00 a.m. to 12:00 p.m.) than in the afternoon
and decreased drastically after school hours (06:00 p.m.).
The smallest peak diameter observed at 12:00 p.m. corre-
sponds to the peak printing period, indicating that large
numbers of UFPs were released during printing activity.
The peak diameter increased slightly after 12:00 p.m.,

with reduction in the printing activity, and after 06:00
p.m., the peak concentrations decreased drastically.

Due to the routine maintenance activities at the con-
denser side of the air conditioning unit, which was located
outside the printing center, one of the air conditioning
systems was shut down for 1 day. The air change rate was
reduced, by about 35% (ACH �1.04 hr�1) until 06:00 p.m.
Particle size distributions at the reduced ACH (shown in
Figure 3) exhibited a bimodal distribution, which was con-
trary to the unimodal size distribution observed during
normal air change rates. The nuclei-mode particles (dia-
meter <50 nm) increased nearly 3 times as compared to
that of normal air change rates and their percentage con-
tribution increased from 44%during normal conditions to

Table 3. Statistical summary of particle number concentrations during operating and nonoperating hours.

Mean Median Max. Min. SD

Number Concentration during Operating Hours (n/cm3)
Weekdays
5.6–50 nm 4.87 � 103 3.97 � 103 1.29 � 104 1.31 � 103 1.95 � 103

50–100 nm 4.47 � 103 3.38 � 103 7.74 � 104 1.75 � 103 1.02 � 102

100–560 nm 1.23 � 103 1.07 � 103 2.08 � 103 6.10 � 102 4.05 � 102

5.6–560 nm 9.78 � 103 8.12 � 103 2.12 � 104 5.59 � 103 1.94 � 103

Weekends
5.6–50 nm 2.94 � 103 2.82 � 103 4.47 � 103 1.25 � 103 9.54 � 102

50–100 nm 2.73 � 103 2.64 � 103 5.46 � 103 1.85 � 103 8.81 � 102

100–560 nm 1.20 � 103 1.12 � 103 2.32 � 103 5.11 � 102 3.86 � 102

5.6–560 nm 6.89 � 103 6.62 � 103 1.10 � 104 5.11 � 103 1.01 � 103

Number Concentration during Nonoperating Hours (n/cm3)

5.6–50 nm 1.63 � 103 1.44 � 103 3.18 � 103 7.76 � 102 6.02 � 102

50–100 nm 2.64 � 103 2.47 � 103 4.41 � 103 1.52 � 103 7.92 � 102

100–560 nm 1.19 � 103 1.13 � 103 2.04 � 103 5.69 � 102 4.35 � 102

5.6–560 nm 5.45 � 103 5.00 � 103 9.25 � 103 3.18 � 103 1.62 � 103

Figure 2. Particle size distributions measured at different times in a
typical working day.
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61% of the total submicrometer particles concentration.
From Figure 3, it can be observed that when some of the air
conditioning units were shut down at 09:00 a.m., an addi-
tional peak with diameter between 10 and 20 nm appeared
in the particle size distributions. The concentration of
these particles continued to increase till late afternoon
and then started decreasing. The influence of human
activity on these changes can be ruled out because it has
little or no effect on the concentration of UFPs.17 Instead,
this variation could be attributed to the nucleation of
emitted VOCs. The smaller-diameter particles observed
in the size range of 10–20 nm could be formed freshly
due to the reaction of ozone with the emitted VOCs.18

The formation of the secondary peak and its rise cannot
be solely due to the printing activity, as evident from
Figure 2. Although printing activity was high at 12:00
p.m. compared to other times, the particle distribution
was still unimodal similar to other time points.
Therefore, the secondary peak observed might be due to
the reduced air exchange rate, under which condition the
precursors of new particles have a longer residence time
and therefore undergo gas-to-particle conversion. When
the air change rate was in the normal range with all air
conditioning units being functional, the emitted VOCs
and ozone were likely to be well-dispersed and diluted or
vented out. As a consequence, there will not be sufficient
time for the reaction between the precursors to take place
and go to completion. However, when there was a reduc-
tion in the air change rate, there was an increase in the
residence time of the contaminants such as VOCs and O3

emitted from the printers and also the room temperature
rose up to 29.3 �C as compared to normal average room
temperature of 22 �C. Under these favorable conditions, it
is likely that there was an increase in the rate of vapor-to-
particles formation, that is, secondary aerosol forma-
tion.19 Similar results were reported recently by Fadeyi
et al.18 and also by Zurami et al.20 in their study on sec-
ondary organic aerosol formation in indoor environ-
ments. They found that when recirculation rates were

decreased in their environmental chambers, particle num-
ber concentrations in the size range of 20–30 nm were
increased. When all the air-conditioning units were back
in operation at 06:00 p.m., the particle size distribution
showed a drop in the number concentration and returned
to the unimodal size distribution. During normal ventila-
tion rates, the maximum total submicrometer particle
concentration was observed around 12:00 p.m., when
the printing activity was high. However, with reduced
recirculation rates, the concentration increased till 03:00
p.m. when it reached the maximum values.

To gain a better understanding of the exposure levels
of occupants within the room, particle number concentra-
tions were alsomonitored at a distance of 4.5m away from
the printers. The height at which measurements were
made was maintained at 1.5 m. As shown in Table 4, the
fraction of particles in the size range of 5.6–50 nm
increased to 50% of total submicrometer particle concen-
tration at the sampling point away from the printer,
whereas it was 38% at a point near the printer. The stan-
dard deviation values indicated that the variation of the
particle number concentrations near the printer was
greater compared to that at the distant sampling point.
In the immediate vicinity of the printers, the particle
number concentrations were affected by the intensity of
printing activities; the particle number concentrations
were high when there was more printing activity and
were low when there was no activity. However, at the
distant sampling point away from the printer, the particles
tend to be dispersed efficiently and be distributed uni-
formly, thereby reducing the variations in the particle
number concentrations.

Figure 4 shows particle size distributions at the distant
sampling point (4.5 m away from the printers) in the print-
ing center during different times in a day. Unlike the parti-
cle size distributions shown in Figure 2 with the peak
diameter above 50 nm, the peak diameters at time points
09:00 a.m. to 12:00 p.m. were close to or less than 40 nm, as
shown in Figure 4. For size distribution profiles at time
points 03:00 p.m. to 09:00 p.m., the peak diameters were
greater than 40 nm. However, for all the other time points
the peak diameters were significantly lower compared to
their respective peak diameters near the printer, with an
exception of that at 09:00 p.m. At 09:00 p.m. the size dis-
tribution profile was similar to that observed near the prin-
ter. Also, the particle concentrations in the range of 5.6–20
nm were considerably higher as compared to those
observed near the printer. The VOCs emitted from the
printer could nucleate during the course of their transport,
resulting in the new particle formation in the nuclei-mode
range and was responsible for the shift in the size distribu-
tion. A delayed response in the peak particle concentration
was observed, presumably due to particle agglomeration.
The peak concentration was observed only at 03:00 p.m.,
whereas near the printer, the peak concentration was
observed around 12:00 p.m. These observations suggest
that the occupants of the printing center were exposed to
UFPs formed from reaction between ozone (O3) and VOCs
emitted during printing apart from the immediate users of
the printers.

BC concentrations were also monitored during the
study period. The correlations between hourly average

Figure 3. Particle size distributionsmeasured in the printing center at
reduced recirculation rates.
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particle number concentrations in the three size ranges (5.6–
50, 50–100, 100–560 nm) and BC concentrations are shown
in Figure 5. Spearman rank order correlation coefficients (rS)
were calculated. As shown in Figure 5a and b, there was no
significant correlation between BC concentration and UFPs
in the size range of 5.6–50 nm (rS ¼ �0.19) and a modest
correlation in the size range of 50–100 nm (rS ¼ 0.33) at P ¼
0.05. However, there was a strong correlation with fine
particles in the size range of 100–560 nm (rS ¼ 0.82), as
shown in Figure 5c. Although the chemical analysis of air-
borne particles emitted from printers remains to be done to
understand the chemical nature of the particles, it appears
that the UFPs were not primarily released from the toner
dust and represent secondary particle formation
from emitted VOCs. UFPs released from the toner dust,
which are primarily made of BC, should show a good corre-
lation with BC concentrations measured simultaneously,
which was not observed. Also, the observed increase in
UFP concentrations during peak hours and at reduced

recirculation rates when VOCs and ozone concentrations
were high supports the idea that UFPs might not represent
primary emission from the toner dust.

Particles Number Concentrations and Size
Distributions in the Chamber

A complementary study in a custom-designed chamber was
conducted to confirm the trends observed in the printing
center. Figure 6 shows the particle size distribution inside
the chamber during printing at different air change rates.
While the air change per hour (ACH) was maintained at 1,
particle distributions showed a peak at 70 nm. However, as
the air flow rate was decreased to 0.6 and subsequently to
0.4 ACH, the peak shifted towards smaller diameters in the
range of 34–52 nm. An additional peak at the diameter
around 16 nm was also found with the decrease in
ACH. The trends observed in the chamber at reduced ACH
are very similar to those observed in the printing center
when the recirculation rate was reduced due to the routine
maintenance of air-conditioning units. UFPs accounted for
approximately 85% at 1 ACH, which increased to 95% and
97% of the total submicrometer particle number concen-
trations in the printing chamber when the air circulation
rate was reduced to 0.6 and 0.4 ACH, respectively. These
results suggest that the number of UFPs released is not only
dependent on the printer type and age as reported else-
where,6,7 but also on the indoor room conditions. Reduced
or poor ventilation in the printing center can exacerbate the
IAQ problems associated with the release of UFPs from
printers.

Variations of particle number concentrations with the
total number of pages printed in the chamber and in the
printing center are presented in Figure 7. Itwas observed that
with the increase in number of pages printed, the particle
number concentrations increased correspondingly in the
chamber study, whereas in the printing center the variation
of particle number concentration was erratic and did not
follow any particular trend. This is because the chamber
studies were conducted in a controlled environment and
the background concentrations remained the same for
all experiments. However, in the case of the printing center,
the background concentration varied constantly due to

Table 4. Statistical summary of particle number concentrations measured near and away from printers.

Mean Median Max Min SD

Number Concentration Near the Printer (n/cm3)

5.6–50 nm 3.44 � 103 3.03 � 103 9.15 � 103 1.00 � 103 1.96 � 103

50–100 nm 3.89 � 103 3.05 � 103 8.48 � 103 1.80 � 103 1.84 � 103

100–560 nm 1.21 � 103 1.14 � 103 2.67 � 103 7.55 � 102 4.40 � 102

5.6–560 nm 8.54 � 103 8.48 � 103 1.96 � 104 3.79 � 103 2.67 � 103

Number Concentration Away from the Printer (n/cm3)

5.6–50 nm 3.53 � 103 3.74 � 103 6.52 � 103 2.05 � 103 1.05 � 103

50–100 nm 2.39 � 103 2.52 � 103 5.05 � 103 1.65 � 103 1.09 � 103

100–560 nm 1.08 � 103 9.85 � 102 2.33 � 103 5.99 � 102 2.57 � 102

5.6–560 nm 7.01 � 103 6.81 � 103 1.29 � 104 3.47 � 103 1.42 � 103

Figure 4. Particle size distributions measured away from the printer.
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continuous printing operations, fluctuations in the ventila-
tion flow rates, and movement of people in and out of the
printing center. In addition, the controlled chamber experi-
ments had a standardized printing pattern such as ECMA-
328, whereas the printing patterns changed for almost every
single page in the printing center. All these factors mask the
true effects of the number of pages printed on the particle
emissions in the printing center.

CONCLUSIONS
In this study, the indoor air of a commercial printing center
was investigated for submicrometer particles and VOCs.
VOCs such as freons, carbon tetrachloride, methyl

chloride, 1,1,1-trichloroethane did not show any variation
in their concentrations during the entire sampling period,
indicating that these compoundswere not emitted indoors.
Compounds such as styrene, ethylbenzene, and o, m, and
p-xylene were high during peak printing hours than other
times of the day. However, some VOCs (toluene, benzene,
and styrene) showed lower concentration levels during
peak printing hours than during nonoperating hours.
Particle number concentrations, especially those of UFPs,
increased during peak printing activity andwere dependent
on indoor conditions such as air change rates. At lower ACH
values, nuclei-mode particles (diameter <50 nm) increased
several times and contributed to a large fraction of total
submicrometer particles (�60%). These particles were likely
formed from the reactions between ozone and VOCs
emitted from printers. Also, it was found that the particle
peak diameters measured at a distant point away from
printers were smaller when compared to those in the
immediate vicinity of printers. Based on correlation
observed between black carbon and UFPs (rS ¼ �0.19 for
nuclei-mode particles and rS ¼ 0.33 for 50–100-nm

Figure 5. Spearman rank order correlation between black carbon
and different size particles in printing center.

Figure 6. Particle size distribution measured at different air exchange
rates in the controlled chamber.

Figure 7. Variation of particle number concentrations with total
number of pages printed in the chamber and the printing center.
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particles), we suggest that the direct release of UFPs from
the toner cartridge was unlikely, because the toner particles
were primarily made up of carbon black. Instead, it is likely
that UFPs represent secondary aerosols that might have
resulted from the ozone-induced oxidation of VOCs
emitted during the printing activity.
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