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The present work investigated particle emissions for 10 min operating time for commercial color laser
printers having different printing speeds (5, 24, 38 prints per minute (ppm)) in an experimental chamber
(5 m®) under 1 h™! of air exchange rate. Number and mass concentrations of the emission particles were
measured, and a correlation between emission and printing speed is discussed. The average mobility
equivalent particle diameter (50—244 nm) of the emission was proportional to the printing speed
(5—38 ppm) but the average particle number concentration (5.3—12 x 10* particles cm~3) was
inversely proportional to the speed. From morphology analyses of the particles, it could be esti-
mated that the number decrease (or diameter increase) rates of the primary particles due to
coagulation were 3.25 (0.17), 3.40 (0.44), and 9.31 x 10° (0.96) particles cm™> s~! (nm s™') for 5,
24, and 38 ppm, respectively. Corresponding particle mass emission rates (or mass emission per
print) were 0.007 (0.23), 0.039 (0.27), and 0.449 (1.97) mg h™! (x1074 mg print~!) for 5, 24, and
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38 ppm, respectively.
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1. Introduction

Computers, printers, copiers and other electronic equipment are
a common part of the home and office environments. Different
types of home or office printing devices have been used to an
ever-increasing degree since their first commercial introduction
(Lee et al., 2001). An electrophotographic system is one of the most
common printing techniques, and widely used for laser printers
and photocopiers (Chen and Chiu, 2008). The requests for
improvement of the printing technology, such as high speed, high
quality, downsizing, high stability, low cost, energy saving, envi-
ronmental friendliness, and so on, increase more and more with the
rapid development of information technologies in the past decade
(Mio et al., 2009).

Airborne particles in indoor environments are considered to be
an important factor due to various health effects and also for how
inhabitants perceive the environment (Gudmundsson et al., 2007).
Laser printers are widely used in occupational settings (Hinninen
et al,, 2010), but an indoor source of fine airborne particles which
has recently come to attention is the use of laser printers for home
or office use (Kagi et al., 2007). Previous studies (He et al., 2007;
Schripp et al,, 2008; Wensing et al., 2008) have reported on the
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emission of submicron (<1 pm)- and ultrafine (<0.1 pm)-sized
particles from commercial laser printers, and more recently, the
particle source (Wensing et al., 2008; Kim et al., 2009) and particle
removal using commercial filters (Wensing et al., 2008) were
described. There have been several studies on printer particle
emissions, but it only described differences of the emission rate
with different printers. It has been shown that there are potentially
many factors that may affect printer emission rates and other
emission characteristics including: printer model and age, cartridge
type and age, as well as paper type. However, fundamental gaps in
knowledge still remain, for example, it is not clear what normally
makes a printer a high emitter or why some models alternate
between being low and high emitters.

Nevertheless, Kim et al. (2009) reported that the particles from
a laser printer mainly emitted from a toner fixation unit, the so-
called a fuser, and consequently, the fuser operating condition
may induce different particle size distributions from the operation
of the printer. The final step in the laser printing processes is the
permanent fixation of the applied toner image on the paper by the
fuser. In general, fusing involves the physical-chemical mechanisms
of melting of the thermoplastic base polymer(s) of the toner, fol-
lowed by particle sintering or coalescence, spreading on the paper
surface and penetration into its pores, prior to resolidification
(Pettersson and Fogden, 2006). The condition of the fuser operation
normally depends on its printing speed, and thus, this may intro-
duce a variety of size distributions of emission particles during the
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printing process. On the other hand, it is impossible to satisfy all of
the requests and manufacturing the new laser printer is very tough
work. For example, if the newly fabricated toners or fuser systems
are starting to be used for the high speed printing and/or high
quality of printed images, it is difficult to control particle emissions
and also optimize electrophotographic parameters. Thus, it is
important to develop a better understanding of the emissions from
the printers with different speeds in order to apply the emission
trend into an optimization of the printer design and/or emission
control.

To address this need, we have measured number and mass
concentrations of the emission particles using a scanning mobility
particle sizer (SMPS) and a particle mass monitor (PMM) in an
experimental chamber (5 m?), and a correlation between the
emission and printing speed (5, 24, and 38 prints per minute
(ppm)) was discussed.

2. Experimental

Recent measurements showed differences between the particle
emissions from printers made by different manufacturers. In this
work, three printers from the same manufacturer were tested to
perform parametrically. Our experimental setup (a) and real image
(b) are shown in Fig. 1. Commercial laser printers with different
printing speeds (5, 24, 38 ppm), which were the triboelectric
charging type of color printers with a modification to easily
compare particle emissions were individually placed in a test
chamber of 5 m? in a volume. The 5 and 24 ppm printers contained
a single-component (charging between toners) electrophoto-
graphic system while the 38 ppm printer contained a two-
component (charging between toner and magnetic particle
(carrier)) system. The chamber was designed using stainless steel,
and the experiment was carried out in the chamber operated at

) A

a temperature of 23 °C and 50% relative humidity. Filtered air using
an activated carbon bed and a high efficiency particulate air (HEPA)
filter was delivered to the top of the chamber, and the air was
exhausted from the bottom of the right-side of the chamber with
a flow rate of 83.5 L min~"' (air exchange rate: 1 h~! following the
RAL-UZ 122 printer testing procedure for the German "Blue Angel"
certification).

In testing, the printer was placed in the bottom of the chamber,
and the measurements were conducted in three phases: (1) back-
ground concentration measurements were taken until the particle
number concentration in the chamber was lower than 100
particles cm™> and the mass concentration was lower than
0.001 mg m~> (which was controlled by introducing filtered air),
(2) concentration measurements were taken immediately after the
print job, and (3) a measurement was taken ~240 min after the
print job had finished. The same brand of standard quality white
paper (80 g m~2) was used in all tests.

The number and size distribution was monitored over the
entire duration of the experiment by a SMPS system consisting of
a differential mobility analyzer (3081, TSI), a condensation particle
counter (3025, TSI), and an aerosol charge neutralizer (Aerosol
Neutralizer 4530, HCT). The SMPS system was operated with
a sample flow rate of 1.0 L min~', and the concentration of
particles with a mobility equivalent diameter 15—700 nm was
measured. The particle mass concentration was measured using
a piezobalance type PMM (3521, Kanomax). Sampled particles first
became electrically charged and collected on the piezo-crystal. The
total mass of the collected particles affected the frequency of the
piezo-crystal. Since the change in frequency was proportional to
the mass of the particles, the actual weight of the particles was
obtained.

The number and size distribution and mass concentration were
simultaneously measured in a time-dependent manner when the
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Fig. 1. (a) Schematic of the experimental setup. (b) Real image.
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20% color pattern (Blue Angel RAL-UZ 122) was printed on the
paper for 10 min with 5 (50), 24 (240), or 38 ppm (380 prints) of
each printing speed. Experiments for each printing speed were
repeated 3 times.

3. Results and discussion

Fig. 2a shows ppm time-dependent number and size distribu-
tions of emission particles during a 240 min time period. There was
an observable increase in the concentration ( ~10% particles cm—3)
when printing began. The increase in the particle concentration
during the printing was due to the time required to fill the chamber
with a sufficiently high particle concentration. For the 5 ppm case,
an average particle diameter of ~45 nm appeared when the
printing was started. The following SMPS measurements showed
the shift of particle diameter which became larger (~75 nm) while
continually decreasing in magnitude (refer Fig. 2b). Changes in the
distribution due to coagulation and particle size-dependent depo-
sition were suggested. Size distribution change through particle
loss to the chamber walls, such as through particle deposition due
to Brownian or turbulent diffusion or due to thermal gradients
(thermophoresis), were rather slow processes. For example, BéEmer
et al. (2002) showed that for particles <5 um, the time scale for
a significant change in the particle number concentration due to
turbulent diffusion was in the range of 1 h; for Brownian diffusion it
was even longer. On the other hand, collisional growth, which was
a function of the number concentration, could produce a significant
change in size distribution within minutes or seconds during
common workplace conditions. It could be concluded that
a remarkable change of the size distribution during printing and

a decay of concentration after printing might be dominantly
affected by coagulation and particle deposition, respectively.

Fig. 2a also shows that the size distributions of the particles
emitted from the printers were monodisperse. In the presence of
background particles, i.e., during the printing, the particles evolved
very rapidly into a quasi-steady state. At the high end of the
background concentration, almost all the primary particles van-
ished due to attachment onto the larger background particles (i.e.,
agglomerates), thus a peak of the primary particles was invisible in
the size distribution depending on the coagulation rate. The coag-
ulation rate was proportional to the square of the particle
concentration and thus rose rapidly as the chamber fills, leading to
coagulation and to a decrease in concentration. According to
reports by Schripp et al. (2008) and Wensing et al. (2008), the rapid
measurement also reported that the emission contained a remark-
able amount of particles near a diameter of 10 nm. From scanning
electron microscope (SEM) analyses, the measured particles in this
work were mostly clusters of very small particles (i.e., primary
particles, ~10 nm; refer to insets in Table 1), and these were aged
particles consisting of large, loose coagulates. Equation (1)
described the change in the number concentration (or particle
diameter) of primary particles as a function of collisions within the
primary particles as well as collisions with background particles
where the concentration is consistent with the following equation:

dGpp ddpp 2

= (orT) e (KppChp + Kop CopCop ) (1)
where, Cpp and Cpp are the respective number concentrations of
primary (measured by SEM) and background (measured by SMPS)
particles, dpp, and dpp are the diameters of the primary and
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Fig. 2. Time dependent results of particle emission with different printing speeds (5: left, 24: center, and 38 ppm: right). (a) Number size distribution and (b) change of average

number concentration and diameter.
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Table 1

Changes in the number concentration and diameter of emission particles with different printing speeds.

Items 5 ppm

24 ppm 38 ppm

dpp (Nm)

dpp (Nnm)

D¢ 1.58 1.66 1.82

Npp 15.8 56.4 191.1

Cpp (particles cm—3) 5.28 x 10* 147 x 10* 117 x 10*

Cpp (particles cm™3) 0.83 x 10° 0.83 x 10° 224 x 10°

Number concentration decrease rate (particles cm—>s~!)  2.71 x 10° 3.40 x 10° 9.31 x 103

Diameter increase rate (nms~') 0.17 0.44 0.96

. 4KkT 2kTdpp (>30 ppm in printing speed), a fuser operation with a higher

background particles, Kpp(= 3_,u) and Kpyp(= 3ﬂdbp) are the temperature (<230 °C) than lower-speed printers (<200 °C) was

respective coagulation rate constants for homogeneous (between
primary particles) and heterogeneous (between primary and
background particles) collisions, kT the Boltzmann factor, and u the
gas viscosity (Hinds, 1999). Here, the Cpp, term was derived via the
production of Gy and npp (the number of primary particles in an
dpp
coagulation rate constants changed their size and number
concentration by coagulation, homogeneously by coagulation
within the particle size class or heterogeneously by interaction with
the background particles (Seipenbusch et al., 2008). Details of our
results are listed in Table 1. The average particle diameter was the
smallest for the 5 ppm printer (50.4 nm), although it was inter-
esting to note that the 5 ppm printer had the largest emission in
number concentration (5.3 x 10* particles cm~3). Lesser concen-
trations (or larger diameters) with increasing printing speed was
due to the higher coagulation rate with higher primary particle
concentrations.

Finally, we estimated the average particle mass emission rates
(Rames mg h~!) with different printing speeds, and the corre-
sponding approximation is as follows:

Rame = mppGypQ (2)

where my, (defined by my, = (W/G)pcordgp, where, pcor is the
correlation density between the mass concentration (Cpp-m)
measurements of SMPS and PMM.) is the mass of a particle with
a measured average diameter dpp and Q is the flow rate of the test
chamber (Virtanen et al., 2004). Additionally, particle mass emis-
sions per print (mpe-p) were estimated by dividing the mass emis-
sion rate with the printing speed. Details of the results are
described in Table 2.

From the results of the number size distribution and particle
mass emission (refer to Tables 1 and 2), the degree of emission was
proportional to the printing speed. In high speed printers

agglomerate; npp = ——, where Dy is the fractal dimension). The

Table 2
Average mass rate of emission particles with different printing speeds.
Items 5 ppm 24 ppm 38 ppm
Peor (g cm™3) 0.396 0.660 1.008
mypy (g particles™') 0.026 x 10> 0.536 x 10> 7.644 x 1071°
Cpp-m (g cm™3) 0.14 x 10~ 0.79 x 10~ 8.98 x 10711

Rame (mg h™1) 0.007 0.039 0.449
Mpe_p (Mg print') 023 x 1074 027 x 1074 1.97 x 1074

generally needed to promote a fast fixation of toners on paper.
More severe conditions for high speed printers induced a higher
rate of evaporation of toner and/or fuser materials. This resulted in
a higher rate of nucleation and condensation to form primary
particles, and these particles then coagulated to form agglomerates.
Kim et al. (2009) indeed reported that particle emission was
remarkably affected by a fusing temperature at a level of 190 °C.
Moreover, for the two-component printer (38 ppm case in this
work), small toner particles were mixed with larger magnetic
carriers. The toner and carrier were chosen so that they exchanged
electric charge and became oppositely charged when mixed
(Anderson, 1996). The surface of the applied toner particles was
typically coated with 10—100 nm silica particles to achieve a stable
image quality. In the two-component printer, a mixture of the toner
and carrier was picked up by a developer roll, metered using a trim
bar to achieve a uniform thickness, and transported to the devel-
opment zone where the toners were presented to the image on the
photoconductor. The toner and carrier particles were repeatedly
subject to mechanical stresses during the mixing, trimming, and
development processes. Ramesh (2009) reported that silica parti-
cles on the toner surface mostly detached during the two-
component printing processes by mechanical stresses. These
detached particles might also contribute to a remarkable increase
in the particle diameter and mass emission for the 38 ppm case. In
addition, from energy dispersive X-ray (EDX) analyses of sampled
emission particles, the 38 ppm case emitted ~2.8 times more
silicon elements than those in the 5 and 24 ppm cases.

4. Concluding remarks

The number and mass concentrations of the emitted particles
were respectively measured using SMPS and PMM, and a correla-
tion between the emission and printing speed was discussed. The
average mobility equivalent particle diameter (50—244 nm) during
printing was proportional to the printing speed (5—38 ppm) but the
average particle number concentration (53-12 x 10%
particles cm~3) was inversely proportional to the speed. From
morphology analyses of the particles, it could be estimated that the
rate of number decrease (or diameter increase) of primary particles
due to coagulation were 3.25 (0.17), 3.40 (0.44), and 9.31 x 103
(0.96) particles cm~3 s~! (nm s~!) for 5, 24, and 38 ppm, respec-
tively. By correlating between mass concentrations from SMPS and
PMM measurements, the average particle mass emission rates (or
mass emission per print) were estimated as 0.007 (0.23), 0.039
(0.27), and 0.449 (1.97) mg h~! (x10~% mg print~!) for 5, 24, and



276 J.H. Byeon, J.-W. Kim / Atmospheric Environment 54 (2012) 272—276

38 ppm, respectively. It could be concluded that larger printing jobs
for the same operating time might cause a higher frequency of
evaporation of toner and/or fusing materials, subsequent nucle-
ation and condensation into primary particles, and thus larger
values of number decrease (or diameter increase) and mass emis-
sion rates were observed. A remarkably large amount of the
emission at 38 ppm might have originated from a its operating
character, a two-component system, which might contribute to the
emission increase owing to a higher fusing temperature and easily
detached fine additive particles on the toner surface. The results
could provide an understanding of the emission trends of laser
printers with different speeds and provide information on the
emission control via pre- (i.e., during printer development and
manufacturing) or post-treatment (i.e., during printer operation)
concerns.
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