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Abstract
Printer toner is a material in everyday life. It is a cheap material which is distributed by many companies. Each printer and 
copier require specific toner material. Therefore, differences in the consistence occur concerning the size and chemical 
composition of the toner particles. They are known as microscaled objects which are made up of nanoparticles. The first 
goal of this investigation was to determine the material composition as well as the size, the shape and the possible crys-
tallinity of the particles from three different toner materials (distributed by Hewlett-Packard, Lyreco and Epson) to turn 
one’s attention whether these nanoparticles can be taken for scientific investigations instead of carrying out sophisticated 
preparation procedures. It was found that cheap toner material can be used to obtain crystalline SiO

2
 nanoparticles with 

a size of about 10–20 nm using the investigated toner material from HP and Lyreco. With benzene as solvent, they are 
agglomerated to particles of about 200–400 nm. Using n-hexane one gets single nanoparticles without agglomeration. 
Additionally, amorphous carbon nanoparticles can be gained with a size of approximately 80 nm using the toner powder 
from Epson. A further goal was directed to give more information concerning possible health hazards due to the use of 
printers and copiers which emit particle dust coming from the toner. Due to that particulate pollution inspiration can 
result in inflammatory processes in the lung up to lung cancer. Additionally, nanoparticles can have a toxic effect within 
cells and be mutagenic. For all three toner materials, the particles without dissolving show a diameter of about 10 μm . 
Therefore, most of these particles should remain in the nasopharyngeal region without reaching the alveolar region.
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1  Introduction

Printer toner is a material in everyday life. It is a cheap 
material which is distributed by many companies. Each 
printer and copier require specific toner material. There-
fore, differences in the consistence occur concerning the 
size and chemical composition of the toner particles. They 
are known as microscaled objects which are made up of 
nanoparticles [1].

Thus, the question arises whether these nanoparticles 
can be taken for scientific investigations instead of carry-
ing out sophisticated preparation procedures as, e.g., in 
gas aggregation sources [2], arc cluster ion sources [3] or 
magnetron sources [4] which require vacuum (a detailed 

overview is given in [5]) with a subsequent size selec-
tion  [6, 7] or by wet-chemical processes  [8]. The great 
advantage would be a fast and cheap possibility to obtain 
specific nanoparticles. An additional option would be the 
potential to use them for teaching purpose as well as for 
practical training.

The first step into that direction must be directed 
toward the determination of the chemical composition 
of the nanoparticles in order to see which materials are 
offered.

For nanoscaled objects, every property depends sig-
nificantly on the size [6], for example, optical [9–11], elec-
tronic [12], mechanical [6], chemical [13], magnetic proper-
ties [14] or the melting behavior [15].

Received: 10 December 2018 / Accepted: 16 April 2019

 *  M. Getzlaff, getzlaff@uni‑duesseldorf.de | 1Institute of Applied Physics, University of Düsseldorf, 40225 Düsseldorf, Germany. 2Institute 
of Inorganic and Structural Chemistry, University of Düsseldorf, 40225 Düsseldorf, Germany.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0501-9&domain=pdf


Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2019) 1:489  | https://doi.org/10.1007/s42452-019-0501-9

Therefore, it is extremely important to investigate not 
only the size but also the size distribution of the particles. 
The questions to be answered are related to whether a 
monomodal or multimodal distribution is present, the 
width of the distribution, the influence of different sol-
vents on these properties and the distinction of toner 
material from different companies.

Such an investigation may also be helpful to give more 
information concerning possible health hazards due to 
the use of printers and copiers [16] which emit particle 
dust coming from the toner [17–20]. Due to that particu-
late pollution inspiration [21, 22] can result in inflamma-
tory processes in the lung up to lung cancer [23–27]. The 
review of Bierkandt et al. [28] summarizes the toxicological 
effects of inhaled nanoparticles which have been already 
identified explaining the processes which cause different 
mechanisms in the respiratory tract and their resulting 
effects. Additionally, nanoparticles can have a toxic effect 
within cells and be mutagenic [29]. It was shown [30, 31] 
that this can be understood due to modification of the 
DNA methylation.

Unfortunately, only little quantitative information is 
available for the characterization concerning the size and 
chemical composition of the particulate matter emitted by 
office equipment [32, 33]. But, a toxicological assessment 
of the emitted particles requires the knowledge of their 
chemical composition [34]. Also, former investigations are 
carried out in dependence of printer or copier types [19] 
but not of possible toners which are made up of different 
content. The use of different toners may be the explana-
tion why in investigations of printers not only from dif-
ferent manufacturers but also for identically constructed 
devices often significant differences in the behavior of 
emitted nanoparticles are present [35]. Additionally, this 
emission depends on the temperature of the fuser [36, 37] 
and on the blackening rate of the print-out [19]. A subse-
quent detailed investigation showed that not the abso-
lute temperature of the fuser plays the dominant role but 
the temperature difference between the fuser and the 
environment [38].

The goal of this investigation is to determine the mate-
rial composition as well as the size, the shape and the pos-
sible crystallinity of the particles using several respective 
methods.

An additional aspect is related to possible differences 
in toners which are distributed by original equipment 
manufacturers to be used exclusively in their own printers 
and toners from general office supplies manufacturers to 
be used in many printer types which often offer recycled 
toner material.

Scanning electron microscopy (SEM) allows to image 
the shape of metallic objects and therefore in the case of 
particles the size. For thin samples or small objects, the 

size can also be determined using transmission electron 
microscopy (TEM).

With the help of energy-dispersive X-ray spectroscopy 
(EDX), the toner material can be analyzed for the elements 
present. The X-rays emitted by the sample are character-
istic of its element composition and may thus be used for 
qualitative and (semi)quantitative analysis. The generation 
of these characteristic X-rays can be carried out with X-rays 
as well as with high-energy electrons of, e.g., a scanning or 
transmission electron microscope.

In order to investigate properties of crystalline materi-
als, X-ray diffraction (XRD) represents a powerful tool. A 
powder X-ray diffractometer allows to study polycrystal-
line samples. Taking the Bragg condition in combination 
with monochromatic X-rays the diffraction at different net 
planes makes the option available to evaluate a specific 
Bravais lattice of a single compound or a mixture of com-
pounds. The parameters of the corresponding lattice are 
characteristic which thus enables to determine the ele-
ment itself or the stoichiometry of alloys.

For particles in a solution, the size can be indepen-
dently determined using dynamic light scattering (DLS) 
also known as photon correlation spectroscopy (PCS). The 
analysis of scattered laser light enables to determine the 
diffusion coefficient of particles. Particles of different size 
exhibit a different pronounced Brownian motion. Smaller 
particles possess a larger diffusion coefficient, larger ones 
a smaller coefficient. Using the Stokes–Einstein equation, it 
is subsequently possible to derive their size. Because parti-
cles in the solution have a ligand shell which influences the 
diffusion it is important to note that the size being evalu-
ated using this method is thus not identical to the size 
coming from SEM and TEM measurements but is larger.

2 � Experimental details

2.1 � Experimental techniques

Dynamic light scattering (also known as photon correlation 
spectroscopy PCS) uses scattered monochromatic light 
of dispersed material in a liquid. This technique allows to 
determine the diffusion coefficient D of the particles. This 
parameter depends among others on their size:

with T the temperature, � the viscosity of the liquid and R 
the so-called hydrodynamic radius. Thus, it is possible to 
estimate the size of nanoparticles in the range of nanom-
eters up to about several μm . The hydrodynamic radius is 
a measure for the force to translate the object “particle” 

(1)D =
kT

3��R
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or molecule through the solvent. Therefore, it generally 
results in larger values as compared to the core because 
the ligand shell of the particle also plays a nonnegligible 
role.

With respect to the characterization of the particle’s 
size distribution, a parameter used to define the size range 
of the particles in a solvent is called the “polydispersity 
index” (PDI). The term “polydispersity” (or “dispersity” as 
recommended by IUPAC) is used to describe the degree of  
nonuniformity of a size distribution of particles. PDI is a 
number calculated from a two-parameter fit to the correla-
tion data being gained during the DLS measurement. This 
index is dimensionless and scaled such that values smaller 
than 0.05 are mainly obtained with highly monodisperse 
standards. PDI values bigger than 0.7 indicate that the 
sample has a very broad particle size distribution and is 
probably not suitable to be analyzed by the dynamic light 
scattering technique.

X-ray diffraction (XRD) allows to identify unknown mate-
rial if it is crystalline which bases on the Bragg condition. 
One specific version of XRD is powder diffractometry 
which enables to investigate even polycrystalline samples. 
In this case, monochromatic X-rays illuminate the material 
under the varying angle � with the detector being rotat-
able under 2� . Intensity peaks due to diffraction at specific 
values of 2� allow to calculate the distance between net 
planes and the respective Miller indices which are finger-
prints of each crystalline material. The subsequent use of 
databases containing lots of diffraction pattern enables 
the determination of all contemplable species.

The size of nanoscaled objects like nanoparticles can 
additionally be estimated using the width of each diffrac-
tion peak with � the Bragg angle. This relation is known as 
the Scherrer [39] equation:

with d the diameter of the nanoscaled object, K the 
Scherrer constant, � the wavelength of the X-rays and w 
the width (e.g., the full width at half maximum FWHM). It 
should be noted that w is given in rad, for values in degree 
a proportionality factor of 57.3 must be taken into account.

Transmission electron microscopy (TEM) is used to deter-
mine the size of the particles. Because the absorption 
scales with the atomic number their metallic core can be 
distinguished from the solvent shell which mainly consists 
of light elements like C. Only thin systems or small particles 
can be investigated due to the transmission of the electron 
beam through the sample. The focused electron beam also 
results in the emission of characteristic X-rays. Their energy 
depends on the difference of electron binding energies. 
Therefore, this additionally carried out technique (energy-
dispersive X-ray spectroscopy EDX) allows to determine the 

(2)d =
K ⋅ �

w ⋅ cos �

chemical composition with the same resolution as the TEM 
investigation itself.

Scanning electron microscopy (SEM) uses reflected 
electrons. Thus, the restriction to thin samples or small 
particles in a TEM investigation is not given. The electron 
energy is lower as in TEM which results in a reduced lat-
eral resolution. The electrons can also be used for EDX in 
order to determine the chemical composition. It should 
be noted that for light elements up to about Z = 9 the 
quantification of the relative amount cannot be given with 
high accuracy. Therefore, these values are only discussed 
in the following in a qualitative way.

2.2 � Technical equipment

For XRD measurements, the D2 Phaser from Bruker was 
used which has a power of 300 W (30 kV, 10 mA) and a 
photon energy of 8.04 keV ( Cu K� , � = 1.5418 Å) with a 
flat Silicon, low background sample holder. DLS investi-
gations were carried out with the Nano S Zetasizer from 
Malvern. It allows to determine particle sizes between 0.3 
and 1000 nm, exhibits a laser wavelength of 633 nm and 
measures the scattered light under an angle of 173◦ . The 
TEM is the type E902 from Zeiss and allows a magnifica-
tion up to about 150,000. The HR-TEM is the model JEM-
ARM200F from JEOL with the additional option to do EDX 
investigations. The SEM type JSM6510LVQSEM from JEOL 
is equipped with a LaB

6
 cathode at 5–20 keV and a detec-

tor for EDX being Silicon-Drift-Detector x-Flash 410 from 
Bruker.

2.3 � Types of different toners

The toner from the company Lyreco (type 4.563.182) can 
be used for HP printers of the 2000 series and for Canon 
printers of the LBP 6000 and MF 5000 series. The toner 
HP CE320A from Hewlett-Packard with code number 
128A is manufactured for the HP LaserJet and HP LaserJet 
Pro series. The toner from Epson with the article number 
C 13 SO 50005-K is used for the printer series EPL 5500.

2.4 � Sample preparation

The toner particles were extracted directly from the 
fill (printer toner) of the respective cartridge by using a 
metallic powder spatula. Subsequently, they were filled 
into closed plastic tubes to be stored and used for the fol-
lowing measurements.

For the investigations with SEM/EDX and XRD, the 
respective printer toner with the nanoparticles from the 
closed plastic tube was put directly into the measurement 
devices without adding any solvent.
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(a)	 SEM Depending on the conductivity some samples 
have to be covered with gold (like the printer toner of 
Epson). If a sample exhibits a high conductivity (like 
the printer toner of Lyreco), it does not have to be 
covered with gold. Each sample was applied to the 
brass and aluminum holder of the SEM. Therefore, the 
signals from Au, Al, Cu and Zn in EDX measurements 
were neglected because these elements are not pre-
sent in the original toner material.

(b)	 XRD The undissolved sample was directly put into the 
diffractometer.

For DLS and TEM/EDX measurements a rolled edge glass 
(Behr Labor-Technik GmbH; 20 ml) was filled with a small 
amount of the respective printer toner. Subsequently, a 
solvent (benzene or n-hexane) was given to the printer 
toner until the whole dissolved sample became trans-
parent with a possible subsequent dispersion of the 
nanoparticles.

(c)	 DLS With the help of a glass Pasteur pipette (Brand 
GmbH+Co KG; 2  ml), the dissolved sample was 
dripped into a glass cuvette which was covered with 
a cap in order to prevent to get rid of the solvent.

(d)	 TEM A drop of the dissolved sample was given on a 
copper grid (Plano GmbH; Formvar/Carbon film; 200 
mesh) using a glass Pasteur pipette.

3 � Results

In this section, the properties of three different toner 
materials will be presented in detail. Two toner powders 
are from original equipment manufacturers (Hewlett-Pack-
ard and Epson) to be used exclusively in their own print-
ers and, for comparison, one from Lyreco being a general 
office supplies manufacturer to be used in many different 
printer types. These results are discussed and compared 
in the subsequent Sect. 4 concerning the different aspects 
given above.

3.1 � Toner Hewlett‑Packard

The content can be found in the data sheet to be amor-
phous silica, carbon black, styrene acrylate copolymer and 
wax. The respective relative amount is not declared.

3.1.1 � EDX

The chemical composition was determined by EDX and is 
listed in Table 1.

All detected elements are part of the components 
stated in the data sheet and no one is missing.

3.1.2 � DLS

After dissolving the toner material in benzene large par-
ticles with hydrodynamic diameters between 100 and 
700 nm are present (see top part of Fig. 1). The polydis-
persity index of 0.34 points to a moderately polydisperse 
size distribution. Using n-hexane as solvent one obtains 
significantly smaller particles (see bottom part of Fig. 1) 
which points to the subsequent dispersion of the nano-
particles in the solvent. Their hydrodynamic diameters are 
between 40 and 70 nm.

3.1.3 � XRD

For the determination of the crystallinity of the nanoparti-
cles in the toner material, X-ray diffraction measurements 

Table 1   Chemical composition of the HP CE320A toner material 
obtained by EDX

Element At. weight (%) Uncertainty (%)

C 97.2 10.6
O 2.2 0.6
Si 0.6 0.1

Fig. 1   Hydrodynamic diameter of HP  CE320A toner material 
obtained by DLS. Top: dissolved in benzene. Bottom: dissolved in 
n-hexane
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were carried out (see Fig. 2). The black curve shows the 
diffraction intensity of the toner material. The only mate-
rials which exhibit nearly the same diffraction peaks and 
are also made up of the elements which were determined 
by EDX (C, Si, O) are tridymite and �-quartz. The respective 
diffraction patterns are additionally given in Fig. 2. The red 
curve shows the pattern of tridymite, and the values were 
obtained from the RRUFF database (R090042). The green 
dots are values of � - or high-quartz [40] both being made 
up of silica.

One alone cannot reproduce all pattern of the toner. 
The pattern at about 21◦ agrees with one of �-quartz, 
whereas tridymite exhibits two peaks at 20.5◦ and 21.5◦ . 
The peak at 23◦ can be reproduced with both materials. At 
higher angles, no additional sharp peaks occur. Therefore, 
the diffraction pattern hints to crystalline particles consist-
ing of both types of silica. The broad structure between 38◦ 
and 48◦ can be understood as being due to amorphous 
carbon.

The two peaks of the diffraction pattern with the high-
est intensity are taken to estimate the size of the crystalline 
particles using the Scherrer equation (see Eq. 2). The black 
dots represent the measurement of the toner material, the 
blue curve a fit with two Gaussian functions (see Fig. 3) 
which can reproduce the data very well. The fit results in an 
angle of (21.0 ± 0.1)◦ and a width (FWHM) of (0.50 ± 0.01)◦ 
for the first peak and an angle of (23.4 ± 0.1)◦ and a width 
of (0.52 ± 0.02)◦ for the second peak, resp. Using a Scher-
rer constant K of 0.94 which is taken for spherical particles 
with cubic symmetry, the obtained diameters amount to 
(16.9 ± 0.3) nm for the first and (16.3 ± 0.7) nm for the sec-
ond peak.

3.1.4 � TEM

TEM images of the toner material which was dissolved 
in benzene are presented in Fig. 4. The left image shows 
large agglomerates with sizes of several 100 nm. A more 
detailed view is given in the right image. The object in 
the upper area proves that the agglomerates consist of 
small particles with sizes of about 20 nm. EDX measure-
ments carried out with high-resolution TEM show that 
only the chemical elements Si, C and O are present in the 
nanoparticles.

3.1.5 � SEM

SEM was used to investigate the toner material without 
(previous) dissolving (see Fig. 5). The left part shows large 
and nearly spherical particles with sizes between about 
5 μm and 10 μm . Using a high magnification (right part), 
the respective surfaces can be imaged. It is obvious that 
a lot of particles are located on the surface which are sig-
nificantly smaller than 50 nm.

3.1.6 � Conclusion

The determination of the chemical composition by EDX/
SEM results in C, Si and O and confirms the specification 
of the data sheet. The EDX measurement in a high-resolu-
tion TEM proves that the observed nanoparticles consist 
of these elements.

These results are in agreement with XRD investiga-
tions which demonstrate that crystalline material is pre-
sent which is exclusively made up of silica. The observed 

Fig. 2   X-ray diffraction pattern of the HP CE320A toner material 
after background subtraction (black curve). Two reference diffrac-
tograms were additionally given with tridymite (red curve) and �
-quartz (green dots) scaled to obtain the same maximum value

Fig. 3   X-ray diffraction pattern of HP CE320A toner material in the 
angle range between 20◦ and 25◦ (black dots). Both peaks were fit-
ted with two Gaussian functions (blue line)
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patterns can be understood by the coexistence of the two 
high-temperature configurations tridymite and �-quartz.

The SEM measurements show that the toner powder 
is build up of large particles with a size of about 10 μm 
which exhibit nanoparticles on their surface with a diam-
eter below 50 nm. In a solution, these large particles are 
not observable. This points to that they can be build up 
of, e.g., copolymers which are dissolved in the respective 
solvent. Subsequently, the nanoparticles from the surface 
are also dissolved. This was proven using DLS which led to 
different hydrodynamic diameters after dissolving in ben-
zene with 250 nm and in n-hexane with about 60 nm. An 
additional confirmation was given in the TEM investigation 
which showed larger particles with diameters of several 
100 nm being made up of smaller ones with a size of about 
20 nm. These small nanoparticles represent the crystalline 
material in the toner which was proven by the width of the 
XRD diffraction peaks. Using the Scherrer equation results 
in a diameter of about 20 nm.

3.2 � Toner Epson

A data sheet declaring the content of the toner material 
is not available.

3.2.1 � EDX

The composition of this toner is given in Table 2. In con-
trast to the other ones discussed only C and O are present 
but neither metals nor relevant amount of Si. It is there-
fore most likely that the material exclusively consists of 
polymers.

3.2.2 � DLS

The toner material was dissolved in benzene as well as in 
n-hexane. The respective hydrodynamic diameters were 
determined using DLS (see Fig. 6). The mean diameter of 
the particles being dissolved in benzene is about 200 nm 

Fig. 4   TEM image of HP 
CE320A toner material dis-
solved in benzene. Left: scale 
bar: 200 nm. Right: scale bar: 
100 nm

Fig. 5   SEM images of the HP 
CE320A toner material without 
a previous dissolving. Left: 
scale bar: 10 μm . Right: scale 
bar: 500 nm

Table 2   Chemical composition of the Epson toner

Element At. weight (%) Uncer-
tainty 
(%)

C 89.4 5.4
O 9.7 1.1
Other 0.9
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with a range between 100 nm and 400 nm, whereas it 
is larger for particles dissolved in n-hexane with a mean 
value of about 450 nm and a range between 300 and 
600 nm. In order to have access to the dispersity of the 
toner particles, the polydispersity index has additionally 
been determined. It amounts to 0.31 for toner particles 
dissolved in benzene and to 0.38 for particles dissolved 
in n-hexane. Both values are in the range of 0.1–0.4 which 
indicates an intermediate, moderately polydisperse dis-
tribution type where the distribution is neither extremely 
polydisperse, or broad, nor in any sense narrow.

3.2.3 � XRD

The X-ray diffraction measurement is shown in Fig. 7. It is 
obvious that no sharp peaks occur. Therefore, the toner 
material does not exhibit any crystalline substances 
because the broad structures indicate the presence of 
disorder in the sample. The structures at around 20◦ and 
slightly above 40◦ hints generally to amorphous car-
bon [41, 42] like carbon black [43].

3.2.4 � TEM

The TEM results show that agglomerates of several μm are 
present (see left part of Fig. 8). A detailed image of such 

an agglomerate proves (see right part of Fig. 8) that they 
are consisting of small nanoparticles. The determination 
of the respective diameters of about 25 particles results 
in ( 78 ± 6) nm.

3.2.5 � SEM

The images taken with the SEM prove that large particles 
are present (see Fig. 9) with sizes between 5 and 15 μm . 
For the particle shown in the right part of the Figure, it can 
be seen that it is made up of smaller nanoparticles. This 
might be due to the preparation procedure because they 
were previously not dissolved as for the other characteriza-
tion measurements which resulted in the break up of the 
agglomerates.

3.2.6 � Conclusion

The chemical composition of the Epson toner material is 
only given by C and O. The hydrodynamic diameter of dis-
solved particles depends on the solvent and is at about 
200 nm in benzene and around 450 nm in n-hexane. The 
size of the individual nanoparticles lies around 80 nm. 
They are completely amorphous, and no crystallization 
has taken place. The agglomeration of these nanoparticles 
results in agglomerates with sizes of about 10 μm.

3.3 � Toner Lyreco

The content of the toner material is given in the data sheet 
with 43–53% styrene acrylate copolymer, 40–50% magnet-
ite, below 1% metal complex dye, 1–5% ethylene propyl-
ene copolymer and below 3% silica.

Fig. 6   Hydrodynamic diameters of the Epson toner material dis-
solved in benzene (top) and in n-hexane (bottom) obtained by DLS

Fig. 7   X-ray diffraction pattern of the Epson toner material after 
background subtraction
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3.3.1 � EDX

EDX was used to determine the chemical composition. The 
significant relative amounts are listed in Table 3. It is strik-
ing that Fe as a part of magnetite is not detectable being 
in strong contrast to the declaration in the data sheet. The 
XRD measurements (see below) also prove that magnetite 
is not detectable in the toner material.

3.3.2 � DLS

Dynamic light scattering measurements were carried out 
to determine the hydrodynamic diameter of the toner 

particles (see Fig. 10). The top diagram displays the sizes 
for toner material dissolved in benzene. Two different size 
regimes can be found with about 100 nm and around 
400  nm. Dissolving the material in n-hexane (bottom 
diagram) one obtains a monomodal size distribution at 
around 70 nm. For the bimodal distribution (benzene as 
solvent), the polydispersity index is at about 0.5 which 
can be understood due to the two different sizes. For the 
monomodal distribution (n-hexane as solvent), the poly-
dispersity index amounts to slightly below 0.8. This value 
hints to a relatively broad size distribution.

3.3.3 � XRD

For the determination of crystalline material within the 
toner, X-ray diffraction measurements were used (see 
Fig. 11). The black curve displays the diffraction intensity 
of the Lyreco toner material. Tridymite and �-quartz (both 
different configurations of silica SiO

2
 ) are the only materi-

als which exhibit nearly the same diffraction peaks and are 
made up of the elements which were determined by EDX. 
The respective diffraction patterns are additionally given 
in Fig. 11. The red curve shows the pattern of tridymite, the 

Fig. 8   TEM image of the Epson 
toner material after dissolving 
in benzene. Large agglomer-
ates (left with a scale bar of 
1000 nm) consist of individual 
nanoparticles (right with a 
scale bar of 500 nm)

Fig. 9   SEM images of the 
Epson toner material with low 
(left part with a scale bar of 
50 μm ) and higher magnifica-
tion (right part with a scale 
bar of 5 μm ). The size of these 
particles is approximately 
between 5 and 15 μm

Table 3   Chemical composition of the Lyreco toner material 
obtained by EDX

Element At. weight (%) Uncer-
tainty 
(%)

C 90.3 5.1
O 6.6 0.7
Si 0.5 0.1
Other 2.6
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values were obtained from the RRUFF database (R090042). 
The green dots are values of � - or high-quartz [40].

As already found for the HP toner material 
(see Sect. 3.1.3) one alone cannot reproduce all pattern 
of the toner. The pattern at about 21◦ agrees with one of �
-quartz, whereas tridymite exhibits two peaks at 20.5◦ and 

21.5◦ . The peak at 23◦ can be reproduced with both materi-
als, the one at 27◦ only with �-quartz, the peak at 36◦ only 
with tridymite. Therefore, the diffraction pattern hints to 
crystalline particles consisting of both types of silica. The 
broad structure between 38◦ and 48◦ can be understood 
as being due to �-quartz but is more likely due to amor-
phous carbon.

The two prominent peaks of the diffraction pattern are 
used to estimate the size of the crystalline particles using 
the Scherrer equation (see Eq. 2). The black dots represent 
the measurement of the toner material, the blue curve a 
fit with two Gaussian functions (see Fig. 12) which can 
reproduce the data very well. The fit results in an angle 
of (21.1 ± 0.1)◦ and a width (FWHM) of (0.87 ± 0.01)◦ for 
the first peak and an angle of (23.4 ± 0.1)◦ and a width of 
(0.80 ± 0.04)◦ for the second peak, resp. Using a Scherrer 
constant K of 0.94 which is taken for spherical particles 
with cubic symmetry, the obtained diameters amount to 
(9.7 ± 0.1) nm for the first and (10.6 ± 0.5) nm for the sec-
ond peak.

3.3.4 � TEM

The TEM image of toner material being dissolved in ben-
zene is shown in Fig. 13. The large-scale view (left) demon-
strates that most are located in a microscaled agglomera-
tion but remain single objects. One can also recognize that 
few single particles are present. A rough estimation results 
in a size of about 100 nm. A detailed view with HR-TEM 
on single particles (right) proves a size of around 200 nm. 
These particles are made up of smaller ones with a size of 
about 50 nm. The chemical composition of these nanopar-
ticles was additionally determined by EDX to be Si and O.

Fig. 10   Hydrodynamic diameter of Lyreco toner material obtained 
by DLS. Top: dissolved in benzene. Bottom: dissolved in n-hexane

Fig. 11   X-ray diffraction pattern of the Lyreco toner material after 
background subtraction (black curve). Two reference diffracto-
grams were additionally given with tridymite (red curve) and �
-quartz (green dots) scaled to obtain the same maximum value

Fig. 12   X-ray diffraction pattern of Lyreco toner material in the 
angle range between 19.5◦ and 25◦ (black dots). Both peaks were 
fitted with two Gaussian functions (blue line)
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The toner material was also dissolved in n-hexane. The 
corresponding TEM image is shown in Fig. 14. Being dif-
ferent from the dissolving in benzene, no agglomeration 
occurs. The toner particles remain as rather small single 
objects.

3.3.5 � SEM

The behavior of the toner material without dissolving 
can be observed using SEM. Such an image is shown in 
Fig. 15. The small toner particles are found to be within 
large agglomerates with a size of several μm . They exhibit 
a nearly spherical shape.

3.3.6 � Conclusion

The chemical composition was determined with differ-
ent experimental techniques all resulting in the same 
elements. EDX with SEM and also with HR-TEM as well as 
XRD proves the exclusive existence of C, O, and Si. This is 
in striking contrast to the data sheet which announces 
about 50% magnetite.

The toner material consists of large particles that are 
several μm in size in the undissolved powder. After dis-
solving the toner particles in benzene one gets micron-
sized agglomerates consisting of nanoparticles. Accord-
ing to DLS, the agglomerates dissolved in benzene 
exhibit a bimodal size distribution of in average 100 nm 
and 400 nm. Using n-hexane as solvent, only smaller 
individual nanoparticles are present with a diameter of 
around 50 nm. The nanoparticles exhibit a crystalline 
core made up of silica with a diameter of about 10 nm 

Fig. 13   TEM image of Lyreco 
toner material dissolved 
in benzene. Left: scale bar: 
1000 nm. Right: scale bar: 
100 nm

Fig. 14   TEM image of Lyreco toner material dissolved in n-hex-
ane. The nanoparticles are seen as the small black dots. Scale bar: 
1000 nm

Fig. 15   SEM image of the Lyreco toner material without a previous 
dissolving
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being determined due to the width of XRD diffraction 
peaks.

4 � Discussion

All three toner materials (investigated by EDX) consist 
of C and O and with exception of the Epson toner of Si, 
too. No metallic content was observed although in one 
(Lyreco) 50% should be of magnetite as stated in the data 
sheet. The configuration could be determined by XRD. It 
was found that crystalline nanoparticles are present as SiO

2
 

(as �-quartz and tridymite) for the toners exhibiting Si. The 
size of the particles in the toner dust (i.e., without dissolu-
tion) is about 10 μm for all three toners. These particles are 
agglomerates of smaller particles.

Dissolving of the toner material in water was not possi-
ble. This can be understood as tridymite as well as quartz is 
practically unsolvable in this liquid [44]. Thus, nearly non-
polar solvents were chosen but with different properties 
in order to determine the dependence on the polarity. It 
was observed that dissolving the particles can be carried 
out with such a nonpolar solvent as shown for benzene 
and n-hexane (the solubility in water is about 10 mg/l for 
n-hexane and 1770 mg/l for benzene [44]). Being dissolved 
in benzene, the particles are made up of smaller agglom-
erates. The hydrodynamic diameter is monomodal with 
about 200 nm for HP and Epson and bimodal with about 
100 nm and 400 nm for Lyreco.

They consist of nanoparticles with sizes being signifi-
cantly different for the three toners. In the case of HP, they 
are approximately 20 nm and consist of crystalline SiO

2
 . 

For Lyreco, they are larger with about 200 nm exhibiting a 
crystalline core of about 10 nm made up of SiO

2
 . For Epson, 

they are amorphous carbon with a size of about 80 nm.
Using n-hexane as solvent, the small agglomerates for 

the HP toner exhibit a hydrodynamic diameter of about 
50 nm which hints to single nanoparticles with a crystal-
line core of SiO

2
 being about 20 nm covered with a ligand 

shell. A similar behavior was found for Lyreco. In this case, 
the occurrence of individual single nanoparticles could be 
proven by TEM. The small agglomerates of the Epson toner 
are significantly larger with about 500 nm consisting of 
amorphous carbon nanoparticles.

Therefore, cheap toner material can be used to 
obtain crystalline SiO

2
 nanoparticles with a size of about 

10–20 nm using the investigated toner material from HP 
and Lyreco. With benzene as solvent, they are agglomer-
ated to particles of about 200–400 nm. Using n-hexane, 
one gets single nanoparticles without agglomeration. 
Additionally, amorphous carbon nanoparticles can be 
gained with a size of approximately 80 nm using the toner 
powder from Epson.

A further goal of this investigation was directed to pos-
sible differences between toner powders which are dis-
tributed by original equipment manufacturers to be used 
exclusively in their own printers and toners from general 
office supplies manufacturers to be used in many printer 
types which often offer recycled toner material. It was 
shown for the three specific toners that the properties of 
that from HP and Lyreco are rather similar, whereas large 
difference is present for the toner from Epson. Therefore, 
the origin seems not to play a prominent role.

Inhalation is the most significant exposure route for 
airborne particles [45–48]. Spherical solid material can be 
inhaled when its (in this case aerodynamic [49]) diameter is 
less than 10 μm . The smaller micron-sized particles are the 
deeper they can travel into the lung [45]. Particles smaller 
than 2.5 μm will even reach the alveoli [46].

The lung consists of two functional parts, the airways 
(with the two sections of the nasal, pharyngeal and laryn-
geal region on the one hand and the tracheobronchial 
region consisting of the trachea, bronchi and bronchioles 
on the other hand both responsible for transporting the 
air in and out the lungs) and the alveolar region (as gas 
exchange areas).

In each of the three regions of the respiratory tract, sig-
nificant amounts of a certain size of particles are depos-
ited after inhalation [47]. 90% of inhaled particles with a 
diameter of 1 nm are deposited in the nasopharyngeal 
compartment, only 10% in the tracheobronchial region 
and essentially none in the alveolar region. Contrarily, par-
ticles with a diameter of 5 nm exhibit about equal deposi-
tion of approximately 30% of the inhaled particles in all 
three regions. Particles with a diameter of 20 nm have the 
highest deposition efficiency in the alveolar region with 
about 50%, whereas in the nasopharyngeal and tracheo-
bronchial regions, this particle size deposits with about 
15% efficiency.

These distributions are for particles which are inhaled 
as individual, single objects of a given size and not as 
agglomerates. The latter exhibit obviously larger particle 
sizes and therefore different deposition sites.

For all three toner materials, the particles without dis-
solving show a diameter of about 10 μm . Silica particles 
are insoluble in water and remain therefore unaffected, 
i.e., without changing their size after inhalation. This is 
important because they are of particular toxicological rel-
evance below about 5 μm [44]. Thus, most of these parti-
cles should remain in the nasopharyngeal region without 
reaching the alveolar region [45]. The clearance of micron-
sized particles from this region is carried out by mucocili-
ary clearance which means by the movement of cilia and 
the mucous layer.

In the case of a possible dissolution in a nonpolar sol-
vent, the now nanoparticles should exhibit a different 
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behavior for the distribution to the three regions because 
they have different sizes depending on the manufacturer. 
That means that they can reach the alveolar region which 
is of importance from a toxicological point of view. Addi-
tionally, it was shown that the solvent itself has a signifi-
cant influence on the size and size distribution even for 
the same toner powder.

As a general consideration, this investigation may be 
helpful to give more information concerning possible 
health hazards due to the use of printers and copiers 
which emit particle dust coming from the toner because 
only little quantitative information is available for the char-
acterization concerning the size and chemical composi-
tion of the particulate matter emitted by office equipment 
and a toxicological assessment of the emitted particles 
requires the knowledge of their chemical composition. In 
particular, former investigations are carried out in depend-
ence of printer or copier types but not of possible toners 
which are made up of different content. The use of differ-
ent toners may be the explanation why in investigations 
of printers not only from different manufacturers but also 
for identically constructed devices often significant differ-
ences in the behavior of emitted nanoparticles are present.

5 � Summary

Printer toner is a material in everyday life. It is a cheap 
material which is distributed by many companies. Each 
printer and copier require specific toner material. There-
fore, differences in the consistence occur concerning the 
size and chemical composition of the toner particles. They 
are known as microscaled objects which are made up of 
nanoparticles.

The first goal of this investigation was to determine the 
material composition as well as the size, the shape and the 
possible crystallinity of the particles from three different 
toner materials (distributed by Hewlett-Packard, Lyreco 
and Epson) to turn one’s attention whether these nano-
particles can be taken for scientific investigations instead 
of carrying out sophisticated preparation procedures as 
well as to use them for teaching purpose or for practical 
training.

It was found that cheap toner material can be used to 
obtain crystalline SiO

2
 nanoparticles with a size of about 

10–20 nm using the investigated toner material from HP 
and Lyreco. With benzene as solvent, they are agglomer-
ated to particles of about 200–400 nm. Using n-hexane, 
one gets single nanoparticles without agglomeration. 
Additionally, amorphous carbon nanoparticles can be 
gained with a size of approximately 80 nm using the toner 
powder from Epson.

A second goal of this investigation was directed to pos-
sible differences between toner powders which are dis-
tributed by original equipment manufacturers to be used 
exclusively in their own printers and toners from general 
office supplies manufacturers to be used in many printer 
types which often offer recycled toner material. It was 
shown for the three specific toners that the properties of 
that from HP and Lyreco are rather similar, whereas large 
difference is present for the toner from Epson. Therefore, 
it seems not to play a significant role whether the toner is 
obtained from original equipment or general office sup-
plies manufacturers.

A third goal was directed to give more information con-
cerning possible health hazards due to the use of print-
ers and copiers which emit particle dust coming from the 
toner. Due to that particulate pollution inspiration can 
result in inflammatory processes in the lung up to lung 
cancer. Additionally, nanoparticles can have a toxic effect 
within cells and be mutagenic. For all three toner materials, 
the particles without dissolving show a diameter of about 
10 μm . Therefore, most of these particles should remain in 
the nasopharyngeal region without reaching the alveolar 
region. In the case of dissolution the now nanoparticles 
should exhibit different behavior for the distribution to the 
three regions because they have different sizes depending 
on the manufacturer. Additionally, it was shown that the 
solvent itself has a significant influence on the size and size 
distribution even for the same toner powder.
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