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Abstract

Comparative laser and thermal treatments were carried out on PG36, a green phthalocyanine-based pigment, permitted in
European countries where legislation on tattoo composition was issued. Prior to the treatments, PG36 was characterized
by SEM imaging, EDX, IR and UV-Vis spectroscopies, revealing an excess of Si and C and O as compared to the pure
halogenated Cu-phthalocyanine. Laser treatments were carried out with a Nd:YAG device applied to H,O and propan-2-ol
dispersions. Pyrolysis and calcinations were carried out in air or under N, flow. The outcome of the different procedures was
analyzed by UV-Vis spectroscopy, GC—mass spectrometry, X-ray diffraction of the solid residues, SEM microscopy and
dynamic light scattering. The comparative analysis indicated the production of different fragment compounds depending
on the treatment, (pyrolysis or laser), and, to some extent, to the solvent of the dispersion, with pyrolysis generating a larger
number of hazardous compounds. Hydrocarbons and cyclic siloxanes present as additives in PG36 were stable or degraded
depending on the treatment. The morphology of the products is also treatment-dependent with nanoparticles <20 nm and
fibers being produced upon laser treatments only. Based on the experimental findings, the equivalence of laser and thermal
treatments is evaluated.
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The diffusion of the tattoo practice is on the raise world-
wide. Up to 2016, most accessible surveys depicted an

) ) ) ) increasing popularity of tattoos in western countries
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(Everts 2016; Piccinini et al. 2016). More recently, an
online survey, through email interviews, including Russia,
China, and Brazil, indicated how tattooing is becoming
fashionable also in those countries, though the motivations
for tattooing may be different depending on the cultural
background (Kluger et al. 2019). Additional studies report
how tattooing is increasing in South Korea (Kim 2017)
and that South American countries score highest in tattoo-
related Google searches in the period 2004-2018 (Kluger
2019). Although the absolute figures of tattooed people
may vary with the survey, the increasing trend of tattoo-
ing practice is unequivocal and in all cases, a gender swap
emerges, with a larger number of tattooed women as com-
pared to men (Kluger et al. 2019 and Dalia Research 2021)
and an increase of average age of tattooed people from
18-24 (Laumann and Derick 2006) to 36 years (Dalia
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Research 2021). The skyrocketing diffusion of tattoos trig-
gered studies on several aspects of tattoo-related issues,
ranging from adverse effects such as tattoo induced aller-
gies (mostly caused by red inks) (Serup et al. 2019), to
carcinogenicity suspects (Kluger and Koljonen 2012),
the impact on daily-life issues such as routine medical
tests (MRI—magnetic resonance imaging—for instance)
(Alsing et al. 2020) and the use of tattoo inks to elicit
interest in chemical education (Donia et al. 2021). In case
of afterthoughts and regrets, tattoos may be removed either
by laser treatments or by cover up, a procedure that usually
works better after a preliminary partial laser bleaching.
The practice of tattoo removal, however, carries potential
risk due to pigment cleavage into toxic or carcinogenic
fragments upon tattoo laser treatment. Experiments carried
out so far indicate that potentially hazardous 2-methyl-
5-nitroaniline, 4-nitrotoluene, 2,5-dichloroaniline and
1,4-dichlorobenzene may generate upon Nd:YAG laser
treatment of monoazo red pigments PR22 (C.I. 12315)
and PR9 (C.I. 12460) (Vasold et al. 2004). Hauri and
Hohl (2015) performed a systematic study on decomposi-
tion products of red pigments by comparing sunlight and
laser treatments. In some cases, 2-amino-4-nitrotoluene,
3,3-dichlorobenzidine and o-toluidine were identified as
laser decomposition products. In addition, toxic hexachlo-
robenzene was found as product of the Nd: YAG laser irra-
diation of pig skin tattooed post-mortem with the yellow
quinophthalone PY 138 (C.I. 56300). Phenyl isocyanate,
benzene, aniline and 3,3'-dichlorobenzidine were found
when the pig skin was marked with the orange diazopig-
ment PO13 (C.I. 2.1110) (Hering et al. 2018).

Pyrolysis and laser treatments are sometimes presented
as equivalent processes leading to the pigments fragmen-
tation and subsequent removal. In particular, the copper-
phthalocyanine blue pigment PB15:3 has been investigated
by pyrolysis under the assumption that the laser treatment
would be photothermal, based on the lack of fragmenta-
tion under UV-visible irradiation (Schreiver et al. 2015).
In addition, they found the Ruby laser effective in PB15
fragmentation, at variance with Nd:YAG both at the fun-
damental and doubled frequencies (1064 and 532 nm). The
main decomposition products of PB15:3 upon thermal or
laser treatments are benzonitrile, benzodinitrile and HCN.
Additional 2-butenone and benzene traces can be seen
either as additive or impurities. When dealing with hal-
ogen-substituted copper phthalocyanine, the overall frag-
mentation pattern becomes more complex, because of the
halogenated fragments which may generate (Germinario
et al. 2015). Furthermore, additives may be present on
pigments, for varying the dispersibility properties, which
may have a different behavior under thermal or laser treat-
ments. Since all the produced fragments may have a dif-
ferent degree of toxicity, we find it important to determine
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whether laser or thermal treatments are fully equivalent on
a halogenated Cu-phthalocyanine.

Here, we focus on hexabromodecachloro copper phthalo-
cyanine, usually labeled as PG36, a permitted pigment, in
the European countries where regulations are issued (Code
of Federal Regulations 2015; ResAP 2008; Regulations in
single European countries 2008, 2012, 2013a, b, TdtoV
2008; Swiss Regulation 2005) though multiple infringe-
ments and false declarations were reported by Hauri (2014),
and Bauer et al. (2019), indicating often the presence of
the restricted PG7 (hexadecachloro copper phthalocyanine),
instead of PG36. Prior to any treatment, we carried out a
control characterization of the PG36, by IR, SEM, EDX and
DLS measurements and determined the elemental composi-
tion, the type of aggregation of the phthalocyanines, as well
as the average size in propan-2-ol and water dispersions. We,
then, compared the effects of thermal and laser treatments of
PG36 in connection with the potential presence of additives.
The laser treatments were carried out with Nd: YAG operated
at 532 nm, pulse duration 2—-6 nm, on PG36 dispersed either
in propan-2-ol or in water, at different irradiation times. In
choosing the solvents, we took into account the different
stratification of the skin layers, and their different polarities.
More in detail, the residence of the tattoo ink in the skin
largely depends on the healing stage and successively on
the time elapsed since the tattoo was performed (Lea and
Pawlowski 1987; Darvin et al. 2018). In the initial stage,
the inks particles are distributed through the epidermis and
the dermis, damaged by the needles during the ink injection.
Through the healing phases, the epidermal-dermal junction
reforms, and the ink tends to localize in the dermis (papillary
layer and reticular dermis). The fibroblasts of the dermis
would contain the tattoo ink, surrounded by collagen, thus
being responsible for the ink life span. The different layers
of epidermidis and dermis have different polarities (Persa
et al. 2021; Muroyama and Lechler 2012), which also play a
role in the epithelial metabolism (Zhuang et al. 2018; Gomes
et al. 2019). Throughout this procedure, the additives may be
entrapped in the fibroblasts to an extent that depends on how
far they are embedded with the pigments, how the polarity
of the layers affects their solubility and the efficacy of the
phagocytes which intervene in the healing process in sweep-
ing them away. The irradiation products were, then, analyzed
by GC-mass spectrometry, UV—Vis spectroscopy, DLS and
SEM microscopy. Thermal treatments consisted of pyrolysis
at 700 and 800 °C followed by GC—mass analysis. In addi-
tion, calcinations of PG36 were carried out at 800 °C in air
or under nitrogen flow. The solid residues from pyrolysis
were characterized by SEM, and DLS (subsequent disper-
sions), whereas the calcined samples were also subjected to
XRD and IR analyses. We found that the types of fragment
compounds are dependent on the treatment, the additives
playing a role in determining products. The solid residues of
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calcination procedures contain CuO and SiO,. In addition,
CuBr, CuCl, Cu,Cl,0 and possibly Cu,O are also obtained
for calcination under N,. The morphology of the products is
treatment dependent as well, with nanoparticles (<20 nm)
and fibers generated by laser treatments only. Based on the
experimental findings, the equivalence of laser and thermal
treatments and their associated toxicity is evaluated.

Materials and methods
Chemicals

The pigment PG36 was purchased from Schminke Kiin-
stlerfarben. Propan-2-ol, ethyl acetate, ethanol, DMSO and
ultrapure water were purchased from Merck. All chemicals
used in this investigation were of reagent grade and used
without any further purification.

Sample preparation

The PG36 powder was dispersed in water or propan-2-ol at
a concentration of 0.9 mg/ml, by sonicating at 40 kHz for
several hours, until a good dispersion was reached without
residual deposits on the bottom of the flask. Care was taken
to avoid overheating of the sonication bath, by replacing
the water of the bath every 15 min, and avoid thermally
induced aggregation of the pigment. The dispersions are,
then, diluted at 0.09 mg/ml and further sonicated for 1 h,
for the laser treatments.

Calcination

The calcinations were carried out in muffie oven for 3 h at
800 °C either in air or under nitrogen flow. The calcined in
air appears as a brown-greenish powder, the one calcined
under nitrogen flow clearly has a blackish color containing
also light-red grains. Both powders are shown in Fig. SI1.

Equipment and data analysis

Gas chromatography—mass spectrometric analyses
were carried out with a triple quadrupole gas chroma-
tograph/mass spectrometer (Trace 1310GC/TSQ 8000
Evo, Thermo Scientific, USA) and the chromatographic
separation was performed by a DB/XLB column (60 m
0.25 mm, 0.25 I.D., Agilent J&W, USA) with hydrogen
as carrier gas at 3 ml min~' flow rate. The injected vol-
ume is always 1 pl in splitless mode at 250 °C. The oven
program was the following: isothermal at 90 °C for 5 min
then increased at 10 °C min~! to 280 °C (hold for 5 min).
The MS operating conditions were the following: positive
electron ionization (EI4+) mode with electron energy of

70 eV and and emission current of 50 pA. Acquisition was
made in scan mode 35-450 m/z in 0.2 s. The transfer line
and ion source temperatures were kept at 290 and 300 °C,
respectively. GC/MS peak identification was conducted
using the software Xcalibur 2.2 by Thermo Fisher Scien-
tific. PG36 in propan-2-ol and water as well as upon laser
treatments and calcination procedure have been analyzed
by Dynamic Light Scattering (DLS) to get their size and
size distribution. A Malvern NanoZetaSizer instrument
with HeNe laser and backscattering detection (173°) was
employed (Malvern Instruments LTD, UK). This set-up is
less sensitive to multiple scattering effects and dust than
the commonly used 90° geometry. Measurements have
been performed at 298 K by a thermostatted cell holder
controlled by a Peltier system. The diffusion coefficients
D of the particles obtained by analysis of the DLS auto-
correlation function of scattered intensity are converted
in a distribution of apparent hydrodynamic radii Ry; using
the Stokes—Einstein relationship Ry = kz7/6nimD, where
kgT is the thermal energy and n the solvent viscosity. As
commonly used for polydisperse samples, we applied the
method of cumulants where the logarithm of the first-
order DLS autocorrelation function is expanded in power
series and from the first and second cumulant coefficients
the average hydrodynamic size RH and the polydisper-
sity index (PDI) can be determined (Pecora 2000). This
method gives the most direct and robust measure of the
size since it does not rely on the details of scattering.
Moreover, it is directly obtained from the initial part of the
autocorrelation function where the signal-to-noise ratio
is largest. When PDI values are larger than 0.2-0.3, two
or more populations with distinct size could be present in
the dispersion and the analysis has to be carried out with
proper methods able to detect the detailed size distribution
of the sample. To ascertain this point, we used intensity-
weighted NNLS algorithm. Note that the Ry; obtained by
this analysis is biased on larger size because the scattered
intensity is proportional to the sixth power of the particle
size, according to Mie scattering. SEMs were collected
with a Zeiss Auriga 405, Field Emission Scanning Electron
Microscope instrument, mounting a Gemini column and
operating at 7 kV. The EDX analyses were made by cou-
pling the Field Emission Scanning Electron Microscope
(SUPRA™ 35, Carl Zeiss SMT, Oberkochen, Germany)
with the Energy Dispersive Microanalysis (EDS/EDX,
INCAXx-sight, Model: 7426, Oxford Instruments, Abing-
don, Oxfordshire, UK), operating at 20 kV. XRD patterns
of the calcined samples were collected with an X’pert pro
X-ray diffractometer by Philips, using CuK-Alpha radia-
tion. They were, then, analyzed by a Rietveld procedure
with the GSAS-II suite of programs (Toby and Von Dreele
2013). Infrared spectra were recorded with a Shimadzu
Prestige-21 FT-IR instrument, equipped with an attenuated
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total reflectance (ATR) diamond crystal (Specac Golden
Gate), in the range 400-4000 cm~!, with a resolution of
4 cm~!. The UV—Vis spectra were recorded with a Perkin
Elmer, Lambda 950 spectrophotometer. Laser treatments
were performed with a Deka Duolite QS Laser operated
at 532 nm at a fluence of 3.5 J/cm? and a spot size of
4 mm. Additional low fluence treatments were performed
for morphological comparison purposes at 0.21 J/cm?. The
pyrolysis experiments were carried out with a microfur-
nace pyrolyser injection system Pyrojector II (SGE, USA).
Small amounts (< 0.1 mg) of sample were inserted into a
quartz tube (4 cm X 0.53 mm) which was then introduced
into the microfurnace operating at two pyrolysis tempera-
tures (700 and 800 °C) and at a pressure of 15.0 psi. The
pyrolysis chamber was directly connected to the injection
port of a Clarus 680 (Perkin Elmer) gas chromatograph
coupled to a Clarus SQ 8T (Perkin Elmer) single quadru-
pole mass spectrometer. An Elite-5MS (30 m X 0.25 mm
i.d., 0.25 um film thickness) was used with the following
GC oven program: 40(4)-15-280(10). Helium was used
as carrier gas at a constant pressure of 10.0 psi. Injector,
transfer line and ion source temperatures were set at 280,
290 and 250 °C, respectively. Mass spectra were acquired
in the positive ionization mode (70 eV) in a mass range
of 45-450 m/z. Solvent delay was set at 0.5 min. and the
analyses were performed in split mode (1:50). In Table 1, a

summary of the PG36 treatments and corresponding nam-
ing of the samples is reported.

Results and discussion
Pigment characterization

PG36 was characterized through several techniques. In
Fig. 1, a SEM image and the EDX analysis are reported.
The SEM image of the PG36 presents aggregates of rod-
like shape, with the longest dimension in the 50-300 nm
range, and the smallest one in the 15-45 nm range. Par-
allel and nearly perpendicular rows as in alpha and beta
arrangements are highlighted in the figure, by the blue and
yellow bars, respectively. Additional roundish aggregates
can be observed with diameters between 15 and 30 nm
(Fig. 1). In a similar commercial product, the PG7 presents
mostly roundish aggregates with average diameter of 70 nm
(Fig. 2 of Bucella et al. 2018). The binding of substituents
on meso positions favors the rod-like aggregation (Wang
et al 2014). The EDX analysis of PG36 was reported in
Bauer et al. (2020). However, we repeated it here using a
different sample-holding construction, to avoid external Si
contribution (Fig. 1a, Table 2). More in detail, PG36 was
deposited on a layer of carbon tape on top of the Al,O; stub,

Table 1 Summary of the

T Sample Treatment Solvent/carrier ~ Fluence (J/cm?)  Spot size (mm) Temp (°C)  Time (min)

conditions used for PG36 laser

and thermal treatments, and P20L15 Nd:YAG  Propan2-ol 3.5 4 15

corresponding samples naming P20L44 Nd:YAG  Propan2-0l 3.5 4 44
H,015 Nd:YAG H,0 35 4 15
H,044 Nd:YAG H,0 35 4 44
Py700 Pyrolysis He 700
Py800 Pyrolysis He 800
CA800 Calcination  Air 800 180
CNBOOR  Calcination N, 800 180
CN800B  Calcination N, 800 180

CNS8OOR and CN800B were obtained upon the same calcination procedure, followed by coarse manual sep-

aration, based on the color

Fig.1 a SEM image of PG36.
The blue and yellow lines

are examples of parallel and
nearly perpendicular macro-
arrangements of the aggregates.
b EDX analysis after deposition
on carbon tape, hence excluding
Si contribution from the sample
holder (color figure online)
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Fig.2 UV-Vis spectra of PG36 treated with Nd:YAG laser operated at 532 nm, at different irradiation times, a dispersed in water and b dis-
persed in propan-2-ol. The spectra are compared to the untreated dispersions (7=0) (color figure online)

Table2 EDX elemental analysis of PG36 deposited on carbon tape
(C-SH) or Si (Si-SH) sample holders

Element PG36 atomic % C-SH PG36 atomic % PG36
C-SH norm atomic %

Si-SH

C 71.7+17.04 88.58 83.3

N 2.01 2.1 2.5

(0] 2.39 2.39 7.7

Br 3.99 4.01 4.8

Cl 1.24 1.27 1.4

Cu 0.23 0.25 0.3

Si 1.40 1.4

The atomic %s are normalyzed for the contribution of the sample
holder, i.e., the atomic % of Si or Si+F (PG36)

which is then mounted on the carousel for the analysis. This
way, we could verify the presence of 1.4 atomic % of Si in
PG36 and confirm the higher ratio of Br:Cl atomic %, with
respect to the nominal one. The C content is distorted by
the use of the carbon tape, but, in the previous analysis, it
also appeared excessive, as compared to a pure halogenated
Cu-phthalocyanine.

The DLS measurements of PG36 were carried out in
water and propan-2-ol, since they are the solvents used after-
wards for the laser treatments. In general, these two solvents
were chosen for their different polarity, which mimics, to
some extent, the different polarity of the various skin layers.
Though the two methods of analysis show a little systematic
discrepancy in the obtained value of size, they both point at
a single population of the particles in both solvents. More
in detail, PG36 has an average hydrodynamic size of 98 nm
in water and 126 nm in propan-2-ol, according to cumu-
lant analysis, and slightly larger values of 131 and 155 nm,
respectively, when size distribution analysis by NNLS algo-
rithm is employed (Table 3). The powder analysis by SEM

Table3 Average hydrodynamic diameter 2Ry from DLS meas-
urements on PG36 in H,0O (PG36/H,0), and PG36 in propan-2-ol
(PG36/P20L), determined by cumulant analysis and intensity-
weighted size distribution by NNLS algorithm

Sample 2Ry (nm) (cumulant) PDI (cumulant) 2Ry—Peak 1
(nm) (NNLS)

PG36/H,0 98+1.2 0.259+0.012 131+4.2

PG36/P20L 126+1.6 0.265+0.025 155+3.2

Data refer to average value and standard deviation over three repeated
measurements

shows mostly asymmetric aggregates, i.e., elongated ones,
with a large size distribution, especially in the long direc-
tion and a few roundish particles. The single distribution
population indicates a rearrangement of the aggregation in
both solvents, to become more uniform, though, on average,
they are slightly larger in propan-2-ol, as compared to water.

The IR spectrum was taken directly on the powder and is
reported in Fig. SI2. The corresponding assignments were
previously reported (Bauer et al. 2019, 2020). Briefly, the
IR spectrum shows the aromatic C=C, and C-N stretch-
ing and C-N-C in-plane bending of the macrocyclic phth-
alocyanine, in the spectral region 1600-1500 cm™'. The
region 1400-1000 cm™' is characteristic of completely
substituted copper phthalocyanine derivatives because of
the C—H-related missing features. The medium to strong
bands at 775-765 cm™! are tentatively assigned to the C—Cl
stretching vibrations, whereas the broadening of the band
around 745 cm™! is ascribed to C—Br bonds. Inspection of
the UV—vis spectrum of pigment PG36 dissolved in DMSO
revealed an evident red-shift of the Soret and Q bands when
compared to an un-substituted Cu-phthalocyanine and a
fully chlorinated one (not-shown here).

The UV-Vis spectra of PG36 dispersed in water and
propan-2-ol are reported in Fig. 2a,b) (T'=0, untreated
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samples). They both present the typical B and Q bands of
Cu-phthalocyanine, with peaks at 326, 370, 662, 732 nm and
a shoulder at 622 nm, for the dispersion in water and slightly
shifted peaks at 326, 368, 658, 735 nm and a shoulder at
618 nm for the dispersion in propan-2-ol. It must be noted,
however, that the absorption of PG36 in propan-2-ol is larger
as compared to water. The intensity of the two spectra is
remarkably different as it can be deduced from the scale of
the absorption spectra or estimated as height of the peak
at 662 nm (658 nm for propan-2-ol) with the respect to the
bottom level of the baseline at 575 nm, which is roughly 3:1
higher in propan-2-ol. Since both dispersions have nominally
the same concentrations, and similar extinction coefficients
in the monomeric form (Kihara et al. 2019), we conclude
that PG36 disperses better in propan-2-ol, than in water. It
must be added that the absorption intensity of phthalocya-
nines can be influenced by the particle sizes (Kihara et al.
2019), but the size difference of PG36 in the two dispersions
is in the order of 20%, hence cannot account for the different
absorbance.

PG36 was subjected to laser and pyrolysis treatments and
the outcomes probed with different techniques. Furthermore,
calcination of PG36 were carried out under air or nitrogen
and analyzed by XRD.

PG36 laser treatments and pyrolysis
UV-Vis spectra after laser treatments

The dispersion of PG36 upon laser treatments were, then,
analyzed by UV-Visible spectroscopy. The spectra are
reported in Fig. 2a, b, for water and propan-2-ol dispersions,
respectively, for different irradiation time (7'=15 min and
T=44 min) and compared to the untreated samples (7'=0).

As far as the dispersion in water is concerned, the laser
irradiation has an overall effect of intensity decrease, indi-
cating a partial fragmentation of the Cu-phthalocyanine into
moieties non-absorbing in the UV-Vis range. In addition, a
swap of intensity is observed between the peaks at 662 and
732 nm, with the latter peak becoming higher than the for-
mer upon irradiation. This can be correlated with a transition
from alpha to beta phase which is known to be promoted by
heating thin solid Cu-phthalocyanine (Lucia and Verderame
1968) as well as Cu-phthalocyanine nanowires (Tong et al.
2007). The alpha-to-beta conversion was considered part of
the growing mechanism of hexadecafluoro Cu-phthalocya-
nines nanowires, induced by Nd:YAG laser irradiation and
subsequent seeding (Kihara et al. 2019).

A new feature emerges from the UV-Vis spectra of laser-
treated PG36 dispersed in propan-2-ol at 715 nm. A similar
feature was identified at 708 nm in the UV-Vis spectra of
the laser-treated Green Concentrate ink, based on PG7 and
attributed to the Cu(Il) octachlorophthalocyaninate (Bauer
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et al. 2020). The shift from 708 to 715 nm in the current
spectra may be related to a mixed CI,Brg_, phthalocyaninate,
where some of the chlorine atoms have been replaced by
bromine ones. As in the previous case, it cannot be assessed
whether this is a by-product associated to the PG36 pigment
or a product of the PG36 decomposition. Regardless of its
origin, no information is available on the associated toxicity,
whereas Cu (II) octachlorophthalocyaninate is reported as
inactive by EPA (TSCA Inventory 2021).

The intensity of the spectra of PG36 dispersions in water
and in propan-2-ol upon irradiation is comparable, whereas
at T=0, the initial dispersion in propan-2-ol yields a spec-
trum three times more intense, than in water. This indicates
more efficient decoloring processes (including decomposi-
tion) in the former solvent. Furthermore, the features asso-
ciated with the octahalogenphthalocyaninate emerge in
propan-2-ol only, thus indicating either that the compound
is better evidenced by the larger intensity reduction or that
it is generated in this solvent only.

Laser treatments and pyrolysis: GC-mass
spectrometry

Laser treatments and pyrolysis give rise to PG36 fragmenta-
tions, whose patterns are complex and medium dependent.
In general, we singled out three types of compounds, halo-
genated fragments, hydrocarbons and siloxanes.

The list of fragments produced is reported in Table 4 for
the samples H,044, P20OL44 and Py800.

In Table SI1, the main mass losses of the fragment com-
pounds produced either by pyrolysis or by laser treatments
are reported. The GC—mass spectra of the samples H,015,
P20OL15 and Py700 are characterized by a lower number of
fragments, and/or by peaks at lower intensity as compared to
the corresponding samples treated longer (H,044, P20L44)
or at a higher temperature (Py800) and they are not reported.
In Tables 4 and SI1, the halogenated fragments have been
marked in green, the hydrocarbons black and the siloxanes
blue. The halogenated fragments produced in water are all
(but one) benzene molecules substituted in all 6 positions,
the exception being a fivefold substituted benzene (tetra-
bromobenzonitrile). In the sixfold substituted benzene, 4
substituents are halogens, either of the same type (all Br or
all Cl) or they are Br and Cl in ratio 3:1 or 1:3. The other
two positions carry two nitriles or, in one case, two methoxy
groups (tetrachlorodimethoxybenzene). The fragmentation
pattern of PG36 in propan-2-ol is more complex and reveals
the additional presence of mono-substituted benzene (bro-
mobenzene) as well as tri-, and tetra- substituted benzene
derivatives with one or two nitriles attached, bromoethy-
lacetate, 1,4-dichloronaphthalene and 2,4,6-tribromoben-
zenamine. The pyrolysis of PG36 at 800 °C produces a far
more complex envelope of halogenated fragments, which
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Table 4 Fragment compounds produced upon pyrolysis and laser treatments along with the corresponding hazard codes and categories

RT min H.044 P20L44 Py800 Hazard class and category code

1.28 Carbon dioxide H332 C.4,H335C.3

1.37 Hydrogen bromide H314 C.1A,H335C.3

Bromomethane H301 C.3, H315 C.2, H319 C.2, H331 C.3, H335 C.3,H341 C.2,

H373C.2

1.51 Carbonitridic bromide H300 C.2,H310 C.1, H314 C.1B, H330 C.2

191 Bromochloroethene /

2.02 Bromochloromethane H301 C.3,H312 C.4, H315 C.2, H319 C.2, H332 C.4, H335 C.3,
H350 C.1B

2.39 Benzene H225 C.2,H315 C.2,H319 C.2,
H304 C.1,H340 C.1B, H350 C.1A, H372 C.1

2.95 Dibromomethane H301 C.3,H311 C.3,H315 C.2, H319 C.2, H331 C.3,H335 C.3,
H350 C.1B

3.10 Bromodichloromethane H302 C.4,H315 C.2, H318 C.1, H335 C.3, H351 C.2, H360 C.1A

3.73 Propan-2-ol

3.74 Dibromoethene H301 C.3,H315 C.2,H319 C.2, H335 C.3

3.98 D4 Siloxane H226 C.3,H361fC.2

4.27 Toluene H225 C.2,H315 C.2, H304 C.1, H336 C.3, H373 C.2, H361d C.2

4.51 Dibromoethene H301 C.3,H315 C.2, H319 C.2, H335 C.3

5.13 Dibromochloromethane H302 C.4,H312 C.4,H315 C.2,H319 C.2, H332 C.4,H335 C.3

5.27 Bromomethylacetate H226 C.3,H315 C.2, H319 C.2, H335 C.3

5.33 Dibromoethane H301 C.3, H311 C.3, H315 C.2, H319 C.2, H331 C.3,H335 C.3,
H350 C.1B

5.45 Bromobenzene H226 C.3,H315C.2,

5.52 D3 Siloxane H228 C.1,H315 C.2, H319 C.2, H335 C.3

6.13 Chlorobenzene H226 C.3,H315 C.2, H332 C4

6.40 Dibromodichloro methane H302 C.4,H312 C.4,H332 C.4

6.63 4,5-Dimethyl-4-hexen-3-one /

6.68 1,1-Dibromo-prop-1-ene H225 C.2,H315 C.2, H319 C.2, H335 C.3

6.77 Dibromochloro ethene /

7.05 Tribromomethane H302 C.4,H315 C.2, H319 C.2, H331 C.3

7.31 D5 Siloxane H226 C.3,H319C.2, H331C.3

7.63 2,2-dibromo acetonitrile H301 C.3,H311 C.3,H315 C.2, H319 C.2, H351 C.2

7.78 Bromobenzene H226 C.3,H315 C.2

7.85 2,2,4-Trimethyl-hex-3-ene /

8.13 1,4-Dibromobut-2-ene H301 C.3,H311 C.3, H314 C.1B, H317 C.1A, H318 C.1, H330 C.1,
H350 C.1B

8.50 1,1,2-Tribromoethene H302 C.4,H312 C.4, H315 C.2, H319 C.2, H332 C.4, H335 C.3

8.62 D4 Siloxane H226 C.3,H361fC.2

8.92 ic acid H315 C.2, H318 C.1, H372 C.1

9.46 1,1,2-Tribromoethane H302 C.4,H312 C.4, H315 C.2, H319 C.2, H332 C.4,H335 C.3

9.11 1-Dodecene 1-Dodecene /

9.88 Tetrabromomethane H302 C.4,H315 C.2,H318 C.1, H335 C.3

10.25 1,4-Dibromobut-2-ene H301C.3,H311 C.3,H314 C.1B,H317 C.1A, H318 C.1, H330 C.1,
H350 C.1B

10.56 D6 Siloxane H226 C.3,H319 C.2, H331 C.3

10.65 D5 Siloxane H226 C.3,H319 C.2, H331 C.3

10.67 ic acid H315 C.2,H319 C.2

11.32 2,6,11-Trimethyldodecane /

11.43 Dibromobenzene H315 C.2,H319 C.2, H335 C.3

11.43 Benzene dicarbonitrile H301C.3,H311 C.3,H331 C.3

11.72 Tetrabromoethene H315 C.2, H319 C.2,H331 C.3,H335 C.3

12.50 Hexadecan-1-ol Hexadecan-1-ol H302 C.4,H312 C.4,H319 C.2, H335 C.3, H336 C.3

12.50 D6 Siloxane H226 C.3,H319 C.2,H331 C.3

12.92 1,3-Dibromo-5-chloro benzene H315 C.2,H319 C.2, H335 C.3

13.09 D7 Siloxane H319C.2

13.21 2,6-Dibromophenol H302 C.4,H312 C.4,H332 C.4, H335 C.3

13.38 1,3-Dibromo-5-chloro benzene H315 C.2,H319 C.2, H335 C.3

13.38 2,6-Dibromophenol H302 C.4,H312 C.4,H332 C.4, H335 C.3

13.38 4-Bromobenzonitrile H302 C.4,H312 C.4,H319 C.2, H332 C.4, H335 C3

13.48 2,6-Dibromophenol H302 C.4,H312 C.4, H332 C.4, H335 C.3,

13.61 3,5-Dibromo-4-hydroxy H301 C.3,H317 C.1, H330 C.2, H361d C.2

benzonitrile

13.63 2,6-Dibromophenol H302 C.4,H312 C.4,H332 C.4, H335 C.3

13.77 1,3-Dibromo-5-chloro benzene H315 C.2,H319 C.2,H335C.3

13.94 (1,2-Dibromoethyl) benzene H314 C.1B,H318C.1

14.11 D7 Siloxane H319 C.2

14.29 Di-tert-butylp 1 H305 C.2,H315 C.2,H319 C.2, H372 C.2

14.37 1,2,4-Tribromobenzene H315 C.2,H319 C.2, H335 C.3

14.40 Heptacosane /

14.41 Tetrabromobutane H315C.2, H318 C.1,H335 C.3,

14.80 2-Bromonaphtalene H302 C.4,H315 C.2, H319 C.2, H335 C.3

14.91 3,4,5-tribromo-1H pyazole H301 C.3,H315 C.2, H319 C.2, H335 C.3

14.95 Tetrabromobutane H315 C.2,H318 C.1, H335 C.3

15.18 D8 Siloxane H319C.2

15.19 2-Br phtalene H302 C.4,H315 C.2, H319 C.2, H335 C.3

15.25 Hexadecan-1-ol Hexadecan-1-ol H225 C.2, H302 C.4, H312 C.4, H319 C.2, H335 C.3, H336 C.3

15.53 D8 Siloxane H319C.2

15.67 1,2-Diethylbenzene-1,2- H226 C.3,H304 C.1, H315 C.2, H319 C.2, H335 C.3

dicarboxylate

15.73 2,3-Dibromothiophene H226 C.3, H301 C.3, H315 C.2, H319 C.2, H332 C.4, H335 C.3

16.04 D8 Siloxane H319C.2

16.21 2,3,4,5-Tetrachloro phenol H301 C.3,H311 C.3,H315 C.2, H319 C.2

16.28 Bromobenzene-dicarbonitrile H302 C.4,H312 C.4,H315 C.2, H319 C.2, H332 C.4,H335 C.3

16.40 Diphenylmetanone H315 C.2,H319 C.2, H373 C.2

@ Springer



Archives of Toxicology

Table 4 (continued)

16.44 2,6,10,15- /
Tetramethylheptadecane
16.61 Tetrachlorobenzene-carbonitrile  Tetrachlorobenzene- carbonitrile H302 C.N/A, H312 C.N/A, H315 C.2, H319 C.2, H332 C. N/A,
H335C.3,
16.69 1,4-dibromonaftalene H315C.2,H319 C.2,H335 C.3
16.70 2,6-Bis(propan-2-yl) naphthalene H302 C.4
16.77 Tetrabromo benzene H315 C.2,H319 C.2, H335 C.3
16.85 1,4-dichloro naphthalene /
16.91 D9 Siloxane H319C.2
16.96 Dibromochlorobenzene-
carbonitrile
17.07 2,6,10,14- H315C.2,H319 C.2
Tetramethylk d
17.24 Tribromophenol H302 C.4,H317 C.1, H319 C.2
17.24 2,6-Bis(propan-2-yl) htal H302 C.4
17.34 Bromo-chlorobenzene- /
dicarbonitrile
17.60 10-Heneicosene 10-Heneicosene /
17.71 2-Phenylethyl b e /
18.03 Bromochloro benzene- /
dicarbonitrile
18.20 1,4-dibromo-2,3,5,6- H315 C.2,H319 C.2, H335 C.3, H351 C.2, H372 C.1
tetrachlorobenzene
18.44 D8 Siloxane H319C.2
18.58 Dibromo benzene- H302 C.4,H312 C.4,H315 C.2, H319 C.2, H332 C.4, H335 C.3
dicarbonitrile*
18.70 Didodecyl benzene-1,2- /
dicarboxylate
19.19 Dibromodichloro benzene- /
dicarbonitrile
19.23 2,4,6-tribromo benzenamine H301 C.3,H311 C.3,H315 C.2, H318 C.1, H331 C.3, H373 C.2
19.30 Tetrachlorodimethoxy benzene H302 C.4,H312 C.4,H315 C.2, H319 C.2, H332 C.4, H335 C.3
19.33 Tetrabromobenzene H315 C.2,H319 C.2,H335 C.3
19.48 Tetrachloro dimethoxybenzene Tetrachlorodimethoxy benzene H302 C.4,H312 C.4,H315 C.2, H319 C.2, H332 C.4, H335 C.3
19.53 n-Hexadecanoic acid n-Hexadecanoic acid H315 C.2,H319 C.2, H335 C.3
19.58 3,4,5,6-tetrabromopyridin-2 /
amine
19.75 10-Heneicosene /
19.81 D8 Siloxane H319C.2,
19.92 3,4,5,6-Tetrachloro-benzene-1,2- H312 C.4,H315C.2,H319 C.2, H332 C.4
dicarbonitrile
20.09 Tetrabromothiophene H315 C.2,H319 C.2, H335 C.3
20.46 1,4-Dibromo-2,3,5,6- H315 C.2,H319 C.2,H335 C.3,H351 C.2,H372 C.1
tetrachlorobenzene
20.49 Tribromochloro benzonitrile Tribromochloro benzonitrile /
20.49 Tribromo thiophene Tribromo thiophene H302 C.4,H312 C.4,H315 C.2, H319 C.2, H332 C.4, H335 C.3
20.68 Tribromochloro benzene- /
carbonitrile
21.04 D9 Siloxane H319C.2
21.20 Bromotrichlorobenzene- Bromotrichlorobenzene- /
dicarbonitrile dicarbonitrile
21.46 1-Hexacosene /
/
21.46 1,2,3,4-tetrahydro-1-methyl-7-(1- /
methylethyl)-ph hrene
21.68 1-Hexacosene /
Tetrabromo benzene carbonitrile /
21.93 Tribromobenzene-dicarbonitrile  Tribromobenzene-dicarbonitrile /
22.17 D9 Siloxane H319C.2
22.46 Dibromo Dibromo /
dichlorobenzene-dicarbonitrile dichlorobenzene-dicarbonitrile
23.23 D12 Siloxane /
23.49 Heptacosane Heptacosane /
23.68 Tribromochloro benzene- Tribromochlorobenzene- /
dicarbonitrile dicarbonitrile
24.33 Octacosane Octacosane /
24.94 Tetrabromo benzene- Tetrabromo benzene- /
dicarbonitrile dicarbonitrile
26.35 Hentriacontane /
27.65 Tetratetracontane /
29.24 Heptacosane /
29.96 Tetrabromophthalimide H315 C.2,H319 C.2, H335 C.3

The retention times (RT) are marked lilac for fragments due to pyrolysis, black for laser. Halogenated fragment compounds are reported green,
siloxane blue and hydrocarbon black. The hazard codes are labeled H followed by a three digits number, the category is indicated as C. followed
by a number ranging from 1 (highest risk) to 4 (lower risk). The slash “/” indicates that hazard data are not available for the corresponding
compound. Finally, siloxanes are indicated by the labels D (cyclic siloxanes) followed by a number corresponding to silicon atoms in the struc-
ture. The complete formulas are Hexamethyl cyclotrisiloxane (D3), Octamethyl cyclotetrasiloxane (D4), Decamethyl cyclopentasiloxane (D5),
Dodecamethyl cyclohexasiloxane (D6), Tetradecamethyl cycloheptasiloxane (D7), Hexadecamethyl cyclooctasiloxane (D8), Octadecamethyl-
cyclononasiloxane (D9), Tetracosamethyl-cyclododecasiloxane (D12)

include brominated and chlorinated aliphatic hydrocarbons
of methane, ethane, ethene, propene, butane and butene,
along with dibromonitrile, and mono-, di-, tri-, tetra-, penta-,
and hexa-substituted benzene derivatives. All treated sample

also reveal the presence of bromine-substituted thiophene.
Furthermore, HBr is detected as treatment product in Py800.

The differences between laser and thermal treatments
of PG36 extend also to the other types of fragments, since
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siloxanes are detected upon laser treatments in water, and
thermal treatment, but not after laser treatments in propan-
2-ol. The same holds for hydrocarbons, which are detected
upon laser treatments in both solvents (though better in
water, i.e., with more types of different hydrocarbons
detected, than in propan-2-ol), but not after the pyrolysis
(with the exception of aromatic compounds related to ben-
zene and toluene).

The hydrocarbons detected after laser treatments are long
linear chains of alkanes, such as tetratetracontane, of alkenes
(10-heneicosene), terminal alcohols (hexadecan-1-ol), or ter-
minal carboxylic acids (n-hexadecanoic acid). In addition,
branched hydrocarbons (e.g., 2,6,10,14-tetramethylhexade-
cane) and aromatic molecules (e.g., benzoic acid, di-terz-
butylphenol) are present as well as a long chained substituted
aromatic molecules (didodecyl benzene-1,2-dicarboxylate).
It is noteworthy that branched and aromatic hydrocarbons
survive the laser treatment in water, whereas almost only
linear chain hydrocarbons remain upon laser treatment in
propan-2-ol.

The pH of the PG36 water dispersions was checked
before and after laser treatments and did not display any
variation, thus excluding a significant production of HBr,
possibly undetected by GC—mass spectrometry.

For comparison purposes, GC—mass spectra were taken
of water and propan-2-ol supernatant of PG36 prior to the
laser treatments. The outcome is reported in the Table SI3
of the Supplementary Information. In particular, the com-
pounds present both before and after the laser treatments
are reported in light blue, whereas few additional molecules
which are detected only in the supernatant are marked violet.
However, these compounds are either isomers of molecules
detected upon treatment, or hydrocarbons which the skel-
etal chain one methyl unit longer than after the treatment
(i.e., decanoic vs nonanoic acid), or hydrocarbons, such as
tetradecane and nanodecane, whose skeletal chain is on aver-
age shorter than the hydrocarbons which emerge upon laser
treatments. In general, high molecular weight hydrocarbons
are not detected in the supernatant. Siloxanes are present in
the water supernatant only. The detection of high molecular
weight hydrocarbons only upon laser treatment supports the
adherence between pigments and additives, which are freed
only upon breakage of the pigment.

The presence of hydrocarbons and siloxanes can be
related to PG36 treatments during the production phase.
Pigments are typically subject to surface treatments, coat-
ing and encapsulation during synthesis or post-synthesis
aiming at inhibiting crystal growth (Fisher 1950), decreas-
ing powder cohesion and enhancing pigment dispersibility
(Schroder 1988) and providing higher affinity with selected
interfaces, such liquids or for binders (Bieleman 2000).
Among pigments, Cu-phthalocyanine-based ones are con-
sidered among the most treated ones (Salis-Gomes et al.

2019). Silicon dioxide, siloxanes (polymers or as oligom-
ers) and organo-functional silane are listed among possible
coatings (Bugnon 1995), which can also act as antifoaming
agents. Furthermore, long chain carboxylic acids (fatty
acids) (Swarup and Schoff 1993) and poly (12)-hydroxy-
stearic acid (Vernardakis 2007) are common surfactants
used during the pigments’ synthesis. In addition, as far
as Cu-phthalocyanine pigments are concerned (usually
blue ones), they are treated by milling the crude with a
pigment derivative such as sulfonated phthalimidomethyl
phthalocyanine (Vernardakis 2007). The latter process, in
particular, may account for the detection of tetrabromoph-
thalimide in the H,044 sample. In pyrolyzed samples, the
presence of thiophene derivatives (brominated) is evi-
denced. Sulfur can be found in phthalocyanine-based pig-
ments as the outcome of a sulphonation process, aimed at
improving the dispersibility (Salis-Gomes et al. 2019). In
these regards, it must be noted that the pyrolysis experi-
ments were performed on pigments PG7 and PG36 from a
different supplier (Kremer Pigmente GmbH) (Fardi et al.
2018; Germinario et al. 2015) which can account for such
a treatment. Thiophene, on the other hand, belongs to the
mixture of hydrocarbons added to the pigments rather than
being the outcome of a derivatization process.

The presence of hydrocarbons and siloxanes may affect
the removal and the type products upon different treatments.
On the other hand, once the pigments are injected under the
skin, the adherence of the additives, and their limited solu-
bility, depending on the skin layer, support their residence in
the skin, along with the pigments. The overall fragmentation
pattern is, in general, quite complex. However, a few ration-
alizations are possible, which also aid the understanding of
the role of pigments and additives in the whole processes:

1 The most abundant production of different halogenated
fragments is observed for the pyrolized sample. The pro-
cess occurs under He flow, hence in the absence of air,
but in the presence of hydrocarbons and with production
of CO,.

2 Propan-2-ol does not retain siloxanes upon laser treat-
ment. Since they are present as additives with PG36,
we must conclude that they agglomerate to an extent
that prevents them to be detected by GC—mass spec-
trometry, possibly to form SiO,. Siloxane removal from
the dispersion may be correlated with the efficiency of
discoloration and decrease of the UV—Vis intensity as
compared to water dispersions.

3 The laser treatment of PG36 dispersed in water retains
siloxanes, hydrocarbons and produces only large halo-
genated fragments. Overall, this is the least efficient pro-
cess in terms of fragments production, which is charac-
terized by a moderate discoloration of the dispersion,
and where part of the irradiation energy is converted into
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energy for a phase transition (alpha-to-beta), rather than
for fragmentation of pigment and additives.

Overall, the significantly different fragmentation pattern
in the case of the pyrolysis with respect to the laser treat-
ments may be partly related to the environment, since it is a
thermal process in the presence of an inert carrier (He gas),
and of additives, and can be considered the equivalent to an
anaerobius process in living organisms or in cell compart-
ments. The heating process in absence of oxygen (from air,
or from the solvent), but in presence of the hydrocarbons can
be envisaged as a combustion and concomitant halogenation
(mostly bromination), which would explain the production
of small molecules such as methane to butane brominated
derivatives, as well as CO,. In this framework, this is not suf-
ficient for a siloxane removal, which remains in the mixture
of products.

The toxicity of the treatments products was assessed by
querying the ECHA (European Chemical Agency) database
which reports the hazards according to the Classification
Labelling and Packaging (CLP) regulation, aligned with
the Global Harmonized System (CLP Database 2009). If
not available in the primary database, toxicity information
was from the CHEM SPACE-associated database (CHEM
SPACE). However, for a large number of bromine-substi-
tuted molecules, as well as for some of the hydrocarbons,
and some siloxanes, the toxicity information was not avail-
able, thus effectively undermining the possibility of achiev-
ing a complete harmfulness overview, at variance with PG7
(Bauer et al. 2020), though the latter is a restricted pigment
in countries were tattoo inks legislation is issued. The risk
codes available associated to the various fragments range
from flammability, to eye and skin damage and irritation
(H314, H315, H318, H319) or cause allergic reaction of
the skin (H317). Some fragments are harmful, toxic or fatal
if swallowed and enter the airways (H302, H301, H300,
H304), or if in contact with the skin (H312, H311, H310).
Even worse, some of the treatments products may cause
genetic defects (H340) or are suspected to do so (H341),
may cause (H350) or are suspected to cause cancer (H351)
may damage (H360) or are suspected to damage the fertil-
ity and the unborn child (H361f, H361d) or damage organs
upon prolonged exposure (H372, H373). The correspond-
ence between risk code and hazard is reported in Table SI2
of the Supplementary Information. However, since different
treatments yield different types of products, with associated
hazards, the overall toxicity becomes treatment dependent.
In particular, only the pyrolysis of PG36 generates halogen-
ated (brominated or brominated and chlorinated) compounds
classified under the risk code carcinogenic, or suspected
carcinogenic, i.e., bromochloromethane, dibromometh-
ane, dibromoethane, 1,4-dibromobut-2-ene, 2,2-dibromo
acetonitrile, 1,4-dibromo-2,3,5,6-tetrachlorobenzene,
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bromodichloromethane, with the addition of benzene. A fair
comparison between processes, however, is not possible, due
to the lack of toxicity information for the large part of halo-
genated fragments generated by laser treatments in water and
in propan-2-ol (such as dibromochlorobenzene-carbonitrile,
bromo-chlorobenzene-dicarbonitrile or tribromochloro ben-
zonitrile, for instance). As far as siloxanes are concerned,
though generally considered harmless, doubts were casted
on potential toxicity in their routine use, especially for the
low weight one (Mojsiewicz-Pierikowska et al. 2016), and
indeed some of them currently appear in the ECHA and
CHEM SPACE database as potentially toxic. These addi-
tives survive as cyclic siloxanes both after pyrolysis and
after laser treatments in water dispersion, though with slight
differences in the two cases. Since the toxicity of siloxanes
is largely related to the cyclic rather than the linear forms,
special care was taken in the analysis of the pattern of the
mass losses. All GC—mass spectra are checked against the
blanks which allow us to exclude possible spurious contri-
butions from column bleeding. Cyclic D4-DS8 siloxanes are
found in laser-treated water dispersion, whereas D3-D8 are
found upon pyrolysis. These siloxanes mostly cause eye irri-
tation (H319, D3, D5-D8), they are flammable (D3-D6), or
cause skin irritation (D3). However, D5 and D6 are toxic if
inhaled (H331) and D4 is suspected of damaging the fertility
(H361f) (OEHHA 2008). Higher siloxanes such as D9 and
D12 are likely present too based on the mass losses patterns.
However, the mass analysis is limited to a value, which does
not include the parent peak of D9 and D12, hence we deem
these assignments as solely probable. As far as hydrocarbons
are concerned, almost half of them are not classified in the
inquired hazard databases. The remaining ones are classified
harmful in contact with the skin, the eye and cause respira-
tory irritation. They are not reported carcinogenic (with the
exception of benzene) and in general most hazard is associ-
ated with the aromatic molecules which can cause damage
to organs or can be fatal if swallowed (toluene).

Solid residue: IR and XRD

GC-mass analyses upon laser treatments and pyrolysis do
not account for residual Cu-containing phases, though Cu is
present in the phthalocyanines. On the other hand, the solid
residue after the treatments is scarce and/or dispersed in the
solvent as well. To have an insight of the solid products of
the treatments, we proceeded with the calcination of PG36 at
800 °C (same as the pyrolysis) either in air (samples CA800)
or under N, flow (inert as the He flow, sample CN800).
The calcined samples were subjected to IR spectroscopy
and the resulting spectrum is reported in Fig. SI3. The spec-
trums of the three calcined samples (CA800, CN80OR and
CNB800B) resulted to be nearly featureless, thus confirm-
ing decomposition of pigment PG36 during the thermal
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treatment. Only several broad and weak vibration peaks
can be observed in the 1200-1000 cm™! region. In detail,
all calcined samples show a slightly more intense peak at
1090 cm™~! accompanied by a shoulder (~ 1120 cm™!) and
a less intense peak located at 1180 cm™!. The peak posi-
tions observed can be characteristic for several functional
groups containing C—H, C—C or C-O bonds but the pres-
ence of siloxanes evidenced in previous experiments has
also to be considered. Generally, Si—O-Si bonds are char-
acterized by three different vibrational modes, transverse
optical (TO) rocking (~460 cm™"), TO symmetric stretching
(~800 cm™") and TO asymmetric stretching (~ 1080 cm™)
which is always accompanied by a shoulder. Especially the
latter vibrational mode can be tentatively assigned to the
peak located around 1090 cm™~! and observed in all three
samples (Innocenzi 2003). The region below 1000 cm™! is
dominated in all three FT-IR spectrums by large and intense
bands most properly due to the presence of copper-based
residues ruling out further peak identification.

XRD spectra were taken of the calcined samples, subse-
quently analyzed by Rietveld procedure. Measured and fitted
XRD spectra are reported in Fig. 3a, b. An expanded version
of Fig. 3b is reported in the Supplementary Information for
better evidencing the phases detected through the analysis
(Fig. SI4). The Rietveld refinement of the structures was
addressed, starting from the CA800, since it presents fewer,
more intense and narrower peaks than CN800, and by taking
into account that residual ash of palladium phthalocyanine
combustion in a thermogravimetry experiment was com-
posed exclusively of PdO, based on the mass loss (Lokesh
and Adriaens 2013). Analogously, we initially considered
that the solid residue would contain copper oxide CuO, only.
The crystal structure of the mineral tenorite (100% CuO)

was taken from data by Wyckoff (1963), and the simulated
powder pattern was built, for Cu Ka wavelength (1.54 A),
modeling its peak shapes with a convolution of pseudo-Voigt
functions modified to incorporate asymmetry (Finger et al.
1994). The background was fit with a 6-term Chebyshev
polynomial of the first kind, while the unit cell parameters
and the instrumental broadening parameters U, V, W were
refined as well. Overall, the Rietveld refinement employed
3500 variables and reached the weighted-profile R factor
wR=6.62%, R=5.02%, X2 =7962.43 at convergence. The
most evident pitfall of this first refinement is the absence of
any peak around 27 degrees 26, whereas a small but visible
peak is observed in the experimental pattern. After a thor-
ough search, the quartz crystal structure was found to exhibit
such feature and consequently SiO, (Antao et al 2008) was
added as crystal phase to the mixture in the second cycle
of refinement. Upon SiO, addition, the agreement indices
improved to wR =6.50%, R=4.95% and x>=7677. The
optimized composition of the binary mixture was 95.91%
tenorite, 4.09% SiO,; the calculated pattern is shown as a
dotted black line in Fig. 3a. To account for the observed
brown-greenish color of the calcined sample, as opposite
to the gray to black color of mineral tenorite, even when
blended with colorless SiO,, a new phase containing tenorite
contaminated by other green copper minerals (CuCl, and
CuBr,) was hypothesised and submitted to the refinement.
Yet, very little modification of the tenorite-only pattern
was obtained, and CuCl, and CuBr, optimized populations
were smaller than 1%. CuO may be coloured in hues from
yellow to perceived orange to green when obtained in the
nanometer scale. More in detail, it is yellow when CuO par-
ticles are in the 2-100 nm range (Sadhvi et al. 2014). The
color is light blue to blue, due to a strong phonon—electron
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Fig.3 XRD patterns of PG36 a calcined in air (CA800) and b under
nitrogen flow (CN80OB and CN8OOR). In panel a, the green solid
line corresponds to the experimental data, the black dotted line is the
Rietveld fit, whereas the light blue solid line is the fit residual. The
reflexes of the phases evidenced in the fit are reported underneath as
vertical bars: black CuO, blue SiO,. In panel b, the black solid line

corresponds to the experimental data of CN80OB, the red solid line
to CN8OOR, the yellow dotted line corresponds to the fit with solely
CuO. The reflexes evidences in the data analysis are reported as verti-
cal bars; black CuO, blue SiO,, violet CuBr, light blue CuCl, green
Cu,0Cl,, orange Cu,O (color figure online)
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coupling when its size diminishes to 1 nm (Tamaki et al.
2014), but it is perceived orange when irradiated at 490 nm,
and it is green when it is obtained in homogeneous particles
of 40 nm diameter (Vella Durai et al. 2019). The blackish
and light-red grains of CN800 were coarsely separated and
labeled CN800OB and CN8OOR, respectively. XRD spectra
were taken on each batch, separately. The blackish grains
showed again a large prevalence of tenorite crystal phase,
with only traces of silica and copper halogenides (Fig. 3b,
dark gray line), while the light-red portion yielded a quite
complicated XRD pattern (Fig. 3b, red line). Though the
peaks characteristic of CuO (32.7, 36,6, 38.9, 66.2) are still
clearly visible, their intensity is largely smaller. The peaks
ascribable to silica are relatively higher, and new peaks of
comparable height appear. Noteworthy are the peaks fall-
ing at 31.5 and 65.8 degrees 26, that can be related to the
presence of CuBr (Wyckoff 1963), and those at 26.2 and
37.1 that could be reasonably traced back to an oxychloride
Cu,0Cl, phase (mineral melanothallite, Krivovichev et al.
2002), while CuCl would give a series of peaks (e.g., nan-
tokite powder spectrum (Wyckoff 1963), that are not clearly
observed. Furthermore, the existence of copper (I) species
that could be produced at high temperature in reduced-air
environment, is also evidenced by the likely presence of
Cu,0 in the mixture, in compliance with the reddish color
observed. The XRD spectrum of this compound has peaks at
29.6, 36.4, 42.3 and 65.5 (Kirfel and Heichhorn 1990) that
would fit nicely with parts of the observed CN8OOR pattern
in that region. Though, a certain degree of overlap is pos-
sible with silica peaks at 36.5 and 42.5, and with CuBr one
at 65.5 and consequently, Cu,O presence cannot be assessed
or ruled out by this method without uncertainty. All the anal-
ysis of CN80OOR is admittedly rather qualitative, owing to
the overlap of several crystalline peaks and broader signals,
probably due to amorphous structures, but it seemingly sug-
gests that mixed halogenated compounds and traces of Cu,O
can be found in the sample.

The calcination atmosphere has a pivotal role in terms of
toxicity, since CuBr, CuCl and possibly Cu,O are produced
in absence of air oxygen, only. The associated hazards indi-
cate possible skin irritation, eye damage and respiratory irri-
tation (Table 5). No toxicity data are available in ECHA and
CHEMSPACE databases on Cu,OCl, The safety of CuO
and SiO,, present in all solid residues, is a complex issue.
CuO is considered largely harmless, one of the sources of Cu
daily intake (Aguilar et al. 2009), and extensively used for
its biocide properties (Carbone 2016; Carbone et al. 2017).
Nonetheless, inhalation of high doses of CuO (1.6 mg/Cu
aerosol m? for 1 h) resulted in impaired pulmonary func-
tions in rats, the biochemical toxicity of copper in humans
occurring when it exceeds homeostatic control (PUBCHEM
2021). Safety issues on SiO, depend on a number of param-
eters. Nanometric SiO, can cause acute toxicity depending
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Table 5 Hazards associated with the solid residues in the calcined
samples CA800, CN80OB CN80OOR

X-ray phase Risk code

CuCl H302 Cat. 4 Harmful if swallowed

CuBr H302 Cat. 4 Harmful if swallowed
H315 Cat. 2 Causes skin irritation
H318 Cat. 1 Causes serious eye damage
H335 Cat. 3 May cause respiratory irritation

Cu,0 H302 Cat. 4 Harmful if swallowed
H318 Cat. 1 Causes serious eye damage
H332 Cat. 4 Harmful if inhaled

Cu,0Cl, /

CuO Dose dependent

SiO, Dose and shape dependent

on geometry, porosity, surface characteristics and dose (Yu
et al. 2012), whereas the toxicity of SiO, fibers is known,
especially with an aspect ratio L/D >3 (L=Iength, D =diam-
eter) (Boulanger et al. 2014).

SEM and DLS

The differences between laser and thermal treatments of
PG36 extend to the morphology of the products, with addi-
tional distinctions to be made among pyrolyzed and calcined
samples. The thermal-treated samples present, in general,
large aggregates in the micrometric range, whereas parti-
cles in the nanometric range are almost completely absent.
The aggregates of the pyrolyzed samples are made of a tri-
dimensional network of melted rods which create a porous
structure on the surface (Fig. 4a, b sample Py800). Calcined
samples lose the tri-dimensional network to a piled-slabs
morphology, with a polygonal shape compatible with a CuO
component (which usually crystallizes in hexagonal pack-
ing) (Fig. 4c, CA800). The size of the slabs is significantly
reduced in CN80OOR as compared probably as an effect of the
additional mixed phases (CuBr, etc.), though still keeping the
micrometric size of the overall aggregates (Fig. 4d). The sce-
nario changes completely for the laser-treated samples, both
as compared to the thermal-treated ones and in dependence
of the dispersion solvent. In general, laser-treated samples
present a more complex size and shape distributions, with
size reduction of the aggregates as well as re-aggregation.
More in detail, size reduction occurs in the H,015, P20L15,
H,044, P20L44 samples where aggregates of a size down
to 20-30 nm are observed, along with larger ones of up to
300 nm (Fig. 4e, for H,015). The most striking feature of
H,015 is the rearrangement into extended sheets of up to
50 pm in the longest direction, as in Fig. 4f rod-like texture
is visible, as well blocks deposited on the surface (enlarged
in the area delimited by the orange square), whereas small
aggregates are distributed all around the sheet.
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Fig.4 Selected SEM images of laser and thermally treated PG36 in
water and propan-2-ol dispersion: a is Py800 dispersed in propan-
2-ol; b is a magnification of a; ¢ is calcined sample in air and d under
N,, both dispersed in propan-2-ol; e through j are PG36 samples dis-
persed in water and laser treated at different times (indicated in the
corresponded panel); k and 1 are PG36 samples dispersed in propan-
2-ol and laser treated. Low fluence (LF) laser-treated samples are
reported in panels m for water dispersion and n for propan-2-ol dis-
persion (color figure online)

The sheet may fold to create compact 3D structures
(Fig. 4g), though small clusters are still visible inside the
folds, as it can be observed inside the magnified in Fig. 4h.
After 44-min laser irradiation of PG36 in water dispersion,
fibrous morphology becomes heavily dominant (Fig. 4i).
Large aggregates of smaller roundish particles are present
surrounded by a characteristic extended mesh, with a 50 nm
pace (Fig. 4j). Two main features attain laser-treated PG36
in propan-2-ol, the presence of fibers with aspect ratio L/D
between 8 and 26 (both P20OL15 and P20L44) and the gen-
eration of a beam sensitive foam-like structure, which is
uniformly distributed over the whole surface of the sam-
ple holder in P20OL15 and becomes droplet-like in P20L44
(Fig. 4k, 1). Additional laser treatments were performed in
milder fluence conditions (0.021 J/cm?) to investigate to
onset of these features (Fig. 4m, n). The foamy texture is
more extended and presents embedded aggregates and nano-
particles as can be observed in Fig. 4n. In addition, regularly
shaped crystalline-like features appear as in Fig. 4m.

Low fluence laser treatments were performed on the
commercial ink Green Concentrate (GConc) based on the
pigment PG7 (Bauer et al. 2020) and its extracted part. As
compared to GConc treatments, there are some common fea-
tures, such as simultaneous size reduction of the aggregates
and re-aggregation, whereas flower-like structures are absent
in the current case. As for fibers, though already observed
upon GConc, the presence of fibers upon PG36 lasing is
definitively awkward, because of the ascertained presence
of SiO,. It must be added that, in the current study, fibers
are also observed upon laser treatment of PG36 in water and
propan-2-ol; whereas, in case of GConc, they were gener-
ated only in propan-2-ol for the extracted ink. In general,
if phthalocyanines only are deemed as taking part to the
re-aggregation process, the lower viscosity solvent favors
the fibers formation. However, the presence of siloxanes/
Si0, shifts the overall scenario towards fibers formation in
water too. Peculiar to PG36 are the foamy structures upon
treatments in propan-2-ol only, which form already at low
fluence and may embed nanoparticles, thus creating larger
conglomerates. These particular structures are beam sensi-
tive (see Fig. SIS), hinting at a large hydrocarbon content
(likely linear chains as also pointed by the GC—mass spec-
tra), which may account both for foamy appearance and the
reactivity to the beam irradiation.

To assess the hydrodynamic size of laser- and thermal-
treated samples, we performed DLS measurements. It must
be noted that the samples subjected to thermal treatments
are powders which are suspended in solvents for DLS meas-
urements, whereas laser treatments are already performed
on dispersions. Extended structures such as those found in
Fig. 4f, g are not revealed by DLS because they undergo
rapid sedimentation after dispersion, which is a requirement
for the measurement to be reliable, since it is based on the
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intensity fluctuation of a constant number of particles per
scattering volume undergoing Brownian diffusion in the
suspension. This implies the exclusion of large particles,
aggregates or dust. On the other hand, objects with the size
of tenths of nm went undetected in presence of a distribu-
tion of large aggregates, since this is dominating, even if
large aggregates are a small amount. This is related to the
adopted analysis method basing on the intensity-weighted
size distribution, where the intensity is weighted according
to the scattering intensity of each particle fraction or family,
which is proportional to the square of the molecular weight
(De Vos et al. 1996).

Results of DLS analyses are reported in Table 6. Laser-
treated samples dispersed in propan-2-ol show objects of
large size (in the micrometric range) and polydispersity with
respect to their analogs dispersed in water. On average, the
lower viscosity of propan-2-ol seems to favor the formation
of larger aggregates.

As far as the laser-treated samples are concerned two
more issues must be taken into account. From one side,
siloxanes survive the treatment in water, thus contributing
dispersing the products too. On the other hand, the foamy
structures in propan-2-ol do contain smaller particles embed-
ded in larger “bubbles”, with an overall large hydrodynamic
radius, although the chromophore aggregates are smaller.

The overall comparison of laser and thermal treat-
ments evidences a few issues. From the sheer analysis of
the GC—mass spectra, pyrolysis of PG36 appears, in first
instance, associated with larger hazards as compared to laser

treatments, due to a larger production of harmful fragments
compounds, among which there are carcinogenic and organ
impairing ones. On the morphological ground, laser treat-
ments appear more dangerous, since they generate nano-
particles and fibers, which are deemed harmful (especially
the latter ones). However, the role of the additives must
also be taken into account, in association with the on-going
processes, i.e., hydrocarbons might ignite a plausible com-
bustion process causing a further fragmentation during the
pyrolysis, whereas siloxanes significantly play a role in fiber
formation in laser processes. All-in-all, a correct toxicity
assessment depends on the actual tattoos’ removal mecha-
nisms. Laser treatments of pigments are often considered as
dominated by thermally driven processes, especially if the
irradiation wavelength does not correspond to a maximum in
the UV—Visible light adsorption of the chromophore.

In a recent paper by Schreiver et al. (2015), a fully pho-
tothermal process was hypothesized during laser treatment
of the PB15:3 with Ruby laser (694 nm) based on the coin-
cidence of fragment compounds by laser treatment and
pyrolysis, also in consideration of the lack of phthalocyanine
fragmentation upon irradiation with visible light at the same
wavelength. However, when dealing with a fully halogenated
phthalocyanine, the scenario changes to some extent, since
a large number of fragment compounds can be obtained (for
instance halogenated ones), thus revealing possible addi-
tional fragmentation mechanisms, besides the thermal ones.
The non-coincidence of laser and photothermal processes is
further supported by the production of nanoparticles upon

Table 6 Average hydrodynamic

diameter 2R, from DLS Sample 2Ry (nm) PDI 2Ry - Peakl (nm) 2Ry-Peak2 (nm)
measurements on PG36 after (Cumulant) (Cumulant) (NNLS) (NNLS)
treatments determined by
cumulant analysis and intensity- Laser treated
weighted size distribution by
NNLS algorithm P20L15 1900300 0.56+0.09 69065
H,015 192+0.53 0.365+0.013 25021
P20L44 2500+400 0.51+0.1 1200300
H.044 169+3.6 0.343+0.021 19013
Thermally treated
Py800/P20L 2900£200 0.57+0.04 1400150
Py800/H:0 812100 0.6+0.04 915+30 25010
CA800/P20L 1200200 0.65+0.06 820+73
CA800/H20 980+40 0.57+0.11 610+20
CN80OR/P20L 2270%30 0.27+0.1 1880200
CN80OR/H:20 164040 0.45+0.08 102030
CN800B/P20L 1975+0.28 0.28+0.1 179060
CN800B/H20 1090+30 0.34+0.05 920140

Black fonts correspond to PG36 dispersed in water or propan-2-ol and treated with laser Nd: YAG, the red
fonts correspond to thermally treated samples, dispersed afterwards in water or propan-2-ol
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laser treatments only, which speaks in favor of a photome-
chanical process, such as the photoacoustic effect. However,
laser induced photo-thermic processes are also active, at
least in terms of increase of the dispersion average tempera-
ture, which may cause, for instance the alfa-to-beta phase
transition of the phthalocyanines in water dispersion. Under
these premises, the tattoo removal process can be consid-
ered as a sum of photoacoustic and photothermal effects,
and, in first instance, the associated toxicity relates to both
processes simultaneously. As for a perspective evolution of
the tattoo removal procedure, a suited laser treatment can be
envisaged that balances the contribution of photoacoustic
and photothermal processes towards the minimization of the
toxicity of the tattoos’ removal. It must be added that addi-
tives should be screened based not only on their toxicity, but
also on the potential harm in connection with the pigments’
removal.

Conclusions

We comparatively investigated laser and thermal treatments
of the phthalocyanine-based green pigment PG36, permit-
ted as tattoo coloring component of tattoo inks in countries
where regulations were issued. Ensuing the characterization
of the pigment, the treatments were carried out by Nd: YAG
laser irradiation of water and propan-2-ol dispersions, pyrol-
ysis at 700 and 800 °C and calcination at 800 °C in air or
under N, flow. The outcomes were investigated with various
techniques and reveal the presence of additives, such as the
harmful cyclic siloxanes and hydrocarbons of several types,
which eventually play a role in the removal processes. In
particular, we observed a larger amount of different types
of harmful halogenated fragment compounds upon pyroly-
sis, as compared to laser treatments. Simultaneously, cyclic
siloxanes survive the pyrolysis and the laser treatment in
water, but not laser treatments in propan-2-ol, thus indicat-
ing also a role of the solvents (chosen for the different polari-
ties). As for the solid residues of the processes, we made an
estimate through the calcination procedure and found that
CuO (usually deemed as harmless, unless exceeding critical
doses) is the major product containing Cu from the Cu-phth-
locyanine. However, if calcinations are carried out in defect
of O,, additional harmful CuBr, CuCl and possibly Cu,O
may form as well (Cu,OCl, forms too, but the associated
hazard is not known). In addition, SiO, is formed as second
major component, deriving from the siloxanes decomposi-
tion, and whose toxicity is strongly shape dependent, SiO,
fibers being a main source of concern. From the morphologi-
cal point of view, fibers and nanoparticles with size <20 nm
are observed upon laser treatments, along with agglomerates
ranging in the hundreds of nanometres to the micrometers
range. Additional features, such as foamy structures attain

the laser treatments of propan-2-ol dispersions, where the
presence of linear chain hydrocarbons may play a role.
Thermal-treated samples present agglomerates in the
micrometric range, with tri-dimensional network, in case of
pyrolized samples and flatter components for the calcined
ones. Laser treatments of pigments are often described as
equivalent to thermal treatments (pyrolysis, in particular).
However, in the case of halogenated Cu-phthalocyanine, the
processes appear to be different both from the point of view
of the produced fragment compounds and of the morphol-
ogy of the products (also in connection with the presence of
additives), thus with an effective different type of toxicity,
the laser processes pointing at a concurrent photoacoustic
effect. This implies that the actual toxicity of the removal
process routinely run by laser treatments might be steered
as long as the decomposition mechanism can be controlled.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-021-03052-w.

Acknowledgements The authors thank F. Mura from CNIS (Sapienza
University of Rome) for his contribution to SEM characterization of
some of the images.

Funding Open access funding provided by Universita degli Studi di
Roma Tor Vergata within the CRUI-CARE Agreement.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aguilar F, Charrondiere UR, Dusemund B, Galtier P, Gilbert J, Gott
DM, Grilli S, Guertler R, Kass GEN, Koenig J, Lambré C, Larsen
JC, Leblanc JC, Mortensen A, Parent-Massin V, Pratt I, Rietjens
IMCM, Stankovic I, Tobback P, Verguieva T, Woutersen RA
(2009) Copper(II) oxide as a source of copper added for nutri-
tional purposes to food supplements. EFSA J 1089:1-15

Alsing KK, Johannsen HH, Hansen RH, Serup J (2020) Tattoo compli-
cations and magnetic resonance imaging: a comprehensive review
of the literature. Acta Radiol 61(12):1695-1700

Antao SM, Wang J, Lee PL, Toby HB (2008) State-of-the-art high-
resolution powder x-ray diffraction (HRPXRD) illustrated with
Rietveld structure refinement of quartz, sodalite, tremolite, and
meionite. Can Mineral 46(6):1501-1509

Bauer EM, De Caro T, Tagliatesta P, Carbone M (2019) Unraveling
the real pigment composition of tattoo inks: the case of bi-compo-
nents phthalocyanine based greens. Dyes Pigments 167:225-235

@ Springer


https://doi.org/10.1007/s00204-021-03052-w
http://creativecommons.org/licenses/by/4.0/

Archives of Toxicology

Bauer EM, Scibetta EV, Cecchetti D, Piccirillo S, Antonaroli S, Sen-
nato S, Cerasa M, Tagliatesta P, Carbone M (2020) Treatments
of a phthalocyanine-based green ink for tattoo removal purposes:
generation of toxic fragments and potentially harmful morpholo-
gies. Arch Toxicol 94(7):2359-2375

Bieleman J (ed) (2000) Additives for coatings. Wiley-VCH, Weinheim

Boulanger G, Andujar P, Pairon J-C, Billon-Galland M-A, Dion C,
Dumortier P, Brochard P, Sobaszek A, Bartsch P, Paris C, Jaurand
M-C (2014) Quantification of short and long asbestos fibers to
assess asbestos exposure: a review of fiber size toxicity. Environ
Health 13:59

Bucella M, Dorigato A, Rizzola F, Caldara M, Fambri L (2018) Influ-
ence of the processing parameters on the dispersion and coloration
behavior of a halogenated copper phthalocyanine-based master-
batch. Adv Polym Technol 37(3):21721

Bugnon P (1995) Surface treatment of pigments: treatment with inor-
ganic materials. Prog Org Coat 29(1-4):39-43

Carbone M (2016) Cu Zn Co nanosized mixed oxides prepared from
hydroxycarbonate precursors. J Alloys Compd 688:202-209

Carbone M, Briancesco R, Bonadonna L (2017) Antimicrobial power
of Cu/Zn mixed oxide nanoparticles to Escherichia coli. Environ
Nanotech Monit Manag 7:97-102

CHEM SPACE. https://chem-space.com/. Accessed 8 Apr 2021

CLP Database (2009) Classification, labelling and packaging regula-
tion (CLP) at ECHA. https://web.archive.org/web/2009030904
2730/, http://echa.europa.eu/classification/clp_regulation_en.asp.
Accessed 8 Apr 2021

DALIA Research (2021) https://medium.com/daliaresearch/who-
has-the-most-tattoos-its-not-who-you-d-expect-1d5ffff660£8.
Accessed 8 Apr 2021

Darvin ME, Schleusener J, Parenz F, Seidel O, Krafft C, Popp J, Lade-
mann J (2018) Confocal Raman microscopy combined with opti-
cal clearing for identification of inks in multicolored tattooed skin
in vivo. Analyst 143:4990-4999

De Vos C, Deriemaeker L, Finsy R (1996) Quantitative assessment
of the conditioning of the inversion of quasi-elastic and static
light scattering data for particle size distributions. Langmuir
12(11):2630-2636

Donia DT, Scibetta EV, Tagliatesta P, Carbone M (2021) Chemistry
through tattoo inks: a multi-levels approach to a practice on the
rise for eliciting interest in chemical education. J] Chem Edu.
https://doi.org/10.1021/acs.jchemed.0c01205

Everts S (2016) 2016 FDA cosmetic facts: tattoos and permanent
makeup. Chemical and Engineering News, American Chemical
Society, August 22

Fardi T, Pintus V, Kampasakalia E, Pavlidou E, Schreiner M, Kyri-
acou G (2018) Analytical characterization of artist’s paint sys-
tems based on emulsion polymers and synthetic organic pigments.
JAAP 135:231-241

Finger LW, Cox DE, Jephcoat AP (1994) A correction for powder
diffraction peak asymmetry due to axial divergence. J Appl Cryst
27(6):892-900

Fisher EK (1950) Surface-active agents. Colloidal dispersions. John
Wiley & Sons, New York, pp 224-257

Germinario G, Van Der Werf ID, Sabbatini L (2015) Pyrolysis gas
chromatography mass spectrometry of two green phthalocyanine
pigments and their identification in paint systems. J Anal Appl
Pyrol 115:175-183

Gomes MD, Letzian S, Saynisch M, Iden S (2019) Polarity signaling
ensures epidermal homeostasis by coupling cellular mechanics
and genomic integrity. Nat Commun 10:3362

Hauri U (2014) Inks for tattoos and permanent make-up—pig-
ments, preservatives, aromatic amines, polyaromatic hydrocar-
bons and nitrosamines. Swiss National Investigation Campaign
2014. https://www.kantonslabor.bs.ch/berichte/fruehere-berichte.
html. Accessed 8 Apr 2021

@ Springer

Hauri U, Hohl C (2015) Photostability and breakdown products of
pigments currently used in tattoo inks. Curr Probl Dermatol
48:164-169

Hering H, Sung AY, Roder N, Hutzler Ch, Berlien HP, Laux P, Luch
A, Schreiver I (2018) Laser irradiation of organic tattoo pig-
ments releases carcinogens with 3,3’-dichlorobenzidine induc-
ing DNA strand breaks in human skin cells. J Invest Dermatol
13:2687-2690

Innocenzi P (2003) Infrared spectroscopy of sol-gel derived silica-
based films: a spectra-microstructure overview. J] Non-Cryst Sol-
ids 316:309-316

Kihara R, Imada S, Kawai T, Asahi T (2019) Fabrication of nanorods
colloids of copper hexadecafluorophthalocyanine by nanosec-
ond-pulse laser fragmentation in organic solvents. App Surf Sci
478:532-538

Kim SY (2017) A study on adult women’s cosmetic tattoo experiences
and comparison of health concern abd health practise between
the cosmetic tattooed and non-cosmetic tattooed groups. J Korean
Acad Community Health Nurs 28:69-77

Kirfel A, Heichhorn K (1990) Accurate structure analysis with syn-
chrotron radiation. Acta Cryst 46:273-284

Kluger N (2019) Insight into worldwide interest in tattooing using
google trends. Dermatology 235:204-242

Kluger N, Koljonen V (2012) Tatoos, inks, cancer. The Lancet
13:e161-e168

Kluger N, Seité S, Taieb C (2019) The prevalence of tattooing and
motivations in five major countries over the world. JEADV
33:e484—e486

Krivovichev SV, Filatov SK, Burns PC (2002) The cuprite-like frame-
work of OCu4 tetrahedra in the crystal structure, of synthetic
melanothallite, Cu,0Cl,, and its negative thermal expansion. Can
Mineral 40:1185-1190

Laumann AE, Derick AJ (2006) Tattoos and body piercings in
the United States: a national data set. ] Am Acad Dermatol
55:413-421

Lea PJ, Pawlowski A (1987) Electron microscopic assessment of epi-
dermis, epidermal-dermal junction, and dermis. Int J Dermatol
Human Tattoo 27(7):453—-458

Lokesh KS, Adriaens A (2013) Synthesis and characterization of tetra-
substituted palladium phthalocyanine complexes. Dyes Pigm
96:269-277

Lucia EA, Verderame FD (1968) Spectra of polycrystalline phthalocya-
nines in the visible region. ] Chem Phys 48(6):2674-2681

Mojsiewicz-Pierikowska K, Jamrégiewicz M, Szymkowska K, Krenc-
zkowska D (2016) Direct human contact with siloxanes (sili-
cones)—safety or risk. Part 1. Characteristics of siloxanes (sili-
cones). Front Pharmacol 7:132. https://doi.org/10.3389/fphar.
2016.00132

Muroyama A, Lechler T (2012) Polarity and stratification of the epi-
dermis. Semin Cell Dev Biol 23:890-896

OEHHA—Office of Environmental Health Hazard Assessment (2008)
Materials for the meeting of the CECBP (California Environmen-
tal Contaminant & Biomonitoring Program): cyclosiloxanes.
http://oehha.ca.gov/multimedia/biomon/pdf/1208cyclosiloxanes.
pdf. Accessed 8 Apr 2021

Pecora R (2000) Dynamic light scattering measurement of nanometer
particles in liquids. J Nanopart Res 2:123-131

Persa OD, Koester J, Niessen CM (2021) Regulation of cell polarity
and tissue architecture in epidermal aging and cancer. J Invest
Dermatol 141:1017-1023

Piccinini P, Pakalin S, Contor L, Bianchi I, Senaldi C, (2016) Safety
of tattoos and permanent make-up. Final report, EUR 27947 EN

PUBCHEM. https://pubchem.ncbi.nlm.nih.gov/source/hsdb/266#secti
on=Toxicity-Summary. Accessed 8 Apr 2021

Regulations in Single European Countries (2008) Spain—Informacion
sobre productos para maquillaje permanente (micropigmentacion)


https://chem-space.com/
https://web.archive.org/web/20090309042730/
https://web.archive.org/web/20090309042730/
http://echa.europa.eu/classification/clp_regulation_en.asp
https://medium.com/daliaresearch/who-has-the-most-tattoos-its-not-who-you-d-expect-1d5ffff660f8
https://medium.com/daliaresearch/who-has-the-most-tattoos-its-not-who-you-d-expect-1d5ffff660f8
https://doi.org/10.1021/acs.jchemed.0c01205
https://www.kantonslabor.bs.ch/berichte/fruehere-berichte.html
https://www.kantonslabor.bs.ch/berichte/fruehere-berichte.html
https://doi.org/10.3389/fphar.2016.00132
https://doi.org/10.3389/fphar.2016.00132
http://oehha.ca.gov/multimedia/biomon/pdf/1208cyclosiloxanes.pdf
http://oehha.ca.gov/multimedia/biomon/pdf/1208cyclosiloxanes.pdf
https://pubchem.ncbi.nlm.nih.gov/source/hsdb/266#section=Toxicity-Summary
https://pubchem.ncbi.nlm.nih.gov/source/hsdb/266#section=Toxicity-Summary

Archives of Toxicology

y tatuaje. https://www.aemps.gob.es/informa/notasInformativas/
cosmeticosHigiene/2008/NI-prod Autorizados-tatuaje_julio-2008.
htm. Accessed 8 Apr 2021

Regulations in Single European Countries (2012) Sweden—Forord-
ning (2012:503) om tatueringsfirger. https://www.riksdagen.se/
sv/dokument-lagar/dokument/svensk-forfattningssamling/foror
dning-2012503-omtatueringsfarger_sfs-2012-503. Accessed 8
Apr 2021

Regulations in Single European Countries (2013a) The Netherlands—
Besluit van 24 april 2013, houdende wijziging van he Waren-
wetbesluit tatoeagekleurstoffen in verband met het intrekken van
Richtlijn 76/768/EEG. https://zoek.officielebekendmakingen.nl/
stb-2013-177.html. Accessed 8 Apr 2021

Regulations in Single European Countries (2013b) France—Arrété
du 6 mars 2013 fixant la liste des substances qui ne peuvent pas
entrer dans la composition des produits de tatouage. https://www.
legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT0000271
67179&dateTexte=20200415. Accessed 8 Apr 2021

ResAP (2008) 1 Council of Europe Resolution on requirements and
criteria for the safety of tattoos and permanent make-up Feb 20th
2008. https://search.coe.int/cm/Pages/result_details.aspx?Objec
tID=09000016805d3dc4. Accessed 8 Apr 2021

Sadhvi B, Rajeshkumar S, Roy A, Lakshmi T (2014) Copper oxide
nanoparticles synthesis and characterization using UV-vis spec-
trophotometer and TEM. Int J Res Pharm Sci 10(4):2845-2848

Salis-Gomes C, Ferreira C, Rossenaar B, Joosten I, van der Werf I,
Carlyle L, van den Berg KJ (2019) Pigment surface treatments:
20th and 21st century industrial techniques and strategies for their
detection. In: van den Berg K et al (eds) Conservation of modern
oil paintings. Springer, Cham

Schreiver I, Hutzler C, Laux P, Berlien H-P, Luch A (2015) Formation
of highly toxic hydrogen cyanide upon ruby laser irradiation of the
tattoo pigment phthalocyanine blue. Sci Rep 5:12915

Schroder J (1988) Surface treatment of pigments. Prog Org Coatings
16:3-17

Serup J, Hutton Carlsen K, Dommershausen N, Sepehri M, Hesse B,
Seim C, Luch A, Schreiver I (2019) Identification of pigments
related to allergic tattoo reactions in 104 human skin biopsies.
Contact Dermatitis 82(2):73-82

Swarup S, Schoff CK (1993) A survey of surfactants in coatings tech-
nology. Prog Org Coat 23(1):1-22

Swiss Regulation (2005) Das Eidgendssische Departement des Innern
(EDI) Verordnung iiber Gegenstiande fiir den Schleimhaut-,
Haut- und Haarkontakt sowie iiber Kerzen, Streichholzer, Feuer-
zeuge und Scherzartikel (Verordnung tiber Gegenstinde fiir den
Humankontakt) Bern: Swiss Government, pp 1-26. https://www.
fedlex.admin.ch/eli/cc/2005/811/det#art_5. Accessed 8 Apr 2021

Tamaki H, Watanabe S, Kamiyama YO, Imai H (2014) Size-dependent
thermochromism through enhanced electron-phonon coupling in
1 nm quantum dots. Andgew Chem Int Ed 53(40):10706-10709.
https://doi.org/10.1002/anie.201406330

TdtoV (2008) Tatowiermittel-Verordnung Nov 13, 2008, BGBI I S
2215, last amended January 26th, 2016, BGB1 I S 108. https://
www.gesetze-im-internet.de/t_tov/BJNR221500008.html.
Accessed 8 Apr 2021

Toby BH, Von Dreele RB (2013) GSAS-II: the genesis of a modern
open-source all purpose crystallography software package. J Appl
Cryst 46:544-549

Tong WY, Djurisi¢ AB, Ng AMC, Chan WK (2007) Synthesis and
properties of copper phthalocyanine nanowires. This Solid Films
515:5270-5274

TSCA Inventory (2021) https://www.epa.gov/tsca-inventory/how-
access-tsca-inventory#download. Accessed 8 Apr 2021

Vasold R, Naarmann N, Ulrich H, Fischer D, Konig B, Landthale M,
Béumler W (2004) Tattoo pigments are cleaved by laser light-the
chemical analysis in vitro provide evidence for hazardous com-
pounds. Photochem Photobiol 80:185-190

Vella Durai SC, Ganapathi Raman R, Kumar E, Muthuraj D (2019)
Structural, optical, morphological and thermal properties of CuO
nanoparticles prepared by sol-gel technique. J Nano Electron Phys
11:05011

Vernardakis T (2007) Chapter 31 — pigment dispersion. In: Tracton
AA (ed) Coating materials and surface coatings. CRC Press, Cali-
fornia, pp 1-19

Wang Z, Yang W, Wei J, Meng F, Liu X (2014) Preparation and micro-
wave absorption properties of rod-like iron phthalocyanine with
nitrile and nitro groups. Mater Lett 123:6-9

Wyckoff RWG (1963) Crystal structures, vol 1, 2nd edn. Interscience
Publishers, New York, NY, pp 85-237

Yu T, Greish K, McGill LD, Ray A, Ghandehari H (2012) Influence
of geometry, porosity, and surface characteristics of silica nano-
particles on acute toxicity: their vasculature effect and tolerance
threshold. ACS Nano 6(3):2289-2301

Zhuang L, Lawlor KT, Schlueter H, Pieterse Z, Yu Y, Kaur P
(2018) Pericytes promote skin regeneration by inducing epi-
dermal cell polarity and planar cell divisions. Life Sci Alliance
1(4):201700009

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://www.aemps.gob.es/informa/notasInformativas/cosmeticosHigiene/2008/NI-prodAutorizados-tatuaje_julio-2008.htm
https://www.aemps.gob.es/informa/notasInformativas/cosmeticosHigiene/2008/NI-prodAutorizados-tatuaje_julio-2008.htm
https://www.aemps.gob.es/informa/notasInformativas/cosmeticosHigiene/2008/NI-prodAutorizados-tatuaje_julio-2008.htm
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/forordning-2012503-omtatueringsfarger_sfs-2012-503
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/forordning-2012503-omtatueringsfarger_sfs-2012-503
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/forordning-2012503-omtatueringsfarger_sfs-2012-503
https://zoek.officielebekendmakingen.nl/stb-2013-177.html
https://zoek.officielebekendmakingen.nl/stb-2013-177.html
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000027167179&dateTexte=20200415
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000027167179&dateTexte=20200415
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000027167179&dateTexte=20200415
https://search.coe.int/cm/Pages/result_details.aspx?ObjectID=09000016805d3dc4
https://search.coe.int/cm/Pages/result_details.aspx?ObjectID=09000016805d3dc4
https://www.fedlex.admin.ch/eli/cc/2005/811/de#art_5
https://www.fedlex.admin.ch/eli/cc/2005/811/de#art_5
https://doi.org/10.1002/anie.201406330
https://www.gesetze-im-internet.de/t_tov/BJNR221500008.html
https://www.gesetze-im-internet.de/t_tov/BJNR221500008.html
https://www.epa.gov/tsca-inventory/how-access-tsca-inventory#download
https://www.epa.gov/tsca-inventory/how-access-tsca-inventory#download

	Laser vs. thermal treatments of green pigment PG36: coincidence and toxicity of processes
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Sample preparation
	Calcination
	Equipment and data analysis

	Results and discussion
	Pigment characterization
	PG36 laser treatments and pyrolysis
	UV–Vis spectra after laser treatments

	Laser treatments and pyrolysis: GC–mass spectrometry
	Solid residue: IR and XRD
	SEM and DLS

	Conclusions
	Acknowledgements 
	References




