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Abstract

We have recently demonstrated that coated exfoliated Egyptian blue powder is
effective for detecting latent fingermarks on a range of highly-patterned non-
porous and semi-porous surfaces. In this extension of that work, we present our
studies into an alternative approach to prepare exfoliated Egyptian blue coated
with cetrimonium bromide and Tween® 20 using a simpler technique. The
quality of the latent fingermarks developed with these exfoliated powders and
the commercial powder were compared in a comprehensive study. Depletion
series of natural fingermarks from a wide range of donors (12 males and females)
deposited on non-porous (glass slides) and semi-porous (Australian banknotes)
surfaces were used in this study. Enhancement in the performance of the coated
exfoliated particles compared to the commercial powder was observed,
particularly in the case of aged fingermarks and polymer banknotes as

challenging substrates.
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blue, liquid-exfoliation

Page 10of 14


mailto:Sorour.shahbazi@curtin.edu.au

1. Introduction

Latent fingermarks discovered in criminal cases have long played an important
role in identifying individuals owing to their characteristic patterns. However,
this first relies on the successful visualisation of a latent fingermark. Although
there is a wide range of chemical and physical detection methods available, a
considerable number of latent fingermarks remain undetected [1-3]. This could
be a result of a lack of sensitivity or selectivity of the applied methods to small
amounts of fingermark residue [4-6]. In addition, detection of latent fingermarks
deposited on dark, multi-coloured, or multi-patterned substrates remains a
significant challenge since the contrast between the ridge details and the

underlying substrate is decreased here [7].

Luminescence-based development techniques and light-filtering technology can
enable background interference to be suppressed or eliminated, particularly by
utilising the near-infrared (NIR) region (700—-1000 nm) of the spectrum in which

only a limited number of substrates luminesce [8, 9].

Ancient Egyptian blue (EB, CaCuS14010) pigment strongly luminesces at 910 nm
when excited with visible light (Anwx=630 nm) [10-13]. The NIR-luminescence,
relatively low-cost, and non-toxicity of EB render it as a desirable fingermark
dusting powder [14]. However, the relatively large size of the commercial EB
particles (i.e., tens of microns) may result in overdevelopment and lack of clear
ridge details [14]. Therefore, the size of the particles should be decreased from

commercial artists material.

The high durability of EB particles makes reducing their size challenging. In a
recent study, following a technique introduced by Johnson-McDaniel et al. [15],
exfoliation of EB in hot water (approximately 80 °C) resulted in finer particles
containing nanoplates and nanosheets [16]. The exfoliated particles were
successfully applied for the detection of latent fingermarks [16]. The flat
morphology of the exfoliated particles, similar to metal flake powders, may also
enhance their adherence to the fingermark secretion due to an increased contact

area [17-19].
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There are three important parameters that affect the exfoliation process of
layered structures using the liquid-phase exfoliation method: polarity of solvent,
temperature, and ionic surfactant [20, 21]. In the liquid-phase exfoliation
method, forces between the liquid and silicate layers should overcome
intermolecular forces between adjacent silicate sheets. Also, stabilising the

sheets with suitable surfactants prevents reaggregation.

To simplify the exfoliation process, one approach is to eliminate heating of a
water slurry of pigment by instead using a polar organic solvent in combination
with a surfactant that are effective at room temperature. Based on previous
experiments and other reports, cetrimonium bromide (CTAB) is a suitable ionic
surfactant for exfoliation and coating of EB particles [21]. It is also desirable in
terms of fingermark development because of its ability to interact favourably
through its hydrocarbon tail with fingermark secretions, adding a further ability
to adhere EB particles to the fingermark [16]. Tween® 20 as a non-ionic
surfactant was used in previous reports to coat nanoparticles applied for the
development of latent fingermarks [3, 22-24]. It contains a long hydrocarbon
chain as well as hydroxyl and carboxyl functional groups, which can target
components within the secretion. Methanol is a highly polar solvent, and due to
the hydrocarbon chain in its structure, CTAB and Tween® 20 can be dissolved
easily at room temperature (Supplementary Data, Fig. Al). Therefore,
methanol without and with either CTAB or Tween® 20 was used instead of
water to exfoliate EB particles at room temperature. Three types of dusting
powders including uncoated, CTAB-coated, and Tween® 20-coated exfoliated
particles were prepared, and their capability for the detection of latent

fingermarks on different substrates was studied.
2. Material and methods
2.1. Exfoliation and coating of Egyptian blue powder

For the preparation of the pure exfoliated EB (EEB), 4 g of EB powder (Kremer
Pigmente Inc., Germany, Catalogue No 10060) was vigorously stirred in 500 mL
of methanol (Honeywell Burdick® & Jackson, Catalogue No 230-4) in a capped
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Schott bottle using a glass-coated magnet stir bar at room temperature (20-26
°C) for 12 days. The mixture was left overnight at room temperature to let the
powder settle. The clear supernatant was decanted. Alternatively, the EEB
particles could be isolated using a centrifuge (5000 rpm for 3 min). The powder
was left to dry overnight under ambient conditions or in an oven (ZRD-A5055,
Zhicheng®, China) at 30-35 °C. The dried powder lumps were crushed and
sieved. To coat the EEB particles, the same procedure was followed with the
addition of 1 g of CTAB (>99%, Sigma Life Science, Product No H9151) or 4 mL
of Tween® 20 (Sigma Life Science, Product No P1379) to the mixture of EB and
methanol before stirring. EB, EEB, CTAB-coated EEB (EEB+C) and Tween® 20-
coated EEB (EEB+T20) powders were stored in an oven at 30-35 °C to minimise

the possible agglomeration due to humidity.
3. Results and discussion
3.1. Powder preparation

Fig. 1 (a1-d1) photos taken under visible light show that delamination into
smaller particles changed the colour of the powder from dark blue to light
purple-blue. This phenomenon was previously observed in the case of exfoliation
in water [16]. According to previous studies, the size of EB particles affects the
pigment’s shade of blue [15, 25]. Larger clusters of rectangular blue crystals
consist of Cu2* cations linked by silicate tetrahedra produce a darker blue colour

of EB pigment and smaller clusters produce a lighter blue colour.

As demonstrated the luminescence images of the same powders in Fig. 1 (as-d2),
although the luminescence of the EB powder was decreased after long-term
exfoliation compared to EB powder, the final products were still strongly
luminescent (see Supplementary Data, Section A2 for photography details).
To find the optimum illumination wavelength, powders were illuminated at
different wavelengths from 350 nm to 650 nm. Maximum brightness was
achieved at 590 nm (Supplementary Data, Fig. A2). Therefore, illumination at

590 nm was applied for the investigations presented here.
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EB EEB EEB+C EEB+T20

Fig. 1. Photographs of (a) EB, (b) EEB, (¢) EEB+C and (d) EEB+T20 powders photographed by
Canon camera under (ai-di) ambient lighting (f-stop: {/6.3, exposure time: 1/5 s) and under (az-ds)
illumination at 590 nm with an IR long-pass filter (f-stop: /6.3, exposure time: 1/10 s).

Brightness of the image was increased by 100 %.

Particles size affects the intensity of the attenuated total reflectance (ATR)
Fourier transform infrared (FTIR) spectral peaks (see Supplementary Data,
Section A3 for experimental and instrumental details). Absorption peaks are
sharper and more intense when particles are finer [26-29]. Therefore, one
technique to compare the particles size can be through their ATR spectrum
(Supplementary Data, Section A3 for more explanation). Mid-infrared (MIR)
spectra of EB before and after exfoliation in methanol without and with CTAB or
Tween® 20 were collected using a Nicolet FTIR (Fig. 2). The peak intensity
increased after exfoliation in all spectra indicating a decrease in the size of the
particles. This result is consistent with the lighter colour of the exfoliated
particles (Fig. 1 (a1-d1)). Moreover, differences in the MIR spectra of the
uncoated and coated particles could indicate the interaction of the surfactant
with the surface of the particles. Fig. A3 (Supplementary Data) shows that
symmetric and asymmetric stretching peaks of C-H from the adsorbed CTAB
appeared in the EEB+C spectrum and slightly shifted compared to the peaks in
the CTAB spectrum. However, as per Fig. A4 (Supplementary Data), no

distinct changes were observed between the spectra of the uncoated and Tween®
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20-coated particles. This could be due to the intensive EEB spectrum that

covered the possible minor differences (see Supplementary Data, Section A3

for more spectroscopy details).
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- EEB+T20

absorption (a.u.)
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Fig. 2 MIR spectra of EB, EEB, EEB+C and EEB+T20 powders. No intensity modification was
applied.

3.2. Fingermark development

Three sets of experiments were conducted to study the performance of the

prepared powders for the detection of latent fingermarks, as per the following

stages (Table 1):

e Stage 1: the sensitivity of the coarse particles (EB) was compared to the
finer exfoliated ones (EEB, EEB+C and EEB+T20); a total of 288

1Impressions.

e Stage 2: the sensitivity of the commercial powder (EB) was compared to

the most enhanced exfoliated powder (based on the results from Stage 1)

on a challenging substrate; a total of 24 impressions.

Table 1 Demonstration of the experimental details applied in stages 1 and 2
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storage No. of No. of

powder substrate duration donors depletions
EB vs EEB vs EEB+C vs 2 days
stage 1 EEB+T20 glass 21 days 6 4
stage 2 EB vs EEB+T20 banknote 7 days 8 1

The International Fingerprint Research Group (IFRG) guidelines were followed
in terms of the number of donors, collection of fingermarks, depletion series and
the split-mark approach [30]. Substrates for deposition of fingermarks included
glass slides (25.4 x 76.2 mm, 1.0-1.2 mm thick, clear plain ground edges, Sail
Brand, Catalogue No 7101) and circulated and uncirculated 5 Australian dollars
(AUD) polymer banknotes. Twelve donors, both male and female, aged between
20-60 years, were asked not to wash their hands or touch chemicals for at least
30 min before fingermark donation. All fingertips were rubbed together before
fingermark deposition to uniformly distribute skin secretion. Fingermark
samples were collected by having donors touch the substrates and hold their
fingers on them for approximately 4 seconds. Split fingermarks in depletion
series were used in this comparative testing. See Supplementary Data,
Section A4.1 and Fig. A5 for more explanation regarding split marks and

depletion series.

All fingermark samples were stored in an office environment away from sunlight
without any further light protection. The temperature (20-23 °C) and relative
humidity (28-67 %) were monitored using a Digitech QP-6013 data logger

throughout storage.

Powder dusting was applied using soft natural camel hair brushes (Model
Master, 3/8”, USA) [16, 31]. A swirling movement of the brush was used when

applying the powders. The substrates were tapped to remove excess particles.

The developed latent fingermarks were photographed in a dark room using a
modified digital Canon camera (EOS 40D, Canon, Japan) equipped with an
RMO90 IR long-pass filter, which cuts off transmission of radiation shorter than

approximately 900 nm. The aperture and shutter speed for each photo were
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chosen to enhance the contrast and visibility of the developed fingermarks and
are provided under each Figure (see Supplementary Data, Section A2 for
more photography details). Prepared powders and developed fingermarks on

various substrates were illuminated with a forensic light source (Polilight

PL500, Rofin, Australia).
Stage 1: comparison between coarse and exfoliated particles

Four depletions of natural split fingermarks from 6 donors were deposited on
glass slides and stored for 2 and 21 days. These sets of fingermarks are called 2-
day old and 21-day old hereafter. The latent fingermarks were dusted with EB,
EEB, EEB+C, and EEB+T20 powders. Fig. 3 (a) and (b) illustrate two
representatives of the developed fingermarks (see Supplementary Data, Fig.
A6 and Fig. A7 for the entire set). From left to right, the split marks with the
same secretion were treated with EB, EEB, EEB+C, and EEB+T20 powders. The
majority of the fingermarks treated by EB and EEB+T20 powders presented
higher luminescence intensity under the same illumination and photography
conditions. This was expected in the case of EB-developed marks since the
exfoliation of the particles predictably decreases the luminescence (Fig. 1 (ai-
d1)). However, EEB+T20-developed fingermarks were brighter and more distinct
possibly because of the attachment of a greater number of Tween® 20-coated
particles compared to the uncoated and CTAB-coated particles. Fig. 3 (c) tallies
the number of treated fingermarks with the highest ridge details for each
dusting powder. It should be noted that the performance of the powders was
compared per depletion in which the marks contain the same secretion (see
Supplementary Data, Section A4.2 and Table A1l for more details). As per
Fig. 3 (¢), EEB+T20 powder developed the greatest number of higher quality
fingermarks in both the 2-day old and 21-day old sets of experiments. Uncoated
exfoliated powders presented the poorest results, particularly in the case of aged
fingermarks which lost volatiles over time. This highlights the importance of
coating the particles to increase their attachment to the secretion. An

explanation for this observation could be the adhesion of more lipophilic-coated
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EEB particles to the remained oily components of the residue through lipophilic
Interactions [32-34].

Therefore, EEB+T20 powder was considered the most enhanced fingermark

developer and was utilised in stage 2.
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Fig. 3 Comparison between EB, EEB, EEB+C and EEB+T20: (a) 2-day old and (b) 21-day old

natural split fingermarks on glass slides photographed with Canon camera (excitation: 590 nm,
IR long-pass filter, f-stop: /6.3, exposure times: 5 s for 2-day old and 15 s for 21-day old). (c) the
percentage of the developed fingermarks with the highest quality for each powder; n=24 (the

total number of depletion series).

Stage 2: comparison between EB and EEB+T20

In this stage, the capability of the Tween® 20-coated EEB as the most successful
fingermark developer was compared with the commercial powder (EB) in
developing natural fingermarks on a realistic and challenging semi-porous
surface, namely colourful polymer banknotes, as a common multi-coloured and

multi-patterned substrate.

Natural split fingermarks from 8 donors were deposited on 5 AUD notes. As per

previous investigations, the Queen’s portrait is a challenging area on the note
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because of its rough texture and pattern similar to the fingermark ridges.
Therefore, split marks were deposited on the Queen’s portrait, stored for 7 days,
and treated with EB and EEB+T20 powders. Fig. 4 shows a representative
1image of the developed fingermarks (see Supplementary Data, Fig. A8 for the
entire set). Because of the faint visible appearance of the dusted fingermarks on
the visible image, a digital fingermark icon was overlaid to indicate general
location of the fingermark deposition. The advantage of using NIR luminescent
powders for the highly patterned substrate is apparent in the images. The
background interference was effectively eliminated. For the majority of treated
split fingermarks, the half developed with EEB+T20 demonstrated less
background interference, higher contrast, and clearer ridge details

(Supplementary Data, Fig. AS8).

EEB+T20

Fig. 4 Comparison between EB and EEB+T20: 7-day old natural split fingermarks on 5 AUD
note photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: /6.3,
exposure time: 0.6 s). 5 AUD note on the left was provided to show general location rather than

exact location.

4. Conclusion

Utilising methanol instead of water facilitated liquid-exfoliation of highly
durable layered commercial EB pigment particles at room temperature. This
new approach made the particle preparation method safer, simpler, and less
expensive than exfoliation in hot water. The particles were also coated with

CTAB or Tween® 20 during the preparation, rendering them more compatible
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with lipophilic latent fingermarks, especially aged prints that have lost much of
the water phase. Comprehensive experiments were conducted to investigate the
performance of coated exfoliated particles for the detection of latent fingermarks.
Tween® 20-coated EEB demonstrated the highest contrast among EB, uncoated
EEB, and CTAB-coated EEB, especially in cases of aged fingermarks. This is due
to its desired characteristics including particle size, luminescence intensity, and
hydrophobic surface modification. It also outperformed the commercial pigment

for challenging substrates.
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SUPPLEMENTARY DATA

Studies into exfoliation and coating of Egyptian blue in methanol for

application to the detection of latent fingermarks

Al. Dusting powder preparation

Fig. Al. Photographs CTAB stirred in (a) methanol and (b) water at room temperature.

A2. Photography specification

The digital Canon camera was equipped with a Canon EFS 18-55 mm lens. The
camera was modified to photograph in the infrared (IR) region. As part of the
modification, the camera’s internal IR blocking filter, which normally reduces
the natural sensitivity of charge-coupled device (CCD) and complementary metal
oxide semiconductor (CMOS) sensor to IR radiation, was removed. The camera
was installed on a Firenze mini repro stand in a darkened room for the
respective imaging. The camera was connected to a desktop computer running
EOS Utility 2 software (version 2.14.20.0) to use the live view and remote-control

functions of the camera.
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EB EEB EEB+C EEB+T20

590 nm 505 nm 490 nm 450 nm no illumination

650 nm

Fig. A2. Photographs of (a) EB, (b) EEB, (c) EEB+C and (d) EEB+T20 powders photographed by
Canon camera under (ai-di) ambient lighting (f-stop: /6.3, exposure time: 1/5 s) and illumination
at (as-d2) 450nm, (as-ds) 490 nm, (as-d4) 505 nm, (as-ds) 590 nm, (as-ds) 650 nm (IR long-pass
filter, f-stop: 1/6.3, exposure time: 1/10 s). Brightness of the image was increased by 100 %.
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A3. Infrared spectroscopy

FTIR-ATR spectroscopy was used to collecting MIR absorption spectra to study
the chemical bonding of the powders. The peak intensities of the absorption
spectra were also studied to compare the particle size of the particles. Several
studies previously reported that with a decrease in the particle size, the peak
intensity increased [1-4]. In ATR, an absorption spectrum is obtained using
reflected IR radiation collected after several internal reflections occur between
the interface of the sample and the crystal with high RI relative to the sample
(evanescent wave). In this case, the beam extends only a small distance (0.5-2
pm) into the sample. Therefore, the more contact area gives a better signal due
to decreased background (Equation 1) [1]. Smaller particles could be compacted
more tightly and fill the voids between them to increase this contact area and
therefore increase absorption [1].

Equation 1

A
- 27'5\/sin2 0 — (n,/n,)?

dp: penetration depth of the IR light
A: wavelength of the IR light

0: the angle of incidence of the IR light
ne: average RI of the sample

ni: the internal reflection element

dp

Nicolet spectrometer (Nicolet 1S50, ThermoFisher Scientific, USA) was used to
study chemical bonding in this study. The instrument equipped with a single-
bounce ATR module (diamond crystal with RI npiamond=2.4 and depth of
penetration of 1.66 pm (at 45°, 1000cm-1), tungsten-halogen white light source,
KBr beamsplitter, and deuterated triglycine sulfate (DTGS) detector. Spectra
were recorded over the range of 4000-400 cm-1. The spectral resolution was 4 cm-1
and scan velocity was 0.4747 cm/s. For solid-state samples (powder), the
spectrometer was equipped with a pressure arm that was used to maintain a
constant contact force between the sample and the diamond sampling crystal.

For liquid samples, one drop of the sample was placed on the diamond sampling
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crystal. OPUS software (version 7.0 Build: 7, 0, 129 20111219) was used to
analyse the data.

As per previous reports, EB is made of several layers of tetrasilicates and CuQOg4
squares separated by Cu?* ions [5-8]. The chemical structure of EB is shown as
an inset in Fig. A3 (a) [5-8]. Characteristic peaks of EB between 1230 cm-! and

420 cm-! can be assigned to symmetrical and asymmetrical Si-O-Si stretching

(Table in Fig. A3) [9-12].

2916

(a) —EB

= EEB
= EEB+C
=== CTAB in methanol

2848

absorption (a.u.)

3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 2960 2940 2920 2900 2880 2860 2840 2820
wavenumbers (cm-')
peak wavenumbers (cm™') assignment
1640, 1322 and 790 | CaC,0,.2H,0 prominent absorption bands
1230, 1160, 1046 and 997 antisymmetrical Si-O-Si stretching
789, 754, 663 and 594 symmetrical Si-O-Si stretching

Fig. A3. (a) MIR spectra of EB before and after exfoliation in methanol without and with CTAB
as well as CTAB in methanol. (b) Spectra in narrower ranges of wavenumbers. Table shows the

vibrational frequencies observed in MIR spectra. Inset in (a) shows the chemical structure of EB

[s].
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- EB

—EEB

= EEB+T20

= pure Tween 20

absorption (a.u.)

~"\

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
wavenumbers (cm-)

Fig. A4. MIR spectra of EB before and after exfoliation in methanol without and with Tween® 20

as well as pure Tween® 20.

A4. Fingermarks development
A4.1. Split fingermarks and depletion series

Fingermark depletion series to assess the sensitivity of the method were
prepared by asking donors to press the same fingers sequentially without any
delay between each deposition on the substrate to produce a series of

increasingly weaker secretion residues.

To collect split fingermarks, two substrates were attached side by side and three
middle fingers were used for deposition. Permission was granted by the Reserve
Bank of Australia to conduct the described experiments on the banknotes,

including cutting notes where necessary (Fig. A5).
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dplt n1 depletion2  depletion3  depletion 4

ﬁﬂ%

Aﬁ%

@

s and (b) split fingermarks from three middle fingers.

Fig. A5. Schematic of (a) depletio
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donor 1 donor 2 donor 3 donor 4 donor § donor 6

depletion 3 depletion 2 depletion 1

depletion 4

Fig. A6. 4 depletions of natural split fingermarks from 6 donors deposited on glass slides, stored for 2 days, dusted with EB, EEB, EEB+C and

EEB+T20 (from left) and photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: {/6.3, exposure time: 1 s).



donor 1 donor 2 donor 3 donor 4 donor 5 - donor 6

depletion 3 depletion 2 depletion 1

depletion 4

Fig. A7. 4 depletions of natural split fingermarks from 6 donors deposited on glass slides, stored for 21 days, dusted with EB, EEB, EEB+C and

EEB+T20 (from left) and photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: {/6.3, exposure time: 8 s).



A4.2. Statistic comparison

To reach a statistic comparison, the best developer was selected based on the
ridge clarity in each depletion with the same secretion (Table Al). For example,
according to Table A1, for the 3rd depletion of donor 5 in 2-day old set, EEB+T20
developed the fingermarks with the highest ridge detail. It should be noted that
if more than one powder developed almost the same degree of quality, all of them
were selected. For example, for the 1st depletion of donor 4 in 2-day old set, all
powders presented almost the same degree of ridge details. The percentage was
calculated based on the total number of depletion series (6 donors X 4

depletions=24).

Table Al. Demonstration of the performance of powders for the development of the highest

quality of fingermark.

2-day old fingermarks

donor 1 donor 2 donor 3 donor4 donor 5 donor6

—~] [ oo | =] ] oo = =] ] o] = = ] oo = 2] ] oo | =] ] oo =| %

Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al Al A
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=
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E\/\/\/\/ VIiVIVIVIVIVY VIiVIVIVI|V VIiVvI VvV 79
=
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Fig. A8. Natural split fingermarks from 8 donors deposited on 5 AUD note, stored for 7 days, dusted with EB (left) and EEB+T20 (right) and

photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: /6.3, exposure times: donor 1: 1/3 s donor 2: 1.6 s, donor 3: 1/10 s,
donor 4: 5 s, donor 5: 1/5 s, donor 6: 1 s, donor 7: 1/2 s, donor 8: 1/2 s, donor 9: 1 s).
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