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Abstract
The continued progress in electronics technology has led to unsustainable consumption of
plastic-based products containing, in their majority, natural finite metallic resources. The
substitution of these plastic materials by more sustainable ones, such as cellulosic substrates, is one
of many measures applied by the industry to reduce their environmental impact. In this work, due
to the lack of information in the literature, a fast and accurate method to measure the amount of
metal deposited onto a paper-based substrate is proposed. The development of this method will
contribute to the creation of a procedure for determining the quantity of metal present in
end-of-life printed electronics. The present work investigates and compares four different
methodologies. Image processing and geometrical analyses presented overestimated and
non-precise results for printed Ag. A third method based on gravimetric measurements presented
to be more accurate compared with the previous methods. The last method based on acid leaching
of the printed electronic ashes outcome to be the more precise, reliable and simpler method, and
overcomes challenges associated to the printed pattern geometry and the materials used during its
production. These results will provide key information for the development of a quantitative
methodology to determine the percentage of Ag used in paper-based electronics that can be
adapted easily by the industry. Furthermore, this method is a prerequisite for recycling processes
devoted to this type of electronics after reaching their end-of-life, considering Ag as one of the
major components to be separated and, further, valorized.

1. Introduction

The continuous demand for the Internet of Things
aiming to supply comfort and welfare to citizens
[1–3] enhances the demand concerning the manu-
facturing of low-cost, lightweight, small, thin and
flexible, smart, and disposable devices. Conventional
electronics based on silicon material dominate the
high-end electronics applications with high integra-
tion density and high switching speed in the future.
However, these electronics are manufactured with
a high system complexity, such as the printed cir-
cuit board (PCB), which is not suitable for multiple
applications.

Printed electronics (PEs) refers to the print-
ing of circuits, interconnects, electrical compon-
ents, or devices on the surface of different media

such as plastic, paper, and textile, by various print-
ing techniques [1]. Printing processes such as flexo-
graphy, gravure, screen-printing, aerosol jet and
inkjet have been investigated for printed electronic
applications [1, 4, 5]. Screen-printing, as one of the
most mature and versatile technology, was accoun-
ted for contributing the largest market share in 2020
[6]. Functional inks for PEs are a blend of conductive
materials—organic/inorganic—vehicle and additives
[1, 4, 7–9]. A major part of available conductive inks
is composed of metals, and among them, silver is the
most common. The vehicle, fluid phase of the ink,
is composed of a mixture of oligomers and polymers
(resins) in one or several solvents and diluents.

Compared to the manufacturing of traditional
PCBs, PE offers many advantages, such as lowerman-
ufacturing and processing costs, and an extended
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range of applications due to the possibility to pro-
duce devices that can bend, flex or even stretch
[10, 11]. Nevertheless, PE will not replace silicon-
based structures; most of the time, hybrid systems are
built that combines printed techniques and Si-based
components. Along with high-speed development of
the electronic industry, the consumption of plastic-
based electronic products worldwide has grown sig-
nificantly, as their lifetime has become shorter over
time [12]. Cellulose-rich materials, like paper, con-
stitute a promising candidate substrate to replace
plastics, due to their availability, low-price, flexible
character, recyclability, bio-sourced origin, and bio-
degradable nature. Thesematerials are already used in
everyday applications, from packaging to healthcare.
Nowadays, there have beenmany advances in the area
of paper substrates and paper electronics for applic-
ation ranging from basic electronic components to
more advanced devices [13–33]. The drawbacks/ad-
vantages and also the challenges offered by the use of
paper for the design of PE devices have been discussed
in several reviews [4, 5].

Although offering many advantages, it is however
not clear yet how the PEwill be considered and treated
at its end-of-life. Only few publications discussed the
future that can be given to these devices instead of
their usual combustion [34–36]. To reduce the con-
sumption of raw materials, and to create a more sus-
tainable future, an eco-design strategymust be imple-
mented within the development of PE [37–39]. In
this context, new procedures should be developed to
reduce PE environmental impact, through its re-use,
recovery and recycling, in agreement with European
Waste Framework Directive [40]. Recycling paper-
based PE includes both the separation and recovery
of: (i) the cellulosic fibers, that will serve to produce
recycled paper; and (ii) metal-based inks, to valorize
the high added value materials, especially the metals.
Tracking the metals in a quantitative way, all along
the lifetime of the PE, from its manufacturing to its
recycling, is of primary importance to the eco-design
of PE. To the best of our knowledge, this has not yet
been performed.

Therefore, the objective of the present work is to
establish a well-defined and precise methodology to
determine the fraction of printed patterns on a PE
device, and, consequently, to quantify the amount of
metal printed onto the device substrate. Four differ-
ent methodologies have been investigated and com-
pared: (i) thresholding and topographical analysis of
the printed patterns; (ii) topographical and geomet-
rical analyses; (iii) gravimetric measurements; (iv)
acid leaching. The first two are usually performed
to qualify different printing parameters for manu-
facturing optimization [41–43], while the last one is
proposed in this study as a suitable simple and fast
methodology to quantify precisely the metal prin-
ted onto the device substrate. The four methods
have been applied on a paper-based radio frequency

identification (RFID) antenna produced in our labor-
atory, noted as PE lab; in order to master nearly
entirely its composition. Additionally, screen printing
technology using a silver-based ink has been selected
to replicate an effective industrial PE.

2. Materials andmethods

2.1. Materials
The conductive Silver Electron®—SE—solvent-based
ink, containing micro-sized silver flakes, was pur-
chased from VFP Ink Technologies. The supplier’s
information available is given in table 1 [44].

In this study, a commercially available paper
has been selected as substrate. It is the Powercoat™
XD80, supplied by Fedrigoni. Each side of this paper
is coated to improve the printing quality. Thus, it
is a filler-containing paper with a basis weight of
86±4 g m−2 and 87±5 µm thickness [45]. A qualit-
ative analysis using microscopy, shows that the paper
is composed of a mixture of hardwood and softwood
bleached pulps, and that it contains calcium carbon-
ate, CaCO3, as main filler.

For silver quantification in ash, acid leaching has
been performed with nitric acid, HNO3, (65 wt%),
obtained fromRoth.Distilledwaterwas used for solu-
tion preparation.

2.2. Methods
2.2.1. RFID antenna manufacturing—the PE lab
Classically, a functional RFID antenna is composed
of a minimum of three layers: (i) a first conductive
layer; (ii) an insulation layer for the bridge; (iii) a
second conductive layer to close the antenna, inwhich
the silicon chip is positioned. In this study, only the
first layer of the RFID antenna was studied, since it
corresponds to the layer richest in conductive mater-
ial. Consequently, the first layer has the highest metal
weight fraction regarding the full device mass. The
layer printing was performed at ambient conditions
using screen printing.

2.2.2. Screen-printing
A 7.72 × 4.60 cm2 RFID antenna pattern was sup-
plied by Fedrigoni and printed on Powercoat™ XD80
substrate. The theoretical area of the printed pattern
was assessed using DWGTrueView software. The first
layer, which corresponds to the conductive tracks of
the RFID antenna is represented in figure 1. A screen
with 77 threads·cm−1 was used to print the first layer.
Additionally, the same pattern was multiplicated in
order to test the reproducibility and the precision of
the measurements.

The conductive tracks were printed using a semi-
automatic DEK Horizon 03i screen-printer. After an
optimization phase, the pressure on the squeegee was
set to 11 kg. The off-contact between the screen and
the substrate was set at 1 mm and a printing speed of
150 mm s−1. After printing, the wet tracks were dried
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Table 1. Properties and characterization of VFP-SE ink (taken
from [44]).

Viscosity (30 rpm, 25 ◦C) [Pa s] 27.5

Solid content [%] 45–74

Sintering

Thermal 130 ◦C for 30 min
150 ◦C for 10 min

NIR 2 secs
Photonic Few µsecs

Suitable substrates

PET; glass;
polyimide;
polyurethane;
paper; etc.

Figure 1. (A) Schematic representation of the conductive
layer of Fedrigoni RFID antenna. (B) Screen used to
produce the PE lab. (�) correspond to the screen section
printed onto the Powercoat™ XD80.

inside a Memmert UF 110 oven at 150 ◦C for 10 min,
to promote the sintering of the metallic particles. The
obtained printed material is referred as PE lab. It will
be used to develop the silver quantification methods.
In this study, 17 samples of each individual pattern
of PE lab, a total of 102 samples, were printed and
characterized.

2.2.3. Scanning electron microscopy-energy dispersive
x-ray spectroscopy (SEM-EDS) analysis
Surface and cross-section SEM and SEM-
backscattered electron (SEM-BSE) images of
Powercoat™ XD80 and PE lab have been obtained

using a SEM-field emission gun JEOL JSM-
IT5000HR LV, equipped with a silicon drift detector
60 mm2, supplied by Bruker. Additionally, for each
image the respective SEM-EDS spectra was collected.

2.2.4. Thermal gravimetrical analysis (TGA)
TGA thermograms were obtained using a Mettler
Toledo TGA/DSC 3+ equipped with a single differen-
tial thermal analysis (SDTA) sensor, under air condi-
tions, in the temperature range from 25 ◦C to 900 ◦C,
applying a heating rate of 5 ◦C min−1. Different iso-
therms were applied at 105 ◦C, 525 ◦C, and 900 ◦C
which correspond to the oven drying and calcination
temperatures used for the other analyses. Triplicate
analyses were carried out for each sample and the
solid residue at 900 ◦C was considered a reference
value corresponding to the metal quantity present in
the ink, as it will be discussed in the results section.

2.2.5. Dry matter content determination
The dry matter content of the Powercoat™ XD80 and
PE lab was performed accordingly to ISO 638:2008
[46], using 10 × 10 cm2 samples. The samples were
weighted before and after drying at 105 ◦C during 4 h
minimum in an oven, using a Mettler Toledo ME204
analytic balance (precision= 0.1 mg).

2.2.6. Ash content determination
The quantification of ash was performed at 525 and
900 ◦C, accordingly to TAPPI standards T 211 om-12
[47] and T 413 om-11 [48], respectively. A Carbolite
ELF 11/6B furnace was used to perform the sample
calcination. The samples were shredded into small
pieces and weighted before and after each heating
step in order to assess the ash content evolution over
the calcination. Triplicates were systematically per-
formed to assess the ash content in the paper sub-
strate and in the PE lab. After each calcination, the
samples were stored inside a desiccator under con-
trolled atmosphere (23.5 ± 1.0 ◦C and 50% ± 5%
RH) before weighing [49].

2.2.7. Metal content determination in ash
The silver quantity in each ash was measured using
a Perkin Elmer PinAAcleTM 900 T atomic absorp-
tion spectroscopy (AAS) at 328.07 nm, after prior acid
digestion of the sample. The equipment was previ-
ously calibrated with six different standard solutions
of silver nitrate, AgNO3, 0.1, 1, 5, 10, 50, 100 mg l−1.

The ashes obtained by calcination were added to
40 ml of an aqueous solution of nitric acid (1:3 v/v
of NH3:H2O). The digestion was performed under
a fume hood at 25 ◦C for 24 h. Then, the leached
solution was centrifuged over 10 min at 7000 rpm
to deposit any solid material not completely digested.
Additionally, the systems were centrifuged to separate
both phases. The leachate was subsequently diluted
using distilled water. For the determination of the
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silver concentration in each leachate, triplicates were
made.

Prior to present the methodology used it is worth
to mention how the results described in this work are
presented. Based on multiple experimental steps, all
results are presented as the mean value± uncertainty
of the analysis, where the uncertainty corresponds to
the error propagation of the different measurements.

2.2.8. Quantification of deposited Ag on the substrate
Four different methodologies have been investigated
to quantify Ag deposited on the PE lab: (a) threshold-
ing and topographical analysis of the PE pattern giv-
ing the deposited ink volume, combined with the Ag
density; (b) geometrical and topographical analysis
of the PE pattern also giving the volume of depos-
ited ink, combined with the Ag density; (c) gravi-
metric Ag determination; and finally (d) PE lab ash
leaching using HNO3. For the first two methodolo-
gies, all images of the printed tracks were obtained
using an EPSON Perfection V700 Photo scanner at a
resolution of 6400 pixels per inch (ppi). An Alicona
InfiniteFocus IFM G4 profilometer was used in order
to determine the printed line profiles. This 3D meas-
urement allows to assess the thickness of the printed
lines and surface roughness.

2.2.8.1. Thresholding (image processing) and
topographical analysis)
Grayscale images were obtained from scanned tracks
using ImageJ software. Binary images were obtained
after establishing a threshold that converts pixels to
white and black, depending on its intensity, as presen-
ted in equation (1),

Ii,j < c → pixel= black

Ii,j > c → pixel= white
(1)

where, Ii,j and c correspond to image intensity and
fixed constant, respectively.

Afterward, the printed area was determined by
the ratio between black and white pixels. The thick-
ness of the printed patterns was measured on differ-
ent areas of the substrate, in triplicates, and an average
was extracted, using the Alicona device. The printed
volumewas determined bymultiplying the area by the
thickness, as presented in the equation (2),

Volume= printedarea× thickness. (2)

In order to determine an approximate value of
the volume of printed metal, it was considered that
after the sintering step, the patterns are mainly com-
posed of silver and, consequently, their volume cor-
responds to the metal volume. A porosity factor (∅p)
of 57%was adopted based on thework of Thénot et al.
who proposed a methodology to estimate the printed
ink porosity of screen-printed patterns using micro
and nano Ag-based inks [50]. This factor is necessary

for the estimation of the cost of commercial ink cor-
responding to a thickness of dried ink. The porosity
depends on the nature of the ink particles, their con-
centrations, shapes and sintering conditions applied.
Finally, the printed silver mass was determined by
equations (3) and (4), using the metal’s densityρAg =
10.5 g cm−3 [51].

VIP
Ag = Volumeconductive tracks ×∅p (3)

mIP
Ag = VIP

Ag × ρAg (4)

where ∅p (%), VIP
Ag (mm3) and mIP

Ag (mg) correspond
to the porosity factor, volume and mass of silver
determined by image processing, respectively.

2.2.8.2. Topographical and geometrical analyses
Similar to the previous method, Alicona was used
to determine the thickness of the lines. However, to
compare the printed area with the previous method,
the length and width of the lines were measured on
different areas of the substrate in triplicates, using
ImageJ and Alicona, respectively. Consequently, the
printed volume was determined by equation (2),
where the printed area is obtained by the multiplica-
tion of the line width by the length. The silver depos-
ited mass was determined by equations (5)–(7),

Volumeconductive tracks = Volume×∅p (5)

Volumeconductive tracks = VTOPO
Ag (6)

mTOPO
Ag = VTOPO

Ag × ρAg (7)

where VTOPO
Ag (mm3) and mTOPO

Ag (mg) correspond to
volume and mass of deposited Ag determined by this
methodology, respectively. Identically to the previous
method, the porosity factor was used in the printed
volume calculation.

2.2.8.3. Gravimetric measurements
This methodology is based, almost exclusively, on
weighting the printed samples over different steps,
starting from the non-printed substrate until the ash
collected after the calcination at 900 ◦C of the prin-
ted substrate. All sample weights were measured in
controlled atmosphere, with controlled temperature
and relative humidity, to reduce the determination
uncertainty.

The 10 × 10 cm2 printed samples were weighed
before and after sintering to determine the weight
of the printed track, i.e. the deposited ink quantity.
In parallel, the ink solid content was determined by
TGA and compared with the range given by the sup-
plier, which is quite large (between 45 to 74 wt%).
With TGA, it is possible to associate the different
mass losses appearing while heating the sample to
the ink components, while the solid residue obtained
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Figure 2. Schematic representation of the experimental procedure for the PE lab printing, ash and silver determination by
gravimetric measurements, TGA analysis, and Ag quantification by AAS.

at 900 ◦C is considered as the ink solid content.
The paper substrate and ink alone have been also
studied by TGA, and classical calcinations have been
performed.

The different heating steps allowed the determin-
ation of the organic content and ash fraction. In the
case of the paper, ash contains only fillers whereas in
the case of PE lab, Ag is also present in the ash fraction.

2.2.8.4. Acid leaching and AAS quantification
This methodology consists in the lixiviation of Ag in
ash and further quantification by AAS. In this work,
the leaching was performed to five PE single pattern
(10 × 10 cm2) ashes and five PE lab (30 × 30 cm2)
ashes.

The methodology is summarized in figure 2.

3. Results and discussion

3.1. Material elementary composition
A snapshot of a single pattern (s.p.) printed on the
substrate is presented in figure 3. Aiming to bet-
ter understand the material elemental composition,
SEM-BSE images and respective SEM-EDS spectra
were obtained for non-printed, printed samples on
Powercoat™ XD80 (PE lab) and samples of the VFP-
SE® ink. This qualitative technique was used to study

Figure 3. Snapshot of an example of a single pattern
printed onto Powercoat™ XD80.

the structure of each cellulosic substrate, the order of
magnitude of metal particles size, and the ink penet-
ration into the substrate during printing.

Additionally, x-ray mapping was performed on
the SEM-EDS images of PE lab in order to visualize
the different elements spatial distribution. The cross-
section SEM-EDS images, spectra, and x-raymapping
are presented in figures 4–6, respectively.

Considering all the images and spectra, differ-
ent points can be outlined. Firstly, the VFP-SE® ink
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Figure 4. (A) PE lab SEM image. (B) PE lab SEM-BSE image. Magnification: 800x. Legend: (—) deposited ink porous region.

Figure 5. SEM-EDS spectra: (A) Ag-based ink. (B) Powercoat™ XD80 substrate.

is composed of micro-sized silver flakes with a het-
erogeneous distribution and is basically composed
by carbon (C), oxygen (O), silver (Ag), and chlorine
(Cl)—figure 5(A).

Since Powercoat™ XD80 is produced specifically
for electronic applications, it presents a higher struc-
ture complexity, compared to an usual office paper
[52]. SEM images confirmed that inside the fibers
network the substrate is filler charged and both sur-
faces are coated. It was possible to detect the presence
of five different elements: C, O, aluminum (Al), sil-
icon (Si), and calcium (Ca)—figure 5(B). The pres-
ence of Ca inside of the fibers network is related to

the fillers added during the paper production pro-
cess and it corresponds to CaCO3. On the other hand,
the presence of Al and Si exclusively on both sur-
faces of the substrate indicates the presence of a min-
eral pigment—kaolin—added to the coating agent.
The x-raymapping of the PE lab—figure 6—confirms
the presence of both CaCO3 and kaolin in the coat-
ing layer and CaCO3 in the bulk of the cellulosic
substrate. These results are in conformity with the
information given by the supplier.

In the paper-making industry, the most common
pigments used in coating formulations are kaolin,
talc, and titanium oxide, TiO2 [53]. The presence of
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Figure 6. PE lab x-ray elemental mapping performed by SEM-EDS for the different chemical elements: Ag, C, O, Ca, Al, Si, and Cl
(A) to (G), respectively. Magnification: 800×.

titanium, Ti, was detected in only one of several ana-
lyzed samples with a signal close to the detection limit
(1000 ppm) of the device. This may be due to its
presence in the paper structure at very small concen-
trations or due to a contamination originating from
previous productions. Similar to Ti, magnesium, Mg,
was also another element detected in one sample with
a signal close to the detection limit. Its presence is
relatedwith the use ofmagnesium silicate (talc) as one
of the major fillers used in papermaking industry.

In figure 6, the x-ray mapping of the PE lab cross-
section, clearly shows the layer of ink deposited on the
surface of the substrate, mainly composed of silver. It
is possible to outline that there is no penetration of
themetallic particles into the substrate, which remain
on the surface. The ink penetration is affected by both
ink and substrate properties, such as viscosity, surface
tension and porosity, surface energy and chemistry,
respectively [54, 55].

Therefore, this feature is an important key point
regarding the possible recyclability of paper-based
PEs and the further separation of metal from fibers.

3.2. Quantification of deposited Ag onto the
substrate
To develop a proper and reliable methodology to
determine the amount of ink and, consequently, the
amount of silver printed onto the substrate, three dif-
ferent strategies were investigated. To the best of our
knowledge, this work is the first one that examines the

feasibility of the application of these methods for the
metal quantification in PEs.

3.2.1. Thresholding (image processing) and
topographical analysis)
To determine the volume of the deposited ink, first,
the thickness of the printed lines has been determined
by Alicona. figure 7 presents the line profile of a single
pattern section.

Due to the nature of the substrate it is possible
to observe an irregularity of the line profile which
could induce anuncertainty to the thicknessmeasure-
ment. Contrary to other substrates used in PE, such
as plastic, ceramic, glass, etc [42], paper can be easily
deformed during manufacturing of PE lab, especially
after drying. Therefore, all the profiles were correc-
ted with form removal, and the thickness was quan-
tified. The mean thickness value of forty-eight meas-
urements is presented in table 2.

Table 2 shows that the thickness determina-
tion using Alicona exhibited a high uncertainty
(±3.04 µm) compared to the mean value (6.31 µm).
The variation coefficient reaches more than 48%.
Considering the objective of determining the volume
of the printed tracks, it is expected that the fur-
ther results will be highly affected by the uncertainty
propagation.

Figure 8 shows a section of the printed lines per-
formed by Alicona 3D profilometer. Printing hetero-
geneities are visible. Consequently, it is possible to

7
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Figure 7. (A) Selected area of single pattern section to measure the line profile. (B) Original line profile. Aspect ratio: 1:7.76 (C)
Line profile with form removal correction. Aspect ratio: 1:90. Magnification: 10×.

Table 2. PE lab printed lines average thickness.

PE lab

Thickness (µm) 6.31± 3.04

Figure 8. (A) Optical microscope image (Alicona) of PE lab
section. Magnification: 5×.: (B) Repetition unit with mesh
mark form. Magnification: 50×. (C) 3D representation of
printed repetition unit.

observe the mesh marks on the printed lines (yellow
range in figure 8(B)). These marks are composed of a
repetitive unit with a diamond-shape structure and is
represented in Figures 8(B) and (C).

Figure 9 shows the conversion of an original
image of the printed pattern on Powercoat™ XD80
into a binary image using ImageJ software. The ratio
of black/white pixels allows to determine the total
printed area.

Figure 9(B) presents white pixels remaining after
the thresholding treatment while some false black
pixels (that do not correspond to printed ink pixels)
appear on the support. This can be explained by the
high reflective nature of the Ag particles and, con-
sequently, during the scanning, these regions appear
white as the substrate does. Therefore, the image
treatment is not able to distinguish the ink and
the substrate. Additionally, the substrate is a porous

material and, during scanning, the space between the
fibers contributes for the generation of black pixels,
i.e. false black pixels Optimization during threshold-
ing is necessary to be able to obtain a printed area
closer to the real value.

Figure 9(C) shows the same printed area after
increasing the number of iterations to 100 and filling
holes. The printed area corresponds to a mean of five
different samples and is presented in table 3. Based on
the dimensions of the pattern, the digital printed area
is equal to 694 mm2.

Regardless of digital and thresholding printed
area values (694 versus 689 mm2) being the same
order, based on figure 9(B), is possible to observe that
this method is not suitable because the pattern is not
fully covered with black pixels. Table 3 shows a huge
difference between the standard and 100 iterations
thresholding printed areas (689 versus 869 mm2).
Therefore, the value obtained for the 100 iterations
thresholding is expected to be overestimated by this
characterization. This overestimation can be related
to the ink spreading.

Therefore, the printed tracks volume was determ-
ined according to equation (3), using the 100 iter-
ations thresholding area because it provides an
area value closer to a full covered black pattern.
Additionally, based on the SEM-BSE cross section
images (figure 4), it is possible to identify a por-
ous region inside the deposited ink layer. Therefore,
a porosity factor ∅p of 57% was adopted [50] and
included in this method to optimize the calculation
of the volume of the printed patterns.

The PE single pattern (10 × 10 cm2) presents
a printed volume of 3.1 ± 1.5 mm3, containing
32.8± 15.8 mg of silver. Since silver volume andmass
values are dependent on the thickness, high uncer-
tainties were expected.

Therefore, it is possible to conclude that image
processing was not suitable to provide a precise
value of the estimated silver mass deposited onto
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Figure 9. (A) Single pattern original image. (B) Threshold applied to single pattern. (C) Thresholding optimization with 100
iterations and filling holes features.

Table 3. Comparison of single pattern printed area using
thresholding and 100 iterations thresholding.

Thresholding
100 iterations
thresholding

Printed area (mm2) 689± 9 869± 10

Figure 10. (A) Single pattern optical microscopy image.
Magnification: 5×. (B) Respective line profile. Ratio:
1:112.5. Legend: (—) estimated printed line width.

Powercoat™ XD80, due to both printed area overes-
timation and highmeasurement uncertainties (about
48% of the mean values).

3.2.2. Topographical and geometrical analyses
An alternative methodology for printed area determ-
ination by thresholding is to measure the width and
length of the printed lines. This stepwas performed to
verify the shape integrity of the printed lines and com-
pare the printed area value with the area previously
determined. Figure 10 presents a section and line pro-
file of the printed pattern. By analyzing the lines, it
is possible to observe a lateral spreading of printed
ink on the substrate. This can be one of the reas-
ons explaining why the first methodology overestim-
ated the printed area. The spreading regions presents
a lower thickness than the print itself and, therefore,
thewidth valuesweremeasured in the region that cor-
respond to the printed line, excluding the spreading
effect.

In this method, due to the extension of the length
and width measurements only one PE single pattern
was analyzed. The calculation of the printed area, the
ink volume, the corrected ink volume with porosity
factor, and the estimation of the deposited silver mass

were made following equations (2) and (5)–(7). The
volume and silver mass were determined using the
thickness, the density and the ∅p values already used
in the first method.

With this second method, the printed area is
619 ± 3 mm2, which is closer to the theoretical one
(694 mm2), and lower than the printed area determ-
ined by Alicona (first method). As the calculation of
the printed volume and Ag volume use the thickness,
the silver mass of the PE single pattern (10× 10 cm2),
23.4± 11.3mg, exhibits again a very high uncertainty.
The second method predicts a lower silver mass com-
pared to the first method due to the decrease of the
printed area. In addition to the thickness imprecision,
the hypothesis made on the selected porosity factor
has a significant impact on the determination of the
metal mass printed onto the substrate: higher is this
value, the lower will be the Ag mass. Because of the
high uncertainty on thickness, no further optimiza-
tion was performed to correct the porosity factor.

Although this method is able of determine a prin-
ted area closer to the theorical one, it is still based on
geometrical measurements, i.e. the thickness, which
exhibits a high uncertainty. Therefore, based on the
different points previously referred, this method is
neither suitable for the precise quantification of silver
deposited onto paper.

3.2.3. Gravimetric measurements
First, TGA was performed to investigate the ink for-
mulation alone, without any paper substrate, the
objective being to determine the Ag percentage of the
ink. The evolution of the inkmass over the time while
heating progressively the sample in a TGA apparatus
is presented in figure 11. The applied heating ramp
is given in the same figure. The ink triplicates, with
masses comprised between 15 and 20 mg, present a
similar behavior during the test, with a solid residue
at the end of experiment higher than 55wt%. The dis-
crepancy between the first sample and the two follow-
ing ones visible in figure 11 is due to the fact that the
three samples have been prepared at the same time;
thus, the first sample was immediately introduced
into the TGA apparatus, while the volatile chemicals
of the two other samples evaporated partially before
injection. This phenomenon explains the difference
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Figure 11. VFP-SE ink TGA thermograms performed under air. Temperature range of (25–900)◦C. Legend: (•) sample 1; (−••)
sample 2; (���) sample 3; (– –) Heating ramp.

Table 4. VFP-SE ink solid content at 150 and 900 ◦C.

VFP-SE ink

Solid content (150 ◦C) (wt%) 68.3± 0.0
Solid content (900 ◦C) (wt%) 56.5± 0.3

in the initial mass lost at temperature of approx.
25 ◦C. The solvent mixture, added in the ink formu-
lation in order to make it liquid for printability, evap-
orated during the PE sintering, and is not any present
in the final PE lab device. Except this initial difference
the three obtained curves are nearly overlap.

In figure 11, it is possible to distinguish three dif-
ferent weight loss phenomena. Firstly, between 25 and
150 ◦C occurs the total evaporation of the organic
solvents present in the ink formulation, correspond-
ing approximately to 32%. Secondly, until 450 ◦C the
ink’smass continuously decreases to a solid content of
60%. This mass loss can be related to the degradation
of the binder agents. Finally, between 650 and 850 ◦C
occurs the degradation of thermal resistant materials.
After 850 ◦C, no further loss occurs. However, in this
study, it is not possible to associate each mass loss
to a specific ink constituent due to the ink formula-
tion confidentiality and due to the fact the TGA is not
coupled tomass spectrometry device. The ink formu-
lation solid contents at 150 ◦Cand 900 ◦Cdetermined
by TGA are presented in table 4.

By analyzing the solid contents, it is possible to
calculate that between 150 ◦C and 900 ◦C the ink

loses 11.8% of its weight. As discussed before, this
could correspond to the content of the binders inside
the ink formulation after curing. Moreover, analyzing
the mass loss at 900 ◦C in figure 10, it is possible to
affirm that it remains constant until the end of the

measurement, since there is no more weight loss, and
the remaining mass will correspond to metallic silver,
mainly, however the presence of silver oxide, Ag2O,
(resulting from the silver surface oxidation) or a small
proportion of silver chloride, AgCl, initially present
as an impurity in the ink micro flakes, as observed in
the SEM-EDS (figure 6(G)). Thus, the ink formula-
tion contains 56.5% Ag. This is in the range given by
the supplier.

In parallel the Powercoat™ XD80 was also ana-
lyzed by TGA, under the same temperature range,
to assess the thermal stability of the paper substrate.
The results are represented in figure 12, for an initial

sample mass of 16.5 mg. For the cellulosic substrate,
it is possible to identify three different degradation
stages: (i) between 25 ◦C and 105 ◦C, a mass loss of
3% is observed which corresponds to water evapor-
ation; (ii) a second mass loss of 70% is then detec-

ted between 200 ◦C and 525 ◦C, it is attributed
to the degradation of different organic components
present in the paper formulation, i.e. mainly hemicel-

luloses and cellulose, as already described by Yang et al
[56]; (iii) finally, a third mass loss of 9% is observed
from 525 ◦C until 900 ◦C, which coincides to the
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Figure 12. Legend: (•) Powercoat™ XD80 substrate TGA thermogram performed under air. Temperature range of (25–900)◦C;
(– –) Heat Flow (represented at the second yy axis).

Table 5. Powercoat™ XD80 and PE single pattern: ash and organic mass fractions based on weight measurements during calcination
using 10× 10 cm2 samples.

Ash cont. (%)

525 ◦C 900 ◦C Organic cont. (%)

Powercoat™ XD80 28.86± 0.54 20.12± 0.53 71.14± 0.54
PE s.p. 30.09± 0.28 21.73± 1.08 69.91± 0.28

thermal degradation of CaCO3 filler into calcium
oxide, CaO, and carbon dioxide, CO2, as described in
equations (8),

CaCO3 (s)→ CaO(s)+CO2 (g) . (8)

From TGA, the ash and organic contents in the
Powercoat™ XD80 has been estimated at 28% and
72%. Ash is considered as the solid residue after cal-
cination at 525 ◦C and the fiber content is the com-
plement to 100%, in dry basis, i.e. excluding the mass
related to water evaporation.

In parallel, the Powercoat™ XD80 and PE single
pattern (10× 10 cm2) have been also analyzed by cal-
cination. The ash of both samples is estimated by the
solid residues after calcinations at 525 ◦C and 900 ◦C
and organic content is the complement to 100% at
525 ◦C. Results for both PE lab and Powercoat™
XD80 are summarized in table 5.

By calcination, the unprinted substrate contains
71% organic matter and 29% ash. These values are
coherent since they are close to those measured by
TGA on the non-printed substrate (72% and 28%,
respectively). The PE lab contains 70% organic and
30% ash contents, where the difference is due to the
deposited ink quantity. If ash is attributed to fillers
in the Powercoat™ XD80, ash corresponds to Ag and
fillers in the PE lab. This explains why ash content is
slightly higher in the PE lab in comparison with the
unprinted Powercoat™ XD80.

The ink content is measured after sintering
(150 ◦C), i.e. after solvent evaporation and Ag con-
tent is considered as the residue of ink calcination at
900 ◦C. Finally, it was possible to retrieve the amount
of silver deposited during printing, in a single pattern,
as described in equations (9)–(13):

% ink mass loss(150−900)◦C =
(mink 150◦C −mink 900◦C)

mink 150◦C

× 100= 11.8 (9)

mprinted ink(150◦C) =mprintedXD80(150◦C)

−mnon−printedXD80(150◦C) (10)

mprinted ink(900◦C) =mprinted ink(150◦C)

×
(
1−

ink mass loss(150−900)◦C

100

)
(11)

mAg(s. p.) =mprinted ink(900◦C) (12)

%Ags.p. =
mAg(s.p.)

mpattern(150◦C)
× 100 (13)

where % ink mass loss(150−900)◦C (wt%) corres-
ponds to the difference of ink mass between 150 ◦C
and 900 ◦C. The terms mprinted XD80 (150◦C) (g)
and mnon−printed XD80 (150◦C) (g) correspond to the
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Table 6. Ag concentration and mass results of five PE single patterns and five PE lab samples using HNO3 leaching.

Sample msample (g) mash leached (g) mAg (mg)

PE s.p. 0.9216± 0.0135 0.1926± 0.0030 20.1 0.3±
PE lab 7.8574± 0.0162 1.6130± 0.0039 137.4 4.0±

10 × 10 cm2 sample’s mass after and before print-
ing and sintering at 150 ◦C, respectively, while
mprinted ink (g) corresponds to ink mass deposited
onto the substrate after sintering at 150 ◦C. The terms
mprinted ink (900◦C) (g) and mAg (s.p.) (g) correspond to
ink mass after calcination at 900 ◦C and the mass
of Ag presents on each single pattern, respectively.
%Ags. p. (wt%) corresponds to the mass fraction of
Ag of the device total weight.

Additionally, based on the PE single patterns
weight measurement the ink content is estimated at

2.53%± 0.09%. Therefore, the quantity of Ag present
is 2.23% ± 0.03% of the sample weight. From ninety
10 × 10 cm2 single pattern samples the average mass
of before and after sintering was 881 ± 1 mg and
904 ± 1 mg, respectively. The difference corresponds
to the ink deposited onto the substrate, an average
of 22.8 mg ± 1.6 mg. After calcination at 900 ◦C,
using equation (11) the ink mass corresponds to 88.2
(wt%) of 22.8mg, i.e. 20.1mg. Therefore, the Agmass
deposited on each pattern is approximately 20 mg.
Finally, Ag fraction of the first conductive layer cor-
responds to 2.2 wt% of the single pattern weight.

Also, it is possible to determine the amount of Ag
present in the ash of a single pattern, as described in
equations (14) and (15):

mash =ms. p. ×Ash cont.900◦C (14)

%Ag/Ashs.p. =
mAg (s. p.)

mash
× 100 (15)

where, Ash cont.900◦C (wt%) corresponds to ash
weight fraction of the single pattern after calcination
at 900 ◦C.The termsmash (g) and%Ag/Ashs. p. (wt%)
correspond to the single pattern mass ratio of Ag in
the ash. Considering the ash content at 900 ◦C, previ-
ously presented in table 5, the %Ag/Ash determined
by equation (15) is equal to 10.1 wt%.

After the characterization and quantification of
Ag on single printed patterns, it was possible to estim-
ate the Ag quantity for PE lab samples. Please keep in
mind that in this case the 30 × 30 cm2 samples were
printed with 6 patterns, as represented in figure 1.
Hence, each PE lab sheet should contain 120 mg of
Ag. Based on the substrate basis weight, each non-
printed sheet weights approximately 7.74 ± 0.36 g.
Therefore, Ag fraction correspond to 1.5 wt% of PE
lab weight. After calcination at 900 ◦C of five differ-
ent PE lab samples, the obtained ash weighted 1.64 g

corresponding to an ash content of 21.2 wt%. Finally,
the%Ag/Ash is estimated to be 7.3 wt%.

3.2.4. Acid leaching and AAS analysis
Inspire by hydrometallurgy, acid leaching can be used
to dissolve the metals present in the ash. In this study,
HNO3 was used as a leaching agent, that has both the
capacity to dissolve silver and is less toxic compared to
other leaching reagents, such as cyanide [57, 58]. The
simplified dissolution reaction of silver by HNO3 is
described by equation (16) [59]. The average Ag con-
centration and mass of both samples are presented in
table 6,

3Ag(s)+ 4HNO3 (aq)→ 3AgNO3 (aq)

+NO(g)+ 2H2O(l) . (16)

By the analysis of table 6, it is possible to conclude
that PE single pattern presents a silver mass identical
to the value determined by the previousmethod, with
an average of 20.1 ± 0.3 mg of Ag. Furthermore,
10.5 ± 0.3% of the leached ash is composed of Ag,
and 2.2% of the pattern weight corresponds to Ag.
Regarding the PE lab leaching, the results presented
a slightly higher amount of metal, with 137 mg of
Ag, corresponding to a%Ag/Ash of 8.5 ± 0.1%. The
multi pattern sample is composed by 1.7% of Ag.

To summarize, the Ag masses printed onto the
single pattern determined by the four different meth-
odologies are presented in table 7.

By the analysis of table 7 it is possible to observe
the disparity of Ag mass values between the assessed
methods. Due to the overestimation of the prin-
ted area based on image processing, this method-
ology corresponds to the highest Ag mass printed
onto the sample, 33 mg per sample. The measure-
ment of the printed tracks length and width, by the
secondmethodology, decreases the printed area value
and, consequently, reduces Ag mass to 23 mg per
sample. However, both methods suffer from a lack
of precision since the dispersion is half of the mean
value. The methodology based on gravimetric meas-
urements gave a lower Ag mass, 20.3 mg per sample.
In addition, this method is more accurate than both
first and second methods, as it presents results with
the lowest dispersion of 7%, instead of 48%. A disad-
vantage that can be associated with the third meth-
odology is the need to performing TGA analysis on
each ink to determine the % ink mass loss(150−900)◦C

because this parameter is dependent on the ink
formulation.
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Table 7. Comparison of printed silver mass on a single pattern determined by the four different methods.

Methods

a. b. c. d.

Ag mass (mg) 32.8±15.8 23.4±11.3 20.3±1.4 20.1±0.3

Legend: a—thresholding; b—topographical and geometrical method; c—gravimetric

method; d—HNO3 leaching.

Finally, comparing the Ag mass determined by
all methods, the leaching method is direct, simpler
to perform and provides a more accurate Ag mass
value of 20.1 mg. Despite the fact that calcination
is a destructive method, it presents the advantage
of using less approximations and be independent of
the print dimensions, i.e. it does not include addi-
tional factors and, consequently, no additional exper-
imental uncertainties.

4. Conclusions and perspectives

Four different methodologies were evaluated for the
quantification of Ag printed onto paper during the
manufacturing of PEs. Thresholding demonstrated
an overestimation of the printed area and, con-
sequently, an excess of Ag deposited. This was attrib-
uted mainly to the mismatch of the thresholding
applied to metallic ink, caused by the ink spreading
on the substrate surface. The determination of prin-
ted area by measuring printed lines width and length
was evaluated in the second method. Due to the
nature of the substrate, the thickness measurement
by topographical analysis is inaccurate, resulting in
high measurements uncertainties for both methods.
The quantification of Ag by gravimetric measure-
ments was performed in the thirdmethod. Finally, the
method which is based on HNO3 leaching presented
more accurate results. This method determined that
the studied single pattern (10× 10 cm2) has 20.1 mg
of Ag, corresponding to 2.2% of the pattern weight,
while PE lab is composed by 1.7% of Ag, equivalent
to 137 mg.

Considering devices of a high added-value, a non-
destructive method should be preferred to quantify
the silver amount to be tracked. Nevertheless, in
the present article, non-destructive methods showed
several drawbacks failing thus to give reliable res-
ults. Therefore, the destructive method, based on PE
sample calcination and HNO3 leaching followed by
AAS determinations gave more accurate results and
should be employed preferably.

Nowadays, the emerging PE industry, which
mainly uses metal-based inks will require simple
methods to quantify and assess the circularity of the
added-value materials used. Therefore, with the pur-
pose of recycling, it is of primary importance to
develop a rigorous method to quantify the amount

of silver initially loaded and track it all along the
recycling steps. The impact on environment should
therefore be evaluated.
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