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ARTICLE INFO ABSTRACT

Article history: Unprinting of paper can reduce multiple life-cycle stages in the recycling of paper to yield significant
S;gxg ?ﬁg\%@%ﬁgm environmental impact. Laser-unprinting has been demonstrated for uncoated paper but causes signifi-
1 May 2019 cant damage to coated paper. This work explores a scaable optical (non-laser) process for unprinting
Accepted 30 May 2019 coated paper. Printed coated paper is exposed to pulsed broad-spectrum Intense Pulsed Light (IPL) from

axenon lamp and the toner is then removed by dabbing gently with an ethanol wipe. While black toner is
easily unprinted, unprinting of colored prints (red, blue, green) is best realized by incorporating an initial
overprint of black toner. An unprinting throughput on the order of mm?'s is achieved. Three distinct
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p% regimes of unprinting are identified based on the extent of toner remova and damage of the paper. The
Recycling optical properties of the unprinted paper, characterized via UV—Visible spectrophotometry, are corre-
Unprinting lated to these regimes to understand the potential for in-situ optical process monitoring. Scanning

Intense Pulsed Light Electron Micrography and Fourier-Transform Infrared Spectroscopy are performed to understand the
underlying mechanisms that govern the occurrence of the different unprinting regimes. Further, the
potential impact of the developed approach on recycling of paper is discussed in the context of the
capabilities of current optica unprinting approaches and the potential elimination of life-cycle stagesin
conventional paper recycling.
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1. Introduction

Production of pulp, paper, paperboard and wood products is a major
contributor to climate change emissions, chemical pollution, and

energy usage (Tong et a., 2018), e.g., total carbon emissions from

this industry have been estimated as equivalent to 12 GtCO2 (Metz
et al., 2007) and paper and pulp production forms the lion's share (
=42%) of global industrial wastewater production. Con-ventional

paper recycling is aimed primarily at reducing the impact of paper

usage on woodlands and involves the breakdown and reconstitution
of the paper, viathe following steps.

First, the recyclable paper is moved from the point-of-use to the

point-of-recycling where it is classified according to paper type and
ink type. This step involves the energy used in transporting the paper
but is arelatively smaller contributor to energy usage, climate change
emissions and pollution. The paper is converted back to a pulp stage (
i.e., pulping stage) using mechanical, chemical
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or thermomechanical methods to form a slurry and to detach the
toner particles from the fibers. This step is one of the largest con-
sumers of energy and releasers of climate change gases within the
recycling step (Ahmadi et al., 2003; Counsell and Allwood, 2007;

EIPPCB, 2001). The detached ink is removed from the pulp by

washing or fiotation or screening or centrifugal separation (i.e.,

deinking step) followed by bleaching to improve visual appearance
(Tsatsis et al., 2017). This step is typically one of the largest con-
tributors to chemical pollution of waste water streams (Bajpai,

2014; Jiang and Ma, 2000). The paper pulp is dried and recon-
stituted into printable paper sheets, along with any coatings needed.
This stage of recycling is the second largest contributor to energy
usage after the pulping step and the largest contributor to climate
change emissions relative to the above steps (Ahmadi et al., 2003;
Counsell and Allwood, 2007; EIPPCB, 2001).

Thus, the conventional recycling approach is still a major contributor
to energy usage, climate change emissions and toxic chemicals

released into the environment (Energetics Incorporated Columbia,

2005). Approaches for increasing the efficiency and reducing the
environmental impact of the above life-cycle include modification of
the deinking pulping process (Man et al., 2017,
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Nathan et al., 2018) and improved valorization of the by-products
from paper production (Singh et al., 2018; Tesfaye et al., 2017).
However, this approach does not lead to removal of any life-cycle
steps and its impact is therefore relatively small. Another approach
is the replacement of paper with an electronic equivalent, which
can completely eliminate ail of the above life-cycle steps. It has
been estimated that electronic paper can reduce climate change
emissions by nearly 85% and reduce energy consumption by nearly
52% (Counsell and Allwood, 2007). Even greater reductions can be
enabled by the unprinting of paper, i.e., 95% and 86% respectively
(Counsell and Allwood, 2007) again via elimination of ail the
above life-cycle stages in conventional recycling. Unprinting is a
paper recycling approach in which the ink is directly removed from
the printed paper without damaging the paper in any way.
Unprinting is conceptually distinct from deinking because it does
net need prior pulping of the paper, can be performed with simple
tools that are easy to integrate with paper printers, and uses
minimal amount of chemicals. When realized in this form
unprinting can reduce or eliminate al the above described life-
cycle stagesin conventional paper recycling and realize anew level
of point-of-use recycling and reuse.

Given the above potential, various approaches have been explored
for effecting unprinting (Counsell and Allwood, 2006) and are
summarized here. Adhesion-based unprinting (Yoshie and
Taniguchi, 2000) presses a material, that forms a stronger bond
with the toner than that between the toner and the paper, against
the printed paper and then peels it off to remove the toner. This
method often requires significant chemical pre-processing to
weaken the toner-paper bond followed by physical means of toner
removal, both of which can damage the paper. The abrasion-based
method (Hirai, 2002) uses abrasive particles to apply oscillating
mechanical energy to remove the toner, but the potential for me-
chanically damaging the paper itself is high. Solvent-based
unprinting (Bhatia et al., 1999; Boyce et al., 2001) exposes the
printed paper to organic chemicals that selectively dissolve the
toner but not the paper. The need for significant amount of these
chemicals, which are often environmentally harmful, places an
additional environmental burden. In the decoloring approach,
printing is performed using specialized inks that change color and
become transparent to the eye upon exposure to heat or UV radi-
ation (Mitsubishi et al., 1994). This process requires specialized
and expensive paper and places restrictions on the printing process
and toner used.

Unprinting via toner ablation using a laser has been demon-strated,
with significant advances in understanding and feasibility achieved
recently (Counsell and Allwood, 2008; Lea-Ayaa et al., 2011,
2012). The key advantages of this approach include low chemical
usage, no need for specialized inks or paper, and elimi-nation of
mechanically-induced damage of the paper. The ease of integration
of lasers with existing printers also makes it amenable to realizing
the full advantages of unprinting. Optimum laser pa-rameters were
derived to successfully remove toner from uncoated paper printed
using various laser printers with characterization of unprinting being
performed using anaysis of micromorphology, chemical
composition and optical appearance. However, laser light invariably
damaged the coating layer during unprinting of coated paper, thus
impairing its reuse. In a typical coated printing paper the base
cellulose fibers are sandwiched by a protective layer consisting of a
combination of polymer resins and other silica-based minerais (e.g.
Kaolin). This provides the paper with a glossy appearance, makes it
smoother, and provides greater opacity for enhanced printing quality
in advertising, packaging, books, photographs, cups and holders, and
offset printing applications (Lehtinen, 2000). Given that coated
paper comprises nearly 40% of the current global production of
printing paper (Nations, 2016),

optical unprinting of such paper with minimal chemical usage and high
scalability can have a significant impact on sustainability in paper
recycling.

This work explores a new process for optical unprinting of coated
paper without using a laser. This process uses large-area, pulsed
and broad-spectrum visible light from a xenon lamp (i.e., Intense
Pulsed Light or IPL) incident on the paper, followed by usage of
very low quantity of environmentally benign ethanol (i.e., an
ethanol wipe) to remove the toner. Distinct unprinting regimes are
identified by analyzing the paper's appearance and optical reflec-
tance. The microstructure and surface chemistry of the unprinted
paper are examined to uncover the mechanisms underlying these
regimes. The potential of this process for high throughput
unprinting and its role in reducing the environmental impact of
paper recycling is discussed. We note that |PL has been used in the
past for fusing conductive nanomaterials on substrates like paper,
polymers and fabrics for applications in flexible and rigid elec-
tronics (Bansal and Malhotra, 2016; Dexter et al., 2018;
Dharmadasa et al., 2013; Greenberg et al., 2017; Jha et al., 2015;
Kang et a., 2014; MacNeill et a., 2015; Wan-Ho et al., 2013).
While this use of IPL is known to be scalable due to its large area
capability and minima damage to the underlying substrates, there
has been no investigation till date on using IPL for unprinting.

2. Materials and methods

Semi-gloss coated paper (grade 0.27 mm thick, weight 270 g/ m?)
was printed using a Xerox 7845 multicolor printer. The test samples
consisted of bars of black, blue, red and green colors (Fig. 1a)
printed with Xerox toner numbers 00612015-09 to 00612015-12.
The samples were exposed to pulsed light from a xenon flash lamp (
Sinteron 3000, Xenon Corp.), as shown in Fig. 1b. The samples were
placed 1.5 inches from the lamp surface so that the optical footprint
on the plane of the sample was approximately 12 inch x 1.5 inch.
The power spectrum of this lamp ranges from 350 nm to 800 nm,
with most of the energy concentrated in the 400-700 nm region (Fig.
1c). This power spectrum avoids light in the UV and IR regions,
which damages the paper as observed in past work on laser
unprinting (Leal-Ayala et al., 2011). The total incident fluence F
was calculated using Equation (1), as specified by the lamp
manufacturer. In this equation V is the voltage (in kV) sup-plied to
the capacitors that charge the xenon lamp and t is the pulse on time (
in microseconds). In our experiments V was fixed at 3 kV and t was
varied to get a range of optical fluentes. Note that this approach
effectively amounts to changing the irradiation time for the same
irradiante, with greater fluente obtained by increasing the irradiation
time. Here, we report results in terms of the fluence and pulse
number since this is the usual combination of process parameters
used in conventional IPL sintering (Bansal and Malhotra, 2016;
Dexter et a., 2018; Jha et al., 2015; Wan-Ho et al., 2013). After
exposure to |PL the surface of the paper was lightly dabbed with an
ethanol wipe to remove the toner, thus changing the visual
appearance by exposing the underlying paper coating. The paper
color did not change without using the ethanol wipe after pulsed
light exposure. Using the wipe before pulsed light exposure had no
effect either.

The surface morphology of the samples was examined using a
Scanning Electron Microscope (SEM, Zeiss Sigma Field Emission
8100). The optical reflectance of the samples in the 400-700 nm
wavelengths was examined using a Jasco UV—Vis Spectrophotom-
eter with a 60 mm integrating sphere. The angle of incidence dur-ing
measurement was approximately 5° and the reference materia was
spectralon (99% reflectance). The measured reflectance spectra
indicates the light intensity at various wavelengths received by the
human eye when viewing the paper, and is used here as an optical
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Fig. 1. (a) Images of printed samples (b) Schematic of IPL unprinting (c) Power spectrum of IPL used here.
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measure of the degree of unprinting. For example, as discussed in
the results section, the bare paper shows very high and uniform
reflectance across the visible spectrum whereas the black printed
paper shows significantly lower reflectance across the spectrum.
The doser the spectrum of the unprinted paper is to that of the bare
paper the greater is the degree of unprinting. The deviation in
reflectance of the unprinted paper from that of the bare paper was
also quantified at the photopic wavelength of 550 nm (Nair and
Nair, 1989). The human perception of reflectance is often
measured at this wavelength because it corresponds to the
maximum luminous intensity received by the cones of the human
eye. In addition, Attentuated-Total-Reflectance Fourier-
Transform-Infrared-Spectroscopy (ATR-FTIR) of the sampleswas
performed for two purposes. First, to understand the degree of
removal of the toner after unprinting, and second to understand the
potential mechanism of unprinting by examining the alteration in
chemical bonds on the coating. Finally, the unprinted sheets
obtained using the optimal processing approach were reprinted
using the same toner color and printer, and the change in photopic
reflectance examined. This was used to quantify how many times
the paper can be reprinted using our approach before reprinting is
rendered impossible by paper damage.

3. Results and discussion

We first discuss the visua appearance and optical reflectance of
the unprinted paper, followed by SEM and ATR-FTIR results.

3.1. Optical properties
3.1.1. Black prints

Fig. 2a shows examples of the printed and unprinted paper to
illustrate various reaimes of toner removal. At 7.5 Jcm? fluence a

(1)

single pulse does not cause enough toner removal, i.e., the partial-
removal regime exists. Increasing the fluence to 10 Jcm? shows a
graduat improvement in toner removal with the underlying paper
being partially exposed, but still staying within the partial-removal
regime. The application of 12 and 13.5 Jcm? pulses achieves good
toner removal, i.e., complete-removal. In these cases the color of
the unprinted paper is not significantly different from that of the
bare paper, a consistent observation wherever complete-removal
was achieved in this work. Increasing the fluence to 14.5 Jcm? or
greater removes the toner but al so causes cracking of the paper, i.e.,
removal-and-cracking regime. The cracking is confined to the re-
gion of the paper where the toner was removed, a consistent
observation wherever this regime was observed in this work. These
cracks are obviously undesirable and are a process-induced defect
that should be avoided.

Fig. 2b shows the corresponding visible reflectance spectra. As
expected, the reflectance of the bare paper is very high and is quite
uniform across the visible region, whereas the black-printed paper
has uniformly low reflectance across the visible spectrum due to
significantly higher optical absorption by the toner. In the partial-
removal regime (9 Jcm?) the reflectance increases relative to the
printed paper, but is nearly 40% lower than that of bare paper at
550 nm. This reflects the visual observation (Fig. 2a) that toner
removal is occurring but not to a sufficient degree. When complete
remova is achieved (12.5 and 13.5 Jcm?) the reflectance increases
significantly, to within 5-6% of the bare paper a 550 nm.
Increasing the fluence into the removal-and-cracking regime (14.5
Jem?) causes a small increase in reflectance, especially below 500
nm. This is despite the appearance of some cracks in the unprinted
paper (Fig. 2a). As the fluence increases deeper into this regime (e.
g., 18 Jcm?), resulting in the emergence of greater number of
cracks, the photopic reflectance reduces to 11% lower than that of
the bare paper. These observationsindicate that
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Fig. 2. (a) Representative images of black printed samplesin the partid-remova, complete-removal, remova-and-cracking regimes (b) Corresponding reflectance spectra

increased reflectance can be used as a measure of greater toner
removal and subsequently reduced reflection can indicate

occurrence of cracking, implying the potential usage of reflec-
tance as an in-fine process monitoring tool. However, the caveat is
that initiation of cracking will show a significant reduction in
reflectance only above a certain amount of crack accumulation.
For the above identified single-pulse fluences in the complete-
remova regime, multiple pulses were overlapped by in-plane
overlap amount OL (Fig. 3a), for removal of the entire printed bar.
The ethanol wipe was used only after the entire unprinting

process was completed. An example of a successfully unprinted
sample is shown in Fig. 3b, for OL =10 mm and fluence 12.511
cm?. We also observe that using alower in-plane overlap of 5mm
causes cracking of the paper (Fig. 3c), due to excessive energy

incident on the paper in the region between consecutive optical

footprints. However, a higher OL of 15mm causes only partial-
removal because portions of the paper did not receive enough

energy for uniform removal (Fig. 3d).

OL= 5 mm (d) optical image for OL =15 mm. All shown for

fluente 12.5 Jcm?.
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Fig. 3. (a) Schematic of in-plane overlap for unprinting (b) UV—Vis spectraand optica images of printed and unprinted ssmpleswith OL=10mm (c) optica imegefor.
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Fig. 4. Optical images of unprinted (a) red (b) green (c) blue samples. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of thisarticle.)

3.1.2. Colored prints

Fig. 4 shows optical images for printed and unprinted red, green and
blue samples. Despite the application of the highest fluence possible
with our system only the partia-removal regime or crack

occurrence was possible. The lowest deviation in photopic reflec-

tance of these unprinted samples from that of the bare paper was
31%, 24% and 27% respectively. Given that these colored toners

have high reflectance peaks at red, green and blue wavelengths (ac-

cording to the printed color) their absorption of the xenon lamp light

islower than that of the black toner. Thisisthe underlying
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reason for an inability to effect enough unprinting. Since we could
not find any optical fluence where al the toner could be removed,
with or without cracking, this approach is impractical for

unprinting. Nonetheless, in contrast to the black prints the colored
prints showed atrend in which the occurrence of cracking at higher
fluence was accompanied by lesser toner removal, an interesting
phenomenon worth examining in future work.

To overcome this issue, we modified the process by printing over
the colored prints with black toner and then performing IPL

exposure. The goal was to increase absorption by the printed toner
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Fig. 5. Refiectance spectra and optical images of samples for (a) red-covered (b) green-covered (c) blue-covered cases. (d) Total fluente E for complete-removal regime, for the
different cases examined here. (For interpretation of the references to color in this figure legend, the reader isreferred to the Web version of this article.)



M. Dexter et at / Journal of Cleaner Production 232 (2019) 274-254 279

Table'l
Combinations of base toner colors used for printed colors.

Printed Color Toner color combinations

Black Cyan + Yellow + Magenta + Black
Red Yellow + Magenta

Green Cyan + Yellow

Blue Cyan + Magenta

layers, to an extent sufficient for remova of both the overprinted
black toner and the underlying color toner. From this point on-wards,
we dente such samples as red-covered, blue-covered and green-
covered for red, green and blue colors respectively. For these
samples we first identified pulse fluences that alowed complete-
removal in one optica pulse, and then varied the in-plane over-lap.
This is because in-plane overlap has a significant impact on the
quality of unprinting, as shown for black toner in Fig. 3b—d, even if
a single optical pulse without overlapping shows complete toner
removal. Further, the penultimate goa of large-area unprinting
cannot be redlized without using multiple overlapped optical pulses.
We note that given the current ability to digitally print paper it would
not be a difficult task to print black toner over existing colored
patterns on paper before performing unprinting.
Fig. 5 shows the optical images and corresponding reflectance
spectra of the unprinted samples. In the red-covered samples (Fig.
5a) a fluence of 17.5 Jom? with OL —15 mm yielded complete-
removal. Reducing the OL to 10 mm yielded remova-and-cracking,
due to excessive energy deposited in the region common to
consecutive pulses. Increasing OL to 20 mm resulted in only partial
removal of the toner, with the region of unremoved toner between
unprinted regions indicating that this portion of the paper did not
receive enough energy for unprinting. In the green-covered and
blue-covered cases the fluence and in-plane overlap for the
complete-removal regime were 9 Jem?7.5 mm and 10.5 Jcm?-5
mm respectively, as shown in Fig. 5b and ¢ respectively. Again, an
increase in OL caused partial-removal and areduction in OL caused
removal-and-cracking. The deviation in photopic reflectance of the
complete-removal paper from that of the bare paper was 7%, 4%
and 5% for the red-covered, green-covered and blue-covered
samples respectively. Since this deviation is an order of magnitude
lower than that for the colored prints without overprinted black
toner, this overprinting strategy is a significantly more effective
means of unprinting colored prints.

Fig. Sb—c also show that the dependence of reflectance on the

7E) lira.

unprinting regime is similar to that observed for the black prints. In
the partial-removal regime the reflectance increases but is not

significantly close to that of bare paper. In the complete-removal

regime, i.e, a an optima in-plane overlap, the reflectance in-
creases much more significantly. For the red-covered (Fig. 5a) and
green-covered (Fig. 5b) paper in the removal-and-cracking regime
the reflectance is reduced as compared to the complete-removal

regime. However, for the blue-covered paper (Fig. 5¢) the reflec-
tance in the removal-and-cracking regime increases dightly as

compared to the complete-removal regime. This observation can be
explained by noting that in this regime the number and length of

cracksin red-covered and green-covered paper is greater than that in
the blue-covered paper. As in the case of the black prints, a

significant reduction in reflectance is observed only upon enough

crack accumulation. The blue-covered case shown here likely lies
just within the removal-and-cracking regimes so that the number of
cracks is low enough to not significantly affect reflectance. These
observations further extend our earlier inferences on the potential

and limitations of using reflectance as an inline process monitoring
tool, to colored prints as well. We note that the reflectance or visual
appearance of the unprinted paper, for al cases examined here

including the black toner, did not change during an observation

period of 30 days after unprinting.

The combined effect of fluente and in-plane overlap on the

unprinting regime can be quantified using total fluence E deposited
at an arbitrary location on the paper. The value of E can be calcu-
|ated as per the below relationship.

E = ( (o) L F F ( 2 )

In this eguation, OL is the in-plane overlap (in mm), Fis the pulse
fluence (In Jen?), and w is the total width of the optical footprint w (
=38.1 mm here). Lesser E causes partid-removal, too high E causes
cracking, and an optimum E yields the complete-removal regime. Fig.
5d compares E corresponding to complete-removal in our
experiments, across different print colors. Further, the fluence needed
for unprinting black, red-covered and green-covered prints is
relatively smilar as compared to the much higher value for blue-
covered prints. Since the optical absorption of the overprinted samples
isvery smilar to each other and to that of the black print, it isunlikely
that the difference in E required for complete-removal is an optically
governed phenomenon. We further observe that the toner removal
process hereismore similar in nature to adhesion-

Fused toner particles

after printing
1J 10 urTI

(@ (b)

Fig. 6. SEM images of (a) bare paper (b) printed paper with black toner overprinted on red print. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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based unprinting than laser unprinting. In atypical laser printer, the
toner particles are deposited in a pattern and then thermally fused to
each other and to the coating of the paper. In our unprinting process
the pulsed light weakens the paper-toner bond so significantly that a
simple ethanol wipe can be used to gently wipe the toner away. This
mechanism is evidenced by the fact that the color of the paper did
not change until the ethanol wipe was used after pulsed light
exposure, and using the wipe before IPL exposure had no effect
either. It is therefore likely that a difference in the strength of
bonding between the paper and different toner types constituting
each color is responsible for the observed trend

Black: com pl ete-
removal

and-cracking
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Green-covered:
removal-and-cracking

Green-covered:
complete-removal

(c)

Black: removal-
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ineinFig. 5d.

A typical laser printer uses base toners of Cyan, Magentaand Y ellow
colors to compose the printed colors examined here, as shown in
Table 1. Note that commercial printers commonly use the four-color
printing process in which a richer black color is produced using a
combination of Cyan, Magenta, Yellow and Black toner (Pring and
Campbell, 2000). This is because a combination of 100% Cyan,

Magenta and Yellow typically produces only a dark-greyish black

color. Since the blue prints do not use yellow toner but the other

prints do, the amount of yellow toner in the overprinted samples is
relatively lower for the blue-covered case. We

Red-covered: Red-covered:
complete-removal removal-and-cracking
(b)
Minor
crack
Blue-covered: Blue-covered:
complete-removal removal-and-cracking

@

Fig. 7. SEM images of unprinted black and colored-covered cases.
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hypothesize that this absence of enough quantity of the yellow toner
in the blue prints increases the relative toner-paper bond strength,
which results in greater E for complete removal. However, we
caution that more evidence of this hypothesis is required by
quantitatively examining the toner's chemical composition and its
bonding with the paper, which is information that is currently
proprietary to the toner manufacturer.

3.2. Paper microstructure

3.2.1. Microscale mor phology

SEM images of unprinted paper in the complete-removal and

cracking-and-removal regimes were examined to characterize the
toner removal and crack evolution on the microscale. Fig. 6ashows
SEM images of the bare paper with a smooth surface, which is
expected due to the coating which encapsulates the paper fibers.

The printed paper (Fig. 6b) shows the fused toner particles on the
surface of the coating.

Fig. 7 shows SEM images for complete-removal and removal-and-
cracking cases. For complete-removal the toner particles are

clearly removed from the coating surface, without the significant
morphological damage and removal of the coating that has been

observed in laser unprinting (Leal-Ayalaet al., 2011). At the same
time, minor submicron width cracks appear in the coating. In the
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removal-and cracking regime, the toner is again removed but larger
micron-width cracks also appear. The crack morphology shows
that the underlying fibers are partially exposed for the black toner,
but not for the colored-covered samples. This might be because the
overprinting of the additional layer of black toner to the colored
prints, before unprinting, limits the depth of damage of the coating.
These observations suggest a thermal stress induced mechanism of
coating failure in our unprinting process. Smaller cracks emergein
the complete-remova regime due to temperature induced expan-
sion of the coating layer, but are too small in width to significantly
affect the appearance and optical properties of the unprinted paper.
At larger E and therefore greater temperatures, larger cracks are
formed due to greater thermal stresses, thus yielding the removal-
and-cracking regime and affecting the optical properties of the
paper as well.

We further note that as shown in Fig. 5 the tota fluente E for
which complete removal is possible is higher than that for removal
with asingle pulse, e.g., for the case of black prints. Thisis likely
because the use of in-plane overlaps and multiple pulses allows a
cooling effect between consecutive pulses that mitigates the
thermal-stressinduced cracking.

3.2.2. Surface chemistry
ATR-FT1R spectrain Fig. 8 show how the chemical bonds on the
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Fig. 8. ATR-FI 1R spectra for bare paper, printed samples, and unprinted samples in various unprinting regimes for cases (a) Black (b) Red-covered (c) Green-covered
(d) Blue-covered. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



282 M. Dexter et al. / Journal of Cleaner Production 232 (2019) 274-284

surface of the coated paper change with the unprinting regime. The
bare paper shows mainly Si-OH, Si-O-Si, C-H and 0-H peaks which
are indicated using vertical solid lines. The printed paper has

additional peaks corresponding to the congtituents of the toner,

shown using blue bars. The bare paper peaks are suppressed in the
spectra for the printed paper since the penetration depth of ATR-
FTIR measurement (typicaly 0.5-3 11m) is much smaller than

typical thickness of deposited toner layers in commercia printing.

The spectra in the partial-removal regime shows relatively lower

intensity of the toner peaks and reemergence of the coating peaks,

indicating exposure of the paper coating. The mitigation of the toner
peaks after unprinting is relatively greater for the complete-removal

and removal-and-cracking regimes, as expected based on the greater
degree of toner removal in these regimes.

The intensity of the Si-OH, Si-O-Si, C-H and 0-H peaks is different
for the unprinted paper as compared to the bare paper, indicating a
change in the chemical bonding after unprinting. To quantify this
change, Fig. 9 plotstheratio of intensity | of these peaks in different
unprinting regimes to the corresponding peak intensifies for the bare
paper /. From the partial-removal to complete-removal and removal-
and-cracking regimes the Si-OH, CH and O-H peak intensities

reduce while the Si-O-Si peak intensity ratio increases significantly.
The oxidation of the silica component (increasing Si-O-Si peaks),

breakdown of the organic binder (reduction in C-H and 0-H peaks)
and of the silica-binder bonds (reduction in Si-OH pesks), suggests
therma oxidation induced
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breakdown of the coating during unprinting. This causes progres-
sively greater weakening of the paper-toner bond from partial-
removal to complete-remova and removal-and-cracking regimes,

and lets the toner be easily removed using a smple wipe with low

quantity of ethanol in the complete-removal and removal-and-
cracking regimes. Note that the use of multiple pulses alows the
cumulative fluence to be greater than that in a single pulse, likely

because the above thermal cracking is mitigated by the interme-
diate cooling between consecutive pulses.

Fig. 10 examines the reprintability for paper obtained from ideal 1PL

unprinting for the different colors examined here. The per-centage
reduction in photopic reflectance of the unprinted paper with respect
to the bare paper indicates how well the toner was removed in a
given unprinting cycle. A greater reduction (i.e., more negative vaue
of change) implies a greater change from the white color of the bare
paper after IPL unprinting. The percentage change in photopic

reflectance after reprinting as compared to the paper printed for the
firgt time indicates the change in appearance of the reprinted paper to
the reader. A more positive value of this change over multiple

unprinting-reprinting cycles indicates deteriorating readability since
the reflectance increases and the absorption of light reduces. Fig. 10
shows that after 5 unprinting-reprinting cycles there is a very

significant and large change in reflectance of both the bare paper and
of the reprinted paper. This indicates that 5 unprinting cycles is a
limit for this paper-toner combination. Therefore, IPL unprinting can

reduce the energy usage, chemica
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Fig. 9. Ratio of ATR-FTIR pesk intensities for different unprinting regimes to corresponding peak intensities for bare paper. (a) Black (b) Red-covered (c) Green-
covered (d) Blue-covered. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig.10. Comparison of the photopic reflectance from unprinted and reprinted paper to
bare paper and fast-time printed paper respectively.

pollutant release and climate change emissions involved in con-
ventional recycling of this toner paper combination by about 5
times.

4. Conclusions

This paper demonstrates a new approach for optical unprinting of
coated paper with minimal chemica usage (only an ethanol wipe
needed). This process can unprint black toner easily, but colored
prints are difficult to directly remove due to lower absorption of the
IPL by these toners. The overprinting of black toner on colored
prints overcomes this issue successfully. Minimal damage or yel-
lowing of the paper and an unprinted reflectance that is very closeto
that of the bare paper, in the complete-removal regime, show the
reusability of the unprinted paper. White this modified approach for
unprinting of colors will require additiona black toner, the
capability of modem printers to overprint patterns accurately and the
low process-induced damage on bare paper will reduce the amount
of black toner needed. From an in-situ process monitoring point-of-
view, incressed reflectance can be used as a measure of toner
removal and subsequently reduced reflection can indicate
occurrence of cracking. However, a key limitation is that cracking
only shows asignificantly observable reduction in reflectance above
acertain amount of crack accumulation.

The following insights into the underlying mechanisms in our
unprinting process are also obtained. The FTIR results show an
oxidation-based degradation of the coating in the unprinted paper,
which progressively increases from partial-remova to complete-
removal to occurrence of cracking defects, but also enables the toner
to be easily wiped away after IPL exposure. In terms of this
mechanism, our unprinting process is doser to adhesion-based
unprinting rather than ablation-based laser unprinting. SEM images
show initiation of small cracks in the coating even in the complete-
removal regime, which grow into much larger cracksthat arevisible
to the human eye upon application of greater fluentein

Table 2
Pulsed light parameters and throughput for complete-removal regimes.

the removal-and-cracking regime. This suggests that the occur-
rence and growth of cracks is governed by temperature-induced
stresses during the unprinting process. Overall, these observations
indicate that the unprinting regime depends on a balance between
bond breakage and stress-induced cracking, both of which depend
on temperatures and therefore on the cumulative fluence E. Too
low E does not allow enough weakening of the toner-paper bonds
and results in partial-removal. Higher E enables sufficient
weakening of the bonds to allow wiping away of toner, yielding
the complete-removal regime, but also causes minor cracks to
initiate due to the higher temperatures involved. Even higher total
fluence supplies sufficient energy for bond breakage but also
activates greater degree of temperature-induced cracking,
resulting in the removal-and-cracking regime. Along the same
lines, the depen-dence of E for complete-removal on the color in
colored-overprinted samples is likely due to a change in the
bonding strength between the paper coating and the combination
of toners used to create the color.

The process throughput in the complete-removal regime, based on
the experiments performed here, is shown in Table 2. The
throughput was calculated based on the area of the bar printed.
Since the largest dimension of the optical footprint of IPL is much
bigger (12 inches here) the potential process throughput is much
higher. Nevertheless, this calculation does allow us to compare the
process speed to that of the successful laser unprinting process.
Past work (Leal-Ayaaet a., 2011) used 2532 nm laser with a spot
area of 2.25 x 10* cm?, laser scan speed of 150 pmfs and line
spacing of 50 pm for successfully unprinting uncoated paper. The
highest throughput obtained was 7500 pim*s. In comparison, the
throughput achieved in our process is orders of magnitude higher,
as is evident from Table 2. Overal, IPL unprinting has all the ad-
vantages of laser unprinting, and the additional ability to achieve
damage-free unprinting of coated paper with significantly higher
throughput. Given the availability of xenon lamps in various sizes
similar to scanners in commercia printer systems, IPL unprinting
is also amenable to integration with conventiona printers for real-
izing unprinting in an automated manner within a point-of-use
setting.

However, we caution against assuming that our process can
completely replace laser unprinting or conventiona recycling. Our
process was unable to unprint toner of any color from non-coated
paper, unlike laser unprinting. Nonetheless, given the high con-
sumption of coated printing paper the developed IPL unprinting
process is ideally suited to act as a scalable complement to laser
unprinting and may enhance the potential sustainability achieved by
it even further. Secondly, IPL unprinting cannot be done an infinite
number of times, as shown in Fig. 10. For the toner-paper
combination used here we find that unprinting-reprinting is possible
at least 5 times without significant damage to the paper. Thislimitis
very close to the number of times paper can be recycled (5-6 times
as per the U.S. Environmental Protection Agency) using the
conventional recycling approach. This indicates that our unprinting
approach could enable about 5 times reduction in the energy usage,
pollutant release and climate change emission as compared to
conventional recycling with relatively little change in the number of
times that reuse is possible. This represents avery

Unprinting Case On-time (us) Off-time (s) No. of overlap Throughput (mm?/s)
Black 1700 1.15 4 2.8

Red-Covered 2440 2.44 3 1.75

Green-Covered 1250 0.83 5 3.08

Blue-Covered 1450 0.96 8 1.67
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significant reduction but not complete elimination of the conven-
tional recycling process. Further, fully quantifying the potential of
IPL unprinting and robustly confirming the unprinting mechanisms
requires testing of a wider variety of paper-toner combinations,
which is asubject of future work.
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