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ABSTRACT

In this paper, the art-of-the-state of heat-induced inkless eco-printing (HIEP) technology
in recent years was summarized and prospected, mainly from the printing effect, degree of
carbonization, environmental impact and feasibility. The main results were as following:
(1) The paper used in HIEP is predominantly yellow in color, which enables a practical printing
effect. (2) After HIEP, the paper exhibits no significant carbonized microstructure and keeps
its high strength. (3) HIEP is an ecologically and environmentally preferable technology. Only
a small amount of toxic products is generated, and no carcinogens are emitted. (4) No significant
damage to the paper is evident following HIEP, as the degree of heat experienced during HIEP
is far below that experienced during a thermogravimetric (T'G) experiment. Additionally, the
evaporated water has a buffering effect. Based on the previous research results, this paper finally
pointed out the possible research direction in terms of discoloration mechanism and printing
effect, environmental impact improvement, paper damage mechanism and strength during
HIEP, high-temperature printing head installation and relevant techniques, optimization of
printing process parameters.

KEYWORDS: Heat-induced inkless eco-printing (HIEP), carbonized microstructure, pyrolysis
products, environmental impact.
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INTRODUCTION

The histories of paper-making and printing go back approximately two thousand and one
thousand years, respectively (Wang 2017). These inventions have made invaluable contributions
to the recording of human history, the dissemination of culture and the advancement of science
and technology and have laid the groundwork for modern printing. Based on thousands of years
of improvement and the computer’s emergence in the mid-twentieth century in particular, the
printer has developed rapidly. In the 1960s, commercial dot matrix (White et al. 1984) and laser
printers (Boutopoulos et al. 2014) were created, followed by the first inkjet printer in the 1970s
(Park et al. 2007) and, later, thermal printing (Kishimura et al. 2005) and 3D printing (Gill
and Kaplas 2009). These printing technologies can print not only varied patterns but also many
complicated real 3D objects (Gill and Kaplas 2009, Henke and Treml 2012, Xin et al. 2013,
Wang and Liu 2014). The authors classify printing techniques into two main types of methods:
methods based on bump technology, including stone carving techniques and 3D printing, and
coloring methods, which rely on the distribution of dye (typically involving the application of a
“paint color” to a “base material”, e.g., word printing in ancient China, laser printing and inkjet
printing). Laser and inkjet printers can release significant volumes of fine particles, heavy metals,
benzene, formaldehyde, styrene, and other carcinogens in the form of gases during printing
(Jensen and Rold-Petersen 1979, Gallardo 1994, Bar-Sela and Shoenfeld 2008, Theegarten et
al. 2010, Morawska et al. 2009, Yoo et al., 2009, Saraga 2011, Wang et al. 2012, Gigac et al.
2015), and there is currently no effective recycling system for printing waste. The disposal of
these wastes can damage the environment and harm human health. The recycling of paper is also
adversely affected when the paper is colored by toner or ink (Chantigny et al. 2000).

Thus, in recent years, the printing industry has conducted extensive research on inkless or
zero-ink (Zink) eco-printing technologies, with a focus on developing a new and distinct type of
printing paper (Comiskey et al. 1998, Garai et al. 2016, Hays 2015, Sun et al. 2015). For example,
ZINK Imaging Incorporation introduced a printing paper containing a significant amount of
crystalline dye (Song and Wang 2010). Based on the color changes in this paper induced by
the creation of dye in response to the application of heat during the printing process, ZINK
developed the Pandigital inkless printer (Song and Wang 2010). In the water-spraying-based
inkless printing process, the paper used for printing must be pretreated with special chemicals.
Below 35°C, the paper turns black upon contact with water. This black color vanishes after
22 hours, enabling this special paper to be reused (Sheng et al. 2015). Dell Incorporated
introduced photographic printing based on the application of a special layer onto photo paper
that can reflect light of different wavelengths and developed the Wasabi PZ310 mini-printer
based on this technology. Other printing techniques have also been introduced that rely on
inducing changes in the nanostructures of special materials on the surfaces of paper (Shestopalov
et al. 2007, Choi and Park 2010, Shestopalov et al. 2010, Garai et al. 2016) or the use of liquid
polymers (Yow and Routh 2006). All of the technologies mentioned above involve tailor-made
printing paper. By contrast, Sun et al. (2009) proposed a new concept of inkless laser printing,
whose mechanism was that paper color was changed instantaneously at ultra-high temperature.
Additionally, laser carbonization printing (Yao and Zhao 2007) and the use of natural pigments
(Rentschler 2005, El-Hennawi et al. 2012, Wataoka 2012) with ordinary printing paper represent
different approaches to eco-printing technology. The severe carbonization induced in the printing
region of the paper after laser carbonization printing and natural pigments can also be viewed
as special inks, leading to the classification of these approaches as traditional coloring methods.

472



Vol. 65 (3): 2020

Inspired by the yellowing discoloration of plant fibers (Carter 1996, Davidson 1996, Beyer
et al. 2005, Fromageot et al. 2006, Wang et al. 2015), the radically new concept of heat-induced
inkless eco-printing (HIEP) was proposed in 2010 (Chen et al. 2010, Chen et al. 2012), which
obviates the need for ink during the printing process while achieving the same printing results
using an ordinary sheet of office paper (Chen et al. 2012). This technology takes advantage of the
tendency for paper to yellow, which is usually considered to be a disadvantage of printing paper.
Although laser inkless printing (Sun et al. 2009) and heat-induced inkless printing achieved the
same result, its damage of paper and environmental impact was not further studied. This paper
reviews the research progress in HIEP (Chen et al. 2012, Chen et al. 2014a, Chen et al. 2014b,
Chen et al. 2016), including the printing effect, degree of carbonization, environmental impact
and feasibility (Wei et al. 2015, Chen et al. 2016a, Chen et al. 2016b), and then proposes potential
research directions for HIEP.

The definition and printing effect of HIEP

HIEP is a type of printing that does not require any toner or ink. Using a special printer
head composed of a high-temperature printing dot matrix or heat-inducing printing stylus to
transfer heat, the required text or graphics can be formed on the paper via the yellowing and
blackening caused by thermal or laser energy (Chen et al. 2012). Among traditional printing
methods, thermal printing and rice paper pyrography also rely on this approach (Liu 1999).
Thermal printing on dedicated thermal paper is based on a heat-induced chemical reaction and
the coating of a compound onto the paper to cause a color change. Similarly, the rice paper used
for pyrography must be sprayed or brushed in advance with a thin slurry composed of a variety of
chemicals (Chen et al. 2014). Thus, both of these techniques involve the painting or writing of
one or more colored materials (a coating) onto a base material of another color to form words or
patterns. By contrast, HIEP requires only a single “base material” to achieve the effect of printing
using the “coloring method”.
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Fig. 1: Heat-induced blocks: (a) photographs of scan printing results, (b) corresponding lightness (L), and
(c) corresponding chromaticity (x, y) (Chen et al. 2012).

The study of the printing effect of HIEP still remains at the stage of laboratory investigation
through manual simulation. Heat-induced color blocks produced in such an investigation are
shown in Fig. 1a.

Fig. 2a-d and Fig. 2e,f present the experimental results of simulated heat-induced printing
by means of clicking and writing, respectively (Xie et al. 2014). The heat-induction temperature
was above 500°C for the tests whose results are shown in Fig. 2c and Fig. 2d.
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Fig. 2: HIEP simulated printing results (Chen et al. 2012, Xie et al. 2014): (a-d) the print-click method,
(e, f) the scan method, (g) LIEP, and (h) dot matrix printing (1970).

From Fig. 2a-f, it is clear that although the heat-induced method has some disadvantages
relative to the current state of the art in laser printing because of the current lack of research on
the optimization of the printing technology parameters and the accurate control of the printing
process, the text formed on the paper is clearly visible, and the printing effect of HIEP is similar
to that of a dot matrix printer manufactured in the 1970s, as shown in Fig. 2g. For comparison,
Fig. 2h shows the results of simulated printing via laser inkless eco-printing (LIEP) using heat
induction on normal A4 office paper (Chen et al. 2012). Although the characters formed by
LIEP are yellow in color, heat-induction technology can achieve the desired level of discoloration
for printing. Therefore, by bridging the gaps in chromaticity and lightness between HIEP and
current printing through the optimization of the printing parameters and precise control of the
printing process, HIEP can achieve a practical printing effect.

Paper microstructure after HIEP and environmental impact

HIEP does not require ink during the printing process and can achieve reliable printing
results using an ordinary sheet of office paper. However, HIEP may damage the paper and may
produce a small amount of harmful gases when the temperature is sufficiently high. Thus, the
microstructure of the paper after HIEP and the categorization, quantification, and environmental
assessment of volatiles require investigation and analysis to provide a scientific basis for the design
of safe HIEP technology. The research progress on these topics is reviewed in this section.

Carbonized paper microstructure after HIEP

The first and second columns in Fig. 3 show sets of microstructure images obtained after
simulated scan printing and click printing, respectively (Chen et al. 2014a, Chen et al. 2014b,
Chen et al. 2016a,b). In the first column of Fig. 3, it is seen that slight scratches remained on the
paper surface after scan printing (as indicated by a “w”). However, the basic characteristics of the
paper were retained, namely, the large number of recesses and voids formed through the mutual
superposition of fibers, whose main ingredients are cellulose and hemicelluloses (Nathan et al.
2005). Several particles or slightly larger lumps can also be observed in the images in Fig. 3, as
indicated by the squares. Most of these substances are inorganics (filler or addition agents) added
during the paper-making process, which are usually classified as “ash” (Ren et al. 2009). Very
obvious concave indentations remained after click printing (as indicated by a “u” in the second
column of Fig. 3). The microstructures did not differ markedly depending on the heat-induction
temperature used (Fig. 3a-d).

474



Vol. 65 (3): 2020

Fig. 3: Paper microstructures after various forms of printing (Chen et al. 2014a, Chen et al. 20145, Chen
et al. 2016a, Chen et al. 2016b): (a, b) scan printing, (c, d) click printing, (¢) LIEP, and (f) state-of-
the-art laser printing.

The distinct features of HIEP can be appreciated from a comparison with the results of
LIEP (Fig. 3¢) and current laser printing technology (Fig. 3f) (Chen et al. 2014a). After LIEP,
the fine structure looks like that of a microsludge material, with a texture similar to that of
a softening substance generated by fiber carbonation decomposition, and a number of small
holes (indicated by circles) and cauliflower core-like clots (indicated by triangles) can be clearly
observed. In current laser printing (Fig. 3f), the paper surface adsorbs a large amount of ink
powder. By contrast, the simulated HIEP samples, for both scan printing and click printing,
showed no serious carbonization such as that seen with LIEP nor any residual ink powder such
as that currently used in laser printing. Therefore, for paper recycling, the printing paper used for
HIEP requires the removal of the least amount of colored material.

Pyrolysis products and environmental impact of HIEP

Fig. 4a and Fig. 4b presents content area percentages of the main pyrolysis products in air at
each temperature and the pyrolysis volatiles with an area content exceeding 2 % at 250-700°C under
an air atmosphere (Chen et al. 2014b). The products shown in the figure are those that represent
more than 2% of the area in the mass spectral analysis; the Y coordinate is the area percentage.
And the numbers represented different pyrolysis products: 1-CO,, 2-C,H,O, 3-C;H,O,
4-C,H,0,, 5-C;H,0,, 6-CsHyy (cis-2-Pentene), 7-CsH;q (Trans-2-Pentene), 8-C;H,O,,
9-CH,Cl,, 10-CsH;,0, 11-C,H4N,, 12-CsH,0,, 13-CsH,0,, 14-C,H,O;, 15-C,H,O3,
16-C,;HsNS, 17-CgHgO3, 18-C1yH; (O3, 19-C4H;,04, 20-CoH;(Oy, and 21-C1;H,,04.

The volatiles are divided into six classes according to their harmful effects: Class I includes
only CO,; Classes II and III include irritants and flammable products, respectively (Fig. 5a);
Class IV includes corrosive products; and Classes V and VI include moderately and highly toxic
products, respectively. According to Fig. 5, the pyrolysis volatiles do not include any carcinogens.
For Class I, 1-CO, is the most common product, followed by the lightly polluting Class II and
IIT products, which include a number of different volatiles. The main toxic products included
in Classes V-VI are 2-C,H,O, 3-C;H,O, 5-C;H,0,, 9-CH,Cl,, 12-C;H,0,, 13-C;H,O,,
16-C,H;NS, and 21-C;(H,,0, (Fig. 5b). In general, two types of products in Classes V and VI
are produced at each temperature (Fig. 5a).
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Fig. 4: The main pyrolysis products of the HIEP paper printing process at (a) 250-400°C and

(b) 500-700°C.
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Fig. 5: The content area percentages of main pyrolysis products in air generated at various temperatures,
representing the environmental impact of the printing process.

Generally speaking, CO, (Class I) and lightly polluting products (Classes IT and III) account
for a significant amount of the volatiles observed. The sum of Classes I-III is approximately
50%. The proportion of each class of toxic products (Classes V and VI) is approximately 5% at
most temperatures (Fig. 5a). In current laser printing technology, the paper surface adsorbs a
substantial amount of ink powder (Fig. 3f); by comparison, HIEP leaves only a number of concave
indentations and recesses on the paper’s surface and does not generate a significant amount of
pyrolysis volatiles. HIEP also significantly reduces the waste paper recycling costs associated with
ink processing, and its use therefore provides excellent economic and environmental benefits.

Nondestructive printing mechanism of HIEP

Although it is well known that paper cannot withstand fire, it has been shown that no
damage is evident after HIEP for a heat-induction temperature of 600°C. Based on an analysis
of the thermal and physical properties and the printing contact time, the feasibility of the precise
control of HIEP for industrial applications has been validated (Xie et al. 2014). Fig. 6 presents the
TG thermal physical properties of the paper (Xie et al. 2014). The TG curves can be separated
into six stages (Fig. 6a) below 600°C.
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Fig. 6: Thermal analysis of the paper (Xie et al. 2014): (a) TG curves, () DSC curves, and

(c) endothermic curves.

The pyrolysis of the paper predominantly occurs during the third to fifth stages of the
TG curves (Fig. 6a). The differential scanning calorimetry (DSC) curve (Fig. 6b) features two
endothermic peaks (D1 and D2) and one exothermic peak (P1). The locations of these peaks
depend on the heating rate. The temperatures of the critical points increase with an increasing
heating rate (Fig. 6). According to Li et al. (2005) and Wang et al. (2009) who investigated
the TG behavior of wood and biomass in air, these two endothermic peaks (Fig. 6b, D1 and
D2) primarily arise from the pyrolysis of hemicelluloses and cellulose. The exothermic peak P1
forms for two reasons. First, the material burns at a high temperature (referred to as “secondary
combustion”), releasing the heat generated in the third stage of weight loss (Wang et al. 2009,
Tan et al. 2006). Second, a transitional stage in the T'G curve can be observed (see Fig. 6a),
because hemicellulose pyrolysis and cellulose pyrolysis occur at different temperatures. The total
thermal solution in this stage absorbs less than the required amount of heat, which contributes
to the formation of the exothermic peak. Overall, the pyrolysis process is endothermic, as the
endothermic contribution exceeds the exothermic contribution (Fig. 6¢).

According to Fig. 6a, the paper experiences significant weight loss when the temperature
reaches approximately 350°C. During HIEP, why does the paper not incur serious damage when
the temperature exceeds 600°C? The reason, according to the author, is that the vaporization of
the moisture in the paper (greater than 5%) serves as a buffer, and furthermore, the heating time
is very short: in the experiment presented in Fig. 6, even at a high heating rate of 40°C-minl, the
time required to heat the paper from 300°C to 400°C was 150 s, whereas during the simulated
HIEP process, the time required to print each dot at 450°C was approximately 30 ms. In other
words, the degree of heat transfer differed between the HIEP and TG experiments by at least 2-3
orders of magnitude (Xie et al. 2014).

Feasibility of HIEP

As seen from the effect of the heating rate on the weight loss (pyrolysis) of the paper (Fig. 6),
heating paper at a lower heating rate requires a longer heating time to reach a given temperature
and thus leads to greater weight loss (Fig. 6a) and less heat absorption (Fig. 6¢c). Although
pyrolysis requires much more heat at a higher heating rate, such rapid heating can significantly
shorten the time needed to reach a specific temperature. In addition, rapid heating can reduce the
weight loss of the paper, which is desirable for the manufacturability and commercialization of

the HIEP process (Xie et al. 2014). In other words, it is clear that the paper loses weight quickly
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between 400 and 600°C. The paper weight-loss rate can be closely controlled by monitoring the
heat-induction temperature and time. These findings provide a scientific basis for controlling the
weight loss of paper during yellowing and discoloration and for preventing damage based on the
TG behavior of the paper (Xie et al. 2014).

However, if the heat-induction temperature is excessively high, the requirements concerning
the material of the print head, printer security and other HIEP parameters are also high.
Temperatures ranging between 400 and 600°C are reasonable for heat-induced printing. As
mentioned above, HIEP can achieve a practical printing effect within a sufficiently short time
interval to maintain the strength of the paper and avoid any obvious carbonation. In summary,
HIEP, a new inkless eco-printing technology, has been shown to be viable.

Moreover, the environmental impacts of the pyrolysis volatiles produced from newsprint
and silk have also been analyzed (Wei et al. 2015). At HIEP temperatures (400-600°C), the
toxicity of the pyrolysis volatiles in the printing paper was found to be the lowest, with the best
environmental friendliness, whereas the impact of newspaper is the worst and that of silk is in
the middle.

The printing effect on all three kinds of materials was expected to be desirable (Wei et al.
2015). However, the color could be clearly observed through the back of the newsprint because of
its higher permeability. Of the three materials, printing paper was found to be the most suitable
for HIEP, and newsprint, the least suitable. Silk may still be used in HIEP for the production of
art, name cards and clothing nameplates in small amounts (Wei et al. 2015).

Potential research directions

Over the past five years, the printing effect, environmental impact, and damage mechanism
of HIEP and the suitability of printing materials for HIEP have been studied and some progress
has been achieved. However, further investigations are needed to improve this new technology.
To this end, a greater understanding of the pyrolysis of biomass (considering the relevant
biological, heat transfer, and chemical aspects) and color science will be required. Meanwhile,
cross-disciplinary research including laser technology (for instance, LIEP), nanoscience (with
regard to nano-level pyrolytic carbonization on the paper surface), photochemistry (with regard to
the behavior of chromophores in photo-oxidization and photodegradation), paper-manufacturing
science (including information regarding biomass hydrolysis, enzyme treatment, graft changes
and other chemical treatments to make paper more suitable for HIEP), high-temperature
materials science, and mechanical and transmission-related developments (because the printer
heads will require sophisticated transmission and electronic control) will be essential for solving
the next generation of research problems.

Discoloration mechanism and printing effect

As mentioned above, the printing effect of HIEP is similar to that of an early dot matrix
printer.  Although the yellowing discoloration of paper is a well-known phenomenon, the
mechanism that drives it is not yet clear. Moreover, HIEP is performed under high-temperature
and short-duration conditions. According to chemical theory, therefore, the relevant discoloration
mechanisms should be different. According to preliminary observations, no obvious carbonization
occurs during HIEP; thus, the discoloration of HIEP is not caused by paper carbonization.
Because the tendency for paper to yellow at room temperature is generally considered to be
a disadvantage, researchers have tended to focus on the elimination of the yellow coloration.
However, discoloration is an essential component of the HIEP process. Thus, the mechanism of
paper discoloration and the identification of the post-pyrolysis color groups need to be studied
in depth.
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As a new technology, HIEP should offer adequate resolution, color-fastness and opacity.
The resolution of HIEP should be similar to that of current inkjet (Stankovska et al. 2014) and
thermal printing. Early samples produced using the manual simulated printing processes have
been preserved for more than 4 years. Their color-fastness and opacity can visually meet the
requirements of practical applications, but quantitative research on these samples has not yet been
performed.

Environmental impact

Although the environmentally friendly qualities of HIEP have been preliminarily studied,
this process might release a small quantity of harmful gases. The volatiles emitted from paper
during 1s of high-temperature pyrolysis have been determined in a previous study. In HIEP, the
use of a shorter heat-induction time should result in less pyrolysis, making this technique more
environmentally friendly. In addition, the chemical compositions of paper differ by mill, and the
heat transfer of HIEP is different from that in a paper pyrolysis experiment. Thus, comprehensive
studies on HIEP’s environmental impact should be conducted.

Paper damage mechanism and strength during HIEP

No significant damage to the paper was evident following HIEP, as the degree of heat
experienced during HIEP is low and the evaporating water has a buffering effect. No serious
carbonization was observed during a simulated HIEP experiment, even when the temperature
reached 600°C. If the duration of contact between the printing head and the paper were to be too
long, however, the paper could certainly be burnt. Thus, the relationships between the process
parameters, such as heat-induction temperature and contact time, and paper quality parameters,
such as carbonization degree and strength, need to be determined. To achieve this goal, an
unsteady heat transfer analysis (electronic simulation) could be conducted along the longitudinal
and lateral directions of the paper with the development of a three-dimensional model.

High-temperature printing head installation and relevant techniques

By drawing lessons from the control systems for the current inkjet and thermal printing
methods and using new manufacturing methods, the patterning and precision of HIEP can be
improved. However, several new questions related to high-temperature operation may follow,
such as those related to machine cooling, device complexity, stability and energy consumption.
Although these problems can be solved using modern technologies, the final results will require
quantitative analysis and experimental validation.

Optimization of process parameters

The process parameters, such as heat-induction temperature, printing speed, and printing-
head pressure on the printing paper, need to be optimized both in general and for specific printing
materials, such as silk.

In addition to the problems discussed above, the printing color of HIEP is dull compared
with what can be achieved in current laser printing, which should also be addressed. Further
studies on HIEP will pursue the research directions described above, and relevant findings will
be reported in turn.
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CONCLUSIONS

HIEP is capable of achieving the same results as traditional printing using only a single
“base material” (i.e., paper). Issues that arise during the life cycle of printed products, such
as environmental pollution and human health risks caused by toner or ink and the challenges
involved in the recycling and reuse of waste paper, are obviated by this process. The development
of this printing method also constitutes a cross-study platform involving the fields of biology,
photochemistry, nanoscience, paper-manufacturing science and color science. Thus, the
development of HIEP represents a significant technological improvement and could be
a landmark technology in the current era of worsening environmental pollution.
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