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bstract. We have developed an image eraser for reuse of paper
rinted on with decolorizable toner, which is composed of leuco dye
nd developer. The decolorizable toner loses color when heated.
he image eraser enables decolorization of a bundle of paper in-
tead of one sheet at a time. Before designing the image eraser, we
tudied three problems caused by heating, ghost images, sticking,
nd color change of paper. We have optimized the heating condi-

ions of the image eraser, i.e., the heating temperature is 130–
40 °C, and the heating period is 2 h. © 2006 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2006�50:5�489��

ACKGROUND
he total paper recycling rate is approximately 60.4% and
0% of trash by volume is said to be paper in Japan,1 but the
ate of recycling of printing paper in offices is less than 30%
Ref. 2) because of shredding for secrecy. The shredded pa-
er is sent to an incinerator where it generates carbon diox-

de. In addition, paper reuse has not yet become widespread,
xcept for the use of the reverse side of a sheet of paper,
lthough paper reuse3 is effective in reducing the amount of
aper trash.

In order to reduce the amount of paper trash, several
aper reuse systems have been proposed, such as erasable

oner which uses far infrared radiation,4 toner stripping
achines,5 and rewritable marking media.6 However, a prac-

ical paper reuse system has not been widely adopted in
ctual use. We have already reported erasable ink as a solu-
ion to the problem of paper recycling and reuse.7–10 This
nk is originally colored and becomes colorless as a result of
eating or the application of an organic solvent such as
cetone.

As an application of the erasable ink, we have developed
decolorizable toner for paper reuse in offices. Using the

ecolorizable toner, the used paper can be easily decolorized.
t is possible to reprint and rewrite on the decolorized paper
epeatedly. For practical office use, we have selected heat
rasing, because it is difficult to use an organic solvent in
ffices. Hence, an efficient heat eraser is required for the best
olution.

Obviously, reuse of something is the most effective way
o save transporting and recycling energy. To confirm this
oncept, we have applied life cycle assessment to a paper

eceived Jun. 23, 2005; accepted for publication Feb. 23, 2006.
062-3701/2006/50�5�/489/5/$20.00.
euse system using decolorable toner and heat eraser accord-
ng to ISO14040 (International Standard). The details of the
oundary region of estimation and the life cycle scenario of
he paper are cited in the previous paper.11,12 The definition
f the boundary region is the office before fiber recycling.
arbon dioxide emission decreased by 31% when using de-

olorizable toner with single-side decolorizing, compared
ith double-side copying. A more moderate reduction of
6% was seen in energy consumption. When the decoloriz-
ng process was conducted five times, the reductions were
1% and 39%, for carbon dioxide emission and energy con-
umption, respectively. Considering the transportation of
aper and ease of the deinking, a greater reduction of carbon
ioxide is expected for the decolorizable toner system, be-
ause the deinking process is a major part of a paper recy-
ling plant and is the system which consumes the most
nergy.

rinciples of Erasable Ink and Decolorizable Toner
lthough the erasable ink can be erased completely on a

heet of paper by heating, the decolorizable toner can be
ead from a certain angle because of remaining resin, which
s a main component of the toner. The word “decolorizable”

eans just becoming colorless by heating. However, the
rinciple of decoloration is as follows. Figure 1 shows the
oloring and decolorizing principle of the decolorizable
oner. The decolorizable toner is composed of leuco dye col-
red by developer. The leuco dye, a fluoran compound as
hown in Fig. 1, is originally colorless, and conventionally
sed in thermal paper. The developer is a phenolic com-
ound such as propyl gallate, which is known as a food
dditive. In colored toner, the lactone ring of the leuco dye is
pened and the central double bond is conjugated with two
Figure 1. Principle of erasable ink.
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enzene rings. In the decolorizing process, suitable heating
reaks the interaction between the dye and developer. Dis-
ociation of the developer closes the lactone ring to its origi-
al state, and the dye becomes colorless. The developer dif-

uses in the binding polymer and is irreversibly trapped by
n absorbing material, such as cholic acid and starch.

roperties of Decolorizable Toner
he decolorizable toner is produced to comply with the

pecifications for normal toner for laser beam printers of 35
rints per minutes. The fusing temperature is 190 °C at the
urface of the fuser. At this temperature and speed, the de-
olorizable toner maintains its color density. The decolora-
ion process of the leuco dye takes a longer time than the
using process of the toner binder. The optical density of the
ecolorizable toner powder was 1.10 when the average size
f toner particles was 11 �m. We have regulated the printed
oner to have a specified maximum optical density of 0.7. A
ubbing tester designed for ordinary toner evaluated rub re-
istance, resistance to abrasion, and adherence to paper. Af-
er repeated rubbing, 70% of the toner remained on a sheet
f paper. The results showed that the decolorizable toner had
lmost the same rub resistance, as ordinary toner. The deg-
adation of the decolorizable toner in storage was evaluated
y the fluidity of the toner after being kept in a bottle at
0 °C for 8 h. We regulated the fluidity to be the same
efore and after testing by using additives. There was no
ecline in optical density of printed toner stored in a dark
lace for 9 years. Because glass transition temperature (Tg)
f the decolorable toner is 62.5 °C, the toner is considered
o be stable below the temperature of Tg.

The light fastness was measured by the optical density
f the printed toner after 15 000 lux light exposure for 10 h,
hich decreased to 95.4% of the initial value. The leuco dye

s known to have low resistance to light.

raser for Paper Reuse System
s an application of the erasable ink, in 2003 Toshiba com-
ercialized “e-blueTM”,10 a decolorizable blue toner, for

lectrophotographic printers. Figure 2 shows an outline of
he paper reuse system. After collecting used paper, the im-

Figure 2. Outline of paper reuse system in offices.
ge on the paper is decolorized using the heat image eraser. f

90
ith this system, the paper can be reused several times.
oreover, with the reuse system, seriously damaged paper

an be sent to the conventional paper recycling system.
In regard to the design of the heat eraser, the require-

ents are: (1) maximum safety, (2) minimum energy, (3)
inimum time, (4) simplicity, and (5) minimum cost.

We chose a batch treatment method and a structure
ith two heat plates for the heat eraser.10

XPERIMENTAL PROCEDURE
est Chart
est charts were printed with the decolorizable toner using a
remage 350 duplicator (Toshiba Corp.). The test chart con-
isted of solid squares of 1 cm2 to measure the original and
ecolorized optical density. Optical density was measured
ith a CR300 (Minolta Corp.) densitometer in reflection
ode.

hickness of Paper Bundle
00 sheets were chosen for the bundle thickness, with refer-
nce to the previous experiments. For a thicker bundle, the
uitable heating time became longer due to the temperature
ifferences in the bundle.

emperature Distribution in the Paper Bundle
here was a temperature distribution in the paper bundle in

he direction of bundle thickness, because of the low thermal
onductivity of paper and the air layer generated between
aper sheets. Thus, the temperatures at several parts of the
undle of paper were measured, and the changes monitored

Figure 3. Outline of heating device for a bundle of paper.

Figure 4. Relationship between heating time and paper temperature.
or a maximum of 10 h. We conducted experiments using

J. Imaging Sci. Technol. 50�5�/Sep.-Oct. 2006
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he heating chamber and a pressing device as shown in Fig.
, consisting of two aluminum plates (1.0 cm thick) serving
s a heat sink, and four nuts and bolts. An oven with a
ower rating of 1.3 kW was used for the heating chamber.
o avoid the presence of air layers in the paper bundle, the
ressing device was used to apply controlled pressure to the
aper. After the temperature of the oven and pressing device
ere stabilized, a bundle of paper was inserted between the

luminum plates and pressed. The pressure was regulated to
bout 500 Pa.

Based on previous erasing experiments, we have chosen
30 °C as the experimental condition. Figure 4 shows the
elationship between heating time and paper temperature in
he bundle. After heating for 2 h, the temperature at the
enter position of the paper bundle was 9 °C lower than
emperature at the top position.

roblems of Heat Decolorizing Process
e have identified three problems concerning the heat eras-

ng: (1) color change of paper, white to brown; (2) sticking
f paper sheets; and (3) ghost image, a visible trace of the
riginal image after heating. The ghost image is pale yellow
r pale blue.

olor Change of Paper
e conducted heating experiments for two kinds of plain

igure 5. Relationship between heating temperature and optical density
f plain paper.

Figure 6. Viscosity of decolorizable toner.
aper: new paper made from virgin pulp and recycled paper b

. Imaging Sci. Technol. 50�5�/Sep.-Oct. 2006
ade from used newspapers. Figure 5 shows the relationship
etween heating temperature and optical density of the pa-
er after heating for 2 h. We found the color change started
t a temperature of higher than 145 °C for both kinds of
aper. Therefore, we have determined the maximum heating

emperature for the eraser to be 145 °C.

ticking of Paper Sheets
aper sticking depends on the heating temperature and the
ind of toner and paper. Using one pair of printed sheets of
aper, we examined paper sticking with two kinds of toner:
165 °C fixing toner (toner A) and a 190 °C fixing toner

toner B). There was no sticking of paper above 105 °C for
he low temperature fixing toner (toner A) and above
25 °C for the high temperature fixing toner (toner B). In
oth cases, serious sticking of paper was not found above the
hreshold temperature. Figure 6 shows the temperature de-
endence on the toner viscosity. We found that the toner
iscosity at the threshold temperature was the same in both
ases, about 3.0�105 poise as shown in Fig. 6. These results
uggest that paper sticking depended on the toner viscosity
t the heat erasing temperature.

We also identified the following reason for the occur-
ence of sticking at above the threshold temperature. The
oner included a considerable amount of polypropylene wax
s an additive. The wax bled out from inside the toner to the
urface of the toner by thermal diffusion above the softening
emperature of the toner binder. After cooling, the surface

Figure 7. Relationship between heating time and ghost image ratio.

Figure 8. Evaluation of erasing ratio.
leeding wax easily broke the connection between the paper
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urface and toner binder. Hence, the threshold temperature
or the paper sticking was the toner softening temperature.

The threshold temperature was 105 °C for the 165 °C
xing toner. Because the paper temperature at the center
osition in the bundle was about 10 °C lower than that at

he top position, we have determined the minimum heating
emperature for the eraser without the paper sticking was
15 °C.

host Image After Heat Erasing
he ghost image after heat erasing is the most serious and
omplicated phenomenon concerning the decolorizable
oner. A ghost image is an image that remains after heat
rasing.

Figure 7 shows the relationship between the heating
ime and ghost image ratio in the single-sheet experiment.

The heating temperature was fixed at 130 °C. The ghost
mage ratio is defined as the ratio of the ghost image density
o the original image density. It decreased rapidly with heat-
ng time and reached a minimum value in about 2 h. The
ensity increased slowly with time. A change in the color
uggested that another color was generated with the passage
f time, suggesting decomposition of the leuco dye gener-
ted a colored species over a longer heating time. From this
xperiment, we have confirmed that a suitable heating time
s 1–3 h.

In the following erasing experiment, a bundle of paper
as placed in the heating chamber. We used the heating

hamber and the pressing device shown in Fig. 3. After the
emperature of the oven and pressing device was stabilized, a
undle of 200 sheets of paper was inserted between the
etal plates and pressed. The pressure was about 500 Pa.

Figure 8 shows the relationship between the optical den-
ity of the original image and the ghost image after heat
rasing. Three test charts were inserted into the top, center,
nd bottom of the bundle of paper to obtain data for the
hree regions. These data were used to obtain a regression
ine, where we have defined the erasing ratio as the gradient
f the regression line in Fig. 8. This erasing ratio represents
he decolorizing ability of the toner, using the batch heat

Figure 9. Relationship between heating temperature and erasing ratio.
raser. We conducted a series of erasing experiments with

92
ifferent heating temperatures and time. Figure 9 shows the
elationship between the heating temperature and the eras-
ng ratio. Based on the erasing ratio, we determined the
ptimum heating temperature range to be from 130 to
40 °C. Figure 10 shows the relationship between the heat-

ng time and the erasing ratio. The heating time should be as
hort as possible, and we have determined that the optimum
eating time is 2 h. The erasing ratio became 10% or less
nder suitable conditions as shown in Fig. 7. An erasing
atio of 10% corresponds to an optical density of 0.06.

hen we use the reverse side of printed paper, we can see an
mage through the paper from the reverse side. This image
ensity can be measured as about 0.06. The results of a
uestionnaire from 600 people indicated that even a small
race is not acceptable; however, they used the reverse side of
rinted paper piled in the office for environmental reasons.
herefore, we can use the erased paper in practice because

he ghost image density is about the same as that perceived
or the reverse side image of printed paper.

ONCLUSION
e have developed an image eraser for the decolorizable

oner, e-blueTM, for use in a paper reuse system in offices.
he image eraser was a batch heater with two heat plates to
ecolorize a bundle of paper at once. We found three prob-

ems concerning the heat erasing, namely, color change of
aper, sticking of paper, and ghost images. We determined
uitable conditions for the image eraser: a bundle of paper
onsisting of 200 sheets of paper, a heating temperature
rom 130 to 140 °C, and a heating time of about 2 h. Under
he optimum conditions, we succeeded in decreasing the
host image ratio to less than 10%, which is the same level
s an image seen through a paper sheet from the reverse side
f printed paper.
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