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Abstract

ANSI Standard 1T9.9-1996 is commonly recommended for
predicting dark storage print life for color photographic
materials. This methodology focuses primarily on
measurement of density changes that occur as a function of
temperature at 50% = 3% relative humidity (Arrhenius
methodology). An additional factor in the dark stability of
inkjet photographic prints is the presence of ozone. Current
practical tests utilize a relatively high concentration (5 ppm)
of ozone for short periods of time at ambient temperatures
to predict what might occur for longer exposures at lower
concentrations. However, ambient ozone levels are typically
well under 0.1 ppm (100 ppb). The objective of this paper is
to explore the effect of ozone concentration on inkjet
photographic prints produced with commercially available
desktop inkjet printers. The primary focus will be on current
dye-based inks printed onto both porous and non-porous
photo-quality papers. We will examine the reciprocity
relationship between ozone concentration and the duration
of exposure to ozone.

Introduction

With the recent introduction of photographic quality inkjet
printers from Hewlett-Packard, Epson, Canon, Lexmark,
and Kodak targeted at owners of consumer digital cameras,
attention has now focused on improving the image stability
and physical durability of inkjet photographic output.
Recent reports have discussed various aspects of light fade'
and humidity’ keep of inkjet prints made with different
types of inks and papers. The hypersensitivity of certain
combinations of ink and paper to ozone has also been the
subject of recent trade and technical publications.” Although
the term “gas-fade” has been proposed for this
phenomenon,’ it might be more appropriately considered in
the context of traditional dark fade studies.

In our preceding paper,” we discussed the problems
associated with the estimation of dark fade at room
temperature using the standard Arrhenius approach.’ For
certain combinations of porous receivers with cyan inks, the
fade is rapid enough at temperatures near ambient that
accelerated testing is not necessary. For swellable, non-
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porous receivers, the fade is slow even at 75°C. Arrhenius
testing will likely take years to produce enough fade over a
reasonable temperature range to be predictive. Although the
mechanisms of dark fade for inkjet prints made on swellable
receivers have not been reported, ozone-induced dark fade
is one possible mechanism.

Another way to accelerate the rate of a reaction
increase the concentration of one of the reactants,
ozone. As with accelerate light fade, there needs to be a
reciprocal relationship between ozone concentration, [O,],
and time of exposure in order to use the results of
accelerated tests at higher [O,] to predict how long it will
take to produce the same amount of fade at lower [O,].

In contrast to the volumes of data available on the
levels of ozone in the outside air, there has been very little
reported with respect to the ambient levels of ozone inside
homes and offices. Studies have shown that interior levels
of ozone are generally lower than the corresponding
exterior levels.” There also appears to be a significant
diurnal dependence of ozone concentration, at least in
outdoor air.” Based on the limited data available, it seems
reasonable to assume that typical average indoor levels of
ozone should be less than 100 parts per billion (ppb) by
volume, and will most likely be under 50 ppb.

For the purposes of this study, we will compare the
rates of ozone-induced dark fade of inkjet prints exposed to
100 and 1000 ppb (0.1 and 1.0 ppm). One objective of this
study is to establish a direct link between the presence of
ozone in the atmosphere and dye fade. Another objective is
to establish whether a reciprocal relationship exists between
the ozone concentration and the duration of ozone exposure.

is to
e.g.,

Materials and Methods

Materials

Two different types of inkjet receivers combined with
two different ink sets were studied. The receivers included a
representative porous formulation from Epson (Premium
Glossy Photo Paper, SO41286) and a representative non-
porous (swellable) formulation from KODAK (Premium
Picture Paper). Both receivers are coated on similar photo
quality resin-coated base papers. The color ink sets were
those provided with the Hewlett-Packard PhotoSmart P1000
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series (#78 color cartridge) and the Epson Stylus Photo
780/870/875/890/1270/1280 series of inkjet printers (T008
color cartridge). The inkjet receivers and inks used in this
study are representative of materials that were commercially
available during mid-2000."

Methods

The ozone treatment unit used for this study comprises
an ozone generator (Dell #Z0151) plumbed to a custom-
built Plexiglas enclosure. The output of the ozone generator
was diluted to the desired level (either 0.1 or 1.0 ppm by
volume) with dry nitrogen, and then humidified to 50%
relative humidity by bubbling through water. The treatment
enclosure is in the shape of a 45-cm cube with two inlets on
opposite corners at the bottom. There is a baffle plate about
2.0-5.0 cm from the bottom to uniformly distribute the gas
flow. The overall flow rate was 30 L/min. Ozone
concentration was monitored at the outlet and was
maintained to within +10% of aim during the course of
these studies. The temperature of the unit was monitored at
20°C + 3°. The unit was kept in a darkened fume hood in
order to minimize any light-induced fade.

The test targets used in this study were similar to those
described previously.” The test targets were subjected to
either 0.1 or 1.0 ppm of ozone in the apparatus described
above and were monitored at specified time intervals by
status A densitometry (Gretag/Macbeth Spectro Scan T
3.273 spectrophotometer/colorimeter). An extra set of test
targets was kept in the dark under ambient conditions and
monitored for changes in density during the course of the
study. Changes are reported as density loss (AD). An
unprinted area (D, ) of the test target was also monitored,
and AD was corrected for D ;. At each time interval, plots
of AD vs initial density (D,) were made for each primary
color. From these plots, AD was graphically interpolated to
D, =1.0above D .

Results and Discussion

Background

Previous studies have shown that the dark dye stability
of inkjet prints is sensitive to both temperature and humidity
under ambient atmospheric conditions.”> At relative
humidities greater than about 60% some density gain due to
dye migration is observed for many combinations of dye-
based inks and coated inkjet papers.” On the other hand,
even at 24°C and 50% relative humidity, certain
combinations of cyan dyes on porous inkjet papers display
measurable fade, which can be accelerated by temperature
and/or humidity.”” In both studies, keeper prints kept in the
dark out of direct air flow at 20—25°C and 45-55% RH
showed negligible dye fade or migration. Attempts to
accelerate the dark fade using Arrhenius methodology gave
mixed results. In these previous studies, no attempts were
made to control the level of atmospheric ozone adjacent to
the surface of the test samples.

In a separate study of reciprocity failure in accelerated
light fade tests, it was shown that under an ozone-free
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atmosphere, the rate of observed fade at the lower intensity
condition for the Epson 900 cyan and magenta inks was
consistently lower when ozone was excluded from the air.’
This effect was most noticeable on porous receivers, but
was also observed to a much lesser degree for non-porous
receivers as well.

It is against this background that this study was
conceived. We chose to hold temperature and relative
humidity constant at 25°C and 50%, and vary the
concentration of ozone in the atmosphere adjacent to the
samples. The lower concentration of 0.1 ppm was chosen as
representative of a high level of indoor ozone. The higher
level of ozone was chosen to be 10X the lower level, or 1.0

Porous Receiver Results

The combination of Epson Premium Glossy Photo
Paper with the Epson Stylus Photo 870 cyan ink was one of
the first ink-receiver combinations to be flagged for ozone-
induced dark fade.’ Figure 1 is a plot of the cyan density
loss as a function of cumulative ozone exposure (ozone
concentration x duration of the exposure, in ppm-hr) for this
ink-receiver combination exposed to 0.1 and 1.0 ppm
ozone. Consistent with previous reports, the cyan dye fades
rapidly at either level of ozone: 30% of the cyan density is
already lost within the first 70 hr at 0.1 ppm ozone.

Figure 2 is a similar plot for the Epson 870 magenta ink
on the Epson Premium Glossy Photo Paper. In this case, the
rate of fade is not as rapid as with the cyan ink, and any
deviation from reciprocity is minimal. The Epson yellow
ink on the Epson porous receiver was even more stable,
with only about a 5% density loss over the first 200 ppm-hr
at either ozone concentration.

With the Hewlett-Packard ink set, both the cyan and
magenta inks faded rapidly at both ozone concentrations,
similar to the Epson 870 cyan ink on this receiver. The fade
rate for the Hewlett-Packard yellow ink was similar to the
Epson magenta ink and appeared to be slightly faster at 0.1
ppm than at 1.0 ppm.

Non-Porous Receiver Results

The combination of either ink set with the KODAK
Premium Picture Paper, a non-porous, gelatin-based
receiver, was much more stable to ozone. The Epson cyan
ink was the most sensitive on this receiver (Fig. 3). Note
that there appears to be significant reciprocity failure for the
Epson cyan ink of the non-porous receiver. This was also
observed for the Epson magenta ink on this receiver, which
faded by about 13% after 200 ppm-hr of cumulative
exposure at 1.0 ppm ozone concentration, but only about
7% at the same cumulative exposure at 0.1 ppm ozone.

In contrast, the Hewlett-Packard cyan and magenta inks
on the Kodak paper did not show any significant deviation
from reciprocity, with both inks at both ozone
concentrations exhibiting about 10% dye fade after 200
ppm-hr. Neither yellow ink faded sufficiently at either
ozone concentration to assess reciprocity on this paper.
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Figure 1. Density loss vs cumulative ozone exposure for the Epson
870 cyan ink on the Epson Premium Glossy Photo Paper.
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Figure 2. Density loss vs cumulative ozone exposure for the Epson
870 magenta ink on the Epson Premium Glossy Photo Paper.
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Figure 3. Density loss vs cumulative ozone exposure for the Epson
870 cyan ink on the KODAK Premium Picture Paper.
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Discussion

The results of this study confirm previous reports of
rapid, ozone-induced dark fade on the Epson Premium
Glossy Photo Paper with the Epson 870 cyan ink. In
addition, the Hewlett-Packard cyan and magenta inks are
also prone to rapid fade on this receiver. Because of the
high rate of fade at even 0.1 ppm ozone, there is little need
to further accelerate the rate of fade by increasing the ozone
concentration.

The Hewlett-Packard yellow and the Epson magenta
inks faded more slowly on the Epson porous receiver.
Comparison of the fade rates at the two ozone levels reveals
nearly reciprocal behavior for both combinations.

If one assumes that the first color to experience a 30%
loss of density represents and end-of-life condition then
prints made on the Epson porous receiver with either ink set
fail within about 10 ppm-hr of cumulative ozone exposure
at 0.1 ppm ozone. This would translate to about 500 hr at an
ambient level of 0.02 ppm of ozone assuming reciprocity
exists between 0.1 and 0.02 ppm ozone concentrations.

The results for the non-porous Kodak receiver were
quite different. Here the Epson cyan dye is more sensitive to
ozone than the Hewlett-Packard cyan and magenta dyes.
There is also significant deviation from reciprocity for the
Epson cyan dye on the Kodak paper, with a lower rate of
fade occurring at 0.1 ppm than would be predicted by the
1.0 ppm data. This suggests that it will be difficult to base
predictions of ambient ozone-induced dark fade on
accelerated tests that use much higher levels of ozone, at
least for this example of a non-porous receiver.

The observed deviation from reciprocity can be
explained if the rate of diffusion of ozone into the receiver
is (a) slow relative to the rate of reaction of ozone with the
dye and (b) dependent upon ozone concentration.

One general observation is that the rates for ozone-
induced fade do not cleanly follow either first or second
order kinetics, as was observed for the light fade rates of
hundreds of ink-receiver combinations.” In many cases,
such as the one depicted in Figure 3, there appears to be a
rapid initial rate of fade, followed by a much slower, long
term fade rate. Such behavior might be expected if the dyes
are partitioned between two local environments, one of
which being more accessible and/or reactive to ozone than
the other.

Summary

The effect of ozone concentration on the rate of fade of
inkjet prints made with two sets of inks on two types of
receivers was examined. For a porous receiver the rate of
fade was rapid with both cyan dyes, and with one of the
magenta dyes. The fade rate was so fast at even 0.1 ppm
ozone that accelerated testing at higher ozone
concentrations is not required. With this same receiver,
slower rates were observed for the other dyes, and deviation
from reciprocity was minimal.

For a non-porous receiver, the ozone-induced dark fade
was much slower. The Epson cyan ink faded that fastest, but



NIP17: International Conference on Digital Printing Technologies

displayed a measurably slower rate at the lower ozone
concentration. For the Hewlett-Packard ink set on the non-
porous receiver, the cyan and magenta inks exhibited
similar rates of ozone-induced fade to each other, with both
being noticeably slower than the Epson cyan ink. In these
cases, the reciprocity was quite good. These results pose
difficulties with the potential of wusing high ozone
concentrations to generally predict the rate of fade at
ambient ozone concentrations for the Epson ink set on this
receiver.

Work is ongoing with a broader selection of both
porous and non-porous inkjet receivers as well as with
additional manufacturers’ ink sets in order to understand
how general these observations are.
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