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Abstract

The deinking of various types of paper has been necessitated by governmental regulations as well as increasing
public interest in recycling materials taken from our natural environment. The increasing volume of office waste
makes it an important class of paper available for deinking. It presents unique difficulties for ink removal because of
the manner in which ink is applied to the paper in photocopiers and laser-printers. In this study, we develop a simple
deinking process for office waste using a block copolymer as the only deinking agent and employing the two-step
process involving pulping and froth flotation. The block copolymers tested are commercially available triblock
copolymers composed of polyethylene oxide (PEO) and polypropylene oxide (PPQ), known as Pluronics. A variation
in the relative proportions of PEO and PPO results in copolymers of different hydrophobic characrer and, consequently,
variations in colloidal and surface chemical properties such as detergency, wetting, emulsification and foaming. For a
number of block copolymer systems, we report the brightness of handsheets formed of deinked fiber, the amount and
size distribution of residual ink specks on the handsheets, and the amount of fiber lost in the operations. The novelty
of the process lies in the simplicity of the deinking chemical formulation (a single compound), the low concentrations
at which the deinking agent is employed, and the good biodegradability characteristics of the block copolymers. Both
from an economic point of view (the amount of chemicals consumed is 20 to 30 times smaller than that in conventional
deinking chemical formulations) and from an environmental point of view (because of the reduced need to treat
process water from deinking operations), this process appears attractive. © 1998 Elsevier Science B.V.

Keywords: Block copolymers as deinking agents; Flotation deinking; Deinking agents; Deinking of office waste paper;
Ink removal by PEO-PPP-PED copolymers

paper which presents unique difficulties for deink-
ing is office waste consisting of papers from office
copiers and laser-printers. The ink formulations
used in these papers are difficult to remove due to
the manner in which they are applied. In xerogra-

1. Introduction

Governmental regulations, coupled with a
greater awareness by the public to reduce the
volume of waste in landfills, has necessitated

research in the area of removing ink from paper
fibers and the use of recycled fibers. A class of
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phy, a latent image is formed on a charged photo-
conductive surface and this image is then transfer-
red to the paper. The paper surface is also charged
and receives the light reflected from the document
to be copied. The dark areas of the paper (areas
where the image is being projected) retain their
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charge, while the non-print areas of the paper
where the light is reflected off have the surface
charge dissipated. Toner particles (which consist
of the ink and some chemical transport vehicle)
are charged oppositely to the paper and electrostat-
ically adhere to the dark charged areas of the
paper surface. Thus, a visible image is transferred
from the document to the paper. A similar method
is utilized in laser-printing, but a laser beam is
involved in neutralizing the charge present on the
non-print areas of the copy paper [1].

Once the toner particles have been placed onto
the copy sheet, they are fused to the surface by a
combination of pressure and heating. The vehicle
in which the pigment is being carried is usually a
thermoplastic copolymer of styrene and acrylate.
During the heating process, the copolymer rises
above its softening temperature and goes from a
dry solid to a liquid. The copolymer vehicle may
then seep in and wrap around paper fibers at the
surface, where they dry to solid particles once
again.

A combination of mechanical and chemical
forces is often necessary to remove the ink particles
from the fibers. The mechanical force is usually
supplied by a pulper where the paper is beaten
into its respective fibers. The ink particles are
detached from the fibers by a combination of
factors, including hydrodynamic flow of the liquid
phase in the pulper, swelling of the fibers. flexing
and bending of the fibers, and abrasion of the
fibers against each other [2]. Often, the mechanical
force in the pulper is not sufficient to bring about
effective ink removal and chemicals are added in
the pulper to increase the ink removal efficiency.
Once the ink particles are detached from the fiber
by the mechanical action, they are then separated
from the fibers via a variety of operations, includ-
ing washing, screening, flotation or a combination
of the above. In general, as part of the deinking
operation, many chemicals are added to the pulper
to aid in ink detachment [3]. If flotation is
employed for the separation of the ink from the
fibers, then other chemicals are added to facilitate
the flotation of the ink. The nature of chemicals
added in a deinking process depends upon the type
of ink to be removed, the nature of the paper

stock, and the manner of application of the ink to
the paper during the printing process.

In the case of office waste, the unusual size and
shape of the ink toner particles, as well as the
strong bonding between ink and fiber, make their
removal by conventional approaches difficult. In
general, the relatively large size of the particles
limits their removal via standard washing or com-
binations of washing and flotation, and their flat
or plate-like shape hinders removal by screens and
reverse-flow cleaners. Flotation is effective for
removal of particles between 10 and 100 um, with
the optimum range being 30-60 pm [4], while the
reported ink particle size distribution after repulp-
ing for non-impact printed paper lies between 40
and 400 pm.

2. Our approach to deinking based on block
copolymers

A typical deinking chemical formulation
involves multiple components, since each chemical
species added can create problems requiring the
addition of another chemical to counteract them
[3]. As more chemicals are added. the role of each
individual chemical becomes ambiguous because
of synergistic or antagonistic effects. From a practi-
cal point of view, there are many disadvantages
associated with conventional deinking formula-
tions based on multiple chemical components.
Firstly, the chemical formulation needed is quite
complex and, because of the unknown inter-
actional effects, the design of the formulation is
largely empirical. Secondly, the total amount of
deinking chemicals that should be added per unit
mass of paper fiber is quite large, of the order of
2 to 3 wt.% based on the fiber mass. Thirdly, the
water streams from the deinking process are con-
taminated by the numerous chemicals employed
and will have to be treated. To overcome these
economic and environmental concerns, we explore
a novel approach which utilizes a single deinking
chemical in place of the conventional multicompo-
nent mixture formulations. The chemical used is a
block copolymer, and its selection is motivated by
the possibility of using it in very small concen-
trations, its good biodegradability properties (some
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of the block copolymers used are approved by the
FDA even as food additives), and the fact that
these molecules exhibit a multitude of surface
chemical characteristics that are essential for the
deinking application.

The block copolymers employed are triblock
copolymers of the  polyethylene  oxide
(PEO)-polypropylene oxide (PPO)-polyethylene
oxide (PEO)-type with the hydrophobic PPO block
in the middle attached to the hydrophilic PEO
blocks at the two ends. These are also known as
poloxamers, and commercially as Pluronics. Many
different physical properties and surface chemical
functions are available in this family of block
copolymers simply by changing the relative com-
position and molecular weights of the blocks in
the copolymer [5,6]. Different poloxamers are
chosen for their relative abilities in detergency,
solubilization, foaming, defoaming, emulsification,
wetting and surface/interfacial tension lowering.
The experiments in this study are designed to
examine a range of poloxamers with varying
degrees of hydrophobicity in order to determine
their effect on deinking performance.

3. Experimental methods

Deinking experiments were performed on papers
which were xerographically printed on-site, and all
contained the same image and, thus, the same ink
content. In order to ensure that the paper feed-
stock was the same. the test papers were prepared
with the same image, a black circle approximately
15.3cm in diameter, printed on a standard
21.5 cm x 28 cm sheet. The amount of paper used
in each deinking run was determined by the percent
consistency desired in the flotation cell. The consis-
tency is defined as the weight in grams of oven-
dry fiber in 100 g of pulp-water mixture [7]. The
flotation cell holds a volume of 31, so for a
consistency of 1.0%, 30 g of paper is necessary.
Deinking chemicals added to the process are typi-
cally specified as a percentage of the amount of
paper added. In the process described here, a single
block copolymer was added as 0.1% of the paper
weight.

3.1. Pulping

30 g of paper was added to a Hamilton Beach
14 speed Blendmaster blender which served as the
pulper. The copolymer was weighed out and also
placed in the blender. Water preheated to 43°C in
the flotation cell was poured into the blender to
fill the remaining volume. The flotation cell had
heating tape wrapped around it on the outside,
and this tape was connected to a variable auto-
transformer. 31 of tap-water was poured into the
cell and heated by the heating tape to the desired
temperature. In the blender, the contents were
pulped together for a total of 4 min. At 2 min, the
pulping was stopped momentarily to check that
all the paper was being pulped (i.e. to make sure
that none of the paper had wrapped around under
the blades or along the sides of the blender wall,
which would prevent its being pulped). After this
check, pulping was continued for another 2 min.
The water temperature did not change appreciably
during pulping, even though there was no heating
element connected to the blender. After pulping,
the pH of the pulp in the blender was noted; for
nearly all the poloxamers used. the pH of the pulp
was approximately 8.5.

3.2. Flotation

The pulp was then transferred to the flotation
cell and mixed in the cell for approximately 1 min
before checking the pH. After noting the pH,
flotation was carried out for a total of 6 min by
activating an air inlet located along the side of the
stirring shaft. Depending on the particular polox-
amer used, the froth formed quickly or slowly,
was thick or thin, and had much ink or very little
ink at the top. This froth was then scraped off the
top of the flotation cell by hand using a small
paddle. Care was taken to not scrape too deeply
into the froth, as this raises the risk of collecting
paper fibers along with the ink. Periodically, the
sides of the cell and the impeller were washed
down with water because ink and paper typically
collect in these areas. In some cases the froth
becomes thinner or sinks further down into the
cell as flotation proceeds, so water had to be
poured into the cell to raise the froth layer high
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enough so that it could be scraped efficiently.
Fig. 1 shows the two steps of the deinking pro-

cedure as employed in this study. After 6 min of
flotation, the air flow was stopped by turning off

the air inlet on the impeller. In order to determine
the efficiency of deinking, the pulp has to be fitted
into a form appropriate for testing; this is achieved
by re-forming paper sheets (known as handsheets
or brightness pads) from the pulp [8].

3.3. Preparation of hundsheets

The deinked pulp from the flotation cell was
carefully separated from the water by utilizing
suction filtration in a Biichner funnel. The funnel
used for this procedure was a 15 cm inner diameter
funnel with a perforated plate and connected to a
41 suction flask. After inserting and leveling the
Biichner funnel into the neck of the suction flask,
a sheet of white, rapid-draining, 18.5 cm diameter
filter paper was placed into the funnel and wetted;
suction was momentarily applied in order to seat
the paper into the funnel. Once the filter was
ready, the deinked pulp (including the pulp which
had wrapped around the impeller blades and along
the impeller shaft) was carefully poured into it.
While the suction action pulled the water through,
the sides of the funnel were washed down with
water to collect any pulp which was clinging to

H20
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Step 2--Flotation Cell — >

*Air is pumped into the cell;
bubbles form

*Surfactant stabilizes bubbles;
allows ink to collect on surface

sink/bubbles rise, forming a froth

*Paper fibers stay on the bottom

the sides. Once most of the water had been pulled
through, the suction was discontinued and the
deinked paper was removed from the funnel. A
second piece of filter paper was placed into the
funnel and this procedure was repeated once more.
The deinked pulp was then set aside to dry
overnight.

These two large sheets are not acceptable as
handsheets because of their excessive mass and
uneven ink distribution. Thev must then be formed
into smaller sheets. The pulp was dried in the
above manner in order to determine and control
accurately the amount of paper in each handsheet
which was to be formed. The dried pulp was
weighed and then separated into smaller piles of
approximately 3.6 g. It was these smaller piles
which were used to make the handsheets. The
procedure used to make the handsheets was
devised by the Technical Association of the Pulp
and Paper Industry (TAPPI) as the TAPPI Test
Method T218 om-91 [9]. This test method sug-
gested using 3 g of dried pulp to form the sheets.
but it was found in our experiments that the
handsheets formed from this amount of pulp were
too thin and contained an uneven distribution of
paper, forming thick and thin areas on the sheets.
Instead, a 3.6 g value was used. Each 3.6 g pulp
sample was placed separately into the blender and
diluted to 11 with distilled water. It was pulped

<G—= Step 1--Pulper

*inked paper, water, and surfactant added

«Chemical action via surfactant, mechanical
action via pulper

*Pulp must be separated from dislodged ink

Air Inlet

Ink
and some
paper

Fig. 1. Diagram showing the two-stage deinking process of pulping followed by flotation.
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for a total of 25 to 30 s, after which time it was
poured into a beaker, taking care to rinse out the
blender and collect all of the paper. The pulp
slurry was then adjusted for pH; this entailed the
addition of a prepared 10% acetic acid solution in
small aliquots until the pH of the slurry was
5.0+0.1. The handsheets were formed from this
pulp slurry by once again utilizing the Buichner
funnel. As before, the pulp was poured onto the
seated filter paper in the funnel and the water was
then drawn through by applying suction. Once all
of the excess water had been removed, the vacuum
was broken immediately to prevent drawing an
appreciable amount of air through the pulp mat.
The funnel was then removed from the suction
flask and inverted over a piece of clean, white filter
paper of 24 cm diameter. By blowing air into the
funnel stem, the test sheet and its filter paper were
transferred to the larger sheet of filter paper.
Another sheet of the larger filter paper was then
placed over the back of the test pad (on the side
exposing the filter paper); another 3.6 g sample of
pulp was treated in the same manner and was
transferred from the funnel onto the large sheet of
filter paper which was covering the first test sheet.
Subsequent test sheets were prepared and placed
over the last sheet in the same manner, so that
there was always a larger piece of filter paper
sandwiched between each test sheet. For a typical
deinking experiment, a total of six test sheets were
prepared.

Once the handsheets were prepared by filtration,
each one had to have any excess water removed
before being set aside to dry. This was done
through the use of a machine press. A metal plate
was placed on the base of the press, and a clean
piece of the larger filter paper was placed on top
of the plate. One of the handsheets (along with its
piece of filter paper) was then placed onto the
filter paper, and another piece of larger filter paper
was placed over it. Finally, another metal plate
was set over the filter paper. Thus, the entire stack
from top to bottom consisted of one metal plate,
a clean piece of filter paper, the handsheet and its
filter paper, another clean piece of filter paper, and
another metal plate. The press was lowered onto
the top metal plate by a lever and pressure was
applied for a total of 1 min to squeeze out as much

of the remaining water as possible from the hands-
heet. After pressing each handsheet, they were
placed under a fan to dry completely.

3.4. Measurement of fiber loss

After drying, the sheets were ready to be tested
for ink removal efficiency. The efficiency of the
process is determined not solely by the amount of
ink removed, but also depends on how much paper
fiber is lost during the process most of which
occurs during flotation. The amount of paper
before deinking was weighed without ink printed
on it, the assumption being that the deinked paper
would have the majority of ink removed and
would, therefore, most closely resemble the clean
paper. The percent fiber loss was determined
simply by subtracting the amount of deinked paper
from the amount of original clean paper, dividing
this by the amount of clean paper and multiplying
by 100.

3.5. Measurement of brightness

In addition to determining the amount of paper
fiber lost, a measure of ink removal is necessary.
This is done through the use of brightness tests,
which are common paper industry tests used to
measure numerically the degree of reflectance of a
paper sample when exposed to blue light at a
wavelength of 457 nm [10]. In general, as more
ink is removed from the paper, brighter sheets are
obtained. A brightness meter was available at the
International Paper Company’s facility in Lock
Haven, PA; handsheets were taken there for bright-
ness testing. The tests consisted of calibrating the
brightness meter using a small magnesium oxide
plate of a certain brightness, then placing an area
of the handsheet over the meter aperture, which
was about 2 to 2.5 cm in diameter. A 500 g weight
was placed over the sheet to ensure that no light
escaped from the aperture. A digital readout
reported the percentage brightness of the sheet at
the point over the aperture. A total of five measure-
ments were made at different points on a hands-
heet. The measurements were then averaged to get
an average brightness value for the experiment,
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3.6. Ink specks analysis and dirt count

Apart from the brightness gain, it is also neces-
sary to determine the amount of visible ink specks
on the deinked handsheets. This latter measure is
considered even more important than the bright-
ness gain for the deinking of office waste. The
standard tests for dirt count in pulp [11] and in
paper and paper board [12] developed by TAPPI
count only ink particles larger than 0.02 mm? or
approximately 160 pm in diameter. The methods
provide a measure of the apparent dirt area on a
background using the TAPPl Dirt Estimation
Chart. Although a well-trained operator can esti-
mate the dirt area with good repeatability, the job
is very tedious, time-consuming and often vulnera-
ble to human errors. Image analysis with comput-
ers can improve the determination of the dirt
count, thereby eliminating operator errors and
increasing the resolution to well below 160 ym. An
image analyzer detects images on a digitized pixel
basis, the pixel being the smallest element in a
picture. For images scanned at a resolution of
1200 dpi (dots per inch), the image size is calcu-
lated from the number of pixels, via the relation:
image size in micrometers=24 x (number of
pixels)'/2. Most analysis algorithms are based on
the differences in gray level intensity between ink
spots and the background. It is common to have
256 gray levels, 0 being the darkest and 255 being
the brightest value. Images below certain threshold
gray level are recognized as dirt, while the rest is
considered the background.

In our laboratory, Genius ColorPage-1® was
used to capture the images of the handsheets, and
PhotoFinish® to process the images, and
Mocha® image analyzing software to perform the
dirt count. For each handsheet made from
the deinked pulp, five sample regions chosen ran-
domly, each with 2.54 cm x2.54 cm area, were
scanned at a resolution of 1200 dpi; therefore, ink
specks with diameter as low as 24 um can be
detected. Calibration using known amounts of ink
specks and their image analysis showed that by
choosing any threshold in the range of 160 to 200
on the gray scale (for the image to be counted as
dirt), one can get a satisfactory linear relationship
between the amount of ink specks and the dirt

count obtained from image analysis. The ink
counts for each experiment given here are based
on a representative handsheets made from that
particular experiment and using a threshold value
of 160 on the gray scale.

4. Results and discussion

A total of 17 different poloxamers with diverse
physical properties were tested for their effec-
tiveness in deinking. These poloxamers were
Pluronics, obtained as a gift from BASF Corp.,
Parsippany, NJ, and were used as-received. The
fiber loss and brightness results are presented on
the Pluronic grids, which provide a graphic repre-
sentation of the relationship between the copoly-
mer structure, physical form, and surfactant
characteristics [6]. These grids are designed by
plotting the molecular weight ranges of the
hydrophobe vs. the percent of hydrophile in the
molecule. In assigning their names, the letters P,
F or L refer to the state of the polymer being a
paste, solid or liquid respectively. The last digit
when multiplied by ten gives the mass percent
PEO block, whereas the remaining number is
indicative of the molecular size of the PPO block.

4.1. Results on fiber loss

The percentage of fiber lost is indicated on the
Pluronic grids (Figs. 2 and 3). The results range
from a low 6.84 wt.% fiber loss with P123 to a
very large loss of 30.5 wt.% with L35. Deinking
processes described in the literature for various
kinds of paper and ink suggest that fiber loss
should be below about 15 wt.% for a reasonable
deinking operation. Those Pluronics at the top of
the grid have higher PPO molecular weights; those
at the top left-hand corner have low amounts of
PEO present. This is the area corresponding to the
lowest fiber losses. Thus, it appears that the more
hydrophobic the copolymer is, the lower the fiber
losses. As one moves to the most hydrophilic area
on the grid, corresponding to low PPO molecular
weights and high percentages of PEO (i.e. the
lower right-hand corner), the fiber losses increase.

What is it about the structure of the copolymer






