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ABSTRACT

The United States Postal Service (USPS) initiated a program to develop environmentally benign pressure

sensitive stamp products. The first phase of this program has focused on postage stamps. From the efforts

of the pressure sensitive adhesive manufacturers, 14 adhesives were developed that meet the USPS

performance standards. These products are based on synthetic rubber block copolymer, acrylic copolymer,

or dispersible acrylic formulations. The USPS has developed two protocols: a laboratory recycling protocol

and a pilot-scale recycling protocol for evaluating recyclability of stamp materials made from these

products. The basic elements of the laboratory and pilot-scale recycling protocol are high consistency

pulping followed by screening operations. The pilot-scale trials also included cleaning and flotation. The

focuses of this work were to determine the performance of these products under both pre- and

postconsumer feed conditions and to develop a recycling database for these unique products. A laboratory

recycling trial conducted at Springborn Testing Research and similar studies done at the pilot-scale level at

the USDA Forest Service, Forest Products Laboratory will allow comparison of laboratory and pilot-scale

results. Data are given for the composite of each of the classes of adhesives, as well as the individual

adhesives. Both block rubber copolymer and acrylic formulations gave good screenability, with more than

90% of the adhesive removed. For preconsumer waste streams, the presence of the silicone release liner

can have a positive, neutral, or negative effect on the removal of the adhesive. As expected, dispersible

1 The use of trade or firm names in this publication is for reader information and does not imply endorsement by the U.S.

Department of Agriculture of any product or service. The Forest Products Laboratory is maintined in cooperation with the

University of Wisconsin. This article was written and prepared by U.S. Government employees on official time, and it is therefore in

the public domain and not subject to copyright.
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acrylic formulations showed poor removal by the screening operations, and other methods such as flotation

and cleaning must be used.

INTRODUCTION

When the USPS Environmentally Benign Pressure Sensitive Adhesive Stamp Program began, various

strategies were proposed for developing recyclable adhesives that would be compatible with the paper

recycling process (1). One approach was to develop adhesives that dispersed into very small particles when

pulped. These particles were separated from the fibers by flotation and washing and could be removed

from the wastewater by clarifiers. Some particles are so small they are invisible to the naked eye and could

be embedded in the fiber sheet, minimizing paper machine and print problems. A second strategy was to

develop adhesive products with densities greater or less than 1.0 g/cm2, which could be separated in either

forward or reverse cleaners. In the last strategy, adhesives were designed to break up into relatively large,

less deformable particles during pulping so that they could be removed by screening. At that time (early

1990s), strategies using water-soluble or highly dispersible adhesives were thought to be the best approach

because they would be compatible with most mills. Subsequent efforts by equipment manufacturers and

environmental concerns altered the opinions of recycling mills about these strategies. The new strategies

would be compatible with current mill recycling protocols. Mills, in general, favor separation of the

stickies contaminants as early in the process as possible.

Scholz (2) gave a description of the three major chemical technologies of pressure sensitive adhesives

(PSAS) useful for labels and stamps. Synthetic rubber block copolymers are used as the base polymer for

one class of such adhesives. For these polymers to function as a PSA, they must be formulated with large

amounts of low molecular weight tackifiers, up to 150 parts per hundred resin (phr). These formulations

may also contain plasticizers, extenders, stabilizers, and fillers. These products are applied either as a hot

melt or from solvents. A second class of products is based on acrylic copolymers, using butyl, 2-ethyl

hexyl, or octyl acrylate as the main building block. Vinyl acetate, (meth) acrylic acid, and other

comonomers are used to give specific adhesion, latex stability, cross-linking sites, and other properties.

These products are usually made in emulsion form and are also formulated with thickeners, wetting agents,

defoamers, and tackifiers. Tackifiers are used at much lower levels, 25 to 35 phr, than in the rubber

formulations. A third class is acrylates that are copolymerized or formulated with hydrophilic moieties, so

that they will disperse into small particles in aqueous media.

Release agents also impact recyclability. These generally are silicone-based products, which can be applied

from emulsion, solvents, or as the neat product (solventless). Their basic building block is

polydimethylsiloxane, which under catalytic conditions, is cross-linked with various functional silicone

moieties. To get the balanced release necessary, the cross-link density is varied. Curing can be either

through condensation or addition mechanisms, using heat and noble metal catalysts, or ultraviolet or E-

beam methods.
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The silicone release liner substrate is usually a coated cellulosic paper. Currently, there is no USPS

specification for the fiber content of the liner paper. Many contain both recycled fibers and ground wood

fibers and variable amounts of fillers and binders. The basis weight varies from 70 g/m2 for coils to 130

g/m2 for sheetlets.

The construction of a PSA postage stamp is shown in Figure 1. The face paper is made from 100% virgin

chemical pulp and has a basis weight of 90 g/m2. The water-soluble primer is either starch or a blend of

starch with a cold water-soluble synthetic polymer. The composition of the adhesive, release agent, and

liner have been discussed.

Stamp materials can enter the recycling waste stream either as a postconsumer feed or a preconsumer feed.

An example of the former is a stamped envelope from a waste office stream. This stream does not contain

the silicone release liner. The preconsumer waste stream comes from converters and printers’

manufacturing wastes or excessive stamp inventory at the USPS. These wastes contain the release liner.

Not only must one consider the implication of the materials of construction of the liner on recycling but

also the effect of the liner on pulping of the adhesive. In the postconsumer stream, one surface of the

adhesive is bonded to a water-soluble polymer and the other is bonded to the fiber surface of an envelope.

Thus, the bond between adhesive and fiber must be broken in order to separate the adhesive from the fiber.

In the preconsumer stream, one surface of the adhesive is bonded to a water-soluble polymer and the other

is bonded to a silicone coating. Upon pulping, the adhesive separates from these two surfaces and,

subsequently, the silicone coating separates from the surface fiber of the liner. These two mechanisms may

affect the properties of the separated adhesive particles.

Fourteen new adhesives have been developed for use as environmentally benign postage stamp materials,

and these can be divided into three classes of PSAs based on their chemical composition: synthetic rubber,

formulated acrylics, and dispersible acrylics. Within these broad classes, there are four synthetic rubber,

seven formulated acrylic, and three dispersible acrylic adhesives. These products are the result of adhesive

industry efforts to make their products more recyclable. The architecture of the rubber and acrylic

adhesives has been carefully designed through synthesis and formulation so that the adhesives particles

would be mostly removed in screening operations. The dispersible acrylics employ the opposite strategy by

developing small particles during pulping that mainly could be removed by flotation and washing. Four

different release liners were used for these 14 adhesives.

This study summarizes the recyclability of these adhesives using the two USPS recycling protocols:

laboratory recycling (trials conducted at Springboard Testing Research (STR)) and pilot-scale recycling

(trials conducted at USDA Forest Service, Forest Products Laboratory (FPL)). Residual contaminant levels

were measured with an image analysis protocol. Laboratory separation efficiencies determined from the

image analysis were compared with those found from mass balance. The data showed the performance of
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classes of adhesives based both on chemical composition and physical features of the particles formed in

pulping. The laboratory recycling data will also serve as a database for comparison with recyclability

results obtained in pilot-scale trials.

EXPERIMENTAL PROCEDURE

Laboratory Recycling
The evaluation of the recyclability of benign adhesives was conducted according to the methodology of the

USPS Laboratory Recycling Protocol. This protocol was designed to separate contaminant particles based

on the size of the PSA particles formed under high consistency pulping conditions. Determination of

separation efficiency was done through image analysis and mass balance methods.

The unprinted PSA stamp stock material was prestained with Morplas Blue 1003 dye so that the adhesive

particles would be highly visible throughout the process. The dyed stamp face was then laminated to either

copy paper or release liner to simulate pre- and postconsumer waste stock. The laminated stamp stock was

then pulped in a 0.45-kg pulper, (Adirondack Machine Model 450H), at 15% consistency, 43°C, and pH 10

for 8 min. The pulped sample was passed through a 0.30-mm (12-cut) Valley flat screen; the accepts were

then screened with 0.15-mm (6-cut) slots. Handsheets (1.2 g) were made according to TAPPI T-205 sp-95

at the pulper and from each screen accepts stream. Handsheets were then scanned using an Hewlett

Packard (Palo Alto, CA) flat-bed scanner and an Optomax Speckcheck Dirt Counter system to determine

the level of contaminant that had an area greater than 0.02 mm2.

All adhesives, except Sample D, were stained with Morplas Blue 1003 dissolved in heptane. Adhesive D

was stained with this dye from methanol solution. Pulping temperatures were controlled at 43 ± 2°C. The

adhesive level was about 1% on weight of total furnish (ovendry basis), as the coating weights of the

samples averaged 24 ± 1 g/m2. Image analysis results are reported in both parts per million (ppm) and

count/m 2 (Ct/m2) as recommended by TAPPI T 563 pm-96.

A classification scheme based on the number and size of the particles formed upon pulping was developed

and used to group the performance of the adhesives. Recycling performance for both pre- and

postconsumer feed stocks was analyzed and discussed for these classification groups and for one based on

chemical composition in the next section.

Pilot-Scale Recycling
The USPS pilot-scale recycling protocol was designed to separate contaminant particles based on the size

and specific gravity of the PSA particles. The determination of separation efficiency was calculated by

using the ratio of contaminant level expressed in ppm.
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The unprinted PSA stamp material was pulped in a Voith (Appleton, WI) high consistency pulper, Model

HC-1.5, at 15% consistency, 43°C, and pH 10 for 20 min. The pulp was then pressure screened (Voith

MULTIFRACTOR Model 00) through 0.30-mm slots followed by 0.15-mm slots. Accepts were sent

through a forward cleaner, two passes of a through-flow cleaner, and a LaMort flotation cell, and finally

over a sidehill screen. Sidehill accepts were pressed and shredded for storage for future paper machine

trials.

For all accepts streams, 1.2-g handsheets were made according to TAPPI T-205 SP-95, except that one (2-

min) pressing was done. Handsheets were then dyed with Morplas blue dye in heptane and scanned on an

Optomax Speckcheck Dirt Counter to determine the level of contaminant that had an area greater than 0.02

mm2.

RESULTS AND DISCUSSION

Laboratory Recycling

Influence of Chemical Composition

Postconsumer Feed Stock — A scatter plot of percentage removal and ppm, as shown in Figure 2, indicates

there is little correlation between chemical composition and removal efficiency. Rubber block copolymer

adhesive performance is found mostly in the low ppm, high efficiency sector of the plot, whereas the

performance of the dispersible acrylics tends to lie in the high ppm, low efficiency sector. However, the

formulated acrylics performance spreads across both sectors, and examples of both rubber block

copolymers and dispersible acrylics do not lie in their group’s main sector. Figure 3 shows a better picture

of trends of the performance of these adhesives with the total area of particles formed upon pulping (ppm)

for the 14 adhesives. These data are normalized for unit area and are essentially normalized for weight

because all adhesives have the same coating weight. While there were variations within each adhesive type

group, synthetic block rubber copolymers tended to produce larger particles than did formulated acrylics.

The dispersible acrylics gave the highest number of particles and the largest total area.

Figure 4 shows size distribution graphs for the composite performance of the rubber block copolymers and

gives further information about their performance. The area distribution of the particles is skewed toward

the larger particles with the maximum at a bin size of 1.0 mm2. The particles in bin size of 5 mm2 and

larger also make a large contribution to the total ppm. The distribution for the number of particles shows

that most of the particles lie in a bin size range of 0.02 to 1.0 mm2. Upon screening through the 0.30-mm

slotted flat screen, the distribution shifts to smaller size bins as the larger particles are removed. A few

particles are found in the larger bin sizes, indicating that these were deformable or were so thin they passed

through the screen. The maximum in the size distribution curve has shifted from the 1.0-mm2 to the 0.4-

mm2 bin, while the number distribution is concentrated between bin sizes of 0.02 and 0.4 mm2. Further

screening through the 0.15-mm slotted plate showed that all particles greater than 1.0 mm2 were removed,
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and particles between 0.1 and 0.15 mm2 contributed most of the ppm. Figure 4 also shows that the unit

separation efficiencies were the same for both screens and a removal rate of 95% was achieved for this type

of adhesive.

A similar pattern is seen for the formulated acrylic adhesives. These adhesives are like the rubber block

copolymers in that they are essentially insoluble in water. Upon pulping, these acrylics form a mixture of

large and small particles, with the maximum in the ppm distribution curve occurring at 1.0 mrn2. However,

very significant contributions are made by particles in the 0.6- and 0.l-mm2 bin sizes. Similar contributions

were not seen for the rubber-based adhesives. Figure 5 shows that the distribution of the number of

particles is also similar to that for the rubber adhesives. The distribution curves for both after-screening

pulps are very similar to those of the rubber-based adhesives. The acrylic adhesives, after screening

through the 0.30-mm slotted plate, show a significant contribution from the 0.8- and 1.0-mm2 bins,

indicating that the particles were more deformable or flatter, or both, than those formed from the rubber

adhesives. The 0.15-mm screen effectively removed these particles. Nerez et al. (3) observed that rubber

block copolymers particles have a more three-dimensional nature than particles from acrylic PSAs. While

the shape of the distribution curves is nearly the same, the amplitude of the curves for the acrylics is much

higher than for the rubber adhesives. Despite having a larger area of contaminants and more particles to

remove, the unit screening efficiencies of the acrylics are slightly higher than that for the rubbers. The

residual contaminant levels for both these types of adhesives were the same.

Dispersible acrylic PSAs show a similar particle-size distribution curve for the after pulping. However, as

shown in Figure 6, the number distribution is skewed to the very smallest particles. Screening reduced the

number of particles by about 30% on the 0.30-mm screen, about half the particles remained in the accepts

after the 0.15-mm screen. The number distribution becomes skewed to the smallest sizes after each

screening operation. Moss (4) showed that a pressure screen with 0.15-mm slots can remove all particles

larger than 0.7 mm2 and about 80% of those that are 0.5 mm2. The same caveat that he ascribed to the

efficiency of separator plates in pulpers must also apply, that is, removal of all particles of a specific size

occurs provided the particles are not flexible, extrudable, or predominantly of one dimension. Because the

vast majority of particles were less than 0.5 mm2, the protocol would not be expected to produce clean

pulps from this type of adhesive.

The residual contaminant levels after 0.15-mm screening for the rubber, acrylic, and dispersible acrylic

adhesives were 80, 80, and 1300 ppm, respectively.

Chart 4 in Figures 4 through 6 gives the percentage reduction of ppm for each separation unit and the

cumulative value. Similar values were calculated for the reduction in the number of particles, expressed in

Ct/m2. Table 1 compares these efficiencies with that determined from a mass balance analysis of the

adhesive reject weights. The initial weight of adhesive was estimated to be 3.96 g, based on a coating

6



weight of 24 g/m2 and a density of 1.06 g/cm3. Best agreement was found between ppm and mass balance

data. The agreement of mass balance and image analysis data was good for both rubber block copolymer

and formulated acrylic adhesives, but not for the dispersible acrylic adhesives. For these dispersible

products, image analysis data indicate much higher separation than does the mass balance method.

Preconsumer Feed Stock — Analysis of preconsumer feed stocks (includes release liner) proceeded along

the same methods as that for the postconsumer feed stocks. The total area of contaminant normalized for

unit area and weight, for the 14 adhesives follows the same pattern established for the postconsumer feed

stocks (Fig. 7). The ppm levels were higher for both the rubber block copolymer and formulated acrylic

adhesives but were essentially the same for the dispersible acrylic adhesives.

Figure 8 shows size distribution graphs for the composite performance of the rubber block copolymer

adhesives. Most of the contaminant area falls in the bin size range of 0.1 to 5 mm2, with the maximum

again at 1.0 mm2. Compared with the postconsumer feed, the particle-size distribution is shifted downward

to slightly smaller particles. The total area of the particles is larger than in the postconsumer feed,

indicating that the particles were more two-dimensional. Screening through the 0.30-mm plate removed

nearly all particles greater than 1.5 mm2, although there were small numbers of particles in several larger

bins. This could again be a reflection of the increase in the two-dimensional character of these particles.

Screening through the 0.15-mm plate removed the larger particles, although there was a small contribution

from particles as large as 1.5 mm2. The removal efficiencies were lower than in the postconsumer case, and

the pulps had 3.5 times higher ppm and Ct/m2 values. The presence of the release liners had an overall

negative effect on recyclability of these adhesives.

For the formulated acrylics, the distribution graphs in Figure 9 show behavior similar to the rubber block

copolymers, as the distribution shifts to more, smaller particles. After 0.30-mm screening, most of the

larger particles were removed, but the few particles that remained were in the larger bins, 2 to 4 mm2.

These large particles were removed by the 0.15-mm screen. Separation efficiency was lower with this feed

stream. Residual contaminant levels were about three times higher than with the postconsumer feed, again

indicating that an adverse interaction with the release liner occurred.

For the dispersible acrylics, the distribution profiles presented in Figure 10 for ppm and Ct/m2 are

essentially the same for both feed streams, indicating that little or no interaction with the liners occurred.

The residual contaminant levels after 0.15-mm screening for the rubber, acrylic, and dispersible acrylic

adhesives were 280,250, and 1600 ppm, respectively.

A comparison of the separation efficiencies determined from image analysis data and mass balance

measurements is given in Table 2. The data show that there was also good agreement between the mass
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balance method and the ppm reduction calculations for both rubber-based and formulated acrylic

adhesives. Both methods indicate high separation efficiencies for these adhesives. For the dispersible

acrylics, separation efficiency was low but higher than with postconsumer feeds.

To capture the total recyclability performance of these adhesives, another parameter other than separation

efficiency and residual contaminant level has to be considered. The difficulty in processing the feed

streams has to be factored into the overall evaluation. None of the adhesives gave any problems in pulping

or appeared to require more energy to pulp than the control copy paper feed. However, the ease with which

the flat screens could be cleaned, the plating out of adhesives on the walls of vessels, and the difficulty of

removing all traces of the adhesives through valves and pipes were qualitatively assessed. A processability

rating scheme was developed, based on ease of cleaning, using a scale from 0 to 10. A 0 rating indicates

solvent cleaning was required and a 10 rating indicates that only mild water washing was needed to clean

all the equipment. The rubber block copolymer formulations were the most difficult to clean, having a

rating average for both feed streams of 2.2. The acrylic formulations and the dispersible acrylic adhesives

were much easier to clean, having an average rating of 5.9 and 6.2, respectively.

Effect of Physical Properties

Since the fundamental principle of the laboratory recycling protocol for separation of contaminants is

based on the size of the particle, a better way to portray the performance of the benign PSA for stamps is to

group them by the number and size of the particles formed in the pulping process. A classification scheme

was developed that ranked each adhesive based on the size, number, tack, cohesive strength, and elasticity

of the particles formed in pulping (Table 3 and Fig. 11). These observations were made at various stages of

the recycling process-at 15% consistency in the pulper, at 5% consistency before transfer to the flat

screen feed tank, in the flat screen suspension, and in the flat screen rejects.

Type 1 Adhesives— The one adhesive in this category developed large clumps of tacky adhesive that stuck

to the agitator for the Valley feed tank. As expected from this behavior, the three-dimensional particles

give low ppm and Ct/m2 values. The distribution curves in Figure 12 show that the particles were so large

that most of the contaminant was removed by the 0.30-mm screen. The distribution charts for the

preconsumer feed for this adhesive (Fig, 13) also show this pattern, even though the liner in the feed

resulted in a larger number of particles. This rubber block copolymer adhesive has a rating of 5 for

processability.

Type 2 Adhesives — One rubber-based and two formulated acrylic adhesives form Type 2 contaminants

upon pulping. The distribution curves (Fig. 14) show that the size distribution is skewed to the largest bins,

with the greater than 5 bin the dominant one. Unlike Type 1 adhesives, this class of adhesives had some

large two-demensional particles, which passed through the 0.30-mm screen and made significant

contributions to the ppm. These particles were completely removed upon 0.15-mm screening. These
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adhesives had high screening efficiency and gave pulps with low residual contaminant levels, 20 ppm. For

the preconsumer feed stocks, this group formed more, slightly smaller particles, as seen by comparing the

charts in Figure 15. These particles were for the most part removed by the screens, although the residual

contaminant level was about three times higher than the postconsumer feeds. The processability rating for

the group averaged 4.4.

Type 3 Adhesives —This group consists of four formulated acrylic and one rubber-based adhesives. It

features a mixture of large and small nontacky particles with about two-thirds of the contaminant area

coming from the larger particles for the postconsumer feed and about half for the preconsumer feed. The

particles tended to be much more two-dimensional than those of Type 1 and Type 2 adhesives. The

postconsumer feed showed fair screenability through the 0.30-mm screen and good screening for the 0.15-

mm plate (Fig. 16). Residue levels were up to 60 ppm. Figure 17 shows that for the preconsumer case, the

size distribution was shifted to smaller particles, because the number of particles doubled when the liner

was present. The size of the particles formed during pulping was particularly susceptible to the contribution

of the components of the release liner. It appeared to prevent agglomeration of the particles under the high

consistency pulping conditions. Residual contaminant levels were much higher than in the postconsumer

case. The processability ratings were 4.4, slightly below normal, for the postconsumer feeds and 5.8,

slightly above normal, for the preconsumer waste stream. The one rubber-based adhesive had particularly

poor processability and was responsible for the less than desired performance.

Type 4 Adhesives — This group distinguishes itself from Type 3 adhesives in that the ratio of small to large

paticles increased so that they maybe considered as partially screenable products. Two acrylic and one

rubber adhesive make up this group. The distribution graphs in Figures 18 and 19 show that while the

maxima in the size distribution curves still is the 1.0-mm2 bin, significant contributions were madefrom

particles in the 0.4-mm2 bin and lower. These adhesives formed many more particles than Type 3

adhesives upon pulping and about 85% of these passed through the 0.30-mm screen. While the total

removal efficiency was still very good, the residual contaminant levels were high, 480 ppm. The

preconsumer waste gave about twice the ppm and Ct/m2 values as the postconsumer feeds. Processability

was only fair for this group, because the rubber-based product had very poor performance. It was the only

adhesive that plated out on all the process equipment and required solvent cleaning of the valves, the pipes,

as well as the Valley flat screen. Similar behavior was reported for this adhesive when tested at the pilot

scale.

Type 5 Adhesives —These adhesives disperseed into many very small round particles upon pulping and

gave a blue tint to the pulp. The filtered wastewater from Adhesive L gave a very faint blue color to the

precipitate, and adhesive particles were visible in it when it was examined at 10 × magnification. The

distribution curves in Figures 20 and 21 show that the distributions are skewed to the smallest bin sizes.

Particles of 0.8 mm2 and higher only comprise 40% of the area and about 5% of the number formed in
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pulping. Pulping Adhesive L was very easy; so shorter time or lower rotor speeds were sufficient to get

good defibering. Because of the particle size, screening efficiency was poor. For these dispersible products,

use of a freer final screen would be of some, but limited, help in removing them from the process stream.

Flotation and washing also will aid in their removal. Despite the low flotation efficiencies reported for

acrylic-based tape adhesives, typically 20 to 30%, Nerez et al. (3) were impressed with the ease of

attachment and the tenacity with which PSAs stuck to the flotation bubble. Because these Type 5 acrylic

adhesives have on average a smaller particle size, they should show higher flotation separation efficiency.

Pearson and Fullick (5) concluded that PSAs that dispersed upon pulping, even though they were less

hydrophobic, showed removal rates of 60% and higher. These products showed good processability in the

laboratory recycling with the preconsumer feed having a slightly better rating than the postconsumer feed

(8 compared with 7). Pilot-scale processability with one of the adhesives was excellent, but trouble was

encountered with the other two, which were not as dispersible.

Unit Operation Efficiency

Comparisons of unit operation efficiencies determined by weight measurements and image analysis data

for both the pre- and postconsumer feed stocks are given in Tables 4 and 5. Similar results were found

when the data were presented in this manner; namely, the ppm (size) data and the weight method were in

good agreement with each other, but the Ct/m2 data (number) were lower. As expected from the

classification method, unit efficiencies decreased with increasing type number. Thus, both classification

schemes have their merits. Using the physical appearance of the pulped contaminants gave a better

prediction as to the screenability of the adhesive, whereas using the chemical composition as a guide

allowed a better prediction of the processability of the adhesive.

Effect of Release Liner

The effect of release liners on recyclability was assessed by examining their effect on formation of

contaminant particles during pulping and the processability of the adhesive. The ratios of ppm and Ct/m2 of

pulps made with and without the liner is an indicator of how the different constructions of these stamp

products ultimately affect removal of the PSA. Table 6 shows these values for each of the 14 adhesives and

identifies each adhesive with a letter. Each construction is identified by the release liner supplier. The data

show that liners can have a positive, neutral, or negative effect. Although some positive effects are seen,

especially with the dispersible acrylic types, the release liner negatively impacted the removal of most

adhesives. Rubber-based adhesives had the relatively largest increase in the number and size of particles

formed in pulping, while the dispersible acrylics showed the least effect. These data support a mechanism

that the release coating prevents the agglomeration of the initial particles formed when the adhesive film

breaks away from the water-soluble surface and the silicone surface. The interaction of the release liner

was quite specific for each adhesive as shown by comparing the data for adhesives A, C, and E. All these

adhesives were of the same chemical type and had the same release liner, yet there were wide differences

in their interaction. Adhesives A and C show very strong effects of the liner, whereas adhesive E shows a

small effect.
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The presence of the release liner also affected the processability of these adhesives. As shown in Table 6,

there was nearly an even distribution of positive, negative, or neutral effects.

A summary of the recycling data for all the adhesives is presented in Table 7. Table 7 contains information

about the type, release liner, contaminant size and number, the efficiency of separation, and the

processability for each adhesive. This body of data is shown for both post- and preconsumer feed stocks.

Pilot-Scale Recycling

Preconsumer and Postconsumer

For each adhesive, two configurations were run: postconsumer and preconsumer. The postconsumer

configuration was 95% copy paper and 5% stamp stock by weight. The preconsumer configuration was

90% copy paper and a 10% stamp laminate. Results of the pilot-scale recyclability trials are shown in

Tables 8 and 9. In the preconsumer configuration, the release liner had one of three effects on the adhesive:

it either increased, decreased, or had no effect on the stickies count (ppm). An example of this is adhesive

C. When initially pulped adhesive C had an average ppm of 27000 and Ct/m2 of  6800. As adhesive C went

through the pilot recycling protocol trial, the contaminants were removed until a final average ppm of 8

and Ct/m2 of 230 were obtained. With the addition of the release liner, the contaminant level in the pulper

increased to an average ppm of 3900 and Ct/m2 of 13000 for adhesive C. The release liner caused an

increase in the number of particles generated. The pilot recycling protocol did not effectively remove these

increased particles, since the final average ppm was 170 and Ct/m2 was 1700. Additional processing of the

adhesive would need to be done to reduce the ppm value. There was only one adhesive, adhesive L, for

which the release liner improved the recyclability of the adhesive. With the addition of the release liner, the

final average ppm value was reduced from 160 to 27 and the final Ct/m2 was reduced from 2100 to 500.

Figures 22 though 33 compare the laboratory and pilot-scale recycling trials from the pulper to the second

screening stages. Some of the experimental adhesives had good correlation between laboratory and pilot-

scale recycling (Fig. 22), but not all adhesives correlated well (Fig. 31). This could be due to the

differences in equipment (STR used Valley flat screen and FPL used a pressure screen), to differences in

pulping temperatures, or to the adhesive type.

All of the experimental PSAs were divided into two major chemical types: synthetic rubber elastomers or

acrylic polymers. We divided the acrylic polymers into an additional type, dispersible acrylic, due to its

difference in behavior compared with the acrylic PSA in the laboratory and pilot trials. Each type of PSA

behaved differently through each unit operation in the pilot trials. For ease of comparing data, the data

from each adhesive type were compiled and averaged to make composite size distribution graphs for

postconsumer configurations (Figs. 34-57).
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Acrylic

In the pulper, the acrylic PSA formed a combination of large and small particles (Fig. 34), having a mean

particle area of 0.61 mm2. Through two stages of pressure screening (0.30 and 0.15 mm), the mean ppm

was reduced from 1900 to 36 with a mean particle area of 0.10 mm2 (Figs. 35 and 36). Large adhesive

particles were still present in the pulp (Fig. 36). This may have been due to the adhesive particles being

disk or plate-like (6) or deforming and passing through the pressure screens. The forward cleaners and

through-flow cleaners removed a small number of particles, indicating that the remaining acrylic adhesive

particles may have had a near neutral specific gravity. Also, the remaining particles had a small diameter

since the mean particle area was 0.01 mm2. Flotation removed a portion of small particles present, reducing

the mean ppm from 22 to 7 and the Ct/m2 from 240 to 95 from the cleaning stage. At the flotation step, the

mean particle area was 0.006 mm2. The acrylic type PSAs had a 99.5% removal efficiency.

Synthetic Rubber

The synthetic rubber PSA formed a combination of large and small particles (Fig.42), with a mean ppm of

1400, a Ct/m2 of 2900, and a mean particle area of 0.50 mm2. After 0.30- and 0.15-mm pressure screening

(Fig. 43 and 44), the mean ppm was reduced to 44 and the Ct/m2 was reduced to 700, with a mean particle

area of 0.07 mm2. Some particles were greater than 0.15 mm, indicating that some of the particles were

either deforming through the screens or had a disk or plate-like shape similar to the acrylic-type adhesives.

After forward cleaning (Fig. 45), a small reduction of particles was obtained with a mean ppm of 38 and

Ct/m2 of 578 and a mean particle area of 0.05 mm2. Through-flow cleaning reduced the mean ppm to 14

(Figs. 46 and 47), which indicates that portions of the particles were lightweight. Flotation further reduced

the mean ppm to 7 and the Ct/m2 to 150, with a mean particle area of 0.05 mm2. A final mean ppm of 7 and

Ct/m2 of 120 were obtained. A removal efficiency of 99.5% was obtained for the synthetic rubber-type

PSAs.

Dispersible Acrylic

The dispersible acrylic PSAs generated a large amount of small particles in the pulper (Fig. 50). In the

pulper, the mean ppm was 5200 and Ct/m2 was 2100 with a mean particle area of 0.22 mm2. Particles

greater than 0.15 mm were still present in the pulp (Figs. 51 and 52). After the forward and through-flow

cleaning (Figs. 53-55), a large amount of small particles were still present in the pulp. After cleaning, the

mean ppm was 1500 and Ct/m2 was 6400, with a mean particle area of 0.16 mm2. A slight reduction in

ppm and particle count was obtained with flotation. However, flotation was not very effective. This may

have been due to the particle size of the stickies, the chemistry of the stickies, or to other factors. A final

ppm of 1400, Ct/m2 of 4800, and a removal efficiency of 72.7% were obtained for the dispersible acrylic-

type adhesive.

CONCLUDING REMARKS

The USPS laboratory and pilot-scale recycling protocols have been used to evaluate 14 PSAs, which were

developed by seven adhesive companies, that meet the USPS specifications for stamp performance. This
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evaluation validated the protocols as it quantitatively distinguished performance of the individual

adhesives, measured performance differences in the feed stocks with and without release liner, and

correlated unit operation efficiency measured by both mass balance and image analysis methods.

The benign PSAs have three basic chemical compositions: formulated synthetic rubber block copolymers,

formulated hydrophobic acrylic copolymers, and dispersible acrylic polymers. Even though the acrylic

copolymers formed more particles upon pulping than did the rubber-based adhesives, both gave the same

low residual contaminant level after recycling. Screening efficiencies were high with more than 90%

removal of the contaminant. Dispersible acrylics formed small particles when pulped that were only

partially removed by the screening operations of the protocol. Some rubber-based adhesives had processing

features that could require more frequent cleaning of the screens and other processing equipment than

when acrylic-based adhesives are used.

A qualitative scheme for rating the number, size, shape, tack, and elasticity of the particles formed under

the protocol pulping conditions was developed. Groups that contain the larger, three-dimensional particles

gave residual contaminant levels that meet the targeted USPS value of 25 ppm. Both rubber-based and

acrylic-based adhesives are in these groups. This grouping scheme gives a better prediction of separation

efficiency than does the chemical composition grouping, but the latter better predicts processing

performance.

Release liners had a substantial impact on the residual contaminant levels of some adhesives. The liners

broke down into numerous small particles. Specific performance was dependent on repulpability of both

the adhesive and the release liner. Adhesives that were very dispersible were only minimally affected by

the liner.

A database containing the recyclability profiles of the 14 adhesives has been developed and used to

compare their performance under laboratory pilot-scale conditions. Good correlation was found for most

adhesives, which showed good screening. The poorest correlation occurred for the highly dispersed

adhesives.

To get a better understanding of the recyclability of these 14 adhesives, which are undergoing commercial-

scale converting, printing, and finishing trials, the laboratory protocol is being expanded to include a

flotation separation unit. A 0.10-mm flat screen will be evaluated to see if the gap in size separation

between 0.15-mm screening and flotation can be bridged for these adhesives. Printed feed stocks also will

be used to simulate recycle mill conditions.

The suppliers of these adhesive products are continuing their efforts to solve some of the recycling

problems. Novel structures for both release liners and stamp face stock are under investigation. Through

13



the combined efforts of suppliers of adhesives, release liner, and recycling equipment; converters; printers;

test organizations; and recycling mills, solutions to recycling PSAs in an economical method will be found.
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