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ABSTRACT: This study compared the performance of eight commercial starch and ex-
panded polystyrene (EPS)-based loose-fill foam products. Density of starch-based foams
is higher, by a factor of two to three times, than either EPS-based ones. Compressive
stress of most starch-based foams did not differ significantly from 0.0893 MPa value
for virgin EPS foam. EPS- and starch-based foams have predominantly a closed and
open cellular structure, respectively. Resiliency or elastic recovery of starch-based
foams had values between 69.5 and 71.25%, which is about 10% lower than virgin EPS
foam. Friability of both starch- and EPS-based foams was between 2 and 6 wt %, but
starch-based foams broke into a fine dust, whereas EPS-based foams broke into large
fragments. After conditioning at 20, 50, and 80% r.h., 237C and 50% r.h., 357C, the
water content for starch-based foams averaged 6.0, 9.5, 14, and 8.5 wt %, respectively.
The mechanical properties of starch-based foams were more sensitive to changes in
relative humidity and temperature than EPS-based foams, but the higher amount of
absorbed moisture did not compromise its mechanical integrity. q 1998 John Wiley &
Sons, Inc.* J Appl Polym Sci 67: 1157–1176, 1998
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INTRODUCTION fill foams are biodegradable and have competed
well with EPS-based loose-fill even though starch-

Expanded polystyrene (EPS), shredded news- based loose-fill costs approximately $21 per cubic
print and cardboard, excelsior, popcorn, flour, and meter delivered, which is about 30% higher than
starch are the most common materials used to the price of EPS-based loose-fill.4 A recent com-
make protective packing products. Their function parative study by the Minnesota Office of Waste
is to provide cushioning, protection, and stabiliza- Management (MOWM) claims that starch-based
tion of articles packaged for shipping. EPS-based loose-fill is a reasonable alternative to EPS-based
loose-fill foam products have enjoyed a steady loose-fill if composting infrastructures exist and
growth in this application over the last three de- EPS foam recycling is impractical.3 Another study
cades, but became targeted recently in the solid found that traditional synthetic polymer-based
waste disposal debate. Consumers are demanding cushioning products provided better protection with
and legislators are mandating the use of environ- less material than popcorn or cellulosic materials.5
mentally benign products.1–4 Starch-based loose- Little quantitative data has been published that

compares the properties of EPS- and starch-based
Correspondence to: P. D. Tatarka, Viskase Corporation, loose-fill, and no information is available that dis-

6855 West 65th Street, Chicago, Illinois 60638. cusses foam performance vs. temperature and rela-
R. L. Cunningham is retired.

tive humidity.1,2,6,7 This study is designed to provide
data on starch-based foams that could be useful inJournal of Applied Polymer Science, Vol. 67, 1157–1176 (1998)

q 1998 John Wiley & Sons, Inc. *This article is a U.S. Government work producing environmentally friendly and economi-
and, as such, is in the public domain in the United States of America.

CCC 0021-8995/98/071157-20 cally competitive products.
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1158 TATARKA AND CUNNINGHAM

Figure 1 Photograph of PELASPAN PAC.

graphs illustrating the size and shape of each ofSeven properties and the response of these
eight commercial loose-fill foam specimens areproperties to changes in temperature and humid-
found in Figures 1–8. PELASPAN PAC has aity were studied. These properties are moisture,
three-dimensional ‘‘S’’ shape with height, width,cell structure, foam and bulk density, compressive
and length dimensions of 14, 23, and 29 mm. FLO-stress, resiliency, and friability. On a statistical
PAK S has a hollowed three-dimensional ‘‘figurebasis, significant differences between commercial
8’’ shape with dimensions of 12, 16, and 38 mm.EPS- and starch-based loose-fill products on an
CLEAN GREEN has a cylindrical shape with di-‘‘as-received’’ or unconditioned basis and between
mensions of 20, 20, and 35 mm. ENVIROFIL also‘‘as-received’’ and after conditioning for each
has a cylindrical shape with dimensions of 22, 22,loose-fill product are described by confidence in-
and 46 mm. ECO-FOAM has a cylindrical shapetervals.
with shark-skinned or melt-fractured surfaces
with dimensions of 17, 17, and 35 mm. FLO-PAK
BIO 8 has a solid ‘‘figure 8’’ or fused dual-cylindri-EXPERIMENTAL
cal shape with dimensions of 15, 27, and 25 mm.
RENATURE has a cylindrical shape with dimen-Materials
sions of 19, 19, and 38 mm. STAR-KORE has a

The two synthetic materials were virgin EPS curled cylindrical shape with split ends with di-
PELASPAN PAC by American Excelsior Co. of mensions of 17, 17, and 44 mm. The starch used
Arlington, TX, and recycled EPS FLO-PAK S by in CLEAN GREEN is wheat, in ENVIROFIL is
Free-Flow Packaging Corp. of Redwood City, CA. corn, in ECO-FOAM is hydroxypropylated high
The six starch foams were CLEAN GREEN by amylose corn, in FLO-PAK BIO 8 and RENA-
Clean Green Packing Co. of Minneapolis, MN; TURE is corn or wheat, and in STAR-KORE is
ENVIROFIL by EnPac of Wilmington, DE; ECO- methyl acrylate grafted corn. Specific additives
FOAM by American Excelsior Co. of Arlington, used in these products were not identified. Small
TX; FLO-PAK BIO 8 by Free-Flow Packaging quantities of additives such as polyvinyl alcohol,
Corp. of Redwood City, CA; RENATURE by Storo- glycerol, polyethylene glycol, or silicon dioxide
pack, Inc. of Cincinnati, OH; and STAR-KORE by may influence mechanical properties and mois-

ture sensitivity.4,6,7Uni-Star Industries, Ltd. of Canton, IL. Photo-
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PROTECTIVE LOOSE-FILL FOAMS 1159

Figure 2 Photograph of FLO-PAK S.

These commercial loose-fill products are manu- expanded polystyrene beads are made by incorpo-
rating blowing agents into styrene before poly-factured in one of three methods. Virgin EPS

loose-fill is produced in a multistep process. Partly merization or extrusion compounded into polysty-

Figure 3 Photograph of CLEAN GREEN.
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1160 TATARKA AND CUNNINGHAM

Figure 4 Photograph of ENVIROFIL.

rene after polymerization. These foam beads are tems, Inc., Glenside, PA. The temperature and
humidity tolerances were {3% r.h. and {17C.subsequently expanded into loose-fill with steam

and quenched below Tg for a day to allow air to
diffuse into the cells. To achieve the desired foam

Propertiesdensity, the expansion and quenching process is
repeated two or three times.8,9 Recycled EPS is The moisture content was measured with a Met-

tler DL35 Karl Fisher Titrator. Mettler DO301made from reclaimed post-consumer and indus-
trial-expanded polystyrene foam products. The Drying Oven (Mettler Instrument Corp., Hights-

town, NJ), set at 1807C, was used to evaporate theground EPS and blowing agents are melt com-
pounded in an extruder, partly expanded, and cut moisture from the specimens.12,13 Averages were

calculated from two EPS foam specimens andinto loose-fill pieces. Foam density can be further
reduced by postextrusion expansion and quench- three to six starch foam specimens.

Cell structure was determined to assess the rel-ing.10 Starch-based loose-fill is manufactured,
usually in a one-step process, via an extrusion ative amount of open and close cells in the foam.

Test protocols followed ASTM D 2856–87, Proce-cooking process. Granular starch and water are
fed into an extruder, usually a twin screw, where dure C. Beckman Air Comparison Pycnometer,

Model 930 (Beckman Instruments, Inc., Scientificheat and shear causes the starch to gelatinize.
Water, released as steam at the die of the ex- and Process Instruments Division, Fullerton, CA)

was used.14 One unaltered foam specimen wastruder, is the primary blowing agent. Complete
expansion or density reduction takes place imme- used per test. Averages were calculated from five

to seven EPS and starch foam specimens.diately after the product exits the extruder.11

Loose-fill specimens were conditioned for 1 Foam density is the weight-to-volume ratio of
an individual loose-fill foam specimen. Foam den-week at each of the following conditions: 20% r.h.,

237C; 50% r.h., 237C; 80% r.h., 237C; and 50% r.h., sity describes the reduction in density of the solid
material that is attributable to the expansion pro-357C in a Model 518 Automatically Controlled En-

vironmental Chamber, ETS Electro-Tech Sys- cess. A set of five specimens was weighed using a
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Figure 5 Photograph of ECO-FOAM.

Sartorius A200S analytic balance. These speci- nominal 220 micron, P-010 solid glass spheres
(Potters Industries Inc., Brownwood, TX). The to-mens were placed at regular intervals in a 250-

mL graduated cylinder with a known volume of tal volume of glass spheres and foam specimens

Figure 6 Photograph of FLO-PAK BIO 8.
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1162 TATARKA AND CUNNINGHAM

Figure 7 Photograph of RENATURE.

are recorded after tapping the graduated cylinder mounted under a crossarm of an Instron Model
4201 with a 1 kN static load cell, type 2518–806for 1 min. Foam density is calculated from the

mass divided by the displaced volume. Averages (Instron Corp., Canton, MA), was used. In each
test, two foam specimens were stacked one on topwere calculated from five to seven sets of EPS

foam specimens and three sets of starch foam of the other and oriented such that their largest
dimension was perpendicular to the probe shaft.specimens.

Bulk density is the weight-to-volume ratio of a Two foam specimens were used instead of one to
minimize the resistance provided by the solid In-large quantity of loose-fill foam. Bulk density is a

function of material and foam densities and the stron base. Depending on the product tested, the
initial height of the two-foam stack varied be-packing efficiency of the foam. Foams that have

a high packing efficiency will have similar foam tween 20 and 46 mm. By lowering the piston to
the foam surface, an initial load of 0.5 N was ap-and bulk densities, whereas foams that have a

low packing efficiency will have a bulk density plied on the top specimens for approximately 5 s.
From this point, the probe was lowered at a ratethat is significantly lower than its foam density.

To measure bulk density, loose-fill foam was of 30 mm/min. for a distance of 3 mm. The maxi-
mum load was recorded. After 60 s has elapsed, apoured into the tarred beaker. Mettler PM4800

analytic balance was used to measure the foam relaxation load was recorded. Compressive stress
was calculated as the maximum load/cross-sec-weight and a 3-liter graduated glass beaker was

used to measure its volume. Averages were calcu- tional area of the probe. Resiliency is the percent-
age of the compressive force after the 60-s holdlated from ten sets of EPS and starch foam speci-

mens. period divided into the maximum force required
to compress the foam 3 mm.7 Averages were calcu-Compressive stress and resiliency describe the

mechanical integrity of the foam. The compressive lated from five sets of EPS and starch foam speci-
mens.stress is the amount of applied stress necessary

to depress the surface of the foam by 3 mm. Resil- Friability describes the percentage of foam
fragmentation after tumbling the foam in a 190iency is the percentage of elastic recovery after 3

mm deflection. A steel probe (0.635 cm diameter) 1 197 1 197 mm box with 19 cubic mm solid
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Figure 8 Photograph of STAR-KORE.

wooden blocks for a duration of 10 min. Using a
(xV 1 0 xV 2) { ta /2

√
s2

pS 1
n1
/ 1

n2
D (2)set of 12 specimens in their original size and

shape, friability tests were conducted according
to the methods described in ASTM C 421–88.15

where xV 1 and xV 2 are the small sample propertyAverages were calculated from three sets of EPS
averages and ta /2 is based on (n1/ n20 2) degreesfoam specimens and two to three sets of starch
of freedom.16 Ninety-fifth percent level of signifi-foam specimens.
cance or a risk of 0.05 was selected. This implies
a 1 in 20 chance that the difference between these
two property averages exceeds the upper limit orConfidence Intervals
is below the lower limit. These critical t-statistic

Confidence intervals are calculated from small values are published in tables.17 For degrees of
sample t-test of hypothesis that aid in the deter- freedom of 2, 3, 4, 5, 7, 8, 10, 12, and 18, ta /2mination of statistically significant differences be- is 4.303, 3.182, 2.776, 2.571, 2.365, 2.306, 2.228,
tween population averages from small sam- 2.179, and 2.101, respectively. The difference be-
ples.12,13 The t-test uses a pooled sample variance tween averages is included within the lower and
estimate, s2

p , expressed by: upper bounds of the confidence interval. If zero is
included in the interval, then both property aver-
ages have no statistically significant difference.s2

p Å
(n1 0 1)s2

1 / (n2 0 1)s2
2

n1 / n2 0 2
(1)

Three important assumptions must be satisfied
to use the two-sample confidence interval prop-
erly. Because the t statistic was used in the con-where s2

1 and s2
2 is the variance and n1 and n2 is

the number of specimens in samples 1 and 2. It struction of confidence intervals, it is assumed
that the sampled populations have approximatelyis constructed by centering a t distribution about

the difference between two property averages and normal distributions, have equal variances, and
have been selected in a random and independentcalculating the distance to the critical region

bounded by the positive and negative critical t fashion.17 All commercial loose-fill samples, ap-
proximately 10 cubic feet in size, were acquiredvalues according to:
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1164 TATARKA AND CUNNINGHAM

from production runs at the respective manufac- tent after being conditioned at various humidities
and temperatures. The only exception was a sta-turers. Each test used a different, randomly se-

lected foam specimen. Commercial loose-fill pop- tistically significant decrease in moisture content
after conditioning at 20% r.h., 237C for PELAS-ulations are expected to have similar property

variances and normal frequency distributions. PAN PAC. The moisture content, ranging be-
tween 0.05 and 1.2 wt %, is similar to the rangeHowever, the assumption of equal population

variances can be relaxed if equal sample sizes are of values previously reported, but more than the
approximate 0.10 wt % water absorption for solidused in the comparison of the respective property

averages.17 All property averages were compared injection molded polystyrene homopolymer.8,18

Because polystyrene does not absorb appreciablewith the same or similar number of test speci-
mens. amounts of moisture, the air inside the cell is ex-

pected to equilibrate via a diffusion process with
the moisture in the ambient environment. No dif-
ference in moisture content or response to humid-RESULTS AND DISCUSSION
ity and temperature changes was observed be-
tween the virgin and recycled EPS foams.Tables I–VII summarizes each of the seven per-

formance properties for the eight commercial Averaging approximately 6 wt % moisture, all
starch-based foams contain significantly more wa-loose-fill products. Tables are divided into six pri-

mary columns. The first column lists the trade ter than do EPS-based foams ‘‘as-received’’ from
the manufacturer. Starch, unlike the nonpolarnames of the two EPS-based foams followed by

the six starch ones. The remaining five primary polystyrene, is very hygroscopic. The moisture
content of starch varies with relative humidity.columns contain property information for each

foam product measured at the following tempera- After conditioning at 20% r.h., 237C, most starch-
based foams had a moisture content similar to thetures and relative humidities: as-received, 20, 50,

and 80% r.h., 237C and 50% r.h., 357C. These five unconditioned specimens, except ECO-FOAM. All
starch-based foams contain significantly more wa-columns are further subdivided into three second-

ary columns. These columns contain the average, ter after equilibrating at 50 and 80% r.h., 237C
and 50% r.h., 357C, averaging 9.5, 14, and 8.5one standard deviation and the 95% confidence

interval. wt %, respectively. The hydroxy-propylated high
amylose cornstarch and additives used to makeAnalysis of the data consists of two compari-

sons to the ‘‘as-received’’ foam. The first compari- ECO-FOAM are more sensitive to moisture than
the unmodified corn and wheat starches used byson is summarized under the primary column

entitled ‘‘As Received’’ and the secondary column the other manufacturers.6,7 All starch-based
foams absorb an increasing quantity of water asentitled ‘‘Foams,’’ where the difference between

the property of PELASPAN PAC is compared with humidity increased. Some foams absorbed more
water than others. At these conditions, ECO-FLO-PAK S and starch based loose fill. The second

comparison is detailed in the remaining four pri- FOAM had a moisture content higher by 1 to 2%
above the other starch-based foams. Foams con-mary columns and secondary columns entitled

‘‘Condition,’’ where the difference between the as- sisting of a chemically modified starch, such as
ECO-FOAM, showed a greater tendency to absorbreceived property of each foam is compared with

itself after conditioning. Each 95% confidence in- and retain more moisture than chemically unmod-
ified ones. These results are expected because theterval consists of three numbers. The top number

represents the upper confidence limit (U.C.L.) . substitution of bulky hydroxypropyl groups for
hydroxyl groups do reduce chain packing andThe middle number is the difference between two

sample averages. The bottom number denotes the crystallization in a similar fashion that hydroxy-
ethyl groups have been shown to do in wheatlower confidence limit (L.C.L.) . Those confidence

intervals that do not intersect zero are considered starch.19 The difference in moisture content be-
tween 35 and 237C at 50% r.h. was about 1% forstatistically significant and are highlighted with

a box. the starch-based foams. These results show a re-
sponse similar to the sorption isotherms of native
high amylose corn starch films measured at differ-

Moisture Content ent temperatures.20 FLO-PAK BIO 8, ENVIRO-
FIL, and RENATURE are believed to consist ofEPS-based PELASPAN PAC and FLO-PAK S did

not show any appreciable change in moisture con- corn starch, whereas CLEAN GREEN is believed
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to consist of wheat starch. Unmodified corn and Foam Density
wheat starch have very similar water absorption

Foam density describes the density of an individ-characteristics. Results, shown in Table I, are con-
ual expanded loose-fill foam specimen. PELAS-sistent with the adsorption isotherms previously
PAN PAC has a foam density of 0.0079 g/cc vs. 1.0reported for corn and wheat starch powders.21

g/cc for nonexpanded polystyrene homopolymer.Though additives such as polyvinyl alcohol and
During the manufacturing process, the density ofhydrophilic plasticizers may be present in small
polystyrene has been reduced by a factor greaterquantities, they can affect moisture absorption of
than 125. After conditioning, foam density of PEL-these products.
ASPAN PAC usually did not change. However,
after conditioning at 50% r.h., 23 and 357C, the
foam density increased. The relative increase inCell Structure
foam density between as-received and these con-
ditions range between 20 and 35%. With a foamOpen cells in foams occur if at least part of one
density of 0.0072 g/cc, FLO-PAK S was not sig-wall is missing, creating an opening onto adjacent
nificantly different from PELASPAN PAC. Its re-cells.22 The open-cell content of PELASPAN PAC
sponse to conditioning was similar, especially atis low. The reason for its predominately closed-
80% r.h., 237C and 50% r.h., 357C. The loss of aircell structure is a consequence of its method of
from the foam, particularly at the higher condi-manufacture. Polystyrene foam beads, which con-
tioning temperature, may be the reason for thetain either dissolved gas or chemical blowing
higher foam density.agents, are expanded by steam and aged for a day

The foam density of starch-based products wasbelow the glass transition temperature to allow
much higher than EPS-based ones. These valuesair to diffuse into the cells. Repeating this expan-
ranged between 0.0167 and 0.0209 g/cc for STAR-sion process a few times reduces bulk density and
KORE, FLO-PAK BIO 8, and ECO-FOAM and be-minimizes the presence of open cells because the
tween 0.0214 and 0.0226 g/cc for ENVIROFIL,cell walls are expanded just enough to prevent
RENATURE, and CLEAN GREEN. These prod-cell wall rupture.8,9 After conditioning, the open-
ucts are approximately two to three times morecell content of PELASPAN PAC did not change
dense than EPS-based foams. This disparity issignificantly.
attributable to the large difference in density be-The open-cell content of FLO-PAK S is higher
tween polystyrene and starch and a lower expan-than PELASPAN PAC. Recycled EPS loose fill is
sion factor. Dry, unmodified granular starch has apartly expanded by the extrusion process before
nominal density of 1.5 g/cc. During the extrusionsteam expansion, which may make it more diffi-
process, the starch density has been reduced bycult to control the expansion and cell wall integ-
factors ranging between 60 and 90. Open cellsrity.10 After conditioning, FLO-PAK S did not
created during expansion will prevent the foamshow significant changes in open-cell content, ex-
from continuing the expansion.cept after conditioning at 237C and 20% r.h.

After conditioning at 20 and 50% r.h., 237C andAll starch-based foams have higher open-cell
50% r.h., 357C, the changes in foam density werecontent than either EPS-based foam. Considering
not statistically significant. After conditioning atthe manufacturing process used, it is not surpris-
80% r.h., 237C, however, the density of all starch-ing that starch-based foams have more open cells.
based foams increased significantly except EN-The expansion is attributable to the escape of wa-
VIROFIL. The relative change in foam densityter as steam during the extrusion process, re-
between as-received and 80% r.h., 237C rangessulting between 96 and 99% open cells. Steam can
between 10 and 30%. This result is attributableeasily rupture the cell walls because thermoplas-
to the weight gain from the increased water ab-tic starches have poor melt strength. After expo-
sorption and the shrinkage in the foam volumesure to high humidities and temperatures, most
because of the higher water content. Water plasti-foams exhibited a statistically significant, but
cizes starch by disrupting the inter- and intra-trivial increase, about 1.0%, in open-cell content.
chain bonding among adjacent starch molecules,Commercial starch-based foams have an open cel-
which are responsible for its brittle, rigid network.lular structure. This differs from patents that
Shrinkage can be caused by the relaxation of in-claim hydroxypropylated high amylose foams as
ternal stresses that have been frozen into thehaving a closed-cell structure, but the method

used to make this assessment was not disclosed.6,7 foam during the extrusion manufacturing pro-
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cess. Shrinkage can be influenced by many factors 0.538. STAR-KORE and ECO-FOAM had the low-
est packing ratio of 0.435 and 0.437, respectively,besides moisture content such as starch type, de-

rivatization, an amylose/amylopectin ratio, pres- below the value for FLO-PAK S. At 0.538, FLO-
PAK BIO 8 had the highest packing ratio andence of water soluble additives such as polyvinyl

alcohol and glycerin, extrusion process parame- at 0.0167 g/cc the lowest foam density. Irregular
cylindrical shapes impart products with lowerters such as temperature and pressure, and the

shape of the foam. packing ratios than does uniform cylindrical or
dual cylindrical shapes with two similar dimen-
sions.

Bulk Density After conditioning at 20 and 50% r.h., 237C and
50% r.h., 357C, all starch-based foams exhibitedBulk density is more complex than specific den-

sity. Bulk density takes into account not only ma- a decrease in bulk density. This decrease was
small but significant in many instances. RENA-terial and foam densities, but also packing effi-

ciency, which depends on size, shape, and unifor- TURE had the largest decrease. For the bulk den-
sity to decrease, the starch foams probably ex-mity of the loose fill. Packing efficiency describes

how well the loose fill fills the voids among adja- panded or swelled slightly during conditioning as
the retrogradated amylose chains relaxed. Aftercent foam specimens and can be measured by the

ratio of bulk density to foam density. If this ratio conditioning at 80% r.h., 237C, bulk density, like
foam density, increased significantly except EN-is equal to one, the efficiency is very high because

no voids exits among adjacent foam specimens. A VIROFIL and RENATURE. The increase in bulk
density can be attributed to both the increase inlow packing ratio can be achieved from irregular

shaped foams. A loose-fill product with low pack- moisture content and the apparent shrinkage of
the foam due to plasticization of the starch by theing is most desirable because the end-user re-

duces material consumption and saves shipping absorbed water. Packing ratios did change after
conditioning; however, these changes followed thecosts.

The bulk density of PELASPAN PAC is a very changes in bulk and foam density.
low 3.3 kg/m3. After conditioning, the bulk den-
sity of PELASPAN PAC increased. This change

Compressive Stresswas significant for all conditions except 50% r.h.,
237C. On a relative basis, the increase ranged be- Compressive stress is the maximum force re-

quired to compress the foam 3 mm. High compres-tween 3 and 5%. At 3.5 kg/m3 the bulk density of
FLO-PAK S is higher than PELASPAN PAC by sive stress implies foams resist compression.

Compressive stress of PELASPAN PAC averaged7.5%. Conditioning did change the bulk density of
FLO-PAK S, but the change was less than 6%. 0.0893 MPa. As expected, no significant changes

in this property were observed with respect toThe packing ratio of as-received PELASPAN PAC
is 0.417 vs. 0.492 for FLO-PAK S. After condition- changes in relative humidity. At 0.041 MPa, FLO-

PAK S did have a much lower compressive stressing at 50% r.h., 357C, this ratio decreased to 0.360
and 0.387, respectively. than PELASPAN PAC. This can be attributed, in

part, to the ‘‘hollowed figure eight’’ shape, whichAll starch-based foams have a significantly
higher bulk density by a factor of two to three requires less force to compress than a solid would.

Molecular weight deterioration of the recycledthan either EPS-based foam. As shown in Figure
9, the starch-based foams cluster into two bulk polystyrene and the cell structure of the foam may

also contribute to its lower strength.9,22 Like PEL-density groups. STAR-KORE, FLO-PAK BIO 8,
and ECO-FOAM have bulk densities between 8.8 ASPAN PAC, FLO-PAK S did not show any sig-

nificant changes in compression stress with re-and 9.1 kg/m3 and between 10.8 and 11.3 kg/m3

for ENVIROFIL, RENATURE, and CLEAN spect to changes in relative humidity.
The compressive stress of starch-based foamsGREEN. As shown in Figure 10, foam density of

starch-based foams correlated well with bulk den- does not significantly differ from PELASPAN
PAC. As-received FLO-PAK BIO-8, STAR-KORE,sity. The correlation coefficient for this relation-

ship is 0.97. The bulk density of 10.9 kg/m3 for ECO-FOAM and ENVIROFIL have lower values
between 0.0565 and 0.0853 MPa, whereasECO-FOAM has been previously reported and

this is slightly higher with the 9.1 to 10.1 kg/m3 CLEAN GREEN and RENATURE have higher
values of 0.0927 and 0.1051 MPa. PELASPANvalues found in this study.1 The packing ratio of

the starch-based foams was between 0.435 and PAC, however, combined a high compressive
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Figure 9 Bulk density of commercial loose-fill foams.

stress with a desirable low foam density. All midity. At 20% r.h. and 237C, only the chemically
modified starch-based foams, ECO- FOAM andstarch-based foams had a compressive stress

greater than that of FLO-PAK S. STAR-KORE, significantly increased compressive
stress by 17 and 28%, respectively. At 80% r.h.,Compressive stress of starch-based foams was

generally insensitive to changes in relative hu- 237C, FLO-PAK BIO-8, RENATURE, and CLEAN
GREEN significantly decreased compression
stress by 22 to 32%. The higher moisture content
in these products was sufficient to lower their re-
sistance to compression. Although the chemically
modified STAR-KORE and ECO-FOAM and the
unmodified ENVIROFIL absorbed 13 to 16 wt %
water at this condition, compressive stress did
not significantly change. Chemically modified
starches produced foams with good resistance to
compression over a broad humidity range.

Resiliency

Resiliency describes the ability of the foam to re-
cover to its original form after deformation. Resil-
iency less than 100% implies that the polymer
was strained beyond its elastic limit, for example,
by cell wall rupture, which prevents the foam from
recovering to its original state.

PELASPAN PAC has a resiliency of 78.1%. No
significant differences in resiliency were attribut-Figure 10 Foam and bulk density of commercial

loose-fill foams. able to changes in relative humidity. At 82.5%,
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the resiliency of FLO-PAK S was not significantly these products have been unfairly criticized for
their perceived inferiority compared with EPSdifferent from PELASPAN PAC. Their response

to changes in relative humidity and temperature loose-fill products. EPS- and starch-based foams
have differences, but the differences do not com-were not significant, with one exception.

The resiliency of starch-based foams with val- promise performance.
These products differ with respect to composi-ues between 69.5 and 71.2% are, as a group, about

10% lower on a relative basis than PELASPAN tion and method of manufacture. Foam and bulk
densities, which are higher by a factor of two toPAC. One study reports the permanent set of EPS

and ECO-FOAM as 20 and 25.4%, respectively.1 three times than either EPS-based foams, are at-
tributable to the density of starch, which is 50%These values are consistent with the resiliencies

measured for these materials. After conditioning, higher than polystyrene homopolymer and to the
direct water-to-steam expansion process, whichthe resiliency of all starch-based foams were sig-

nificantly lower, with values between 60 and 70%. creates a predominately open cellular structure
that stops foam expansion. EPS-based foams areAlthough starch-based foams absorbed 13 to 16

wt % moisture after conditioning at 80% r.h. and expanded by a process that produces a foam with
a very low density and a predominately closed237C, the 62 to 67% resiliency retained is suffi-

cient for the product to function. cellular structure. Though EPS-based foam den-
sity increased after conditioning in some in-
stances, this product was much less dense than

Friability starch-based foams. Foam density of starch-based
products significantly increased between 10 andFragmentation of loose fill during handling and

use is an important product quality concern 30% after conditioning at high humidity.
Starch-based foam loose-fill is very hygro-among end-users. Friability of as-received PEL-

ASPAN PAC was 4.3%. FLO-PAK S had a lower scopic. After conditioning at 20% r.h., 237C, these
materials contained approximately 6 wt % water,friability of 0.54%, but is not significantly differ-

ent because of the variability in the test. After an amount that is similar to the quantity of water
that remains in the foam after manufacture. Afterconditioning, the friability of these EPS-based

foams did not change significantly. conditioning at 50 and 80% r.h., 237C and 50%
r.h., 357C, water content averaged 9.5, 14, and 8.5The friability of as-received starch-based foams

ranged between 0.003 and 2.3%. Although these wt %, respectively. ECO-FOAM, which is made
from hydroxypropylated high amylose cornvalues are lower than EPS-based foams, they are

not significantly different. After conditioning, the starch, absorbs between 1 and 2 wt % more water
than the other starch-based foams.friability of these starch-based foams increased

significantly when exposed to 80% r.h. and 237C Compressive stress of PELASPAN PAC aver-
aged 0.0893 MPa combined with a desirable lowand 50% r.h. and 357C, except FLO-PAK BIO 8

and RENATURE. foam density. The compressive stress of most
starch-based foams did not differ significantlyIn the MOWM report, after abrasion starch

products ‘‘produce a noticeable fine dust’’ and EPS from PELASPAN PAC. As-received FLO-PAK
BIO-8, STAR-KORE, ECO-FOAM, and ENVIRO-produced ‘‘large fragments.’’ 23 Although quantita-

tive results were not given, these observations are FIL have lower values between 0.0565 and 0.0853
MPa, whereas CLEAN GREEN and RENATUREconsistent in the manner in which these products

broke down after testing. Irregular-shaped speci- have higher values of 0.0927 and 0.1051 MPa.
All starch-based foams have higher compressivemens fragmented into large pieces. Quantita-

tively, starch- and EPS-based foams fragmented stress than FLO-PAK S. Chemically modified
starches yielded foams with good retention of com-similarly at 2 to 6 wt %, but starch-based foams

broke down into a fine dust, whereas virgin EPS- pressive stress over a broad humidity range.
The resiliency of starch-based foams with val-based foams broke into large fragments.

ues between 69.5 and 71.2% are, as a group, about
10% lower on a relative basis than PELASPAN
PAC. Although starch-based foams absorbed 13CONCLUSIONS
to 16 wt % moisture after conditioning at 80% r.h.
and 237C, these products retained between 62 andAlthough the use of natural materials, such as

starch, in loose-fill products has been praised for a 67% resiliency.
Both starch- and EPS-based foam fragmenta-biodegradability and environmentally safe image,
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8. J. I. Kroschwitz et al., Eds., in Kirk–Othmer Ency-tion amounted to 2 to 6 wt %, but starch-based
clopedia of Chemical Technology, 4th ed., vol. 11,foams broke down into a fine dust, whereas EPS-
John Wiley & Sons, New York, 1994, pp. 734, 745,based foams broke into large fragments.
757.All starch-based foams have a significantly

9. H. F. Mark, N. M. Bikales et al., Eds., in Encyclope-higher foam and bulk density and open cell and
dia of Polymer Science and Engineering, 2nd ed.,

moisture content than EPS-based foam. Both John Wiley & Sons, New York, 1988, pp. 193–206.
product types have similar compressive stress, re- 10. K. M. White, Waste Age Magazine, 25 (1), (1994).
siliency, and friability. Starch-based foams were 11. W. Wiedmann and E. Strobel, Starke, 43 (4) 138–
more sensitive to changes in relative humidity 145 (1991).

12. Operating Instructions: Model DL35 Karl Fisherand temperature than EPS-based foam, but the
Titrator, Mettler–Toledo Inc., Highstown, NJ,higher amount of absorbed moisture did not com-
1994.promise its mechanical integrity.

13. Operating Instructions: Model DO301 Drying
Oven, Mettler–Toledo Inc., Highstown, NJ, 1994.

Names are necessary to report factually on available 14. Standard Test Method for Open-Cell Content,
data; however, the USDA neither guarantees nor war- ASTM D 2856–87 , Procedure C, Annual Book of
rants the standard of the product, and the use of the ASTM Standards, Vol. 08.01, American Society for
name by USDA implies no approval of the product to Testing & Materials, Philadelphia, PA, 1987, pp.
the exclusion of others that may be suitable. The au- 143–147.
thors thank G. D. Grose and M. K. Redman for their 15. Standard Test Method for Tumbling Friability of
technical contributions. Preformed Block-Type Thermal Insulation, ASTM

C 421–88, Annual Book of ASTM Standards, Vol.
04.06, American Society for Testing & Materials,
Philadelphia, PA, pp. 124–125 (1988).REFERENCES
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