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Abstract.--This paper describes the development of biodegradable
plastic containers suitable for growing and transplanting trees
in various regions of North America, based on a new plastic
developed by Union Carbide Corporation called polycaprolactone.
Factors affecting the biodegradation rate and performance of
such containers are discussed, such as additives in the plastic
and container design and fabrication.

INTRODUCTION

The biodegradability of organic materials
such as paper, plastics and chemicals is de-
fined as the susceptibility of the material
to being attacked and assimilated by micro-
organisms such as fungi and bacteria. Although
most polymers are affected by outdoor exposure
to some extent, it has been observed that syn-
thetic plastics are generally rather resistant
to microbiological degradation. This conclusion
was reinforced in a recent study by Union
Carbide conducted for the Environmental Pro-
tection Agency (Potts, et al 1972). It was
pointed out in that study that aliphatic poly-
esters in general are susceptible to microbio-
logical attack. The purpose of the present
paper is to concentrate on one commercially
available aliphatic polyester, polycaprolac-
tone, and show its potential utility as a
biodegradable container for seedling growth
and transplantation.

SOIL BURIAL METHODOLOGY

(by volume) of New Jersey top soil, peat moss,
and builders sand. The mixing was accomplished
in a gallon V-type blender. The flower pots,
containing the soil and the samples, were kept
in stainless steel trays in a cabinet. The
soil was kept constantly wet with water. The
laboratory temperature was generally around
22 ° C.

The samples were compression molded
plaques, 1" by 3" by 40 mils thick except for
the small PCL containers and the samples used
to demonstrate the effect of thickness on de-
gradation rate. A nylon filament was attached
through a small hole near one end of the sam-
ple so that the entire sample could be buried
and subsequently located. Numbers attached
to the nylon monofilament enabled each sample
to have its own identity and thus weight loss
could be determined. Excess oil was removed
from the sample by gentle washing with water
and the samples were dried overnight in a
vacuum oven prior to weighing.

All of the work reported in this paper
was done indoors in red clay flower pots.
The soil used was a mixture of equal parts
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DEGRADATION OF POLYCAPROLACTONE

Polycaprolactone (PCL) is a crystalline,
thermoplastic polyester prepared by the ring
opening polymerization of epsilon-caprolactone.
The repeating unit of PCL consi3ts of a straight
chain of five methylene units and an ester unit.

PCL has a crystalline melting point of 60 °C.
It has been fabricated by many conventional
plastics fabrication processes such as in-
jection molding, compression molding and sheet
extrusion.



Scanning electron micrographs of the surface
reveal the extent of the attack. Figure 2
is a photo of the surface magnified about
1000 times before any soil burial degradation.
The streaks and straight lines are simply
replicas of the surface of the mold in which
the container was made. Figure 3 shows the
surface of a sample, at the same magnification
that has been soil buried for two months.
The deep pitting, channeling and cavernous
appearance resulting from the degradation
process is readily apparent.

Since the degradation is a surface
phenomenon the sample thickness or surface
to volume ratio is very important in deter-
mining the rate of weight loss and the rate
at which penetration of the container wall
can be expected. Accordingly a study of the
degradation rate vs. thickness was done for
PCL. The results are shown in Figure 4.

The percent weight loss is plotted againnL cne
thickness in mils with each sample thickness
being measured for weight loss once a month
for six months. It can be seen from the graph
that the weight loss decreased as the thickness
increased. The 20 mil sample appears to be out
of line in that greater weight loss was expected.

ALTERATION OF DEGRADATION RATE

Polycaprolactone 700 as a biodegradable
thermoplastic alone is limited in use by two
factors. The first is dependence of degradation



rate on thickness and the second is process-
ibility. For the pure homopolymer the technique
available to control degradation is modifi-
cation of containers/specimen geometry, espe-
cially the thickness as outlined above. Pro-
cessing the homopolymer is also difficult due
to its low melting point, high tack, and low
melt strength. Early in this program it be-
came apparent that one method of altering the
above factors was to dilute the PCL-700 homo-
polymer with various additives. Numerous ad
ditive/ filler systems were explored in the
early work which formed the basis for Several
UCC patent applications and permitted the dev-
elopment of some generalizations about the
effect of certain additives on physical prop-
erties, fabricability and degradation rate.

Additive systems can be broadly classi-
fied into two major categories:

Polymeric
Non polymeric

Polymeric additives usually decrease the de-
gradation rate through a masking effect in
that they make the PCL-700 homopolymer less
available for attack by the microorganisms.
This effect is shown dramatically in Table 2.

Polymer additives improve the processability
of the basic PCL material because they reduce
tack and increase melt viscosity to the point
where the polymer-PCL alloy can be handed
more like a conventional commodity thermoplas-
tic resin like polyethylene. When water sol-
uble polymers are used as additives the degra-
dation rate of the alloy system (weight loss/
unit time) can be increased above that of the
PCL-700 homopolymer.

The second additive category, nonpoly-
meric, is essentially made up of fillers.
These can be further subdivided into:

Biologically inert
Biologically active



The former simply fall out of the polymer
matrix as the "thermoplastic glue" is consumed
by the microorganisms. The latter sub group
contribute to the growth of the soil microbes
and can be used to substantially alter and
control the rate of degradation.

The use of fillers results in changes
in physical properties such as tensile strength
and stiffness. The ultimate test of a part
produced from a filled PCL alloy is its per-
formance in the specific end use application.
Consequently we have relied on this input
more so than absolute values obtained in small
scale physical tests.

Examples of the effect of polymeric
additives and fillers is shown in Table 3
which illustrates both the types of mechanical
properties one can get and the range of weight
losses that can be observed. PCL (compound A)
is a relatively slow degrading system. The
remainder of the compounds represent PCL form-
ulations containing varying amounts and kinds
of polymeric and non-polymeric additives.
Compound C for example has about the same de-
gradation rate as A but is a much stiffer pro-
duct as measured by its higher secant modulus.
Other compounds intermediate in stiffness show
degradation rates which range from about 50%
in six months to disintegration in one month.
Disintegration means that sufficient sample
could not be found to make a meaningful mea-
surement of weight.

It should be mentioned that one cannot
simply select from Table 3 the degradation
rate that is desired and proceed to make the
container from that compound. The fabrication

technique plays an important role in the com-
pound selection and therefore, it is necessary
to optimize alloy formulation in terms of end
product properties, fabrication performance
and degradation rate.

In addition to varying the ingredients
in a compound in order to alter the degradation
rate it is also possible to alter the rate by
varying the sample thickness in the same man-
ner as that shown in Figure 4 for PCL. A study
of this type for some of the compounds in Table
3 is shown in Figure 5-7. Here the weight loss
is plotted as a function of sample thickness
and burial time. As with PCL in Figure 4, the
thinner samples are seen to experience higher
rates of weight loss since the attack of the
microorganisms is a surface phenomenon and the
surface exposure per unit volume is greater
for the thinner samples.

On a practical basis this enables one,
for example, to move from a faster formulation
to a slower formulation and keep the same de-
gradation rate by going to a thinner-walled
container. This is illustrated in Figure 8
where a 75 mil sample of compound H is com-
pared to 10 and 20 mil samples of compound C.
Thus one would predict that a container with
a wall thickness of about 15 mils made from
compound C would have about the same degradation
rate as the same container with a wall thickness
of 75 mils made from compound H.

APPLICATIONS FOR BIODEGRADABLE PLANTING CONTAINERS

Three areas have been defined which
would merit use of biodegradable planting con-



tainers. They include:

In order to meet the differing end product
performance requirements for each of the above
areas - raw material and fabrication parameters
must be optimized with respect to:

D uring the early stages of the biodegradable
alloy development many fabrication techniques
w ere reviewed to assess suitability for con-
version of the polycaprolactone alloys into
useful end products. Since PCL-700 and its
alloys are thermoplastic resins the major

fabrication techniques explored were:

CRITERIA FOR FABRICATION OF PCL ALLOYS

The key element in the successful fab-
rication of any thermoplastic resin is defining
the optimal melt temperature level for each
specific fabrication process and polymer. Melt
temperature for a particular polyolefin resin
may vary by as much as 225 °F depending on
whether the material is extruded or injection
molded.

As shown in Table 4 flow tests conducted
between 140 °C and 230 ° C indicate that PCL-700
is substantially less viscous than typical
polyethylene/polypropylene resins. However,
the melt viscosity of alloys produced using
PCL-700 can be controlled in order to aid
fabrication process.

1. mechanical properties
2. degradation performance
3. design flexibility
4. unit cost

1. seedling containers
a. Pacific   Northwest
b. Southern Pine Forest
c. Great Plains

2. bedding flats/containers

3. ornamental containers
a. roses
b. evergreens

1. injection molding
2. blow molding
3. extrusion
4. thermoforming





Table 5 summarizes the recommended melt
temperature for various PCL alloys and fabri-
cation processes.

Figures 9 to 14 display various end
products fabricated from these PCL alloys.

The seedling containers shown in Figure
9 are injection molded from a polycaprolactone
alloy. Here the final container, designed for
use in the Pacific Northwest, must provide
sufficient mechanical strength to permit soil
implantation using a hand operated "gun". In
addition, the biodegradable bullet must possess





this attractive impact strength after a nursery
period of about one year.

CONTAINER DESIGN

This portion of the text is related to
the development of thin walled - biodegradable-
thermoplastic planting containers developed
for use in the U.S.F.S. Southern Pine Forest
Experimental Container Program. Project
guidelines followed during the development
effort included:

In addition to the capability of pro-
viding light weight hollow containers, blow
molding unit investment is attractively low
yet provides significant design flexibility.
Custom fabricators are also available on a
contract basis for small and intermediate
volumes.

Two designs were developed as shown in
Figure 15 based on assessments of the U.S.F.S.
needs for the southern pine region. Engineer-
ing details are provided in Table 6 which in-
cludes the laboratory weight loss data on three
inch containers. During the early stages of
this program, the optimal container length was
not fully defined. Consequently, "infinite
length" tubes were initially produced (Figures
13 and 15) so that various lengths could be
evaluated. One indication of process versatil-
ity was demonstrated by the relative ease by
which an internal stiffening was added to the
initial circular design. Currently, the hex-
agonal tube is favored since: 1) soil is not
"lost" between containers during filling, be-
cause of better packing, 2) internal ribs
are not necessary since the 60 ° angle is suffi-
cient to minimize root spiraling, and 3) ri-
gidity is provided.

CHOOSING THE FABRICATION TECHNIQUE

When considering the economics of any
fabricated object such as a container costs
can be broken down into four major items.
These include: (a) raw material cost, (b)
fabrication variable costs, (c) fabrication
period (fixed) costs, (d) fabricators return
on investment or profit.

In the present instance blow molding

1. Thin walled - rigid
2. Integrity suitable for 6-10 week

nursery period
3. Degradability controlled for So.

Pine Forest Environment
4. Applicable for mechanized planting

systems
5. Broad spectrum of possible fabricators.

A polycaprolactone filled alloy was
chosen for this container ba3ed on good pro-
cessibility, high rigidity and suitable degrad-
ability. Table 6 presents the summary of weight
loss as a function of specimen thickness and
exposure time. Here we see the specimens of
about 20 mils lose less than 1 0% of their
weight after 4-8 weeks - thus assuring suffi-
cient integrity for nursery planting and mech-
anized handling. In order to achieve suitable
levels of production with the above wall thick-
ness blow molding was chosen as the fabrication
process.





appears ideal for the fabrication of biode-
gradable thin walled planting containers due
to: (a) its high degree of flexibility for
unique part design (b) modest cost for molds
(c) compatibility with Polycaprolactone Alloys
(d) low fabrication cost per unit (e) attrac-
tive investment and availability of broad spec-
trum of blow molders.

FIELD DATA

Circular and hexagonal thin-walled con-
tainers have been tested in our indoor soil
burial laboratory with the results shown above
in Table 6. In addition these containers
have been evaluated at the U. S. Forestry
Service Laboratory in Pineville, La. Figures
16 and 17 show seedling growth in these con-
tainers after the nursery period, indicating
that container integrity is maintained through-
out this period. That degradation has started
is shown in Figure 17 where a rootlet has pene-
trated the container wall. About 9000 of the
hexagonal containers have been out planted in
various southern forests this past spring.
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Question: What are the projected costs
for PCL containers in large quantities?

Clendinning: I don't have any good infor-
mation on that. PCL itself is available
commercially, but we currently make up formula-
tions in experimental quantities only.

Question: How are the flow rates in cold
(50

0
) molds? How about wall thickness versus

distance?

Clendinning: The distance of flow will
be a function of the formulation. The more
PCL in it, the further it is going to flow.
For straight PCL you may need to chill the
cooling water for best results with injection
molding.

END OF PANEL DISCUSSION
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