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(57) ABSTRACT

A foaming process for converting fibrous material into a
cellular foam structure includes mixing fibrous material and
a solvent-based binding agent to form a mixture; saturating
the mixture with a pressurized gas to form a gas-saturated
mixture; expanding the gas-saturated mixture by reducing
the pressure of the pressurized gas to form an expanded
mixture with voids in the fibrous material; and curing the
expanded mixture to set the fibrous material and drive off the
solvent to provide a stable network of fibrous material
having cushioning properties.

26 Claims, 4 Drawing Sheets
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1
FORMATION AND PROPERTIES OF
CELLULAR FOAM FIBROUS MATERIAL

CROSS REFERENCE

This application claims the benefit of the filing date of
U.S. Provisional Patent Application Ser. No. 62/554,215,
filed Sep. 5, 2017, which is hereby incorporated by reference
in its entirety.

FIELD

The present disclosure relates to a process for the forma-
tion of a cellular foam fibrous material and in particular, to
a cushioning fibrous material produced by such process.

BACKGROUND

Conventional petroleum based foam materials are
Expanded Polystyrene (EPS), Expanded Polyethylene
(EPE), Expanded Polypropylene (EPP) and Polyurethane
(PU). They are formed by introducing gas such as carbon
dioxide or nitrogen into the melted polymer in the presence
of high pressure, or mixing chemical blowing agents with
the polymer for releasing gas in the cell. In both cases, the
bubbles grow in the polymer and stabilized and solidified as
cell structure. The gas bubbles nucleate in the liquid and
grow stage as spheres and later to foam as the bubbles start
to interact.

SUMMARY

In accordance with one aspect of the present disclosure,
there is provided a foaming process for converting fibrous
material into a cellular foam structure, including: mixing
fibrous material and a solvent-based binding agent to form
a mixture; saturating the mixture with a pressurized gas to
form a gas-saturated mixture; expanding the gas-saturated
mixture by reducing the pressure of the pressurized gas to
form an expanded mixture with voids in the fibrous material;
and curing the expanded mixture to set the fibrous material
and drive off the solvent to form a cellular foam structure
having cushioning properties.

In accordance with another aspect of the present disclo-
sure, there is provided a batch foaming process for convert-
ing fibrous material into a cellular foam structure, including:
mixing fibrous material and a solvent-based binding agent to
form a mixture; placing the mixture into a mold; placing the
mold into a pressure vessel, wherein the mold comprises
holes that allow the exchange of pressure and solvent
between the mixture and the pressure vessel and constrains
the expansion of the mixture; pressurizing the pressure
vessel to saturate the mixture with an inert gas to form a
gas-saturated mixture and foam the mixture in the mold;
releasing the pressure in the pressure vessel to create voids
in the foamed fibrous material, and curing the foamed
fibrous material to preserve the foamed structure and cross-
linking the fibers of the fibrous material to provide a stable
network of fibrous material having cushioning properties.

In accordance with another aspect of the present disclo-
sure, there is provided a continuous foaming process for
converting fibrous material into a cellular foam structure,
including: mixing a solvent-based binding agent and fibrous
material to form a mixture; feeding the mixture into a screw
driven extruder; saturating the mixture in the extruder with
high pressure inert gas; extruding the saturated mixture from
an exit nozzle of the extruder where the mixture undergoes
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primary expansion through pressure drop; and transferring
the expanded mixture into a vacuum tunnel under controlled
temperature where the mixture undergoes secondary expan-
sion, curing and stabilizing of the cellular structure of the
foamed product.

In accordance with another aspect of the present disclo-
sure, there is provided a specific process for converting
agriculture wastes and other fiber-based biomass directly
into a cellular foam structure by a foaming process, wherein
the fibrous material is taken as struts and bonded to each
other into a cellular foam structure, including: mixing water
and fibrous raw material shredded into small sizes as struts
of the cell; stirring the water/fiber mixture until the water is
absorbed into the lignocellulose raw material and adding
binding agents into the mixture; placing the mixture into a
mold having holes that allow the exchange of the pressure
and water between the mixture and pressure vessel, wherein
the mold constrains the expansion of the foam, and yields a
net shape of the foam; foaming the mixture in a pressure
vessel, wherein the pressure vessel is closed; purging the
system to ensure that all the air is removed from the system,
the pressure of the system is then brought up to 1500 psi with
nitrogen, the system is then left at the pressure level for 30
minutes for saturation (gas sorption), after 30 minutes at
1500 psi, the pressure is vented as quickly as possible to
induce cell nucleation; and curing the sample using a
vacuum oven to remove any water from the sample, placing
the sample in an oven and evacuate the air from the chamber,
once the pressure has reached -25 inches Hg, the sample is
left in the chamber until water is no longer bubbling out of
the sample, wherein a variety of foam structures can be
achieved by controlling the gas mixture (nitrogen, carbon
dioxide composition), saturation time, and saturation pres-
sure and initial mixture composition.

These and other aspects of the present disclosure will
become apparent upon a review of the following detailed
description and the claims appended thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing of a batch foaming process
in accordance with an embodiment of the present disclosure;

FIG. 2 is a schematic drawing of a continuous foaming
process in accordance with an embodiment of the present
disclosure;

FIG. 3 is a picture of a sample foam produced from the
batch process of Example 1 in accordance with an embodi-
ment of the present disclosure; and

FIG. 4 represents compressive stress-strain curve of the
sample foam produced in Example 1 in accordance with an
embodiment of the present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to a foaming process for
converting fibrous material into a cellular foam structure,
including mixing fibrous material and a solvent-based bind-
ing agent to form a mixture; saturating the mixture with a
pressurized inert gas to form a gas-saturated mixture;
expanding the gas-saturated mixture by reducing the pres-
sure of the pressurized inert gas to form an expanded
mixture with voids in the fibrous material; and curing the
expanded mixture to set the fibrous material and drive off the
solvent to provide a stable network of fibrous material
having cushioning properties. The process includes a batch
process and a continuous process.
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Natural or synthetic fibrous material suitable as the struc-
tural component of the product has an aspect ratio where the
length to diameter ratio is greater than one. The fibrous
material can be selected to impart properties such as flex-
ibility or stiffness to the end product. Natural fibrous mate-
rial can come from various sources such as plant or wood
fiber. Synthetic fiber can include materials such as carbon
fiber, metal fibers or polymeric fiber.

A binding agent is any material or substance that holds or
draws other materials together to form a cohesive mechani-
cally and chemically stable end product through adhesion.

Solvent is a liquid that dissolves the binding agent, such
as water and can act as a carrier for the dissolved gas.
Suitable solvents include water, methanol, acetone, dena-
tured alcohol, D-limonene, toluene, xylene, dimethyl sulfox-
ide, and the like.

A solvent-based binding agent is a binding agent that is
soluble in the solvent, such as natural rubber, thermal plastic
urethane, starch, dextrin, animal glue, casein adhesives,
synthetic emulsions, and the like.

A mixture is considered saturated when the combination
of the fibrous mixture and solvent-based binding agent
contains dissolved gas at or below the solubility limit. The
process is considered to have a sufficient amount of gas
absorbed into the mixture when the resulting saturated
mixture can be depressurized and yield a stable foamed
material. The voids are hollow structures in the material
where the gas is present.

The primary expansion is through the gas dissolution
foaming method, which includes the saturation of the mix-
ture with gas at a given temperature and pressure inside a
high-pressure vessel and formation of a single-phase mix-
ture-gas solution. The mixture expansion is achieved by
reducing the gas solubility limit in the mixture abruptly,
leading to the phase separation of the dissolved gas and
promoting the nucleation and growth of the voids. This
thermodynamic instability is induced by the quick pressure
release or pressure quench.

The secondary expansion involves the application of a
controlled reduction in pressure, below atmospheric condi-
tions, on the foam mixture in a vacuum oven or vacuum
tunnel. The negative pressure results in a secondary expan-
sion of the mixture. The application can be continuous
suction for the expansion or intermittent suction (e.g., cycles
of 5 minutes on and 2 minutes off).

The pressure, below atmospheric, and temperature are
adjusted to the boiling point of the solvent to drive off the
remaining solvent out of the foam, leading to expedited
curing of the binding agent. The second expansion is
achieved when sufficient drive off of the solvent occurs,
indicated when the bubbles of solvent leaving the mixture
are no longer visible.

The cushioning properties of the open cell mixture foam
are achieved by combination of the air compression, air flow,
the local buckling of the struts and global buckling of the
mixture foam. The more adherent the binding agent is, the
more resilient is the foam structure. The void density deter-
mines the degree of air compression and air flow path. The
complicated path and a denser void leads to a resilient
cushioning. For cushioning a heavy product, more fibers are
desired in the first stage of mixing in order to obtain the
dense voids in the mixture. The time of gas saturation and
the gas dissolving may be adjusted, accordingly. For each
void density an optimized processing parameter can be
established. In the gas dissolving stage, the time and the
pressure alters the cushion density, the degree of cross-
linking of the fiber in the binding agent mixture that affects
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the buckling strength of the fiber. In the curing and second
expansion the process continues to alter the void density and
cushion properties of the product.

The invention provides value to applications that require
single use in packaging or limited term use of foam in the
market, including transport protection applications for any
products. This would include single use protective packag-
ing for consumer goods like small appliances, electronics,
and the like. Protective packaging is a market that considers
sustainability a beneficial value proposition as packaging,
which traditionally creates unintentional negative percep-
tions within the consumer. A potentially lucrative future
market would be to adapt the foam material to continuous
foaming process and create rubber-like resilient cushioning
for protecting high value goods. Also, if the fibrous cellular
foams were to obtain fire resistant certification, it would
likely be able to entering construction and automobile
applications to replace polyurethane foam. Products like this
include insulation mats and cushion foam for electronic
appliances and high value wine and liquors. The invention
has the potential to displace petroleum derived foam prod-
ucts for short life cycles such as protective packaging. A
strong opportunity exists to produce a technical solution that
would allow the material to break down in 2-4 months rather
than decades.

An additional advantage of the fiber foams is their poten-
tial to be processed on existing thermoplastics manufactur-
ing equipment with modifications. Due to this, complex
foam shapes should be able to be molded in much the same
way that incumbent polymer foams are. All components of
the foam are available in commercial quantity thus meeting
demand for these vast markets are plausible. Also, the
components and manufacturing process of the fiber foams
are low cost. Not only are the fiber foams price competitive,
but also they outperform other bio-based and bio-degradable
options in the market.

In an embodiment, a batch foaming process for convert-
ing fibrous material into a cellular foam structure, includes:
mixing fibrous material and a solvent-based binding agent to
form a mixture; placing the mixture into a mold; placing the
mold into a pressure vessel, wherein the mold includes holes
that allow the exchange of pressure and solvent between the
mixture and the pressure vessel and constrains the expansion
of the mixture; pressurizing the pressure vessel to saturate
the mixture with an inert gas to form a gas-saturated mixture
and foam the mixture in the mold; releasing the pressure in
the pressure vessel to create voids in the foamed fibrous
material; and curing the foamed fibrous material to preserve
the foamed structure and cross-link the fibers of the fibrous
material to provide a stable network of fibrous material
having cushioning properties.

FIG. 1 is a schematic sketch of a batch foaming process
in accordance with an embodiment of the present disclosure.
Solvent-based binding agent 1 and fibrous material 2 are
mixed in a mixing device 3. The mixture 5 is poured in a
mold 4 and saturated in a high-pressure chamber 8 in an inert
gas atmosphere. The pressure in the high-pressure line 7 is
regulated through a valve 6. The saturated sample 14 is then
primary expanded through quick pressure release and sec-
ondary expanded in a vacuum oven 9. The negative pressure
in the vacuum line 10 is regulated through a valve 11. Curing
and stabilization of the cellular structure occurs in the oven
9.

Compared to conventional foaming processes, the nucle-
ation of this invention occurs without the presence of plastic
resin or any sort of resin but only fibrous material, and yet
the struts can hold, bond and be cured together for sustaining
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service stresses. In addition, the mechanical conversion of
the agriculture waste is far more cost effective compared to
the chemical conversion where the lignocellulose is chemi-
cally converted to bio plastics. The mentioned fiber source
is available in large commercial quantities where not only
involve the plant waste but also the industrial waste, such as
wood chip. Agriculture waste needs to be converted in the
field and may sometimes require chemicals to be added in
order accelerate biodegradation of left over plant matter
prior to a new planting cycle. This is particularly problem-
atic in a pineapple plantation as it leads to destruction of
soil’s ability to support new growth.

In an embodiment, a continuous foaming process for
converting fibrous material into a cellular foam structure,
includes: the steps of the continuous process included mix-
ing, extrusion under high pressure, primary expansion
through pressure drop at the nozzle and secondary expansion
in the temperature controlled vacuum tunnel.

FIG. 2 is a schematic of a continuous foaming process in
accordance with an embodiment of the present disclosure.
Mixing of the solvent-based binding agent 21 and the fibrous
material 23 is accomplished in a continuous screw driven
mixer 22. The mixture is pumped into an extruder 26 where
it is saturated with high pressure inert gas. Pressurized inert
gas is delivered through a high pressure line 24 and regu-
lated via a high pressure delivery apparatus 25. Expansion
occurs at the nozzle 34 through pressure drop. Further
expansion occurs in the vacuum tunnel 27 under controlled
temperature which allows for curing and stabilization of the
cellular structure. Temperature is controlled using heating
elements 28.

The disclosure will be further illustrated with reference to
the following specific example. It is understood that this
example is given by way of illustration and is not meant to
limit the disclosure or the claims to follow.

Example 1

In this Example, the empty fruit bunch (EFB) was shred-
ded into small sizes as struts of the cell, and water was then
added as the solvent. The agricultural wastes, such as empty
fruit bunch (EFB), are mainly composed of lignocellulose,
which can be further separated into cellulose, hemicellulose
and lignin components. The solvent/EFB mixture was
stirred until the solvent was fully absorbed into the fiber.
Subsequently, natural latex as binding agents was added into
the mixture. The mixture was then placed into a mold, the
side walls have holes that allow the exchange of the pressure
and solvent between moisture and pressure vessel. The mold
constrains the expansion of the foam, and yields a net shape.
The gas dissolution foaming process took place in a pressure
vessel. The mold was placed at the bottom half of the
pressure vessel. When the pressure vessel was closed, the
valve on the cylinder containing nitrogen was then opened
and the gas purges the system for a period of time to ensure
that all the air was removed from the system. The valves on
the system were closed and the pressure of the system was
then brought up to a high pressure (1500 psi). The vessel was
then left at the pressure level for a period of time (30
minutes) for saturation. After 30 minutes at 1500 psi, the
connection to the nitrogen tank was closed and the valves
were opened in order to vent the pressure as quickly as
possible to induce the primary expansion. The curing and
second expansion process used a vacuum oven to remove
solvent from the sample. The vacuum oven was first pre-
heated to 70° C. as confirmed by external temperature probe.
After the temperature has been reached, the sample is placed
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in the oven and the door is closed. The vacuum pump is
turned on and the left to evacuate the air from the chamber.
Once the pressure has reached -25 inches Hg the valve
between the pump and the system is closed. The sample is
left in the chamber until water is no longer bubbling out of
the sample (~5 minute).

FIG. 3 is a picture of the sample foam produced from the
batch process in Example 1. FIG. 4 is a compressive
stress-strain curve of the sample foam. FIG. 4 shows the
graphs from five consecutive compression tests for the foam
sample. The stress-strain curves show a property of vis-
coelastic material that combines both viscous and elastic
response under loading and unloading. The viscoelastic
behavior of a foam material is often manifested in the
presence of hysteresis under cyclic loading.

Although various embodiments have been depicted and
described in detail herein, it will be apparent to those skilled
in the relevant art that various modifications, additions,
substitutions, and the like can be made without departing
from the spirit of the disclosure and these are therefore
considered to be within the scope of the disclosure as defined
in the claims which follow.

What is claimed:

1. A foaming process for converting fibrous material into
a cellular foam structure, comprising:

mixing fibrous material and a solvent-based binding agent

to form a mixture;

saturating the mixture with a pressurized gas to form a

pressurized gas-saturated mixture;

reducing the pressure of the pressurized gas-saturated

mixture to form a first stage expanded mixture with
voids in the mixture; and

forming a second stage expanded mixture by boiling the

solvent from the solvent-based binding agent to set the
fibrous material and drive off the solvent to form a
stable cellular foam structure having cushioning prop-
erties.

2. The process of claim 1, wherein the fibrous material
comprises natural or synthetic fibrous material.

3. The process of claim 1, wherein the natural fibrous
material comprises plant or wood fiber.

4. The process of claim 1, wherein the synthetic fibrous
material comprises carbon fiber, metal fiber or polymeric
fiber.

5. A foaming process for converting fibrous material into
a cellular foam structure, comprising:

mixing fibrous material and a solvent-based binding agent

to form a mixture;

saturating the mixture with a pressurized gas to form a

pressurized gas-saturated mixture;

expanding the gas-saturated mixture by reducing the

pressure of the pressurized gas to form an expanded
mixture with voids in the mixture; and

curing the expanded mixture to set the fibrous material

and drive off the solvent to form a stable cellular foam
structure having cushioning properties, wherein the
solvent comprises water, methanol, acetone, denatured
alcohol, D-limonene, toluene, xylene or dimethyl
sulfoxide.

6. A foaming process for converting fibrous material into
a cellular foam structure, comprising:

mixing fibrous material and a solvent-based binding agent

to form a mixture;

saturating the mixture with a pressurized gas to form a

pressurized gas-saturated mixture;
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expanding the gas-saturated mixture by reducing the
pressure of the pressurized gas to form an expanded
mixture with voids in the mixture; and
curing the expanded mixture to set the fibrous material and
drive off the solvent to form a stable cellular foam structure
having cushioning properties, wherein the binding agent
comprises natural rubber, thermal plastic urethane, starch,
dextrin, animal glue, casein adhesives or synthetic emul-
sions.
7. The process of claim 5, wherein the solvent-based
binding agent comprises a water-natural latex combination.
8. The process of claim 1, wherein the inert gas comprises
nitrogen.
9. A batch foaming process for converting fibrous material
into a cellular foam structure, comprising:
mixing fibrous material and a solvent-based binding agent
to form a mixture;
placing the mixture into a mold;
placing the mold into a pressure vessel, wherein the mold
comprises holes that allow the exchange of pressure
and solvent between the mixture and the pressure
vessel and constrains the expansion of the mixture;
pressurizing the pressure vessel to saturate the mixture
with an inert gas to form a gas-saturated mixture and
foam the mixture in the mold;
releasing the pressure in the pressure vessel to create
voids in the foamed fibrous material; and
curing the foamed fibrous material to preserve the foamed
structure and cross-linking the fibers of the fibrous
material to provide a stable network of fibrous material
having cushioning properties.
10. A continuous foaming process for converting fibrous
material into a cellular foam structure, comprising:
mixing a solvent-based binding agent and fibrous material
to form a mixture;
feeding the mixture into a screw driven extruder;
saturating the mixture in the extruder with high pressure
inert gas;
extruding the saturated mixture from an exit nozzle of the
extruder where the mixture undergoes primary expan-
sion through pressure drop; and
transferring the expanded mixture into a vacuum tunnel
under controlled temperature where the mixture under-
goes secondary expansion, curing and stabilizing of the
cellular structure of the foamed product.
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11. The process of claim 1, wherein the solvent comprises
water, methanol, acetone, denatured alcohol, D-limonene,
toluene, xylene or dimethyl sulfoxide.

12. The process of claim 1, wherein the binding agent
comprises natural rubber, thermal plastic urethane, starch,
dextrin, animal glue, casein adhesives or synthetic emul-
sions.

13. The process of claim 1, wherein the solvent-based
binding agent comprises a water-natural latex combination.

14. The process of claim 1, wherein the second stage
expansion is initiated by a vacuum.

15. The process of claim 9, wherein the fibrous material
comprises natural or synthetic fibrous material.

16. The process of claim 9, wherein the natural fibrous
material comprises plant or wood fiber.

17. The process of claim 9, wherein the synthetic fibrous
material comprises carbon fiber, metal fiber or polymeric
fiber.

18. The process of claim 9, wherein the solvent comprises
water, methanol, acetone, denatured alcohol, D-limonene,
toluene, xylene or dimethyl sulfoxide.

19. The process of claim 9, wherein the binding agent
comprises natural rubber, thermal plastic urethane, starch,
dextrin, animal glue, casein adhesives or synthetic emul-
sions.

20. The process of claim 9, wherein the solvent-based
binding agent comprises a water-natural latex combination.

21. The process of claim 10, wherein the fibrous material
comprises natural or synthetic fibrous material.

22. The process of claim 10, wherein the natural fibrous
material comprises plant or wood fiber.

23. The process of claim 10, wherein the synthetic fibrous
material comprises carbon fiber, metal fiber or polymeric
fiber.

24. The process of claim 10, wherein the solvent com-
prises water, methanol, acetone, denatured alcohol, D-limo-
nene, toluene, xylene or dimethyl sulfoxide.

25. The process of claim 10, wherein the binding agent
comprises natural rubber, thermal plastic urethane, starch,
dextrin, animal glue, casein adhesives or synthetic emul-
sions.

26. The process of claim 10, wherein the solvent-based
binding agent comprises a water-natural latex combination.
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