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1. Executive Summary
Per- and polyfluoroalkyl substances (PFAS) are widely added to food packaging materials,
especially molded fiber, in order to easily and cheaply achieve water and oil barrier properties.
However, PFAS are associated with high environmental and human health hazards, and are
subject to a FDA phase out. Safer alternatives are urgently needed for molded fiber, and
thorough research into their potential hazards are necessary to avoid introduction of a
regrettable substitute. Strategy 1 alternatives, sourced externally from the paper industry,
include rhamnolipids and pectin. Strategy 2 alternatives, sourced from within the paper industry,
are cellulose nanocrystals and lignin. We highly valued selected alternatives’ ability to be
incorporated into the molded fiber production process and level of compostability. While all
alternatives show potential in their technical capability and health assessments, lignin was found
to be both the most versatile, as well as the current most viable alternative material.
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2. Background
2.1 Problem Landscape
Food packaging manufacturers are currently faced with a multitude of challenges: modern,
environmentally conscious consumers demand less single-use plastic, and current compostable
bioplastics are not widely accepted by composting facilities. Paper-based food packaging offers
a solution: it has the potential to be more sustainably produced and it degrades faster than its
plastic counterparts. Additionally, it has a natural look and feel that appeals to consumers.
However, fiber materials require additives and further processing in order to achieve barrier
properties required for food packaging. PFAS dominate the paper food packaging industry as a
fast, cheap, and versatile additive to instantly impart water and oil repellency to fiber food
contact materials (FCMs). However, this convenience comes at a high cost to human and
environmental safety (1).

2.2 PFAS Health Concerns
The health hazards of PFAS are well known for longer-chain PFAS compounds
perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA). These compounds
were phased out in the U.S. between 2000 and 2015 (2), but continue to persist in soil, water,
air and biota, including humans (3). Intentionally adding PFAS into food packaging leads to the
contamination of food through migration into food, and the environment at the product’s
end-of-life. As a result, PFAS in the food industry market invariably leads to human exposures,
and the ubiquity of these hazardous chemicals are impermissible. As a class, PFAS toxicants
are associated with a broad range of adverse health outcomes, kidney and testicular cancer,
elevated cholesterol, liver disease, decreased fertility, thyroid problems, hormone
dysregulations, immunosuppression, and adverse developmental effects (4). Additionally, PFAS
food packaging additives contaminate the cycle of food production through multiple, interrelated
pathways (Figure 2.1): from additives in direct contact with food, indirect contamination of
drinking water sources after food packaging disposal, and through contaminated soil, sediment,
or compost used to grow new crops.
Fluorinated hydrocarbons in food packaging have faced increasingly stringent regulations in the
last two decades, beginning with a ban on long-chain PFAS, which led food packaging
producers to seek side-chain PFAS as a convenient substitute. Regulators and producers
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assumed that reducing the chain length of carbon-fluorine tails would confer the nonstick
properties they desired while minimizing toxicity hazards (4). However, toxicological evidence
suggested otherwise. The shift to side-chain PFAS primarily involved polymer manufacture with
6:2 fluorotelomer alcohol as the starting material for polymeric formulations used in existing
chemicals. Side-chain PFAS is associated with high degrees of persistence, volatilization, and
degradation to a perfluoroalkyl acid perfluorohexanoic acid (PFHxA), which can partly explain
the environmental ubiquity of PFAS compounds in the remote regions of the globe (5). PFHxA is
an established toxicant (6), and the direct and indirect release of side-chain PFAS in the
manufacture, use, and end-of-life of food packaging materials constitutes a national and global
health concern.

Figure 2.1. The effects of PFAS release are cyclical in food packaging. Image derived from DTSC (5).

In 2020, the U.S. Food and Drug Administration (FDA) announced a voluntary phase-out of
shorter-chain PFAS that includes 6:2 fluorotelomer alcohol (6:2 FTOH). The food packaging
industry urgently needs an alternative to PFAS with lower health hazards, acceptable technical
performance, and compatibility with current fiber manufacturing processes.
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3. Approach
3.1 Project Scope
3.1.1 Paper-based Packaging

Figure 3.1. Food packaging is divided into several broad categories. Our project focuses on 3D molded
fiber packaging.

Food packaging products include a wide variety of materials, processes, and shapes made for
foods with diverse barrier needs. We first narrowed our scope to paper packaging materials
because plastic materials generally have sufficient barrier properties without the use of PFAS.
Within the realm of paper packaging, existing reports on the transition away from
fluorochemicals tend to focus on 2D paper and paperboard packaging, while upholding
biopolymers (e.g., polylactic acid [PLA]) as the most effective choice for mitigating PFAS use.
However, many biopolymers are confronted with challenges surrounding their degradability in
compost, and use as a composting feedstock (1). 3D molded fiber materials have been
consistently shown to contain high levels of PFAS (2), but have potential in their degradability
and overall sustainability, making molded fiber an ideal focus for this report.
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3.1.2 Molded Fiber

Figure 3.2. Schematic of paper production and life-cycle (6).

Molded fiber as a whole has many favorable qualities: it has a seamless shape that prevents
leaks and the ability to be customized based on the needs of the client. It can also be made
from a recycled feedstock, and the pulp fibers degrade readily in compost. However, the use of
PFAS in molded fiber negates many of these positive attributes. As mentioned earlier (Section
2.2), PFAS containing materials cannot be safely composted due to potential uptake into plants
grown from the contaminated compost. PFAS-containing molded fiber can also leach fluorinated
byproducts into the environment if landfilled, or can accumulate in the paper system if recycled.
Replacing PFAS with a benign and degradable alternative would greatly improve the end-of-life,
even introducing the possibility of closing the loop for molded fiber production if compost
produced from molded fiber is used to grow new paper trees.
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Figure 3.3. Schematic of the molded fiber production process (3).

In a recent study conducted by Safer Chemicals Healthy Families, 100% of molded fiber
products surveyed contained PFAS, and those products “showed the highest levels of fluorine
out of all items tested in [the] study,” (2). Pulp fiber materials were also among the food contact
materials containing the highest levels of fluorotelomer alcohols (FTOHs) (4). These factors are
likely due to the specific manufacturing constraints surrounding molded fiber. Paper-type
products are generally produced in a flat sheet, then folded into a three dimensional shape,
such as a cup, bag, or bowl. They are therefore able to be treated by plastic lamination or spray
coating while they are flat (5). These factors make PFAS-free solutions more widely available for
2D paper products. In contrast, molded fiber undergoes the production process outlined in
Figure 3.3, starting as bulk pulp fibers suspended in water in a blend tank, which are then
molded and dried in an oven, and packed for shipping. Molded fiber food packaging takes on a
three dimensional, organic shape that is difficult to coat evenly once dried, rendering most
dry-end processes prohibitively costly. Solutions applied in the form of films and sprays are
difficult to adapt into a 3D molded fiber manufacturing process. Production of 3D molded fiber
materials often rely exclusively on the addition of PFAS into the blend tank(known as “wet-end”
treatment). PFAS alternatives at the wet end of the manufacturing process are far less
developed, and very few are commercially available. The 3D molded fiber industry is ripe for
both innovation and intervention: new approaches are needed to replace perfluorinated

8 of 47

compounds, and this is an important opportunity to prevent regrettable substitutes through
careful hazard assessment.
In summary, the foodservice molded fiber industry emerged as a need in packaging for more
sustainable options, so our goal is to identify chemical solutions that would support the promise
of molded fiber. As a result, we aim to identify safer and degradable chemicals that would be
added on the wet-end of the molded fiber forming process to achieve water and oil repellency.

3.2 Technical Criteria
3.2.1 Defining Properties Evaluated
Table 3.1: Definitions of the properties included in the technical assessment. Note that dispersibility and
degradability definitions are not industry standards, but rather are based on the data available.

Table 3.1 defines the technical properties used to describe the performance of our alternatives.
To determine these properties, we consider the needs of consumers, manufacturers, and
composters (both facilities and at-home). Consumers are most concerned with usability, which
is strongly tied to food leakage and preservation. This is best represented by barrier and surface
properties. Kit value measures the degree of repellence or anti-wicking of paper and boards (7)
(Figure 3.4 a). This measurement was developed specifically for fluorine containing papers, and
ranges from 1 to 12.
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(a)

(b)

Figure 3.4. (a) An example kit test comparing raw paper and cellulose nanocrystal (CNC) coated paper
(14). (b) The association between contact angle and wettability (8). Materials with bad wetting are
hydrophobic.

Water contact angle indicates how well a droplet deposited on a solid substrate spreads out.
Figure 3.4 displays the water contact angle test. If a droplet angle is above 90 degrees, the
material is considered hydrophobic; below 90 degrees, the material is considered hydrophilic
(8). Water vapor permeability (WVP) refers to water resistance in relation to humidity of the
environment. A low WVP indicates better resistance and means the end product does not need
an extremely dry environment for storage. The one surface property, porosity, indicates how
close and strongly the fibers are bound together. Here it is measured in oxygen permeability,
where a lower value indicates lower porosity and therefore a more densely packed material. A
low oxygen permeability could also provide a slower rate of food decay when the product is in
use.
In addition to barrier properties, manufacturers prioritize the thermal, chemical, and mechanical
properties. Table 3.1 defines the difference between thermal resistance and temperature
dependence. Thermal resistance provides information on the final product’s ability to withstand
high temperatures. The data provided indicate the temperature the material breaks down, but it
is important to note that the temperature it can withstand during use is lower. The temperature
dependence predicts whether the alternative can undergo any necessary reactions while
withstanding temperatures up to 100˚C. This is because the alternative is added at the wet end,
where the cellulose slurry, on average, is mixed at 100˚C.
The chemical property included is dispersibility, which is also due to the wet-end limitation. In
order to fully be incorporated into molded fiber, the alternative must be able to evenly disperse
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in cellulose slurry. This may require a dispersing agent. Mechanical properties are important to
consider for transport, storage, and rigidity during use. A higher tensile strength means the
product can be compact during transport and carry a larger food load.
Finally, our end-of-life property is degradability, which gauges compostability. These data were
difficult to standardize across the alternatives, but degradation up to at least 70% was found for
them all. Many materials are normally composted at high temperatures or with targeted
microorganisms, but the data included were at ambient soil temperatures and no targeted
microbes. This is intended not only to standardize the data, but also to find alternatives that
have the capacity to be composted in more basic facilities or even in consumer’s homes.

3.2.2 Approach to Technical Assessment
Baseline for Comparison
For the technical assessments, we have chosen polylactic acid (PLA) as our baseline for
comparison rather than PFAS-based molded fiber products. PLA is a common compostable
bioplastic that is used to coat paper and molded fiber products. We are not considering it for our
project because it is only compostable in industrial composting facilities that are able to treat
their compost at high temperatures (10). As mentioned in our scope, our solutions are limited to
those that are highly degradable.
PLA is used as our baseline because it is much more realistic for our alternatives to strive
towards. PFAS-based products, on the other hand, overperform by making molded fiber highly
hydrophobic and oleophobic. PFOA on cellulose, for example, has a water contact angle of
160˚, which is almost double of the 75˚- 85˚ range listed for PLA (9). For the purposes of food
packaging, which spend a short amount of time in use, this level of barrier resistance is not
necessary.
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Sourcing of Technical Data
Table 3.2: Technical assessment of all discussed alternatives. All sources from this table can be found in
Appendix B.

Rankings are relative to each other:

Idea

M
 oderate

Non-ideal

DG = data gap

Table 3.2 lists all the technical data collected to compare our alternatives to PLA. Each row
contains data on a single material from several references. It is important to note that each
reference uses the material at different conditions. Some have been applied on a very thick
layer of cellulose, some have been applied on cellulose with specific additives, and some have
used the material for an entirely different application. To the best of our ability, we have used
data that is representative of solely the material, or the material on cellulose (important for
barrier and surface properties). The first column also indicates whether the sources applied the
alternative as a film, or integrated the alternative within a fiber matrix. Note that some
information on rhamnolipids, for which data was scarce, comes from a proxy material whose
data are input in red. The ranking of properties for each alternative are indicated by the color of
the box. Green is ideal, yellow is moderate, red is non-ideal, and in gray are data gaps. These
rankings are relative to each other, which means that a green box does not necessarily indicate
the best option, but indicates the most ideal amongst the listed alternatives.

3.3 Human and environmental health criteria
We assessed hazards of candidate alternatives with a method adapted from GreenScreen for
Safer Chemicals (11). We assessed 15 endpoints in human health, between Group I and II
endpoints, and 2 endpoints in environmental fate and toxicity (Table 3.3). The general process
in collecting hazard information started with authoritative lists from Pharos, then data compiled
by the European Chemical Agency (ECHA) or literature review, followed by predictive modeling
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using EPA CompTox and ToxTree. Any remaining data not found was collected from Material
Safety Data Sheets, administrative reports, and expert judgment based on the
physical-chemical profiles of existing and alternative chemicals.
Table 3.3 GreenScreen hazard endpoint definitions. Adapted from Clean Production Action
(2018).

Endpoint

Abbr.

Definition

Carcinogenicity

C

Capable of increasing the incidence of malignant
neoplasms, reducing their latency, or increasing their
severity or multiplicity.

Mutagenicity

M

Agents which alter that structure, information content, or
segregation of DNA, including those which cause DNA
damage by interfering with normal replication.

Reproductive toxicity

R

The occurrence of biologically adverse effects on the
reproductive systems of females or males that may result
from exposure to environment agents.

Developmental toxicity

D

Adverse effects in the developing organism that may
result from exposure prior to conception (either parent),
during prenatal development, or postnatally to the time of
sexual maturation.

Endocrine toxicity

E

An exogenous substance or mixture that alters function(s)
of the endocrine system and consequently causes health
effects in an intact organism, or its progeny, or
(sub)populations

Acute mammalian toxicity

AT

Adverse effects occurring from oral or dermal
administration of a single dose of substance, or multiple
doses given within 24 hours, or an inhalation exposure of
4 hours

Systemic toxicity & organ effects
(incl. immunotoxicity)

ST

Includes all significant non-lethal effects in a single organ
that can impair function, both reversible and irreversible,
immediate and/or delayed, not otherwise covered by any
other endpoint; or generalized changes of a less severe
nature involving several organs. Note: ST resulting from
repeated exposures were prioritized in this hazard
assessment.

Neurotoxicity

N

An adverse change in the structure or function of the
central and/or peripheral nervous system following
exposure to a chemical, or a physical or biological agent.
Note: only acute neurotoxicity was considered during
assessment here.

Skin sensitization

SnS*

A skin sensitizer is a substance that will lead to an allergic
response after skin contact

Group I human health endpoints

Group II human health endpoints
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Respiratory sensitization

SnR*

Hypersensitivity of the airways following inhalation of a
substance or mixture

Skin irritation

IrS

The production of reversible damage to the skin following
the application of a test substance or mixture for up to 4
hours

Eye irritation

IrE

The production of changes in the eye following the
application of a test substance to the anterior surface of
the eye, which are fully reversible within 21 days of
application

Acute and chronic aquatic toxicity

AA/CA

The intrinsic property of a substance to be injurious to an
organism in a short-term, aquatic exposure to that
substance, or in relation to the life-cycle of the organism

Persistence

P

The length of time the chemical can exist in the
environment before being destroyed (i.e., transformed) by
natural processes.

Environmental fate and toxicity

We assessed the confidence level of hazard scores as high or low after evaluating the reliability
of data sources. Briefly, a score received high confidence if information came from an
authoritative list, or expert reviewed assays. A score received low confidence if measured data
were conflicting or incomplete, or came from in silico analyses without lab assays. All scores

from MSDS, administrative reports, or expert judgment received a low confidence rating. We
adopted the method described by Faludi et al. (2016) to translate GreenScreen Hazard scores
(Very High, High, Moderate, Low, very Low) to category scores from 1 to 4 (12). For simplicity in
interpretation, we color-coded 1 as very high hazard, 2 as high hazard, 3 as moderate hazard,
and 4 as low hazard, where the difference between integer scores represents an order of
magnitude difference in relative hazard.
We selected two fluorinated chemicals and one non-fluorinated methacrylate to represent the
existing polymeric additives:
●

Tridecafluorohexylethyl methacrylate (6:2 FTMAC) [CAS No.: 2144-53-8]

●

2-(N,N-Diethylamino)ethyl methacrylate [CAS No.: 105-16-8]

●

6:2 FTOH [CAS No.: 678-39-7]
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Table 3.4. Summary hazard table. More details on the hazard assessment included in the
respective sections and Supplementary Information.

More than half of the currently used side-chain PFAS packaging additives contain a 6:2 FTMAC
copolymer, and seven of the 17 contain a copolymers acrylate. 6:2 FTOH is a fluorotelomer
alcohol used in the synthesis of the fluorinated methacrylate and a degradation product of 6:2
FTMAC commonly detected among food and consumer packaging surveys (4). By virtue of their
highly fluorinated chemical composition, both compounds are associated with very high levels of
environmental toxicity and persistence. As mentioned above, the terminal degradation product
of 6:2 FTMAC and 6:2 FTOH is PFHxA, which is a very persistent toxicant, widespread in the
natural and built environment. The persistence of these fluorinated compounds not only imply
widespread human exposure, but also represents a safety concern with respect to the known
and potential hazards (13). As a result, we believe these compounds represent the inherent
hazards present in the manufacturing, use, and end-of-life of molded fiber.
The fluorinated compounds and methacrylate have known and potential human health hazards
that range from moderate to high acrossGroup I and II/II* endpoints (Table 3.4). These hazards
represent the hazard baseline against which we compare each alternative strategy chemical in
more detail in the sections below. In terms of health and environmental health performance, our
minimum criteria for a safer substitute for side-chain PFAS are 1) logarithmically lower human
health hazards for known Group I and Group II/II* endpoints compared to the three bad actors,
and 2) minimal environmental toxicity and low levels of persistence
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4. Sourced Externally from Paper Industry
4.1 Strategy 1: Introduction
Our first strategy is compounds or materials that need to be synthesised or extracted from an
external source before entering the wet-end of molded fiber production system at the paper mill
stage. PFAS, for example, would fit into this category. Such externally sourced solutions can be
purchased from a trusted manufacturer. This traditional method of procuring additives does not
incur the cost of adding new production steps or performing in-house material modification. The
two alternatives, rhamnolipids and pectin, come from microbes and plants respectively, and
both are added to the paper manufacturing process.

4.2 Rhamnolipids
4.2.1 Background
Inspiration for Rhamnolipids
Rhamnolipids are a type of biosurfactant—an amphiphilic biological compound produced
extracellularly or as a part of the cell membrane by a variety of yeast, bacteria, and filamentous
fungi from substances including sugars and oils. Rhamnolipids are produced from bacteria of
the genus Pseudomonas, and their structure is composed of rhamnose and 3-hydroxy fatty

acids, which can be potentially used for surface chemical works (1). The sugar groups provide
attraction to water, while the fatty acids help the surfactants repel water. Rhamnolipids are
currently used in eco-friendly alternatives to commercial cleaning products, pesticides, and
antifungal agents (1). A unique facet of our strategy is that rhamnolipids could be used to form a
barrier as opposed to breaking down a barrier. When PFAS was first added in molded fiber it
was added at the wet-end in its surfactant form. This is what inspired the use of a biosurfactant
to improve barrier properties in molded fiber. Although rhamnolipids are usually used to break
the water-oil barrier, their structure shows promise in chemically binding to cellulose and acting
as a hydrophobic barrier (Figure 4.1 a).
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(a) 

 (b)

Figure 4.1 (a) Rhamnolipid heads have a structure very similar to that of cellulose. (b) How rhamnolipids
can attach via dehydration synthesis. This process requires an added agent such as a strong acid (e.g.
sulfuric acid) or alumina.

Method of Incorporation
Rhamnolipids are produced at scale by farmed microbes, typically pseudomonas aeruginosa.
These microbes have been shown to accept a wide variety of substrates (feedstocks), from

sugars to vegetable oils, in order to produce rhamnolipids of tunable and predictable tail lengths
(3).
Cellulose and the rhamnolipids could bind together by using their hydroxyl groups as agents for
dehydration synthesis,where a water molecule is lost when two molecules bind together. A
schematic of this process is shown in Figure 4.1 b. On the hydrophobic side of the rhamnolipid
is a carboxylic acid, which can be used to bind together other hydrophobic tails. This potentially
forms a hydrophobic polymeric structure within the molded fiber structure. It could also serve as
a binding point for another additive, possibly one that provides grease resistance.
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Figure 4.2. Once the rhamnolipids’ heads are bound to cellulose particles, their tails could bind together
to give a hydrophobic polymeric structure to the molded fiber product.

The efficiency of this process will be improved if a protecting group is invoked. Given its
structure, the carboxylic acid group could also bind with cellulose unless it is protected by an
added chemical during the rhamnolipids initial introduction into the wet-end slurry. Once the
hydrophilic end is bound to cellulose molecules, the protecting group would have to be
removed. More research will have to be done to determine the precise additives necessary to
achieve optimum efficiency for this overall synthesis.

4.2.2 Technical Performance
Table 4.1: Technical assessment of rhamnolipids. For sources see Appendix B.

Table 4.1 compares rhamnolipid properties to that of PLA. Of all the alternatives discussed,
rhamnolipids have the most data gaps in technical properties. This is due to it traditionally being
used as a surfactant as opposed to a barrier. To perform a more thorough technical
assessment, palmitic acid was used as a proxy. This is viable because palmitic acid is
analogous to the hydrophobic fatty acid tail of rhamnolipid, and once it is bound to cellulose,
exhibits a similar total structure to rhamnolipids (4). Data derived from the proxy is indicated with
red text. Note that this proxy solution has minerals added to the product, however, the
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properties that have been included are representative of how rhamnolipids would perform in
molded fiber. Due to the listed high water contact angle, which is significantly higher than that of
PLA, the proxy indicates that rhamnolipids could serve as excellent water barriers. The
temperature dependence and dispersibility show potential that they will spread evenly at the
wet-end end phase of molded fiber production. Data from rhamnolipids themselves show that
they could be used to serve hot foods, and the decomposition shows promising compostability.

4.2.3 Health and Environmental Performance
Table 4.2: Summary hazard table for rhamnolipids.

Compared to current PFAS polymer mixtures, rhamnolipids are safer on various orders of
magnitude for carcinogenicity, mutagenicity, acute mammalian toxicity, and skin sensitization.
While overall safer compared to 6:2 FTMAC, 6:2 FTOH, and DEAE-MAC, rhamnolipids may
cause severe eye tissue damage (IrE), a Group II endpoint that predominantly concerns select
worker populations exposed to aqueous rhamnolipid solutions. Rhamnolipids are classified as
an eye irritant under authoritative lists based on results from in vivo toxicity assays at 100%,

50%, 9.5%, and 1.0% w/w concentrations with decreasing levels of irritation when exposed to
more dilute concentrations (6)(7). These data suggest the rhamnolipid concentration matters in
evaluating the relative health risks of rhamnolipids during manufacture. These hazards could be
effectively minimized by proper workplace safety controls and consumer applications. Identifying
a feasible concentration of rhamnolipids to achieve technical performance while minimizing
hazards will be a constraint with this solution.
Hazard data gaps exist for rhamnolipids after ingestion in vivo, a gap that may prohibit the use

of biosurfactants in food applications (8).The FDA classifies rhamnose sugar as food grade, and
the hydrocarbon chains as omnipresent in the natural environment, but the nature of
rhamnolipids is also associated with opportunistic pathogenicity. Surface structure modification
or use of a non-pathogenic microbial feedstock may overcome these limitations if they arise (8).
Resolving these uncertainties would enable more confidence in this alternative solution as a
safer surface-treatment additive.
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4.3 Pectin
4.3.1 Background
Inspiration for Pectin
Pectin is a biopolymer that occurs naturally in the starch of ripening fruits such as apples, citrus,
cranberries, gooseberries, and plums to name a few. This branched heteropolysaccharide
consists of long-chain galacturonan segments and other neutral sugars such as rhamnose,
arabinose, galactose, and xylose (9). It forms a matrix with cellulose and hemicelluloses and
contributes to plant cell structure (Figure 4.3). The word ‘pectin’ comes from the Greek word
pektos which means firm and hard, reflecting pectin’s ability to form hard gels due to the
structures it can assimilate.

Figure 4.3. A cross section of the plant cell wall structure. The branched structure (pink) of pectin

provides the plant cell with structures by forming a matrix with celluloses and the rest of the cell (12).

This material is one of the most significant renewable natural polymers which is ubiquitous in
nature. Pectin can be sourced from a number of easily available horticulture crops as well
(9).Due to its flexibility, pectin and its derivatives are used in many biodegradable packaging
materials that serve as barriers towards moisture, oil, and aroma.
Method of Incorporation
Generally, hard pectin gels are formed in the presence of divalent cations such as Ca2+ (Figure
4.4). The required pH value ranges from 2 to 6 and sugar is not necessary for gel formation. An
increase in ionic strength determines the lower concentration of Ca2+, which is required for
gelation. An increase in pH from 3.5 to 8.5 resulted in an increase of gel hardness, which was
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connected with an increase in the degree of dissociation of galacturonic acid residues and next
the de-esterification of pectin.

Figure 4.4. Scheme of the interactions of the pectin biopolymer and Ca2+ ions via the oxygen atoms in the
carboxylate group of the pectin biopolymer (10).

The mechanism of pectin gelation is built upon pectin and alginate interactions. X-ray and
EXAFS studies have indicated that the interaction of calcium ions with polygalacturonate chains
may occur via oxygen atoms in the carboxylate group, in the ring, and in the glycosidic bond
and in the hydroxyl group of the next residue (10).
The expected mechanism of action at the wet-end in addition to the cross-linking of pectin
during the manufacturing process would be a reduction in fiber porosity. As a result, barrier
properties would increaseWe conclude pectin is also a promising starting material towards
creating alternative food packaging barriers and we recommend further study in regards to the
application of this strategy.

4.3.2 Technical Performance
Table 4.3: Technical assessment of pectin. For sources see Appendix B.

Out of all of the alternatives, pectin is the least favorable in regards to thermal and mechanical
properties. It is therefore unfavorable for heavier food loads at high temperatures. Although it is
easily dispersible, it may degrade during the cellulose slurry due to its low temperature during
synthesis. Its low storage temperature is also a disadvantage to manufacturers since it will
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increase cost of transport. On the other hand pectin shows great capability as a water barrier,
as indicated by its high water contact angle and low water vapor permeability.

4.3.3 Health and Environmental Performance
Table 4.4: Summary hazard table for pectin.

Pectin is a constituent of a normal healthy diet with increasing pharmaceutical and food
packaging applications (11), which reflects the overall safer profile compared to existing
chemicals (Table 4.4). As an industrial chemical, pectin’s form as a dry, odorless powder likely
led to the hazard trade-offs among sensitization endpoints. We assigned pectin with a category
score 2 for respiratory sensitization because of two authoritative listings for pectin as an
asthmagen, and for skin sensitization, a positive structural alert identified pectin with a Schiff
base formation.
In addition, calcium carbonate (CaCO3) is a carbonic salt of calcium used in pectin gel formation
to crosslink pectin molecules. Ethylene glycol is a recognized green solvent and bio-plasticizer
that enables brittle carbohydrate-based packaging to become malleable. These compounds
were included in a hazard assessment to represent the potential suite of chemicals that would
be included in a potential pectin strategy.
Potential trade offs also exist among Group I reproductive and developmental endpoints for
ethylene glycol. One authoritative list, US NIH Reproductive and Developmental Monographs,
identified ethylene glycol, likely due to assays in which investigators observed toxicities at large
doses (>1000 mg/kg/d) among vertebrate mammals. Interpretation with these results should be
cautioned because oral ingestion of ethylene glycol is very unlikely.
The biodegradability of pectin is well-defined among researchers and manufacturers, and the
environmental fate of pectin and other constituents are safer than PFAS. Candidate chemicals
had strong evidence of no aquatic toxicity, persistence, or bioaccumulation. While CaCO3 is
listed by EC-CEPA Domestic Substances List (DSL) with a very high hazard score due its
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inorganic nature, the terminal degradation products Ca2+ ions are safe in expected
concentrations with proposed use.
Data gaps and uncertainties in hazards exist among candidate chemicals in this strategy,
although pectin is unlikely to pose significant health risks among consumers or worker
populations when appropriate safety and health controls are available.
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5. Sourced Internally from Paper Industry
5.1 Strategy 2: Introduction
Our second strategy consists of materials that are already part of the molded fiber production
system. This includes material that is considered waste as well as material already being

recycled and used in the system. Alternatives in this strategy have the potential to be made
in-house by molded fiber manufacturers, giving them even more control over the physical
properties of their product and reducing the environmental impact of transporting materials. The
two alternatives we have chosen can be sourced from within the paper industry—cellulose
nanocrystals (CNC) and lignin.

5.2 Cellulose Nanocrystals (CNC)
5.2.1 Background
Inspiration for CNC

Figure 5.1. Scheme of natural cellulose transformation into cellulose nanocrystals (1).

Cellulose, in its bulk form, is the primary material used to make paper products, and the most
abundant natural polymer on Earth. In its natural form, cellulose is made up of both amorphous
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and crystalline regions (2). When the crystalline regions of natural cellulose are isolated and
recrystallized at the nano-scale, cellulose gains hydrophobic properties without loss of
degradability. CNC are widely studied as stabilizers for improving structural stability of
bio-composite films (3)(4)(5). They can be made from a wide variety of plant sources and have
many desirable properties when used in film contexts.
Method of Incorporation
Bulk cellulose fiber or paper pulp is first digested in acid to hydrolyze bonds in natural cellulose,
break down the amorphous regions of the polymer, and form CNC (5). These CNC have the
same chemical composition as natural cellulose, but take on a more rigid and hydrophobic
crystal structure (2). Following production, we propose that CNC can be directly added to the
pulp fiber blend tank. While the dispersibility of CNC depends on the polarity and purity of the
mixture, which varies between manufacturers, some reports have shown successful
incorporation into films without any added dispersing agent (5). The CNC could be produced
in-house by molded fiber manufacturers, from the same bulk fiber used in molded fiber. This
method has great potential especially for manufacturers that use recycled paper for their pulp
feedstock. Not only can cellulose nanocrystals be prepared using recycled paper, they have the
added advantage of adding stability to shorter fibers that are often a disadvantage of using
recycled paper materials (6). In-house production of CNC by manufacturers could cut costs of
purchasing external additives, improve sustainability from reduced transport of materials, and
provide control over the specific properties of the CNC. However, this would require investment
into the infrastructure to support a new acid-digestion processing step. Purchase of CNC from
an external supplier is also a potential pathway.

5.2.2 Technical Performance
Table 5.1: Technical assessment of cellulose nanocrystals. For sources see Appendix B.

Technical data available for CNC are largely for film systems (Table 5.2), so the values may not
be the same when incorporated into a fiber matrix. Nonetheless, we observe that relative to
PLA, CNC films perform well in the grease resistance category, having a kit value comparable to
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PLA and moderate water contact angle (7). In terms of water vapor permeability, its
performance is much worse than PLA. The value of 9 g.mm/m2.kPa.day indicates that a
significant amount of water vapor is able to escape through the film, though this value is also
strongly influenced by the type of film that the study is performed on. Incorporation of CNC into
the molded fiber matrix shows promise from its dispersibility but may be of concern during
wet-end processing due its lower temperature dependence. If CNC slightly degrades due to the
cellulose slurry temperature, this may affect mechanical properties of the final molded fiber
product.

5.2.3 Health and Environmental Performance
Table 5.2 Summary hazard table for CNC.

To the best of our knowledge, CNC hazard information from authoritative lists were unavailable
and the need to adapt a hazard evaluation method for emerging nanomaterials has been
expressed. Despite this, a preliminary hazard assessment for wood-derived CNCs can still be
performed based on expert judgment and peer-reviewed toxicity studies of CNCs from Shatkin
et al., (2016)(8), Roman (2015)(9), and Shatkin & Kim (2015)(10).
The parent compound of CNCs is cellulose, which is overall benign; however, the acid treatment
and resulting decrease in particle size as well as changes in physicochemical characteristics of
nanomaterials slightly shift the hazard profiles of CNCs.. The particle dimensions of CNCs are
130 ± 67 nm in length by 5.9 ± 1.8 nm in width, which increase the surface area to volume ratio
(8). The hazard overview indicates that CNC would improve the relative safety of most known
Group I and II/II* endpoints by an average of one order of magnitude, except for respiratory
sensitization, where one occupational epidemiology study identified an association to reduced
lung function with repeated exposures (10).
According to Shatkin et al. (2016), the environmental performance of CNC is relatively
sufficiently known, where aquatic toxicity assays among zebrafish indicate low toxicity (8). CNCs
are not known or expected to persist in the environment, although the bioaccumulation potential
of CNCs isunknown, and available predictive modeling would not be applicable to estimate this
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endpoint. A better approximation of bioaccumulation would entail adapting traditional predictive
methods and physicochemical characterization beyond the scope of this hazard assessment
(11).
Finally, CNC manufacture and incorporation relies on dissolving cellulose fiber in sulfuric acid.
The partial esterification of hydroxyl groups on the CNC imparts a slight acidity but may be
considered minimal against the buffering capacities of mammalian organisms (9). Among
molded fiber manufacturers intended to adopt this process, cellulose acidification represents a
hazardous step that already exists in the papermaking process though are presumed to be
minimized by effective management controls.

5.3 Lignin
5.3.1 Background
Inspiration for Lignin
Lignin is a biopolymer that composes 15-40% of plant biomass, depending on the species of
plant it is extracted from. It is most abundant in the cell walls, and is the primary source of cell
wall rigidity (12). Lignin is removed as a waste product when cellulose is isolated from raw wood
chips during the paper-making process, due to its insolubility in the cellulose slurry and its ability
to clump cellulose fibers together through cross-linking. In the paper industry, 70 million tons per
year of lignin is disposed of as waste. It is also a common waste product in other industries,
such as ethanol production. Once isolated, lignin forms a black liquor, which is often used as an
internal energy input for the pulping process. Its chemical properties, however, make this an
insufficient use of this biopolymer (12). Since it is known to bind so well to cellulose and provide
structure in plants, it makes sense that this waste product could both be well incorporated in and
provide rigidity to molded fiber.
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Method of Incorporation

Figure 5.2. Lignin extraction process from black liquor (14).

In order to be incorporated into the molded fiber, lignin must be extracted from the black liquor
using carbon dioxide and acid treatment. Traditionally, this process uses a strong acid like
sulfuric acid, which is also utilized during the stripping process in paper-making. However, there
is evidence showing this aggressive chemical could be replaced with non-toxic chemicals such
as potassium aluminum sulfate (15). When added to the molded fiber wet-end slurry, Lewis et
al. 2016 (13) reports that adding an ionic liquid suspends the lignin—dispersing it more evenly
and preventing fiber clumping. Incorporation of other plant materials like xylan, can improve
molded fiber porosity (13).
Another method of incorporating lignin into molded fiber is through light delignification. As
mentioned earlier, lignin is extracted from raw materials in order to form a cellulose slurry during
paper making. Instead of fully removing the lignin content from the raw material, it can be
partially removed, so the bonds between the original lignin and cellulose are preserved. It is
important to note that this process is only possible if the molded fiber is manufactured from
virgin material as opposed to recycled paper. For manufacturers that produce their molded fiber
products in this way, molded fiber produced from light-delignified cellulose has been
successfully achieved by Wang et. al. (16), though not in a food packaging context.

5.3.2 Technical Performance
The data collected in Table 5.3 comes primarily from data sources where lignin is applied within
the molded fiber matrix. Relative to the rest of our alternatives in this report, lignin has the best
technical performance. Under barrier properties we see that its Kit value and water contact
angle are comparable to that of PLA. In fact the water contact angle is slightly higher meaning
lignin is slightly more hydrophobic. The WVP is significantly higher, which means the final
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product may require less humid storage conditions. Oxygen resistance is slightly lower, but
should not cause a significantly less porous material.
Table 5.3: Technical Assessment of Lignin. For sources see Appendix B.

Lignin’s thermal resistance indicates that it is suitable for hot foods, but will break down faster
than PLA when in contact. Its temperature during manufacture appears to be compatible with
molded fiber pulp slurry, so there is little concern that it will break down at the wet-end and
additional heat will not be necessary. As mentioned earlier, lignin normally causes clumping
when in the cellulose slurry, however if added back in with a dispersing agent like an ionic liquid,
it can be evenly distributed. Finally, the tensile strength of lignin is very close to that of PLA and
its degradability is significantly improved. Although lignin takes the longest of our alternatives to
degrade, this time shortens when it is exposed to fungi and bacteria commonly found in
temperate soils (17).

5.3.3 Health and Environmental Performance
Table 5.4: Summary hazard table for lignin.

Lignin is intrinsically safe. The U.S. EPA evaluated lignin under the Safer Choice program and it
is listed under the “Safer Chemical Ingredient List” after experimental and modeled data verified
low concern (18). Additional studies identify lignin as an anti-toxicant (19), exhibiting medicinal
roles against non-communicable diseases like cancer and obesity. As a result, in our hazard
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assessment (Table 5.4), we categorized lignin as benign. The implication therefore is that all
hazards in each endpoint are minimized compared to the baseline.
Three additional chemical-level hazards were evaluated. Xylan is a hemicellulose conferring
tensile strength, sulfuric acid is an existing chemical used in the papermaking process and used
again to recover lignin waste, the ionic liquid 1-allyl-3-methylimidazolium is a potential
dispersing agent used to prepare and re-incorporate lignin. A preliminary hazard assessment of
these compounds suggests a similar hazard profile compared to existing baseline, although we
recommend caution in interpretation here. These chemicals represent the chemicals present in
the manufacturing process of this strategy, and are not expected to be present in any
meaningful amount in the final molded fiber product. Similarly, sulfuric acid is an existing
chemical within the papermaking industry with relatively fewer occupational risks compared to
different industry sectors due to minimal workplace exposure and appropriate workplace
controls.
Lignin is found in the natural environment and a product of the cellulose treatment process,
which confers significant advantages in health and environmental performance in contrast to
PFAS mixtures. In terms of environmental performance, lignin outperforms fluorinated
compounds due to its chemically inert fate in the environment as a major component of soil
organic matter(17)(20). This preliminary health assessment concludes that addition of lignin to
molded fiber is one of the safest strategies in our recommendations.
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6. Conclusion
6.1 Technical Comparison
6.1.1 Molded-Fiber Incorporation
Of the data collected, only those from lignin and the rhamnolipid proxy, palmitic acid, were from
sources where the material was incorporated within the fiber matrix. All other sources applied
the alternatives as films on a surface. By including temperature dependence and dispersibility in
our assessment, we have attempted to evaluate whether the films could be applied within a
cellulose fiber matrix. In terms of dispersibility, all the alternatives show promise of spreading
evenly in the wet-end cellulose slurry, although lignin requires an additive to achieve this. The
temperature of the slurry may be of concern for pectin and CNC. Since these alternatives are
synthesized at a significantly lower temperature from the slurry, they may break down before
they are able to reach the dry-end phase.
Table 6.1: The complete technical assessment of all discussed alternatives (Table 3.2 reproduced for
convenience). For sources see Appendix B.

Rankings are relative to each other:

Idea

M
 oderate

Non-ideal

DG = data gap

Further research into applying these alternatives in a cellulose fiber matrix is required. Pectin,
for example, forms by gelling with other pectin molecules. When introduced into the cellulose
matrix, this gelling may weaken, and the technical properties could change. The full capability of
pectin could still be achieved through better process design or chemical additives but further
work is needed.
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6.1.2 Food Type
Table 6.2: Assignment of food type for each alternative based off of technical assessment (1)(2)(3).

Table 6.2 displays three types of foods that are commonly stored in molded fiber: room
temperature foods with low barrier needs (e.g. salad), hot and oil-heavy foods (e.g. fries and
burgers), and hot foods with moderate oil and water content (e.g. pasta). Based on the technical
assessments, each alternative was categorized for which food types they would best serve.
All alternatives could possibly be applied to molded fiber salad bowls, because of the low
temperature and limited barriers requirements.
Nanocellulose and lignin are suitable for use in packing greasier foods, since their kit values are
very close to that of PLA and display medium levels of thermal resistance. It should be noted
that the high thermal resistance of PLA may not be necessary at the temperature of hot foods.
This high resistance most likely overperforms for its purpose and may contribute to its long
degradation time.
The high temperature and medium barrier requirements for foods like pasta match well with the
technical capabilities of rhamnolipids and lignin. Both have a high water contact angle and break
down at relatively high temperatures. These foods also tend to be heavier, which is suitable for
lignin since its tensile strength is very close to that PLA.
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6.1.3 Sustainability
A large emphasis in our search was placed on finding alternatives that were sustainability
disposed of and sourced. This led to our degradation criteria and two strategy breakdowns,
respectively. As demonstrated by the degradability section of the technical assessment, all our
alternatives are able to decompose without the influence of temperature or added microbes in
under a month. This shows great promise that they could be composted both in a home setting
and likely any composting facility. In terms of sourcing, categorizing our alternatives as those
sourced internally and externally from the paper industry helped emphasize how sustainable
alternatives can be reached through either strategy.
Rhamnolipids and pectin, sourced from outside the paper industry, are extracted from plants
and microbes as opposed to nonrenewable sources. Their processing, however, introduces use
of more energy and material. 10-30% of the cost of producing rhamnolipids comes from the
material used to feed the microbes that make them. Their material and energy efficiency,
however, can be controlled by their feedstock. Commonly, oils are used as the carbon source,
but more sustainable sources, such as sugars in agro-industrial crop residues, are possible
alternatives (4). Extraction of pectin from citrus peels requires a high amount of pressure and
temperature, but recent research has found that enzymatic extraction could reduce these
requirements (5). Finding new ways of incorporating these alternatives could help make them
more sustainable options.
The benefit of the second strategy alternatives, which are sourced from within the paper
industry, is that they have less added processing energy and materials. Lignin does require
processing from its waste form, but by utilizing a waste product there is little new material
added. Energy normally during wastewater treatment can also be redirected back into the
production line. CNC introduces no new materials, but does involve extra processing that
creates more acidic waste. The acid required for both these processes are already used in the
papermaking process.
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6.2 Hazard Comparison
Table 6.3 Summary hazard table of alternative strategies.

Hazard reductions among Group I endpoints: Candidate chemicals overall had orders of
magnitude improvements in safety among known Group I endpoints, a significant advantage of
fluorinated chemicals which pose impermissible risks to human health at low doses.
Although most known Group II endpoints were reduced, some alternative chemical hazards
scores under sensitization and irritation endpoints in Group II/II* were equivalent to the existing
chemicals or represented trade-offs primarily due to the powder forms industrial chemicals take
during manufacture. These ultimate risks posed by these chemicals correspond to select worker
populations that could be mitigated by effective management controls.
All chemicals improved the environmental performance compared to the PFAS polymer baseline
because chemicals had at least one endpoint. This has a significant advantage over side-chain
PFAS in that as data gaps and uncertainties become resolved, the potential of hazard discovery
as toxicological data emerges becomes minimal. This minimizes the potential for a regrettable
substitution, and a stark contrast to the way side-chain PFAS is used in industry today.
Data gaps and uncertainties, primarily for rhamnolipids and CNC, point to opportunities for
further research. In silico and high throughput methods by EPA CompTox provided a relatively
easy way of detecting structural alerts, but more work is needed to corroborate results and
interpret them.
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6.3 Next Steps
To continue the search for safer alternatives against PFAS among molded fiber products, we
have identified three broad next steps for researchers and molded fiber manufacturers.
(1) Continue research and testing of alternatives in a molded fiber context. Since
many of these alternatives are novel, they have not been implemented for molded fiber,
but are worth investigating. The strategies listed here may also be combined
synergistically which may be the focus of future study, for example: lignin-containing
nanocellulose (6), CNC reinforced pectin (7), incorporation of metal ions to bind
biosurfactants (8), and so on. Similarly, toxicity studies along the oral ingestion route are
necessary if these strategies are adopted and come into contact with food.
(2) The second step is the creation of a common language and standard tests in the
food packaging industry. A need for this became prominent through observations of
the roadblocks faced by molded fiber companies in their response to the FDA phase-out
of PFAS materials and the challenges that surfaced through the technical
assessments—research data varied wildly in the parameters tested and base materials
used, causing discrepancies and data gaps. While some technical performance
parameters were standard (e.g. water contact angle), other metrics for performance,
such as oil resistance and porosity, were measured using a variety of tests that could not
be compared.
(3) The third step is to take further action for further green innovation. Green
innovation does not end with replacing PFAS. The paper and molded fiber production
process involves a host of secondary materials and treatments. Traditional
manufacturing chemicals like strong acids could be substituted through a similar iterative
search for chemical alternatives via technical and hazards assessments.
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