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ABSTRACT: Waste cardboard is an underutilized resource that can be redirected for the creation of safer and higher quality
building materials for low-income housing in the developing world, as well as to produce better materials for
indoor environments in developed-world contexts. Using a renewable biobased binder and benign additives,
we have improved the water resistance of a cardboard-based composite material, overcoming one of the
major barriers to scaling and adoption of this class of materials. Resistance to water uptake was significantly
increased with several additives and was increased over 900-fold in the best case. Strength and water uptake
over time are reported for a range of fatty acid-based additives and multiple cardboard feedstocks.

KEYWORDS: Renewable biobased additives, waste valorization, water repellency, cellulose composite materials, green

chemistry

1 INTRODUCTION

According to the 2011 census, over 65 million people
in India live in dwellings deemed unfit for human
habitation, often referred to as slums [1]. Worldwide,
the estimated population living in slums was almost
1 billion people in 2006 and is expected to reach
1.4 billion by 2020 [2]. Slum dwelling walls are typi-
cally built with bricks, which are adequate for exterior
walls, but thick inner walls have a significant footprint
and preclude the inclusion of separated sanitation in
small spaces. Roofs are constructed from low qual-
ity corrugated metal or asbestos cement, which pro-
vide inadequate thermal and sound insulation and
require frequent repair. The best available alternative
material, pre-cast concrete slab, is expensive and can-
not be transported through narrow alleyways or on
rural roads. Additionally, the potential negative health
impacts of many products available in the developing
world, including asbestos cement sheets and a variety
of plastics, are a serious concern [3, 4]. Many of these
materials, along with composites that release poten-
tial carcinogens and asthmagens, are widely used in
developed-world contexts as well. There is a need for
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new affordable and durable materials with a lower
environmental impact and reduced health risk for
roofing, flooring, interior walls, and toilet superstruc-
tures in both rural and urban contexts.

Every year, 500 billion USD worth of cardboard is
produced on a global scale [5]. Two thirds of this mar-
ket is comprised of corrugated and solid fiber boxes,
with the residual made up of food containers and vari-
ous paperboard products. While a small amount of this
material is recycled or downcycled for reuse, the vast
majority is either disposed in a landfill or burned. Both
of these endpoints retain little of the original value of
the waste cardboard and result in CO, emissions and
the pollution of air or groundwater.

Given the scale on which cardboard is produced
and discarded, there is an opportunity to convert
cardboard waste into composite building materials.
Composed primarily of cellulose, cardboard con-
tains fibers that have been thoroughly processed to
remove lignin but maintain the strength and flex-
ibility of the cellulose polymer. Cardboard pulp is
ideal for incorporation into bulk materials because
the fibers can be properly dispersed to interact with
a binder in a homogeneous manner. Similarly, pro-
cessed softwood fiber has been extensively explored
for use in fiber-reinforced cement as a safer alterna-
tive to asbestos [6, 7] and as a replacement for glass
and other fibers in resin-based composites [8]. While
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fibers from cardboard tend to be shorter than those of
virgin softwood pulp, there are many environmental
advantages of valorizing waste rather than processing
a virgin material, particularly considering the energy-
intensive nature of the Kraft pulping process [9]. Well-
designed, locally sourced and manufactured materials
have the potential to improve quality of life in slum
dwellings and formal housing contexts while reduc-
ing the negative environmental and health impacts
associated with current options.

A number of research groups and commercial ven-
tures have taken the approach of valorizing fibrous
waste by using cardboard [10-12], and in some cases
straw [13, 14], as a bulk material in construction or
in packaging. Preliminary tests indicate that this sort
of composite has reasonable mechanical properties.
However, several technical obstacles must be over-
come to develop a composite cardboard-based mate-
rial that is more environmentally friendly, improves
quality of life, and is locally affordable. First, most
fiber-based materials, such as particleboard, are held
together by organic polymeric resins; these typically
contain formaldehydes and have been demonstrated
to off-gas volatile organics that are known carcino-
gens and can cause skin and respiratory sensitiza-
tion and irritation [4]. Buildings constructed with
traditional materials release chemicals that contrib-
ute to indoor air pollution [15, 16]. In some cases
formaldehyde from fiberboard has been directly
linked to occupant illness [17]. However, alternative
binders are a possibility. Cement, mentioned previ-
ously, solves many toxicity problems, but has high
embodied energy and the caustic environment can
cause degradation of cellulose fibers and negatively
impact mechanical performance [7, 18]. Biobased
binders, such as starches that are byproducts of grain
processing, offer a viable alternative but are not as
well studied.

A second more challenging obstacle is the high level
of water absorption of cardboard. If full waterproofing
is required (e.g., for outdoor applications), then sev-
eral commercial coatings, including epoxy, polyure-
thane, and other proprietary options, are available and
widely used in the building industry. However, rely-
ing on a coating for waterproofing leaves the material
vulnerable to cracks or holes made in that coating,
allowing water to enter the cardboard core and caus-
ing the cardboard to swell.

A range of chemical [19] and mechanical [20, 21]
methodologies has been used to successfully impart
hydrophobicity into cellulosic fibers. These are gen-
erally of limited use in the context of making a bulk
material waterproof; the goal of most research in this
area has been to improve interfacial binding between
relatively polar cellulosic reinforcement additive and
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a nonpolar matrix or bulk material. For example, in
cement, cellulose fibers provide a safer alternative
to asbestos fibers from a health perspective [7], and
in polymer/resin-based composites, they provide a
biobased alternative to glass or petroleum-based syn-
thetic fibers [8].

In addition to the fact that they are not optimized
for imparting bulk hydrophobicity on a material,
many of the chemical processes used to change the
polarity of cellulose do not embody the principles
of green and sustainable chemistry and engineering,
namely the design and production of materials in a
way that minimizes harm to human health and the
environment throughout the entire product life cycle
[22]. Their applications in a process intended to gener-
ate composites that are safer than existing technolo-
gies are therefore limited.

In particular, potentially hazardous chemicals
(isocyanates, organohalogen compounds) and harsh
conditions (extractions at high temperatures in a
range of organic solvents) are common in cellulose
modification. Methods to improve the water resis-
tance of cellulose fibers found in the literature typi-
cally involve covalent reactions and either “masking”
with small functional groups [23-25], crosslinking and
copolymerization [26-29], or a combination of the two
[30, 31]. The potentially hazardous or harsh condi-
tions employed in established methods are outlined in
Table S1.

If a somewhat polar biobased binder is used rather
than a nonpolar polymer or cementitious mate-
rial, then the covalent attachment of water-repellent
molecules to cellulose may not be necessary for the
cohesiveness of the material. Rather, it may be suffi-
cient to incorporate a biobased amphiphilic molecule
to impart hydrophobicity through a noncovalent
interaction with cellulose. For comparison, exam-
ples exist where silica nanoparticles are successfully
incorporated noncovalently into a fiber matrix [32].
Hydrogen bonding may provide sufficient interac-
tion between the cellulose and the hydrophilic end
of a molecule, while the hydrophobic end provides
water resistance. Specifically, long-chain fatty acids
and their salts are readily available amphiphilic mol-
ecules that have low toxicity. The broad vision of this
choice is to continue the theme of valorizing waste
products either through the saponification of used
cooking oils or through use of stearates, which are a
byproduct of the slaughtering industry. Stearic acid
is a more readily studied fatty acid source because it
is commercially available in pure form. Stearates are
broadly used as lubricants, meaning that they have
been commoditized, so their use at scale would not
introduce some of the challenges associated with
large-scale collection of waste oils.
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In this article, we analyze the impact of adding
stearate salts on the water resistance and strength of
a pulped cardboard-cornstarch composite material
that is pressed into a panel and dried. The intended
end-use of this material is as a building material made
from valorized waste and low-value products for use
in such contexts as flooring, non-load-bearing interior
walls as an alternative to plywood or MDF, or as a
coated single-layer roofing material as an alternative
to metal or asbestos cement sheeting. We explore the
differences between several methods of incorpora-
tion of stearate additive to understand practical pro-
cess implications in a factory setting and compare its
efficacy to that of oleic acid, the cis-monounsaturated
analogue of stearic acid, which is a liquid at room tem-
perature. These variants of the material, along with
samples without additives, are compared by way of
water uptake upon immersion of small samples cut
from manufactured panels. Additionally, the strength
of the material with and without additive is compared
with some standard non-load-bearing materials. The
combined results of these tests provide an indication of
reasonable applications for this new material for use in
the built environment. This material does not contain
formaldehydes or other harmful volatile organic com-
pounds (VOCs), is sourced from waste and byprod-
ucts and so does not contribute to resource extraction
and exploitation, is biobased and will degrade readily
at its end-of-life, and is a potentially suitable alterna-
tive building material panel for a range of applications
in development and conventional built environment
contexts.

2 MATERIALS AND METHODS

2.1 Materials Used in Fabrication of
Samples

Cardboard, or paperboard was sourced from one of
three places:

e Paper plate factory in GIDC Vatwa,
Ahmedabad, India. This material is leftover
after cutting disposable plates from large reams
of non-corrugated paperboard. This material
is referred to as “India Paper” throughout the
text and Supporting Information.

® Regular unbleached North American corru-
gated cardboard from shipping boxes (such as
those provided by Sigma Aldrich). This mate-
rialisreferred toas “US Cardboard” throughout
the text and Supporting Information.

¢ Chinet brand paper plates “Classic White”
purchased off the shelf in Berkeley, CA. This
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material is referred to as “US Plate” through-
out the text and Supporting Information.

Cornstarch was purchased from local industrial
food suppliers.

Coconut fiber was obtained from local suppliers in
Ahmedabad, India.

Sodium stearate, calcium stearate, oleic acid, cal-
cium hydroxide, hydrochloric acid, and calcium chlo-
ride were purchased from chemical suppliers and
used as received.

Epoxy and hardener were purchased from local
coatings suppliers and combined and used as directed
on the packaging.

Birch plywood, bullnose MDF (medium-density
fiberboard), and regular MDF used for material
strength comparisons were purchased from a hard-
ware store in Berkeley, CA.

2.2 Sample Preparation

Sample preparation took place in two facilities by very
similar methods as described below.

Method A: For each m? of final panel, 23.0 kg card-
board strips were weighed and soaked in water for
24 to 48 h to saturate and begin dispersing the fibers.
The soaked cardboard was then transferred from the
water to an industrial food processor, keeping enough
water in the mixture to facilitate blending into a uni-
form pulp. The pulp was transferred to an upright
cement mixer of appropriate size. At this point, addi-
tives were introduced to the mixture as described
in Table 1, mixing between each added component.
Following the incorporation of additives, 12.3 L of a
33% wt/wt homogeneous suspension of cornstarch
in near-boiling water was mixed into the pulp, and
270 g/m? coconut fiber was added. The material

Table 1 Additive compositions (in amount per m* of
final dried panel).

Sample |Sample
name description Sample details
Control [Control, no No additive
additive
NaSt Sodium 3.68 kg/m? sodium stearate,
stearate/HCl/|  12.65 mol/m? hydrochloric
Ca(OH), acid, 486 g/m? calcium
hydroxide
CaSt Calcium stearate | 3.68 kg/m? calcium stearate
added directly
OleH Oleic acid 3.68 kg/m? oleic acid
CaOle Oleic acid/ 3.68 kg/m? oleic acid,
Ca(OH), 486 g/m? calcium
hydroxide
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was transferred into a mold of appropriate size and
pressed with approximately 4.3 MPa (45 tonnes/ft?)
for roughly 45 minutes. The resulting panel was dried
in an oven at 80-120 °C until the weight of the panel
matched the sum of the original dry components to
within 5% (typically 48-72 h).

Method B: Using the same quantities per m* as in
Method A, cardboard was weighed, torn into 1.5 foot
squares, and soaked in water overnight to saturate
and begin dispersing the fiber. The cardboard was
then torn into 4 inch strips. In batches, these strips
were mixed with an adequate amount of water in a
food processor on high speed. In this way, the mate-
rial was reduced to a pulp with no distinct sheets of
cardboard visible. The resulting slurry was squeezed
between two perforated colanders to remove excess
water. At this point, additives were added as described
in Table 1, mixing between each added component.
In a mixer, the slurry and coconut fibers (pre-cut into
3 cm lengths) were combined in alternating portions
until all of the slurry and fibers had been added. A sus-
pension of cornstarch in water heated to 60 °C, mixed
carefully to avoid clumps, was added to the mixture,
and the material was blended with a dough hook on
medium-low speed until the cornstarch mixture was
fully incorporated. The material was then scooped into
a mold of appropriate size lined with wire mesh and
vegetable oil to prevent the material from sticking and
pressed with approximately 4.3 MPa (45 tonnes/ ft?) for
roughly 20 minutes. The resulting panel was dried in
an oven at 110 °C until the weight of the panel matched
the sum of the original dry components to within 5%.

All panels were cut into 50 mm x 50 mm samples
for water immersion testing and 305 mm x 152 mm
samples for strength testing. Samples from the outer
50 mm perimeter of each pressed panel, as well as
any sample showing visible cracks on any face, were
rejected from the testing set. Throughout the text, sam-
ples are referred to by their cardboard feedstock and
additive content, for example, “India Paper-CaOle” is
a sample made from the Indian paper plate cardboard
feedstock that contains the calcium oleate additive.

Oleic Acid Dipping of Samples — Some 50 mm x
50 mm samples were dipped in oleic acid or first
oleic acid and subsequently a saturated aqueous solu-
tion of calcium chloride. The oleic acid was heated to
~50 °C, and the sample was fully immersed for 2 s
then allowed to drip dry for 15 s. If the sample was
subsequently dipped in saturated CaCl, solution, this
occurred immediately; the sample was fully immersed
in the aqueous solution for 2 s. In both cases, samples
were then allowed to fully dry overnight or longer at
room temperature before any further testing.

Epoxy Coating of Samples — Some samples were
coated in epoxy and then scored on one face (see
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Figure 4a). In all cases, the epoxy was mixed accord-
ing to the manufacturer’s directions, and then applied
to the samples with a paintbrush. Three coats were
applied to each sample, waiting for each coat to dry
but not fully cure. A ~2 mm deep cut that extended
through the coating and exposed uncoated material
was made into one of the 50 mm x 50 mm faces of each
sample across the center of that face.

2.3 Water Uptake Measurement during
Immersion of Samples

All samples were weighed when dry and equilibrated
to ambient indoor conditions in Berkeley, California
(~22 °C, 50-75% humidity). Samples were subse-
quently immersed in water, using weights to keep
them submerged because all samples float in water
initially. Masses were obtained on a Mettler Toledo
PL203 top-loading balance (210 x 0.001 g + 0.002 g)
after 5 min, 10 min, 30 min, 1 h, 4 h, 8 h, 24 h, and daily
beyond that time. Samples were removed from testing
once they had reached 1.5 times their original mass.
Epoxy-coated samples were tested at the same inter-
vals; sampling frequency was reduced to 72-168 hours
after two months.

2.4 Data Analysis for Water Uptake Tests

Raw data of mass as a function of time for each sam-
ple was divided by the original (dry) sample mass
to give a ratio relative to original mass. From these
ratios, we determined the last recorded time at which
each sample remained below mass thresholds of 1.05
(5% mass gain), 1.10 (10% mass gain), 1.20 (20% mass
gain), 1.30 (30% mass gain), 1.40 (40% mass gain) and
1.50 (50% mass gain), as well as the first time the mass
exceeded 1.50 (50% mass gain), which was considered
to constitute “failure,” marking the end of the experi-
ment for each sample. For samples that gained a large
amount of mass before the first data collection, we
recorded a time of 0.001 hours to simplify computer-
ized statistical analysis.

To compare among treatments (Control, NaSt, CaSt,
OleH, CaOle, samples dipped in oleic acid, samples
dipped in oleic acid /CaCl,) and cardboard feedstocks
(US Cardboard, India Paper, US Plate), t-tests were
run comparing the groups of data for each treatment
at each level of mass gain (less than 5%, 10%, 20%,
30%, 40%, 50%, and greater than 50%). In nearly all
cases, an F-test revealed that standard deviations were
significantly different between samples, so degrees of
freedom and t-values for each comparison were deter-
mined using general-case equations [33]. Treatments
were considered to have significantly different
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outcomes if they passed the t-test at a 95% or greater
confidence level.

2.5 Water Droplet Interactions with
Material Surface

The behavior of single water drops on the surface of
small panels was investigated using digital photogra-
phy. These panels were prepared by the same procedure
as outlined in Section 2.2, but in ~10 cm x 10 cm samples
and with no additive, 2.13 kg/m? or 2.89 kg /m? sodium
stearate (along with the corresponding quantities of
hydrochloric acid and calcium hydroxide to maintain
the same ratios as in Table 1) as part of an early rapid-
screening process. A device similar in principle to a basic
contact angle measurement goniometer, such as the
DataPhysics OCA 15EC [34, 35], was constructed using
a Canon PowerShot A430 digital camera, a ring stand
and clamps. A sample was placed on a slide, which was
manually tilted to make the sample surface parallel to
the optical axis. A water droplet was dispensed from a
Pasteur pipette positioned just high enough above the
sample such that the drop would not remain adher-
ing to the pipette after falling onto the sample surface.
Drops were dispensed onto flat and uniformly textured
portions of panel samples. The 4-megapixel camera,
using 2-3x optical zoom and “Super Macro” mode, was
used to capture images of the water-surface interface at
1s,5s,20s, and 20 min after the release of the droplet.

2.6 Strength Testing by Four-Point Test

Strength testing of the cardboard composite materials,
and of other materials for comparison, was conducted
by way of a four-point bending test in accordance with
the ASTM D6272-10 Standard Test Method, which is
applicable for rigid and semi-rigid composites in the
form of rectangular bars. Samples (305 mm x 152
mm) were marked at the center to assist in measuring
deflection during testing. Additional lines were added
to mark the placement of the loading noses and sup-
ports of the four-point bending fixture.

The samples were tested in a Baldwin Universal
Testing Machine (UTM) with a maximum capacity of
24 kips (107 kN). Each sample was placed on two bot-
tom supports before two upper supports and a swivel
head were rested symmetrically on top of the sample.
For each of the bottom and top pairs of supports, one
was a point load support able to swivel, and the other
was a line load support, which remained fixed. The
load span length at 76 mm, or distance between the
two loading points, was one third of the support span
length at 229 mm. The radii of the support loading
noses were 6 mm.

J. Renew. Mater., Vol. 5, No. 1, January 2017

The UTM was set to a constant deflection rate of
0.018 inches/minute (0.46 mm/minute). A linear
variable differential transformer (LVDT) was placed
beneath the center of the tile to measure the maximum
deflection of the sample in real time, while LabVIEW®©
software [36] recorded and graphed this deflection as
well as the load from the UTM. The tests proceeded
uninterrupted beyond the point where a distinct max-
imum flexural load was reached as indicated on the
LabVIEW load-deflection graph. Strength tests were
halted when fractures became visible on the surface
of the test sample between the upper supports. One
sample that showed signs of failure outside the center
third of its geometry was removed from the data set
due to inconsistencies in its material properties.

From the maximum load and deflection data,
modulus of rupture (MOR) and bending modulus of
each sample were calculated [37]. Multiple samples
were run for each treatment, and the grouped data
were compared by way of a t-test. In nearly all cases,
an F-test revealed that standard deviations were sig-
nificantly different between samples, so degrees of
freedom and t-values for each comparison were deter-
mined using general-case equations [33]. Treatments
were considered to have significantly different out-
comes if they passed the t-test at a 95% or greater con-
fidence level.

3 RESULTS AND DISCUSSION

3.1 Water Resistance/Immersion Tests

In initial experiments, samples were prepared with
sodium stearate/HCl/Ca(OH), (referred to as “NaSt”
throughout) as additives to determine the influ-
ence of these additives on hydrophobicity and water
uptake. Sodium stearate is partially soluble in water
and can be readily incorporated in the slurry of card-
board material. The sodium stearate was acidified to
improve solubility and interactions with the cardboard
using a slight excess of hydrochloric acid (Equation 1).
Calcium hydroxide was subsequently added to form
the insoluble calcium stearate salt (Equation 2). These
initial tests showed a significant difference in water
uptake between control panels (those with no addi-
tive) and those containing the NaSt/HCl/Ca(OH),
additive (Figure 1; numerical data for all graphs can
be found in the Supporting Information).

C,,H,.COONa + HCl - C, H,.COOH + NaCl (1)

2C_H,.COOH + Ca(OH), - (C_H,.COO) Ca
+2HO @

Working at a large scale in a factory setting means
that each step of measurement and addition impacts
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Figure 1 Mass increase vs. immersion time of 50 mm x
50 mm samples including a Control and NaSt, CaSt, OleH,
and CaOle additives. Boxplots for each level of mass gain
(denoted by color) and each additive treatment (grouped,
labeled on x-axis) show median (line), second to third
quartiles (box), most extreme data point within 1.5 x the
interquartile range (whiskers), and outliers (black dots).

the time needed for the process and therefore poten-
tially the cost and/or the exposure of workers to the
material in use. To determine whether water resistance
was affected by the use of calcium stearate directly as a
powder vs. calcium stearate prepared indirectly by the
addition of sodium stearate/HCI/Ca(OH),, samples
were prepared using calcium stearate directly. The
procedure beginning with sodium stearate produced
samples with significantly longer immersion time
before failure (Figure 1). This graph demonstrates both
the improved performance of tiles based on additive
and the large amount of variance between their perfor-
mances. The high level of variability in performance is
likely a result of a small-scale manufacturing process;
specifically the degree of compression of material dur-
ing pressing and inconsistencies in drying tempera-
ture may cause variation between pressed panels, and
samples from nearer to the edges of a particular panel
to be lower in density or have microscopic cracks that
allowed water penetration.

6 J. Renew. Mater., Vol. 5, No. 1, January 2017

Figure 2 Structures of (a) stearic acid and (b) oleic acid.

The difference in performance between NaSt/HCl/
Ca(OH), and direct CaSt, additives may be explained
by poor dispersion of calcium stearate within the
slurry while preparing these samples. Calcium stea-
rate powder is so hydrophobic that, even when wet,
it puffs up as a powder above the cement mixer, while
sodium stearate “wets” and becomes better incorpo-
rated into the mixture. The extreme hydrophobicity of
the calcium stearate powder meant that this material
was in fact quite difficult to work with in an industrial
setting, as it mixed poorly with the pulp and tended
to coat surrounding surfaces in fine white dust. While
it is a low toxicity compound, which means a single
exposure is not of great concern from a worker health
and safety perspective, repeated exposure to fine par-
ticulates of this material could potentially cause respi-
ratory irritation and related chronic issues [38]. When
choosing a waterproofing additive that is benign
throughout its lifecycle, this is a serious concern, and
so both the properties of calcium stearate itself and the
lower performance of the composite containing cal-
cium stearate suggest that it is a poor choice in this
context.

Recognizing that working with any powder, even
one less challenging to manipulate than calcium stea-
rate, may have both practical and health and safety
concerns at a large scale, a fully liquid alternative
additive was investigated. Oleic acid is an 18-carbon
carboxylic acid and a cis-monounsaturated analogue
of stearic acid. The unsaturation in the long fatty acid
tail introduces a “kink” which decreases the strength
of van der Waals forces between molecules, and as a
result, oleic acid is a liquid at room temperature, while
stearic acid is a solid (Figure 2). While there are poten-
tial durability issues surrounding the oxidation and
degradation of oleic acid, it is the liquid fatty acid that
should provide the closest behavior to stearic acid in
terms of hydrophobicity.

Samples were prepared containing either oleic acid
or oleic acid and subsequently Ca(OH), to form the
calcium oleate salt (OleH and CaOle, respectively,
Figure 1). CaOle samples performed significantly
better than corresponding OleH and NaSt samples.
There was no significant difference in the behavior of

d © 2017 Scrivener Publishing LLC
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OleH and NaSt samples, suggesting that a combina-
tion of greater dispersion of the liquid fatty acid (as
compared to a partially soluble powder in the case of
NaSt) and hydrophobicity of the final calcium salt (as
compared to the free acid) both contribute to the better
water resistance of CaOle samples.

An alternate mode of incorporating oleic acid into
samples was also explored. Fully prepared, dried, and
cut material samples were dipped in oleic acid for sev-
eral seconds and then allowed to dry. This was done
both with oleic acid and with oleic acid followed by
a saturated aqueous solution of calcium chloride to
allow substitution of the acid group with a less soluble
calcium counterion. The data for this experiment is
shown in Figure 3. While both conditions of dipped
samples perform significantly better than the Control,

150

100

Time (hours)

(L] L] L]
L
()= e—.ee — —r—
1 1 1 1 1
Control OleH Dip CaOle Dip OleH CaOle
Dip/additive

Percent mass gain
B <s% [l <10% ES <20% [ <30%
B <40% B8 <50% [l >50%

Figure 3 Mass Increase vs. immersion time of 50 mm x
50 mm samples containing no additive that have been
dipped in nothing (Control), oleic acid or oleic acid and
calcium chloride, as well as samples containing OleH or
CaOle additive. Boxplots for each level of mass gain (denoted
by color) and each additive treatment (grouped, labeled on
x-axis) show median (line), second to third quartiles (box),
most extreme data point within 1.5 x the interquartile range
(whiskers), and outliers (black dots).
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there is no significant difference in performance
between samples dipped only in oleic acid and those
subsequently dipped in calcium chloride solution. For
most levels of mass increase, there is also no signifi-
cant difference between either type of dipped samples
and NaSt additive samples, although the samples
with additive do take significantly longer to reach 5%
mass gain than either type of dipped sample. CaOle
samples take significantly more time to reach 20, 30,
40, and 50% mass gains than either type of dipped
samples, suggesting that incorporation of an additive
is a more effective means of imparting water resistance
than dipping the material in the additive after press-
ing and drying.

The above immersion experiments provided a sur-
rogate for the “worst case scenario” of water expo-
sure of a building material. In most applications, bulk
materials would be covered with some kind of coat-
ing (either paint or a more robust outer shell), often
providing a great deal of water repellency. To simu-
late the situation where our building material has a
waterproof coating, but is compromised by a crack or
scratch, samples containing all of the different addi-
tives discussed above were coated with epoxy. A
controlled point of failure was introduced by way of
a ~2 mm deep cut along one of the faces of the sam-
ple, exposing the cardboard beneath the coating (see
Figure 4). These samples were then tested for water
resistance by soaking in the same manner as those not
coated with epoxy.

Theresults of water resistance tests for epoxy-coated
NaSt, CaSt, OleH, and CaOle samples are shown in
Figure 5. All additives except CaSt again performed
significantly better than the control at nearly all lev-
els of water uptake; CaSt performed noticeably better
than the Control and significantly worse than any of
the other three additives. This graph again demon-
strates the difference in performance between Control
and tiles with additives and large amount of variance
among samples for each treatment. In general, there is
no statistically significant difference between the per-
formance of NaSt, OleH, and CaOle additives under
these conditions. In many cases, tiles with NaSt, OleH,
and CaOle additives survived for over five months
before reaching 50% mass increase, in striking contrast
to the very best of the control samples, which lasted
for only 72 hours.

The long-term viability of this material is dependent
on how sensitive the properties are to available card-
board type. To understand the potential differences in
water uptake between feedstocks, we prepared sam-
ples using three different cardboard sources: US corru-
gated cardboard (US Cardboard), paper plate discards
from a factory in India (India Paper), and Chinet-brand
paper plates purchased in the United States (US Plate).
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(c)

Figure 4 Epoxy-coated and scored samples, side and angled view. (a) Before immersion testing (0% mass gain). (b) During
immersion testing, showing some swelling due to water uptake (20% mass gain). (c¢) After immersion testing and failure (50%

mass gain).

For the first two, we prepared samples both with and
without sodium stearate additive. Data comparing
the water-uptake tests of these materials are found in
Figure 6. Differences among the paper sources and the
US Cardboard are small compared to the distinction
between samples with and without additive and, in most
conditions, are not statistically significant. This suggests
that various cardboard feedstocks could be used to pro-
duce this material and that all would benefit from the
use of a waterproofing additive of some variety.

3.2 Water Droplet Interactions with
Material Surface

To better understand the interaction of water with the
surface of our material, a device was constructed to

8 J. Renew. Mater., Vol. 5, No. 1, January 2017

take high-resolution photographs of a level material
surface. This device was similar to those made for the
measurement of contact angle of liquids on surfaces.
However, irregularities in panel surfaces, especially
protruding fibers, resulted in asymmetrical water
drops and prevented precise measurement of contact
angle and therefore calculation of surface free energy
[35]. This is a common problem when working with
fibrous, hydrophilic materials [39].

To provide a qualitative understanding of the
behavior of this material, high resolution photo-
graphs were taken at 1 s, 5 s, 20 s, and 20 min times
after a drop was dispensed. A clear difference in drop
behavior among materials with different levels of
additive was observed. Timed photo sets were taken
using multiple panels of each type, and the image
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Figure 5 Mass increase vs. immersion time of 50 mm x
50 mm samples coated in epoxy and then scored, including
a Control and NaSt, CaSt, OleH, and CaOle additives.
Boxplots for each level of mass gain (denoted by color) and
each additive treatment (grouped, labeled on x-axis) show
median (line), second to third quartiles (box), most extreme
data point within 1.5 x the interquartile range (whiskers),
and outliers (black dots).

sets in Figure 7 are representative of all observations.
Control panels showed immediate disappearance
of the water drop, suggesting wetting of the surface
and subsequent absorption by the porous material.
Panels containing 2.13 kg/m? NaSt additive (sodium
stearate and corresponding hydrochloric acid and cal-
cium hydroxide) showed only marginally slower dis-
appearance (and corresponding absorption). Panels
containing 2.89 kg/m? NaSt additive showed a con-
sistent droplet shape and almost no change in size
after 20 minutes, suggesting that at higher levels, the
additive imparts surface hydrophobicity to this mate-
rial and prevents wetting and subsequent absorption.
Given the porosity of the material (as contrasted with
glass, which will “wet” but not absorb water), these
observations of surface hydrophobicity are consistent
with the apparent hydrophobicity of the bulk material
observed in our measurements of bulk material water
uptake.

J. Renew. Mater., Vol. 5, No. 1, January 2017
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Figure 6 Mass increase vs. immersion time of 50 mm
x 50 mm samples made from cardboard from three
different sources: paper plates from India (India Paper),
containerboard from the United States (US Cardboard), and
paper plates from the United States (US Plate). Boxplots for
each level of mass gain (denoted by color) and each additive
treatment (grouped, labeled on x-axis) show median (line),
second to third quartiles (box), most extreme data point
within 1.5 x the interquartile range (whiskers), and outliers
(black dots).

3.3 Modulus of Rupture and Bending
Modulus

Having demonstrated that additives significantly
improve the water resistance of the material, it was
important to understand any tradeoffs in terms of the
mechanics of the material associated with the presence
of additives. A four-point bending test in accordance
with the ASTM D6272-10 Standard Test Method was
used to record load-deflection curves for 152 mm by
305 mm samples of the material with various card-
board feedstocks and additives. From these curves the
maximum flexural loads and maximum deflections for
each sample were obtained and used to calculate the
modulus of rupture (MOR) in bending (the stress in
a cross section of the sample at the point of failure)
and the modulus of elasticity in bending, also known
as the bending modulus. The MOR and the bending
modulus are only considered valid for failures located
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Figure 7 Drops of water after 1 second, 5 seconds, 20 seconds and 20 minutes after being deposited on (a) control panel,
(b) 2.13 kg/m? NaSt panel, and (c) 2.89 kg/m? NaSt panel. The smaller drop size in (c) after 20 minutes is due to evaporation,

with no panel wetting occurring.

in the center third of the sample by length, which is the
region where failure was observed in all cases except
one. The MOR was calculated with the assumption that
samples were perfect rectangles with no warp and that
during strength testing, the elastic modulus was linear
up to the point of failure. Linear regression graphs of
the load vs. deflection curves of our samples validated
our assumption (see Supporting Information).

Figure 8 shows the MOR data for materials made
from the India Paper feedstock with various addi-
tives. In general, additives reduced the strength of the
material when compared to the control. Tiles contain-
ing CaSt, OleH, CaOle, and NaSt all had significantly
lower values of MOR as compared to the Control but
did not differ significantly from each other. On aver-
age, tiles containing additives had between 54% and
65% the MOR of the Control (7.25 MPa). The bending
modulus did not vary significantly between additives

10 J. Renew. Mater., Vol. 5, No. 1, January 2017

or between samples containing additive and the
Control.

The impact of feedstock choice on strength param-
eters, both with and without additive, was also tested
to help understand the implications of this work in
situations where access to cardboard feedstocks may
vary. There were significant differences between the
cardboard feedstock used in India (leftovers from a
paper plate factory, India Paper), the paper plates
sourced in the US (US Plate), and the general con-
tainerboard waste used in the US (US Cardboard).
US Cardboard and US Plates yielded a composite
with a significantly higher MOR than India Paper.
In US Cardboard and India Paper samples, the NaSt
additive decreased the MOR to 60% and 53% of the
MOR of the Control samples, 5.61 and 7.25 MPa
respectively. The MOR data for these samples are
shown in Figure 9.
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Figure 8 Modulus of rupture as calculated from the results
of a four-point bend test of 152 mm x 305 mm samples
including a Control and NaSt, CaSt, OleH, and CaOle
additives. Boxplots show median (line), second to third
quartiles (box), most extreme data point within 1.5 x the
interquartile range (whiskers), and outliers (black dots).

The bending modulus was again not impacted by
the presence or absence of additive. The bending mod-
ulus was, however, impacted by cardboard feedstock.
India Paper samples had higher bending moduli than
either of the US feedstocks.

Commercially available samples of birch plywood,
bullnose MDF (medium-density fiberboard), and
MDF were tested using the same four-point bending
test for comparison. The MOR of the cardboard con-
trol was roughly 31% that of the plywood (18.23 MPa),
41% that of bullnose MDF (13.761 MPa), and 13%
that of MDF (43 MPa). The bending modulus of the
cardboard control tile was similar to that of the birch
plywood, but significantly lower than those of the
Bullnose MDF and MDF samples. The values calcu-
lated for standard materials (18.23 MPa for plywood,
43 MPa for MDF) were comparable to those found
in the literature (33.72-42.61 MPa for plywood, 35.85
MPa for MDF). This amount of variability in MOR is
expected between experimental setups [40].

4 CONCLUSIONS AND FUTURE
WORK

We have demonstrated that the addition of long-chain
fatty acid salts to a new composite building material

J. Renew. Mater., Vol. 5, No. 1, January 2017
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Figure 9 Modulus of rupture as calculated from the results
of a four-point bend test of 152 mm x 305 mm samples from
three different cardboard feedstocks, the first two with and
without sodium stearate additive. Boxplots show median
(line), second to third quartiles (box), most extreme data
point within 1.5 x the interquartile range (whiskers), and
outliers (black dots).

based on waste cardboard and a biobased binder
provides significantly increased water repellency for
these materials. The best additive, calcium oleate,
increased the time to failure by nearly 900-fold in an
uncoated “worst case scenario” immersion test and by
over 160-fold in a more realistic test with water expo-
sure of the material through a damaged waterproof
coating. The best cases demonstrate that this material
can survive with the vulnerable core exposed while
submerged in water for over five months. The likely
mechanism of this water-resistance is an interaction
of the hydrophilic end of the molecule with the cel-
lulose fibers of the cardboard and repellency with
the hydrophobic end of the molecule. In addition to
being water repellent in the presence of these addi-
tives, the material has a modulus of rupture that
ranges between 3.3 MPa and 7.4 MPa and is weaker
in the presence of waterproofing additives. Choice of
cardboard feedstock had some impact on modulus of
rupture and on some levels of water uptake, but the
differences were small, suggesting that various card-
board feedstocks may be appropriate for use in this
building material. The material is weaker than, but
comparable to, plywood and MDF and has a similar
bending modulus to plywood. Our work is ongoing to
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understand the additional technical limitations of this
material, such as durability and microbial resistance.
While outside the scope of this work, cost of the mate-
rial will ultimately be an important consideration as
well. Additionally, a robust manufacturing process
must be developed to address the high variability in
water resistance observed in materials produced on a
very small scale. We are working to determine in what
markets this material may have the broadest impacts
for improving material health in the built environ-
ment, both within Western regulatory frameworks
and in developing economies.
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