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Abstract

Waterborne polyurethane (WPU) coatings used for moisture protection of surfaces have been used broadly. They have
been considered environmentally friendly because their synthesis releases less or no volatile organic compounds (VOCs)
to the atmosphere. With the Covid-19 pandemic concerns, cleaning protocols of these surfaces have been applied and
scientific knowledge about the effects of these liquids on WPU surfaces is necessary. In this work, diffusion experiments
were performed using four liquids, in pure WPU and WPU filled with graphene oxide (GO). Detergent had the most
severe effect on polyurethane films, causing severe cracks and weight loss. Diffusion parameters of HCI 5% and HCI
10% were greater in WPU/GO nanocomposites than in pure WPU. Mechanical tests under chemical aging showed that
alcohol reduced most the tensile strength and Young modulus. Overall, GO protected the films for all liquid exposures,
increasing their tensile strength and Young modulus.
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1. Introduction

Polyurethanes (PUs) are a particularly important class
of thermoset coatings, with widespread applications in the
automotive, acrospace, industrial maintenance, wood, and
plastic coatings fields. However, the coatings industry has
become increasingly concerned with environmental issues,
adopting attitudes to increasingly reduce the emission of
volatile organic compounds (VOCs) into the atmosphere.
One of these approaches is the replacement of solvent-based
PU with water-based/waterborne PU (WPU)!'2|. Waterborne
coatings appear as an excellent option when concerns for
the environment is a priority, as well as compliance with
the environmental standards of each country?®#. Waterborne
polyurethane dispersions have emerged as an important
alternative to solvent-borne adhesives and coatings due to
environmental concerns>®!,

WPU coatings have properties desired by the industry,
such as chemical resistance, flexibility and relative thermal
and mechanical resistance. However, in some applications
that demand higher levels at the limits of these properties,
thermoset WPU films may not meet the demand".
The incorporation of nanofillers into the WPU matrix
can eliminate this type of limitation, as the filler plays an
important role in increasing the physicochemical properties
of polymers and, therefore, can be used for the development
of a new generation of composite materials. Clay, nano
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silica, cellulose nanocrystal, carbon nanotubes, graphene
oxide (GO), reduced graphene oxide and graphene can
be used for this purpose!®. Among the various nanofillers
employed in the fabrication of polymer nanocomposites,
graphene and graphene-based materials such as GO have
attracted significant attention to researchers and scientists
due to their unique combination of properties®!?. Polymer
nanocomposites based on PU and graphene-based materials
have a great application opportunity in automobile body
parts, flexible pipes, biomedical devices, paints, coating
of wires and cables, protective coatings in the construction
industry, etct®l.

Graphene oxide is capable of providing surprising
improvements in material properties when used in a composite,
even at a very low percentage (up to 1%w/w), acting as a
multifunctional crosslinker as well as a filler. Researchers
and scientists working around the world are curious to
discover the hidden potential of this 2D nanomaterial in
enhancing polyurethane properties!'>!¥, Pokharel and Lee!!!
demonstrated an improvement of 40.5% in tensile strength
and 19% in elasticity of PU with the addition of 1%w/w of
GO. The advantage of GO over graphene when incorporating
into water-based PU is that, compared with graphene, GO
is easy to be homogeneously dispersed in aqueous solution,
which is attributed to the existence of a large number of
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oxygen-containing functional groups, such as hydroxyl,
carboxyl, carbonyl and epoxy!'®. Nanomaterials such as
nano-silica, nano-zinc oxide, nano-titanium dioxide, clay,
and cellulose nanocrystals have been widely used to improve
the properties of waterborne polyurethanel!”.

Moreover, after the Covid-19 pandemic, frequent
surface cleaning became mandatory mainly in public
locations. In many cases, these surfaces are protected with
WPU coating, as in civil constructions, since this polymer
coating is used as a surface waterproof protection. Common
cleaner liquids for this purpose include alcohols, diluted
dishwashing detergents, HCI diluted in water (muriatic
acid) and so on!'®"!. As a result, understanding the effects
of these liquids exposure in polymeric coating properties
plays an important role in polymer science.

In this regard, this work aims to study the effect of the
exposure of four liquids (HCI 5%, HCI 10%, 70% Ethyl
alcohol and 50% diluted detergent) in WPU and how the
addiction of GO in WPU matrix can influence in this
behavior, based in diffusion approach, tensile properties and
infrared spectroscopy. No scientific work has been found
in the database exploring this subject so far.

2. Materials and Methods
2.1 Materials

Waterborne polyurethane, a commercial grade provided
from Holf Hacker®, was used as supplied. This product is
used as a waterproof agent in civil buildings, applied as a
coating in concrete surfaces, wood and floors.

2.2 GO Synthesis and WPU/GO preparation

GO Synthesis follows a modified Hummers method?”.
Natural graphite flakes (5.0 g - 140 mesh) was intercalated
with 100 mL of a freshly prepared mixture of sulfuric-nitric
acid (4:1 v/v) to yield graphite intercalation. The resulting
mixture was stirred for 16 h, and then filtered through
a Hirsch funnel. The resulting product was rinsed with
deionized water (DI) until the filtrate reached neutrality
and then dried in an oven for 24 h at 80 °C. The dried
intercalated graphite was expanded by irradiation in a
microwave oven (1.2 kW, Consul, Brazil) for 3-5 min.
The expanded graphite was mixed with a 35% hydroalcoholic
ethanol solution, followed by sonication for 5 min (50%
amplitude) with an immersion ultrasonic probe (Sonics
Vibra Cell Vc 505, 500W, 20 kHz, Sonics & Materials)
at room temperature. The exfoliated graphite was filtered,
washed with DI, air-dried for 24 h, and then dried at 80 °C
overnight. An additional oxidation reaction was carried out
using 1.0 g of exfoliated graphite with a solution of 0.5 g
of NaNO, in 25 mL of concentrated H,SO,. The mixture
was stirred for 40 min in an ice bath. KMnO, (3.0 g)
was added, and additional stirring was carried on for an
additional 2 h. The mixture was then left to rest at room
temperature for 30 min, and excess H,0, (5%) was added.
The resulting mixture was rapidly heated up to 90 °C in
a water bath and filtered through a Teflon™ membrane
(Milipore VVLP type 0.1 uM). The residue was washed
with DI, air-dried for 24 h, and then dried at 80 °C in an
oven, yielding 3.15 g of GO.
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WPU/GO thin films were prepared by directly mixing
GO in the WPU solution as provided. Initially, the water
content in the polyurethane solution was measured and
subtracted in the calculation of GO ratio, as this water
evaporates during the coalescence and cure of the WPU film
when it dries. The WPU and WPU/GO solutions were cast
in PTFE (polytetrafluoroethylene) molds and dried at room
temperature (~28°C). The GO in specific ratio was added
in a Becker containing WPU and put in vigorous magnetic
stirrer for 2h. The GO ratios used in this work were 0.25,
0.5, and 1%w/w™2,

2.3 Diffusion parameter

Swelling experiments were performed at WPU or
WPU/GO film samples immersed in four liquids, HC1 5%,
HCI 10%, 70% ethyl alcohol and 50% diluted solution of
a commercial dishwashing detergent in deionized (DI)
water. The films used in this test measured approximately
0.8x10x20 mm and were used in triplicate for each liquid.
Film samples were placed in glass flasks with about 100 mL
of each liquid at room temperature for an extended period
(up to 1500 hours), until the plateau region reached stability
and could be clearly identified. At regular intervals, the
samples were removed from the liquid, carefully dried with
paper towels, quickly weighed (APX-200 balance, 0.01mg
precision, Denver Instruments), and then returned to the
soaking bath. Sorption graphics of the samples can provide
the diffusion parameters for surface-active liquids in the
PU, using equations such as Fick’s 2nd law of diffusion?!):

5C, /5::1)(52cd /§x2) 1)

where ‘C,’ is the concentration of the diffusing substance,
‘D’ is the diffusion parameter and ‘£’ is time. A solution to
the above equation for diffusion in a flat sheet with surfaces
maintained at a constant concentration is given by Crank’s
Equation® as:

0
M My, =1=) 8/ 7% (2n+1)° xexp(-D(2n-+1) %1/ 1) (2)
=0

where ‘L’ is the thickness of the sheet, ‘M. and ‘M’ are,
respectively, the mass of the diffusing substance after
a given soaking time ‘¢’ and at the final sorption time
(equilibrium) ‘o0’. The ratio M /M, ratio in Equation 3 can
be expressed as?!:

My I Moy =Wy =Wy )/ (W, = Wy) (3)

where ‘W’ is the weight of the dry sample, ‘W’ is the
sample weight after a given soaking time ‘7, and ‘W ’is the
sample weight in the sorption equilibrium. In short soaking
times, the mass of the diffusing substance can be considered
as proportional to \t. This approximation is called The
Square-Root-of-Time law!®! or Stefan’s approximation®®!!
which is given by Equation 4:

1
M, /M, =4Dt/ an]A 4)
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Aplot of Mt/Moo versus the square root of sorption time
(\/t) is generally termed as ‘sorption curve’and ‘D’ is calculated
from the slope of the initial linear portion of this curvel?!->*.
A Fickian-type diffusion is characterized by diffusion rates
lower than polymer segmental relaxations, owing to various
modes of interaction within the penetrant-polymer system,
such as mechanical and structural interactions?!l.

2.4 Tensile strength test

Stress-strain curves were obtained on an Intermetric
IM100 mechanical test machine, using a crosshead speed
of 20mm/min (ASTM D 882-18). The tests were conducted
on pure WPU thin films and WPU/GO thin films in all GO
ratio described above. The chosen film (optimal GO ratio)
was the one that exhibited the best performance in the tensile
tests. Tensile tests on aged WPU and WPU/GO films were
performed under the same conditions, except that films were
left immersed for 72h in the specific liquid prior the tensile
tests for accelerated aging!*>2! The samples dimensions were
approximately 0.8x10x100mm, obtained through casting in
PTFE molds (the same method described on section 2.2 above).

2.5 FTIR

Infrared spectra were acquired using the FTIR Jasco
Spectrophotometer, model 4600, with 32 scans, a resolution
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Figure 1. Stress-strain curves for pure waterborne polyurethane
and WPU/GO nanocomposites.
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of 4 cm™, in transmission mode within the range of
4000-400 cm™!, employing the Attenuated Total Reflectance
(ATR) technique. Aged films were tested as well under the
same conditions as the mechanical tests.

3. Results and Discussions

3.1 Tensile strength tests for best GO ratio in the WPU matrix

Tensile strength tests were initially performed on WPU
matrices with varying GO ratios to determine the ratio that
yielded the best mechanical performance. Figure 1 shows the
stress-strain curves for pure WPU and WPU/GO formulations.
As evident from the curves, the optimal GO ratio in the
WPU matrix, considering mechanical performance, was
0.5%w/w. The maximum tensile strength for this ratio was
approximately 0.28 MPa, whereas for the pure WPU and
other GO ratios, it remained below 0.20 MPa. This represents
a 40% improvement in this property. The maximum strain
(elongation at break) for the 0.5% ratio also achieved the
best value, reaching 77%, indicating a 25% improvement
compared to pure WPU. Zhang et al.l'l has found a
significant improvement in the mechanical strength of WPU
using a functionalized GO at 0.5 wt% as the optimal ratio.
Wan and Chen?”! demonstrated an overall improvement in
the mechanical resistance of WPU/GO with increasing GO
content. Considering that 0.5% w/w of GO content in WPU
exhibited the best overall mechanical behavior, this ratio was
selected for subsequent tests in this study and will be referred
to as WPU/0.5GO henceforth. Figure 2 and Table 1 depict
mechanical properties of the films based on GO ratio.

3.2 Diffusion parameters

The D values are crucial for predicting the material’s
susceptibility to environmental stress cracking (ESC),

Table 1. Mechanical properties of WPU and WPU/GO films.

Tensile Young Elongation at
Strength Modulus Bre%lk (%)
(MPa) (MPa) °
WPU 0.22+0.04 1.79+0.26 62.85+13.74
WPU/0.25GO 0.125+0.02 1.87+0.11 70.2+5.32
WPU/0.5GO 0.284+0.02 2.9840.27 77.36+8.01
WPU/1.0GO 0.2+0.03 2.21£0.18 54.15+£2.71
%
80
=70
5
_g 60
& 50
©
g
&3
=
M 20
10
0
WPU WPU/0.25GO WPU/0.5GO WPU/LOGO

Figure 2. Tensile Strength and strain capacity of WPU and WPU/GO nanocomposites.
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which can ultimately lead to polymer rupture and failure
under operational conditions?®!. To measure this parameter,
sorption tests were conducted, and the obtained sorption
curves are depicted in the figures below. For WPU and
WPU/0.5GO immersed in HCI 5%, the diffusion parameter
found were 1.03x10* £20% m?/s and 8.63x10%+24% m?/s,
respectively. It is noteworthy that, at the beginning of the
sorption process, WPU chains underwent a chemical reaction
with HCI, contributing to the formation of bubbles on the
surface of WPU films and resulting in weight loss rather
than weight gain. This effect was observed in both pure
WPU and WPU/0.5GO films, as shown in Figure 3 (left).
The phenomenon of bubble formation has been noted by
other researchers and attributed to a chemical reaction
between the acid and polyurethane material®”. Waterborne
polyurethanes contain various functional groups, such as
hydroxyl and carbonyl groups, which can react with acids
like hydrochloric acid. The acid can initiate a reaction with
these functional groups, leading to the formation of gas
bubbles as a byproduct™!. Additionally, the composition
and structure of the waterborne polyurethane can influence
the formation of bubbles when exposed to hydrochloric
acid. For example, glucose and sulfamate double-modified
biodegradable waterborne polyurethane have been shown
to have better acid resistance properties, which may affect
the formation of bubbles". Similarly, cationic waterborne

—— WPU/0.5GO
— WPU

-2 T T
0 10 20 30 40

t1l2(h1ﬁ2)

polyurethanes synthesized from waste frying oil have
been found to exhibit resistance to both acid and alkaline
environments, which may impact bubble formation®®"’. Despite
this, after the weight loss, it can be observed that Fickian
diffusion behavior takes place, typically indicating liquid
uptake and a plateau region after saturation?*3?), Although
graphene oxide promoted better mechanical behavior,
for HC1 5%, WPU thin films became more susceptible
to swelling and liquid diffusion. There are no references
regarding measuring diffusion parameters in WPU or in
WPU/GO nanocomposites. However, this behavior can be
attributed to the oxygenated groups in GO structure that
can react with oxygen in aqueous media, subtracting the
reinforcement structure of GO in WPU matrix**\. The same
trend can be observed for diffusion parameters of HC1 10%
in WPU and WPU/0.5GO films. Figure 3 (right) depicts
sorption curves for WPU and WPU/0.5GO immersed in
HCI 10%. The diffusion parameters for HCI 10% in WPU
and WPU/0.5GO were respectively 9.96x10* +20% and
5.91x107 £14% m?*s. Figure 4 shows bubbles formed in
WPU surfaces when immersed in HCl medium.

For WPU and WPU/0.5GO immersed in diluted detergent,
a severe degradation process took place. Nevertheless, it
was observed that graphene oxide protected the films to a
certain extent, because in the pure waterborne polyurethane
thin films, after 76 hours of immersion, the films started do

—— WPU/0.5GO
- —— wpPU

T
0 10 20 30 40
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Figure 3. Sorption curve for WPU and WPU/0.5GO immersed in HCI 5% (left) and HCI 10% (right).
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Figure 4. WPU and WPU/0.5GO films exhibiting bubble formation when immersed in diluted HCI due chemical reactions.
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degrade, losing weight over time and visually cracking and
breaking into small pieces. In the films containing GO, this
process took place as well but only started after 226 hours
of liquid exposure, and the mass loss was less pronounced
(i.e. the slope of the curve was smaller). This behavior
classifies the swelling phenomenon as non-Fickian().
Figure 5 shows the variation in the films’ weight over
time, and Figure 6 presents sample pictures depicting the
degradation process occurring in the films.

Finally, for 70% ethyl alcohol, the D values for WPU
and WPU/0.5GO were respectively 9.05x10° +17.7% and
5.71x10?£20.1% m?s. Here, as in detergent, GO improved
the resistance of the polyurethane chain to alcohol uptake by
about 37%. However, contrary to the behavior in detergent,
WPU and WPU/GO films underwent minor degradation
after reaching the inflection point of the swelling curve.
However, contrary to the behavior in detergent, WPU and
WPU/GO films underwent minor degradation after reaching

—— WPU
—— WPU/0.5GO
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Figure 5. Weight variation of WPU and WPU/0.5GO immersed
in diluted detergent.
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Figure 6. WPU and WPU/GO films cracked after detergent immersion.
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the inflection point of the swelling curve. It is important to
highlight that for COVID-19 disease, 70% ethyl alcohol is
the most commonly used liquid for surface sterilization®*3!,
Figure 7 shows sorption curves for 70% alcohol in WPU
and WPU/0.5GO.

3.3 Mechanical tests after accelerated aging

Mechanical tests were performed on pure WPU and
WPU/0.5GO under 72h of aging in each of the four liquids.
Figure 8 displays stress-strain curves for all cases. Overall, GO
has improved mechanical tensile strength, Young’s modulus
and elongation at break. These results are consonant with
other research studies?’*%*" and demonstrate the significant
impact of GO on improving the mechanical properties of
polymeric matrices. WPU/0.5GO outperformed pure WPU
in terms of mechanical performance under chemical aging.
Furthermore, among all the liquids, 70% alcohol had a more
pronounced effect on decreasing the tensile strength of WPU
thin films, even though detergent was the most degrading
liquid in swelling experiments. Although this behavior may
appear surprising, similar behavior have been observed
in other polymeric systems. This likely occurred because
the polar part of PU chain, as C=0, was attacked by the
high polarity part of alcohol chain. This phenomenon was
attributed to a match between dispersion and polar cohesion
energy of Hansen’s solubility parameters of ethyl alcohol and
polyurethane®*3¥, For PU, the energy from polar intermolecular
forces §,is 9,3 and for ethyl alcohol is 8.8 MPa’? and from
dispersive &, is 18.1 and 15.8 MPa®* 1. WPU, under 70%
alcohol aging, became significantly more deformable, as
its strain capacity increased by almost 100% compared to
pure WPU without chemical aging. It is worth noting that
despite HCI 5% and 10% having a diffusion parameter
greater in WPU/GO than in pure WPU, for mechanical
tests, GO improved WPU mechanical resistance. Tensile
strength for pure WPU decreased more when immersed
in HCI than WPU/GO immersed in the same solution.
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Table 2 summarizes mechanical properties from tensile
stress experiments.

3.4 FTIR analysis

Figure 9 displays FTIR spectra of graphite, GO, WPU
and WPU/0.5GO. The GO spectrum exhibits oxygenated
functional groups aggregated in the graphite matrix after all
the oxidation steps used to transform pure graphite powder
into graphene oxide. Absorption peaks for GO have been
identified at 1086 cm™ (C-O stretching), 1721 cm™ (C=0
stretching) and 3296 cm™ (O-H stretching)*?!. The spectra of
WPU and WPU/0.5GO are similar, as the amount of GO in
the WPU matrix is very small, and the GO peaks overlap with
the more intense bands of WPU. A weak peak was observed at
approximately 3350 cm™, corresponding to the N—H stretching
vibration. The two duplets observed at 2872 and 2954 cm ™! are
assigned to the C—H stretching vibrations of urethane bonds.
The peak at 1725 cm! corresponds to C=0 stretching from the
urethane group. The N—H (Symmetrical bending) band from
urea group at 1465 cm! was observed. The peak at 1160 cm™! is
attributed to C—O—C (ether) asymmetrical stretchingl*! .

—— WPU/0.5GO
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Figure 7. Sorption curve for WPU and WPU/0.5GO immersed in
70% ethyl alcohol.
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Figure 8. Stress-strain curves for WPU and WPU/0.5GO 1in all
scenarios.
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Figure 10 illustrates the FTIR spectra for WPU and
WPU/0.5GO in various scenarios, without chemical aging
and with chemical aging. It is evident that the spectra bear a
striking resemblance to each other. This similarity suggests
that chemical reactions did not occur when the films were
immersed in the liquids, with the exception of the peak
at 876 cm!, attributed to bending vibration from C-O-C.
Notably, this peak disappears in films aged in HCI*.
This can be explained by the fact that bubble formation
in the film surfaces were formed, as discussed in section
3.2 above, and chemical reactions with the HCl and WPU
took place. The chemical reaction of hydrochloric acid with
the C-O-C group from polyurethane involves the cleavage
of the C-O-C bond that can result in the degradation of the
polyurethane structure and the formation of by-products.
This finding aligns with the outcomes discussed in the
mechanical properties section. Additionally, in HCI and
detergent media, the spectra present a more intense and wider
peak in the region 3200-3600 cm ™. This appears to indicate
additional formation of -OH broader peaks in the region, and
suggests chemical reactions between the media and WPU

Graphite
—GO
— WPU
—— WPU/0.5GO
& \N
o
c
2
£ w
7]
c
o
=
4000 35‘00 SDIDO 25‘00 20‘00 15‘00 10‘00
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Figure 9. FTIR spectra of graphite, GO, WPU and WPU/0.5GO.
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Figure 10. FTIR spectra for WPU and WPU/0.5GO in all scenarios.
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Table 2. Mechanical properties of WPU and WPU/0.5GO in all
scenarios.

Tensile Young Elongation
Strength Modulus at Break
(MPa) (MPa) (%)
WPU 0.22+0.04 1.79+£0.26  62.85+13.74
WPU HCI 5% 0.14+0.01 0.52£0.12  58.09+6.48
WPU HCI 10% 0.10+0.02 0.43£0.19  94.52+3.63
WPU Detergent 0.08+0.02 0.42+0.18  106.53+10.63
WPU 70% Alcohol 0.04+0.01 0.21+0.11  116.68+10.64
WPU/0.5GO 0.28+0.02 2.98+0.27  77.36+8.01
WPU/0.5GO 0.24+0.02 1.72+0.22  110.00+16.07
HCI1 5%
WPU/0.5GO 0.26+0.01 2.61£0.34  135.79£17.05
HCI 10%
WPU/0.5GO 0.17+£0.01 1.48+0.31 66.72+9.56
Detergent
WPU/0.5GO 0.07+0.02 1.11+0.21 15.37£1.70
70% Alcohol

matrix. For HCI, these reactions can lead to the formation of
hydroxyl groups (OH) and typically involve the breaking of
existing bonds in polyurethane, especially those containing
oxygen atoms, such as esters and urethane groups. The H*
ions from hydrochloric acid can react with the functional
groups in polyurethane, leading to the release of water and
the formation of new bonds. Consequently, hydroxyl groups
may be incorporated into the structure, depending on the
specific characteristics of the polyurethane and the reaction
conditions. These modifications in the chemical structure
can have significant effects on the physical and mechanical
properties of polyurethanet**4.

4. Conclusions

Previous mechanical tensile tests indicated that a GO
concentration of 0.5%w/w was optimal in the WPU matrix.
Sorption tests revealed that common Covid-19 cleaners used
in this study should be avoided for prolonged exposure on
surfaces protected with waterborne polyurethane (WPU)
coatings, as WPU tends to absorb them. Among the four
liquids, diluted dishwasher detergent proved to be the most
aggressive during extended exposure, leading to severe
cracks in WPU films. Surprisingly, graphene oxide provided
overall protection from degradation, even exhibiting greater
diffusion parameters than pure WPU for HCI solutions.
In mechanical tensile experiments under chemical aging,
WPU/GO nanocomposites demonstrated greater tensile
strength and Young modulus, even when exposed to liquids.
Despite 50% diluted detergent being the most aggressive liquid
for extended WPU exposure, 70% ethyl alcohol emerged
as the most aggressive solution, reducing the mechanical
performance of both WPU and WPU/GO nanocomposite.
This phenomenon was attributed to Hansen solubility
parameters. FTIR spectra suggests that HCI promotes a
chemical reaction in WPU main chain, leading to bubble
formation and the suppression of C-O-C bands. Therefore,
liquids such HCI 5%, HCI 10%, detergent solution and
70% alcohol- typical substances used for cleaning surfaces
against biological contamination likeSARS-CoV-2- should
be avoided in contact with WPU coatings. Notably, GO

Polimeros, 34(2), 20240016, 2024

demonstrated the ability to enhance the overall resistance
of WPU to these liquids.
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