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Since soybean oil has a chemical structure that allows it to
change chemically, and thus can be used for paper coating
applications.35,36

Wax-coated paper can offer an excellent sustainable
alternative to plastics and plastic-coated paper.24 For example,
natural waxes are biodegradable, and thus, they do not
generate microplastics.16,37−39 However, waxes are suitable
only for low-temperature applications because of their low
melting temperature Tm. Also, natural waxes are expensive and
insufficiently available for large-scale use in the packaging
industry.40 Also, waxes do not offer good thermal sealing
performance because of shorter hydrocarbon chains lacking the
necessary polymer chain entanglement.41

To address the above challenges with waxes, this article
reports on polymeric waxes with high melting temperatures
and good thermal sealing capabilities, while offering recycla-
bility and potential biodegradability. A four-step approach is
used to synthesize the desired polymeric waxes. The obtained
waxes were then coated on kraft paper to examine their oil/
grease resistance, water vapor barrier performance, mechanical
properties, and thermal sealing capabilities. Additionally, the
chemical degradation of the polymeric waxes and their coated
papers was studied to evaluate their potential use in paper
coating.

■ RESULTS AND DISCUSSION
In this study, the synthesis of polymeric waxes, denoted as the
P−W-LAn-waxes (where n is the number of lactide units
used), was accomplished through the incorporation of lactide
units, stearic acid, ethylene glycol, and acryloyl chloride. A
schematic representation of this synthesis process is illustrated
in Scheme 1. Primarily, stearate-ethylene glycol was prepared
using stearic acid, ethylene glycol, and 1.0 wt % zinc(II)
ethylhexanoate.42 Subsequently, lactide units of different
equivalents (Table 1) were treated with stearate-ethylene

glycol in the presence of zinc(II) ethylhexanoate at 130 °C to
prepare the stearate-ethylene glycol-lactide series (denoted as
ST-EG-LAn) via ring-opening reaction. In the subsequent step,
acrylation was performed to introduce the double bond in the
ST-EG-LAn to convert it into ST-EG-LAn-acrylate. The
acrylation of the oligomers was done via adding triethyl
amine and acryloyl chloride at 0 °C to ST-EG-LAn. The
reaction mixture was then stirred for 3 h and subsequently
purified. The last step was performed via free radical
polymerization in the presence of azobis(isobutyronitrile)
(AIBN) to prepare the polymeric waxes. The detailed
procedure for each step is provided in the Supporting
Information (Schemes S1−S4). Each compound produced
throughout the whole process was characterized by 1H nuclear
magnetic resonance (NMR) spectroscopy. Fourier transform
infrared (FTIR) analysis was also used for the characterization
of selected samples of ST-EG-LAn-acrylate and P−W-LAn
wax.

Five samples were prepared using different lactide units,
which gave P−W-LA0, P−W-LA3, P−W-LA4, P−W-LA5, and
P−W-LA7 waxes. Two additional samples were also prepared
by incorporating glycolide units to LA4 and LA7 (entries 4 and

Scheme 1. Schematic Diagram for the Synthesis of the Stearate-Ethylene Glycol, ST-EG-LA�, ST-EG-LA�-Acrylate, and P−W-
LA� Waxes

Table 1. Names, Formulation, and Composition of the
Synthesized Polymeric Waxes

s.no.
polymeric waxes

(name)
stearic-ethylene
glycol (equiv)

lactide units
(LA)

glycolide
units

1 P−W-LA0 1.0 0
2 P−W-LA3 1.0 3
3 P−W-LA4 1.0 4
4 P−W-LA4 + 1 1.0 4 1
5 P−W-LA5 1.0 5
6 P−W-LA7 1.0 7
7 P−W-LA7 + 1 1.0 7 1

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c03072
ACS Appl. Polym. Mater. 2024, 6, 3263−3272

3264



7 of Table 1). Figures 1 and S4 display the 1H NMR and FTIR
spectra of ST-EG-LA3-acrylate and P−W-LA3, respectively. In
addition, the 1H NMR spectra of all of the products obtained
in each step are given in the Supporting Information (SI)
(Figures S1−S3).

The peak appearing at 0.89 ppm in the spectrum shown in
Figure 1a represents the methyl group of stearic acid, while the
peak at 1.25 ppm corresponds to the −CH2 hydrogens present
in the long alkyl chain of stearic acid. Meanwhile, the peak at
2.25 ppm represents the protons of the −CH2 group that are
adjacent to the carbonyl group. The appearance of peaks at
∼5.8, ∼6.2, and ∼6.4 ppm corresponds to 3H of the acrylate,
thus suggesting the formation of ST-EG-LA3-acrylate. The
disappearance of the peaks at ∼5.8, ∼6.2, and ∼6.4 ppm from
the spectrum (Figure 1b) and the increase of the protons
number at 1.45 to 1.61 ppm provides evidence of the
formation of polymeric wax. FTIR analysis of ST-EG-LA3-
acrylate and P−W-LA3 in Figure S4 also indicated the
formation of polymeric wax. The peak at 1750 cm−1 that
appeared in both FTIR spectra represents the carbonyl group.
Similarly, the peaks in the region between 2800 and 2950 cm−1

correspond to the C−H stretching vibration of alkanes of the
stearate group. The peak at 1627−1660 cm−1 (light blue
shaded) in the spectrum of ST-EG-LA3-acrylate shows the
presence of double bond. However, there was no peak
appearing in this region for the P−W-LA3 spectrum.

Gel permeation chromatography (GPC) analysis was
performed to determine the molecular weight of the
synthesized polymeric wax (P−W-LA3). The Mn (number-
average molecular weight) and Mw (weight-average molecular
weight) values for the wax (P−W-LA3) were 19,599 and
115,394, respectively. The dispersity of P−W-LA3 was 5.9

(Figure S5). The degree of polymerization, denoted as “n”, for
P−W-LA3 was found to be 24. This calculation is based on Mn
(19,599 g/mol) divided by 814 g/mol.

The value of 814 g/mol represents the molecular weight of
ST-EG-LA3-acrylate, the building block monomer for P−W-
LA3, which is the sum of its parts: Stearic-EG at 327 g/mol,
LA3 at 432 g/mol, and acrylate at 55 g/mol (Scheme S5).

Differential Scanning Calorimetry (DSC). DSC analysis
was employed to measure the melting behavior of the
polymeric waxes. Polymeric wax with zero lactide units has
the lowest melting point (54.39 °C), and the melting point
increased with the addition of lactide units. This is because the
molecular weight and chain length grew by adding more lactide
units, which raised the melting point of the polymers.

Thus, an increasing trend of melting point was observed
with an increase in chain length of the polymer from P−W-
LA0 to P−W-LA7. High-melting waxes are highly desirable
because they widen the scope of applications of these waxes.
The melting temperatures for all of the polymeric wax samples
are provided in the DSC thermograms in Figure S6.

Thermogravimetric Analysis (TGA). The thermal
stabilities of the ST-EG-LAn-acrylate and P−W-LAn samples
were evaluated via TGA. The samples were tested in the
temperature range from 25 to 600 °C using a ramping rate of
10 °C/min. Figure 2a,b represents the TGA curves obtained
for the ST-EG-LAn-acrylate and P−W-LAn samples, respec-
tively. The TGA curves for ST-EG-LA0-acrylate and P−W-
LA0 specify two-stage decomposition that started at approx-
imately 220 °C. The second-stage decomposition started at
approximately 360 °C and ended at 445 °C for full
decomposition. However, all other samples of ST-EG-LAn-
acrylate and P−W-LAn samples (except ST-EG-LA3-acrylate

Figure 1. 1H NMR spectra of the (a) ST-EG-LA3-acrylate and (b) P−W-LA3 sample.
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and P−W-LA3) behave very similar in their thermal
decomposition that was started at ∼300 °C and ended at
∼365 °C. In the case of ST-EG-LA3-acrylate and P−W-LA3
(red TGA thermograms), the decomposition started at ∼325
and ∼310 °C and finally reached for complete decomposition

at ∼420 and ∼410 °C, respectively. The deviation of the ST-
EG-LA3-acrylate and P−W-LA3 thermograms indicates their
stabilities compared to other ST-EG-LAn-acrylate and P−W-
LAn samples.

Barrier Properties. Water Vapor Barrier Properties.
Water vapor transmission (WVTR) analysis was performed
to evaluate the barrier properties against water vapors at 50%
RH and 23 °C, as shown in Figure 2c. Due to the highly
porous nature of Un-KP, it exhibited a high WVTR value of
816.61 ± 68.34 g/m2/day. The starch-coated paper (S5%-KP)
offered an almost 50% reduction in the WVTR to 400.11 ±
43.64 g/m2/day due to the effective pore-making capabilities
of starch coating. It can be seen from Figure 2c that the P−W-
LA3 coated paper showed a WVTR value of 28.45 ± 4.85 g/
m2/day, which corresponds to an almost 95% reduction in
comparison to that observed for Un-KP. Paper samples coated
with P−W-LA4 and P−W-LA4 + 1 showed properties almost
similar to those observed with P−W-LA3.

Water Resistance. Cobb1800 measurements were per-
formed to evaluate the resistance of the coated paper substrates
against liquid water. Figure 3a shows that uncoated kraft paper
(Un-KP) possesses a very high Cobb1800 value of 164.05 ±
5.44 g/m2 due to the highly porous structure and hydrophilic
nature of cellulose fibers. The application of starch as a base
layer has reduced the Cobb1800 value to some extent to 86.50
± 6.36 g/m2. On the one hand, this change may seem
surprising due to the hydrophilic nature of starch but can be
explained based on the fact that starch exhibits good film-
forming properties so that it masks all of the pores on the
surface Un-KP, thus resulting in a reduction of Cobb1800
value. The enhanced water resistance of the starch-coated
paper in comparison with Un-KP is further reflected by the
images of the water droplets shown in Figure 3c. Also, the
measurements were performed at room temperature, and
starch is soluble in warm water; this is a reason for the
improved water resistance of starch-coated paper paper. The
result showed that the application of a wax layer onto the
precoated paper substrate (with 5 wt % starch) led to a
significant reduction in the Cobb value.

Almost all of the samples have decreased the Cobb1800
value to a significant extent, but the best water repellencies
were achieved with P−W-LA3 and P−W-LA4, which led to
Cobb1800 values of 4.10 ± 1.41 and 4.55 ± 0.35 g/m2,
respectively. In order to find a green alternative to solvent-
based coatings, a sample P−W-LA3-Neat, was prepared by
applying our wax coating material onto prestarch-coated (5 wt
%) paper via a compression molding technique. The sample
P−W-LA3-Neat was also assessed for its water resistance, and
it presented a Cobb1800 value of 1.35 ± 1.41 g/m2. This
improvement in water resistance is attributed to P−W-LA3-
Neat, thus suggesting that polymeric waxes can be applied as
coating materials without requiring the use of any hazardous or
organic solvents. Therefore, these polymeric waxes could
provide a greener alternative coating, with high barrier
properties that rival those of solvent-based coatings.

The water resistance was further evaluated by measuring
water contact angles (WCAs), as shown in Figure 3b. During
each measurement, a 10 �L droplet was placed on the surface
of each paper sample, and the contact angle was measured 30 s
after the application of the droplet. To evaluate changes with
time, contact angle measurements were made again after 5 min
had passed. All WCAs of the polymeric wax-coated paper
samples were compared with those of Un-KP to establish the

Figure 2. (a) Thermogravimetric analysis (TGA) plots of ST-EG-
LAn-acrylate samples. (b) TGA plots of P−W-LAn samples. (c)
WVTR (g/m2/day) of uncoated kraft paper (Un-KP), starch-coated
kraft paper (S5%-KP), and wax-coated paper samples at 50% RH and
a temperature of 23 °C.
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significance of the coating. The WCA of 38.55 ± 4.73° was
observed on the paper sample Un-KP initially due to its highly
rough surface, but this value had quickly decreased to zero due
to the porous structure of the paper, with a dark stain after 5
min had elapsed with no evidence of the presence of any liquid
as the water was absorbed by Un-KP paper.

The WCAs of paper samples that were coated with the
polymeric waxes were dramatically increased in comparison
with those observed on un-KP when they were measured 30 s
after their application onto the coated paper; there was only a
small decline after 5 min had elapsed, thus indicating that the
coated paper has high water resistance. Among the tested
samples, the highest WCA was observed with the paper that
had been coated with P−W-LA4, which exhibited a WCA of
111.65 ± 0.77° at 30 s with a small decline to 90.45 ± 0.77 at a
time interval of 5 min. The results obtained from the WCAs
were very consistent with the Cobb1800 values. Although the
sample P−W-LA3 exhibited the lowest Cobb1800 value, there
was a slight decrease in its WCA in comparison to the other
polymeric wax-coated samples due to the highly smooth
surface of P−W-LA3 coated paper, which affects the WCA.

To further evaluate the water resistance of the coated paper
samples against liquid water, a water droplet test was
performed by placing a droplet of water on the surface of

the coated paper sample P−W-LA3 and exploring the behavior
of the water droplet on the surface. The results of this test were
compared to those observed on uncoated kraft paper and
starch-coated paper. Photographs of each water droplet were
recorded 5 min after the droplets had been placed on each
coated paper. After 5 min had elapsed, the droplet was wiped
off the surface to see the effect of the droplet on the surface.
The absorption of water by the paper resulted in the presence
of a visible stain on its surface, and the results were recorded
by capturing the images immediately after the droplet had been
wiped away with tissue paper. The results revealed that
uncoated paper quickly absorbs water, which leaves behind a
large stain. In comparison, although the starch-coated paper
did absorb water, the resulting stain was very light, thus
indicating that less water had been absorbed in this case.
Meanwhile, the water droplet remained in place on the surface
of the P−W-LA3-coated paper even after 5 min had elapsed,
and there was no stain associated with it after the removal of
this water droplet, thus indicating that it exhibited good water
resistance.

Oil Resistance. Kit rating measurements were performed to
determine the resistance against oil/grease, and the results are
depicted in Figure 4a for all analyzed samples. The kit value
has a range from 0 to 12, with a higher value corresponding to

Figure 3. (a) Cobb1800 values (g/m2) for uncoated kraft paper (Un-KP), starch-coated paper (S5%-KP), and all synthesized polymeric wax-
coated samples. (b) Water contact angles (WCAs) of Un-KP, S5%-KP, and selected polymeric wax-coated paper samples. WCAs were reported at
30 s and after 5 min of application. (c) Water droplet images of uncoated craft paper, S5%-KP, and P−W-LA3 sample. The absence of spots after
the removal of water droplet after 5 min from the coated sample with polymeric wax (P−W-LA3) indicated that the sample exhibited excellent
water repulsion.
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stronger oil resistance. The kit value for uncoated kraft paper
was found to be 0/12, as it did not exhibit any oil or grease
resistance. We found that all of our samples had a kit value of
12/12, which indicated that they had excellent oil grease
repellency. The results show that the surface of the paper was
nicely coated with polymeric wax, which accounted for its very
high kit rating of 12/12. Similar to water resistance analysis,
the sample P−W-LA3-Neat (prepared by compression
molding) was also tested for oil resistance and it showed a
kit value of 12/12, which shows the solvent-free coated paper
is also parallel in oil resistance properties with solvent-based
coated paper samples (Figure 4a).

Like water resistance, oil resistance data was supported by
oil contact angle (OCA) measurements (Figure 4b), which
were performed using castor oil as a test liquid. The Un-KP
sample exhibited an OCA of 35.30 ± 1.97° at 30 s, which
decreased to a value of 27.00 ± 2.54° after 5 min had elapsed,
and a dark brown spot was observed on the paper. The
presence of a dark spot on the surface of the tested sample at
the end of the test indicated that the castor oil had been taken
up by the paper. The paper samples coated with polymeric
waxes have shown an increase of the intensity of the OCA with

varying intensity depending on the smoothness of the paper
samples. The overall values of the OCAS were increased at 30
s, and there was a small decline at the interval of 5 min. There
was no dark stain found once the oil droplet was removed after
testing, which indicated that the coated paper showed oil
resistance. Among the samples, the highest OCA of 66.85 ±
1.06° at 30 s was exhibited by the sample coated with P−W-
LA4 + 1. There was a very small reduction in the OCA after a
5 min time interval to 63.60 ± 2.26°. The OCAs are consistent
with the kit test results.

The behavior of oil droplets was studied in a manner similar
to that carried out for the water droplet tests, except that castor
oil droplets were used instead of water droplets in this case
(Figure 4c). Results were taken after 5 min of application of
droplet on the coated paper sample P−W-LA3 and then
compared with uncoated kraft paper (Un-KP) and 5 wt %
starch-coated paper used as controls. Figure 4c shows that a
dark spot appeared on the uncoated paper 5 min after
application of the oil droplet, while no visible spots were noted
for 5 wt % starch-coated paper as well as for sample P−W-LA3.
Therefore, absence of any dark spot indicated that the wax-
coated paper had good oil/grease resistance.

Figure 4. (a) Kit ratings for uncoated paper (Un-KP), starch-coated paper (S5%-KP), and coated paper with all synthesized polymeric wax. (b) Oil
contact angles (OCAs) of the Un-KP and coated paper samples bearing selected polymeric waxes. The OCAs were reported when 30 s and 5 min
has lapsed. (c) Oil droplet behavior shown by images of Un-KP, S5%-KP, and P−W-LA3 coated paper sample.
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Scanning Electron Microscopy (SEM) Analysis. The
surface morphology of the coated paper was established with
SEM analysis, as shown in Figure 5a−d. The image recorded in
Figure 5a clearly shows voids on the surface of the uncoated
paper (Un-KP), which are responsible for paper’s inherently
poor barrier property. These holes are nicely masked after the
coating, and the corresponding micro graphs indeed show the
coverage of these holes/voids, thus resulting in the improved
barrier properties of the coated papers (Figure 5b−d). The
image recorded in Figure 5d shows the presence of some
scattered particles which might be due to aggregation of small
polymer chains or the polyglycolic nature present in the wax
material. We believe that these small polymeric chains or the
polyglycolic parts were also observed in DSC thermograms
with different melting temperatures, Figure S6. In general,
SEM analysis supports the enhancement of water and oil
resistance data with surface modification of coated paper
samples using polymeric waxes.

Thermal Sealing. All of the polymeric waxes were
screened to evaluate their thermal sealing performances, and
surprisingly none of the samples showed good thermal sealing
capabilities except P−W-LA3. Table S2 shows various sealing
strengths at different sealing times (measured in seconds). The
sealing strength was rated as “good” after sealing had been
performed for 1 s, which indicated that the coated sides were
well sealed, but during seal strength test, the seal broke instead
of the substrate (Figure S7).

After sealing P−W-LA3 coated paper at 121 °C for 5 s, we
evaluated the force (N) required to break the seal at maximum
load and breaking point. The results showed that the force at
maximum load for sample P−W-LA3 was 3.73 ± 0.86 N,
which declined to 0.97 ± 0.002 N at the breaking point (Table
2). Similarly, the tensile strengthwas reduced from 0.57 ± 0.12
MPa at a maximum load to 0.15 ± 0.01 MPa at the breaking
point. The change in displacement (mm) was from 15.2 ± 3.81
mm to 142.69 ± 19.24 mm until the seal was completely
broken. These results show that the coated paper can be used
in packaging to produce paper bags by applying heat, and these
bags can be used for storing items without breakage during

transportation due to the possession of strong seal strength and
resistance in seal breakage. Thus, our synthesized wax (P−W-
LA3) can be used as a time-saving alternative for many
manufacturing lines because they do not need additional
material to close the bag opening, thus could provide a cost-
effective way to package goods

Chemical Degradation and Recyclability. To inves-
tigate the degradability of the polymerized P−W-LAn waxes, a
chemical degradation test was performed for all of the samples
by using sodium carbonate as illustrated in Figure 6a. Very
similar tests were also performed for paraffin and carnauba
wax, to see the degradation behavior for comparison. 250 mg
of the waxes (P−W-LA3, paraffin, and carnauba) were taken in
2 mL of solution of 5% sodium carbonate. Figure 6a indicates
that the polymeric wax with three LA units (P−W-LA3) had
degraded in 7 min at 75 °C. The NMR analysis of the
degraded P−W-LA3 was performed using D2O. Sodium
lactate, a water-soluble compound, was identified as the
primary product resulting from the degradation of the
polymeric wax (Figure 6b). Additionally, the degraded product
was subjected to chloroform extraction, revealing stearic-EG−
OH as the main component in this fraction. GPC analyses
were also conducted on the wax sample (P−W-LA3) before
and after degradation. It was noted that the polymeric
retention time (RT), previously noted for polymeric wax at
22.98 min, disappeared after the degradation process (Figure
S9). These findings suggest that the degradation was
successful.

Figure 5. SEM images of (a) uncoated paper (Un-KP), (b) P−W-LA3, (c) P−W-LA4, and (d) P−W-LA4 + 1 wax samples.

Table 2. Seal Strength Properties of the P−W-LA3 Coated
Paper

mechanical properties of the P−W-LA3 sample

1 force at maximum load (N) 3.73 ± 0.86
2 force at break (N) 0.97 ± 0.00
3 tensile strength at maximum load (MPa) 0.57 ± 0.12
4 tensile strength at break (MPa) 0.15 ± 0.01
5 displacement at maximum load (mm) 15.2 ± 3.81
6 displacement at break (mm) 142.69 ± 19.24
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Other polymeric wax samples also underwent degradation,
but the time required for the degradation to occur was
different for each polymeric wax (Figure S8). The degradation
times observed for all of the polymeric wax samples when they
were completely dispersed in alkaline medium are provided in
Table S3. Therefore, all of the synthesized P−W-LAn waxes
were found to be degradable and are suitable for packaging
applications. In contrast, no dispersion was observed for
paraffin and carnauba wax in alkaline medium, as shown in
Figure 6a, which indicated their nondegradable nature in the
given conditions.

After successful chemical degradation, we tested the
recyclability of wax-coated paper. During each test, 2.0 g of
the selected coated paper (PW-LA3-Neat) was cut into small
pieces and soaked into 50 mL of 3 wt % sodium carbonate
solution and was kept at 70 to 75 °C for 10 min. The soaked
coated paper was then kept at room temperature for 1 h. The
liquid was decanted, followed by washing paper with deionized
water three times to remove any suspended coating material
that was left behind. It was found that almost all of the coating
material layers became separated from the paper, as shown in
Figure S11. The paper was then dried in a vacuum oven for 24
h at 70 °C. FTIR analysis of the recycled paper confirms the
separation of the coated material from the paper, as shown in
Figure 6c. The peak at 1750 cm−1 for the wax-coated paper
represents the carbonyl group of the wax. Similarly, the peak in
the region between 2800 and 2950 cm−1 corresponds to the

C−H stretch of alkanes of the stearate group for the wax-
coated samples. However, the disappearance of the peaks at
1750 cm−1 and 2800−2950 cm−1 in the IR spectrum of the
recovered pulp from P−W-LA3 coated paper suggests that the
coating is successfully removed from recycled pulp. The
recovered paper’s FTIR spectrum closely matched the
uncoated commercial Kraft paper (Figure 6c).

■ CONCLUSIONS
In summary, we demonstrated the successful synthesis of
degradable polymeric waxes. The synthesized polymeric waxes
were successfully characterized by using NMR, FTIR, and
GPC analysis. We fully established the degradation of these
waxes. The wax-coated paper exhibited excellent water
resistance (Cobb1800 value = 4.10 g/m2) and oil resistance
(kit rating = 12/12). WVTR values of 816.6 ± 68.3 g/m2/day
for uncoated kraft paper and 28.5 ± 4.8 g/m2/day for P−W-
LA3 were recorded, indicating approximately 95% improve-
ment in the water vapor barrier. The coated paper also showed
good thermal sealing properties, further enhancing its
suitability for paper-based packaging applications. We also
demonstrated that the coating can be applied onto kraft paper
via the hot-press method without any harmful solvent.
Furthermore, the coating was successfully removed from the
coated paper via repulping process thanks to the degradable
nature of the polymeric waxes. Our use-inspired design for

Figure 6. (a) Chemical degradation attempt of P−W-LA3, paraffin wax, and carnauba wax using 5 wt % Na2CO3 solution. (b) NMR analysis of the
emulsion for P−W-LA3, using D2O. (c) FTIR spectra of uncoated kraft paper (red) and wax-coated paper (black) and the recovered papers after
washing (green).
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end-of-life degradable polymers can offer a viable alternative to
the wasteful nondegradable polymers.
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