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Abstract

This study focuses on identifying a high-value material using low-cost raw resources by comparing wheat straw varieties
collected in Greece with other commercial straws made of reed, bamboo, paper, and bioplastic. The structural characteristics,
water absorption behavior, and morphological properties of the straws were analyzed using X-ray diffraction, water immersion
tests, and scanning electron microscopy. The thermal degradation was investigated using thermogravimetric analysis. The
results suggest that the wheat straws exhibit a significant degree of crystallinity, with the Staramaki K1 straw exhibiting the
highest crystallinity of all the straws analyzed. The mass of wheat straws increased after immersion in water, coca-cola, and
fresh orange juice in contrast to the mass of bioplastic and bamboo straws, which remained constant. The surface examination
revealed modifications to the straws’ outer and inner surfaces after immersion in the various solutions. To variable degrees,
pores, cracks, peeling material, lighter patches, and anomalies were seen. The presence of a highly crystalline structure can
increase the straw’s hardness and reduce its water absorption, making it more resistant to changes brought about by the solu-
tions. So, the Staramaki K1 wheat straw exhibits favorable properties, including high crystallinity, lower water absorption,

and thermal stability, making it a promising candidate for replacing conventional plastic drinking straws.
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Introduction

Plastic pollution is a major environmental hazard that is
responsible for a lot of ecological disasters and needs to be
tackled with utmost expediency (Azhar et al. 2019; ALOth-
man and Wabaidur 2019; Khan et al. 2020). Exploring the
possibilities of bio-based materials and bio-composites,
which are in line with the values of sustainability and cleaner
production, is essential to finding a solution to this problem
(Tarani et al. 2021; AL-Oqla 2022; Fares et al. 2022). These
materials are a viable replacement for traditional plastics
because they are made from renewable resources (Haya-
jneh et al. 2022; AL-Oq]la et al. 2022). Additionally, their
right blending with environmentally friendly materials can
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improve their environmental performance and help reduce
plastic waste (Al-Jarrah and AL-Oqla 2022). We can reduce
the ecological threats brought on by plastic pollution and
move toward a more sustainable future by embracing bio-
based products and encouraging their use in a variety of
applications (Al-Oqla et al. 2016; Wabaidur et al. 2020;
Azam et al. 2022).

Activism against single-use plastic, particularly plastic
straws, started in 2015 after videos arose of a turtle with
a plastic straw in its nose and because of media interest in
the garbage patch in the Pacific Ocean. Every year, 1 bil-
lion plastic straws are consumed in Greece. This enormous
number emphasizes single-use plastic straws’ significant
environmental impact. Based on a recent political agreement
between the European Parliament and the Council of the
EU, single-use plastic straws have been excluded from the
European market. The above decision “opens” a new market
for more sustainable and environmentally friendly options
in the production of drinking straws (Bouasker et al. 2014;
James et al. 2019; Maraveas 2020; Al-Jarrah and AL-Ogqla
2022; Rababah et al. 2022). Due to increased awareness of
environmental impact issues, industrial policies and decision
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makers must balance the availability of raw materials with
the performance of final products (AL-Oqla et al. 2015a,
2016; AlFaris et al. 2020).

Seven hundred million tons of the annual garbage pro-
duced in the European Union are post-harvest agricultural
wastes (AL-Oqla et al. 2015b; Babenko et al. 2018). Post-
harvest agricultural leftovers have numerous advantages,
including being easily renewed, accessible, recyclable,
biodegradable, and ecologically compatible (Al-Oqla et al.
2014; Mati-Baouche et al. 2014; Maraveas 2020). They also
have beneficial specific strength, weight, and excellent ther-
mal and acoustic qualities (de Lima Mesquita et al. 2018;
Hyskova et al. 2020). Regenerative agriculture contributes to
the soil’s ability to retain carbon, opposing the current global
trends reflecting on the concentration of carbon dioxide in
the atmosphere (Boonniteewanich et al. 2014). So, drinking
straws made of lignocellulosic materials have a great deal of
potential for future success (Lee et al. 2018; Hyskov4 et al.
2020; AL-Oqla and Hayajneh 2022).

A natural agricultural waste product such as wheat straw
has the potential to effectively displace common plastic
drinking straws. It is a completely natural product that will
naturally degrade. As a result, wheat straws derived from
agricultural output require no energy, and as a plant, it seizes
CO, during the stem elongation phase, as well as no chemi-
cals during manufacturing. Although there is strict European
and National Legislation for materials that come into contact
with food, there are no European standards for the physico-
chemical properties of wheat straws.

“Staramaki” SCE (2019) is a Greek company in Kilkis
that manufactures drinking straws from the stalk of the
wheat plant that are fully compatible with European and
National Legislation. They are completely ecological, biode-
gradable, compostable, BPA-free, and do not contain addi-
tives, chemicals, gluten, or any allergens. According to the
procedure, the wheat stems are cut by hand using specially
shaped stainless-steel scissors. Trimmed stems are placed in
preheated stainless-steel soaking tanks, and the soaked stems
are then placed inside the boiler tank. Water rinsing is used
between each process step and at the end of the cycle. Indus-
trial washing units fully automate the final washing process.
Stems are then positioned inside the drying chamber, where
fans are used to circulate hot air around them. Each stem is
individually inspected before final packaging.

In this work, wheat post-harvest crop residues were gath-
ered from Kilkis region of Central Macedonia in Greece and
used to make “Staramaki” drinking straws. Staramaki is a
100% natural product that replaces disposable plastic straws
in the best way possible. For comparison reasons, straws
made from different materials (reed, bamboo, paper, and bio-
plastic) were presented. X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM) were used to characterize
the materials’ structural properties and their morphological
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properties on the surfaces, respectively. To determine if
these straws have adequate performance for use as drink-
ing straws, the water absorption of the various straws was
evaluated. Finally, the thermogravimetric analysis (TGA)
technique was used to study the thermal stability and ther-
mal degradation of the materials studied.

Materials and methods
Materials

Three varieties of wheat collected from different areas in
Greece by Staramaki SCE were used in this study. Addition-
ally, five commercial brands of straws (names of the brands
were excluded) were presented for comparison reasons. Sta-
ramaki is made from the leftover stalk after wheat grains are
harvested; hence, it is a 100% natural product. The selection
criteria for sample collections in this research included sev-
eral factors. Firstly, the geographical location of the wheat
samples was considered, specifically focusing on the Kilkis
region of Central Macedonia in Greece. The specific loca-
tions within this region were as follows: A1 from Kilkis, K1
from Metalliko, and G1 from Gorgopi. Secondly, the vari-
ety of wheat was taken into account, specifically assessing
the morphological characteristics of the stem, such as the
thickness and length of the 2nd internode. Additionally, the
harvest dates of the wheat samples were considered. It was
noted that only winter wheat is sown in Central Macedonia.
The A1, K1, and G1 samples were harvested in July 2020.
With the use of special stainless-steel scissors, the wheat
stems are cut by hand. After cutting, the stems are sterilized
through the use of thermal methods. It is produced by a
social cooperative based in a rural region that, going beyond
mere profitability, benefits the environment and the local
agricultural economy and offers labor inclusion opportuni-
ties for vulnerable groups of people. Table 1 lists straws of
different varieties of wheat and straws made of cane, bam-
boo, paper, and bioplastic.

Table 1 Type of straws and raw materials

Name of straws Raw material used Characteristics

K1 Wheat Staramaki

Gl Wheat Staramaki

Al Wheat Staramaki

WS Wheat Wheat straws

ECRT1 Reed Reed straws

BS Bamboo Bamboo straws

PS Paper Bio paper
straws

BPS Bioplastic Biodegradable




International Journal of Environmental Science and Technology (2024) 21:3943-3956 3945

Characterization methods
X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of the prepared materi-
als were recorded by a 2-cycles Rigaku Ultima+ X-ray dif-
fractometer (Rigaku Corporation, Shibuya-Ku, Tokyo, Japan)
with CuKa radiation (1.5418 10\), using a step size of 0.05° and
a step time of 2 s in Bragg—Brentano geometry, operating at
40 kV and 30 mA. The Bragg diffraction formula was used to
calculate the inter-planar spacings (d):

nA= 2dsin6 €))

where n is an integer indicative of the reflection order, A is
the wavelength of CuKa radiation (1=1.5418 A), and 4 is
the diffraction peak.

The deconvolution of the X-ray diffractograms was per-
formed using a Gaussian—Lorentzian function (Hindeleh and
Johnson 1971) to separate the amorphous and the crystalline
content and calculate the crystallinity percentage. According
to the profile fitting process, the weight crystalline fractions of
the prepared materials were calculated as follows:

A
X, =——xl1
Y x 100% )

cr am

where A denotes the area under the crystalline peaks, and
A, refers to the area under the amorphous peak. In this
work, the deconvolution of the X-ray diffractograms and R?
values were calculated using Origin software. By applying
this approach to the obtained data, we were able to calculate
the crystallinity percentages for the prepared materials.

Physical properties: absorption (%)

The samples were submerged in drinking water, coca-cola, and
fresh orange juice for the absorption experiments. The straws
were immersed for 30 min in each solution. This test was per-
formed using the same initial temperature and liquid height.
Before the tests, the weight of each specimen was precisely
measured using digital equipment. The masses were meas-
ured before and after immersion for each straw. The mixture’s
solvent was then removed by drying the studied materials for
12 h at 35 °C in a laboratory oven. This was followed by a
comparison of the immersion observed in the Staramaki straws
with straws made from other materials. Six samples for each
specimen type were tested. The absorption was calculated by
using (Kenawy et al. 2018; Alothman et al. 2020):

Absorption (%) = - 100% 3)

Wy

where w; is the sample’s weight prior to immersion in the
liquid and w,is the sample’s weight following that.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) micrographs of the
surfaces of the studied straws were studied using a SEM
JEOL JSM-7610FPlus Schottky model (Pleasanton, CA,
USA). The specimens were carbon coated to provide good
conductivity of the electron beam, and the operating condi-
tions were an accelerating voltage of 20 kV, a probe current
of 45 nA, and a counting time of 60 s.

Thermogravimetric analysis (TG)

Thermogravimetric analysis (TG) of the studied straws was
carried out using a Labsys evo TGA/DSC 1150 SETARAM
instrument (Caluire, France) by heating the samples from
25 to 750 °C in a 50 ml/min flow of N, at a heating rate of
10 °C/min. Samples (9 +0.5 mg) were placed in alumina
crucibles, while an empty alumina crucible was used as a
reference. Continuous recordings of sample temperature,
sample weight, its first derivative, and heat flow were taken.

Results and discussion
Structural characterization of straws

The goal of this study is to determine a material with high
added value using low-cost raw materials. For this reason,
it compares wheat varieties collected in Greece by Sta-
ramaki SCE with other commercial straws made of reed,
bamboo, paper, and bioplastic. It is possible to assess the
practicality and potential of wheat-based straws as a prac-
tical and environmentally beneficial option on the market
by contrasting the wheat varieties harvested by Staramaki
with other commercial straws. Figures 1 and 2 show the
XRD measurements of the various straw types used. Accord-
ing to Fig. la, the main peaks of Staramaki (K1, G1, and
Al), WS (wheat), and RS (reed) straws appear at angles of
20=15.0° 16.5°, and 22.8°. These reflections correspond
to inter-planar spacings (d) of 5.9061 A, 53724 A, and
3.9002 A, respectively, based on Bragg’s law (Eq. (1)). The
PDF card for these samples is #50-2241, which corresponds
to the cellulose sample (2003). Cellulose is a high molecular
weight linear polymer consisting of D-glucopyranose linked
by B-1,4-glycosidic linkages. The repeating unit of cellulose
is cellobiose. Hydroxyl groups in cellulose macromolecules
are involved in several intra- and intermolecular hydrogen
bonds, resulting in various ordered crystal arrangements
(Park et al. 2010).

Crystallinity is a key parameter that characterizes the
internal structure of materials and plays a crucial role in
determining their properties and performance (Tarani et al.
2023). In the context of this study, the degree of crystallinity

a
* @ Springer



3946 International Journal of Environmental Science and Technology (2024) 21:3943-3956

3500 2000
—K1 ®) 5 o Measured data

3000 R [ ¥ |—Fitted data
o ' —A1 - 1500
= 2500 ws ,2
=] ' ——RS
g 200 >
< i 2 1000
= 1500 <
2 | >
@ 1000 =
o : S 500
- [
£ 500 =

0 e — 0 Bt 1
5 10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40
2-theta angle (degrees) 2-theta angle (degrees)

Fig. 1 a XRD diagrams of the cellulosic origin-type straws and b fitting method of selected experimental results

4000 1400

3500 |- —8BS @ [ | o Measured data (b)

[ ——PS 1200 - | Fitted data 4

- 3000+ ™ [
2 [ £ 1000
(=3 =

2500 -
5 [ = goo
2 2000} g
< I < 600
> 15001 >
£ I =
c 1000 [ g 400
3 . 2
£ s00} £ 200

0 roesalf s . n n r r r n n n 0 —
5 10 15 20 25 30 35 40 45 50 55 60
2-theta angle (degrees)
3500
o Measured data| [ () 3500 - | O Measured data (d)

3000 | Fitted data L |——Fitted data
—_ — 3000
2 2500 2
3 £ 2500
= 2000 2 [
2 2 2000
< 1500 < |
E. g. 1500
@ 1000 7]
c C 1000
[ (]
= o 2
= = 500

0 .. 0.0 o
8 9 10 1 12
2-theta angle (degrees) 2-theta angle (degrees)

Fig.2 a XRD diagrams of BS, PS, and BPS straws and experimental data fitting results for b BS, ¢ PS, and d BPS straws

* @ Springer



International Journal of Environmental Science and Technology (2024) 21:3943-3956 3947

was investigated to assess the impact of different materi-
als on the overall structural configuration of the straws; the
higher the crystallinity, the greater the hardness and the
lower the degree of water absorption (Chen et al. 2011;
Jiang et al. 2020). To separate the amorphous and crystal-
line content and calculate the crystallinity percentage of the
materials, a fitting of the experimental XRD results was
performed using a combination of Gaussian—Lorentzian
functions (Voigt function, Eq. (2)). This approach allows
for the separation of the amorphous and crystalline com-
ponents and enables the calculation of the crystallinity per-
centage. According to Table 2, the crystallinity values for
wheat straws were found to be from 66.9 to 77.1% following
the literature results (Park et al. 2010). The Staramaki K1
straw exhibits the highest crystallinity of all the straws ana-
lyzed, indicating a more structured and orderly arrangement
of cellulose chains. According to Chen et al. (Chen et al.
2011), the presence of more stable cellulose chains results
in a more crystalline structure, increasing thermal stability
and strength.

Figure 2 shows the XRD patterns and the fitting results
of BS (bamboo), PS (paper), and BPS (bioplastic) straws.
In all cases, a wide band is observed, indicating a practi-
cally amorphous nature. The participation of the raw materi-
als incorporated into the network of the cellulose polymer
is obvious, leading to substantial changes in the structural
configuration of the polymer matrix. In this case, the BPS
straw presents the highest degree of crystallinity compared
to the other ones.

Water absorption in straws

Figure 3 shows the change in mass for the Staramaki and
straws made from other raw materials before and after
immersion in water, coca-cola, and fresh orange juice
at room temperature, Eq. (3). According to experimen-
tal results, the mass values of every straw increase after
immersion, while the mass is approximately the same
after drying. In detail, for the straws made from wheat,
Staramaki straws (K1, G1, A1), and WS, an increase in

Table 2 Percentage of crystallinity of straws

A/A Crystallinity (%) R?

K1 77.1 0.99916
Gl 70.3 0.99744
Al 72.6 0.99865
WS 66.9 0.98919
RS 73.7 0.99871
BS 51.4 0.99227
PS 68.9 0.99740
BPS 88.5 0.99631

mass was found after immersion in fresh orange juice of
41%, 55%, 71%, and 52%, respectively. The mass of K1,
G1, Al, and WS straws increases by 67%, 108%, 128%,
and 58%, respectively, after being submerged in coca-cola
and by 40%, 62%, 77%, and 79% after being submerged
in water. So, when immersed in solutions of fresh orange
juice and coca-cola, the Greek-made K1 straw absorbs less
liquid than the A1 and WS straws. Additionally, K1 and
G1 straws return to approximately their initial mass after
drying from the various solutions used. However, a change
in mass of the A1 straw was found in 41 and 11% after dry-
ing from the fresh orange juice and coca-cola solutions,
respectively. It seems that the 12 h at 35 °C is insufficient
for this material to dry out after the immersion. Bouasker
et al. (2014) reported that wheat straws can absorb a mass
of water greater than their weight. According to Zheng
et al. (2018), the increase in the porosity of the surface
structure due to the partial degradation of hemicellulose
and lignin allows the water molecules to penetrate the
material. This results in high water absorption, which sub-
sequently leads to increased swelling (Kain et al. 2014;
Akinyemi et al. 2016).

From the straws made of reed, bamboo, paper, and bio-
plastic, it was found that BPS and BS straws, bioplastic,
and bamboo straws maintain their mass. On the contrary,
the PS straw made of paper has a relatively larger change
in mass compared to other materials. It gained up to 41%,
56%, and 49% of its weight after immersion in water, coca-
cola, and fresh orange juice, respectively. Gutierrez et al.
(2019) reported that the paper straws absorbed liquid at
approximately 30% of their weight after being exposed to
liquid exposure for 30 min. It seems that the high water
absorption causes significant swelling and shrinkage
effects on the samples.

On the one hand, the increased acidity of the phos-
phoric acid present in cola can be used to explain the
higher absorption seen in cola when compared to orange
juice. The pH of phosphoric acid is known to be lower than
the acids found in orange juice, such as citric acid. Due to
its lower pH, phosphoric acid can break down the mate-
rials in the straw, making it corrosive and increasing its
susceptibility to absorption. Additionally, coca-cola also
has dissolved carbon dioxide gas because it is a carbonated
beverage. Gas bubbles are added to the beverage during
the carbonation process, and these bubbles may interact
with the straws. These gas bubbles have the potential to
enhance pressure, encourage the infiltration of water into
the straw structure, and ultimately boost water absorp-
tion. On the other hand, orange juice’s lower acidity and
lower ion concentration may cause less interaction with
the components of the straw, resulting in a lower level of
absorption.
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Morphological characterization of straws

SEM was used to study the effect of water, coca-cola, and
fresh orange juice solutions on the outer and inner sur-
faces of the various straws used. Figure S1 shows the SEM
micrographs of the outer surface of the wheat straws before
immersion. It has a distinctive shape where the pores in
the top layer (epidermis) are sunk into the surface layer. A
keratinous coating prevents slurry and admixture solutions
from passing through the outside of wheat straw (Ghaffar
et al. 2017; Farooqi and Ali 2018). As expected, it appears
that Staramaki (A1, K1, G1), WS, and RS straws have a
similar morphology. There are no voids in the specimens.
This is consistent with the experimental results of XRD dia-
grams, in which the existence of cellulose was confirmed.
Compared to WS, K1 and G1 straws have smaller slots and
smoother outer surfaces, significantly lower than the four
wheat straws. Figure S2 shows the SEM micrographs of the
PS, BPS, and BS straws that appear to be more uneven and
rough.

As mentioned above, the straws were immersed for
30 min in three solutions: (1) water, (2) coca-cola, and (3)

o’
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fresh orange juice to study the effect of the components of
each solution on the surface of the studied material. Fig-
ure 4 shows the SEM micrographs of the outer surface after
immersion of different types Al, K1, and G1 of drinking
straws at a 10 um scale. The red marks observed in the
micrographs are indicative of specific areas of interest, such
as cracks, voids, and pores. The top layer (epidermis) of the
wheat particle surface has lost some of its morphology in
areas where pores are emerging. For water immersion, some
cracks on the outer surface and material that has been peeled
away from the main body of the straw can be seen. When the
straws are immersed in water, the moisture can penetrate the
outer surface and interact with the material. This may result
in the material swelling and changing physically as a result.
The swelling could cause layers to separate or crack, giving
the illusion of material that has been peeled. Additionally,
changes and cracks appear on the outer surface from the
immersion of the straws in fresh juice and coca-cola; there
are spots and areas of the surface that are a lighter shade of
gray than the rest of the surface. As mentioned earlier, the
acids in the juice and coca-cola can be highly corrosive and
may play arole in the development of cracks or other surface
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Fig.4 SEM micrographs of outer surface of drinking straws after immersion in water, fresh juice, and coca-cola at 10 pm scale, a—¢ A1, d—f K1,

and g-i G1 straws

alterations. Strong acids may react with the substance and
cause surface erosion or degradation. It is possible that sur-
face erosion or the elimination of material as a result of
chemical reactions is the cause of the lighter shade of gray
that is sometimes seen.

The same behavior was found for WS in Fig. S3 after
its immersion in water, fresh orange juice, and coca-cola.
So, wheat splits away from the main body, while air gaps,
cracks, and WS porosity are visible during immersion in
fresh juice and coca-cola, Fig. S3c, d—g of reed straws show
that there are changes in the morphology of the outer sur-
face, as well as some parts of the material that split away
from its main structure. The SEM micrographs of the straw’s
surface reveal that there are different absorption properties
due to the changes in roughness and structure of the straws.

Figure 5 shows the SEM micrographs of the paper, bam-
boo, and bioplastic straws. The micrographs indicate the
separation and abscission of some tissues, the creation of
cavities, and a rise in the surface roughness of the straws
compared to those before immersion. Bamboo and bioplas-
tic straws present damage to a lesser extent than the other
ones, mainly peeling and deterioration caused by immersion
in fresh juice and coca-cola. Additionally, the paper straws
take on the color of the beverage, but they do not alter the
liquid’s aesthetic appearance. However, the interfacial bond-
ing strength and the size of the gaps in paper straws lead
to wet expansion and drying shrinkage. So, the destruction
of outer surfaces results in higher water absorption, as pre-
viously revealed. Wheat straw soaks less than paper straw
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Fig.5 SEM micrographs of outer surface of straws after immersion in water, fresh juice, and coca-cola at the 10 pm scale, a—c¢ BS, d—f PS, and

g—i BPS straws

because it is made from the stalks of the wheat plant rather
than pulp.

Overall, the cracks, peeled material, and color changes on
the straws’ outer surface after exposure to water, fresh juice,
and coca-cola are signs of the material’s deterioration due to
moisture, chemical interactions, and degradation processes.
These modifications show how susceptible the straw mate-
rial is to the particular elements and circumstances present
in each immersion medium.

The inside surface of the straws before immersion was
then examined using SEM micrographs. Figure S4 displays
SEM micrographs at scales of 100 and 10 pm taken from the
interior surface of wheat straws. The best wheat straw was
found to be the Staramaki K1 because it has a smooth inner

* @ Springer

surface compared to the other ones. On the inner surface,
there is a thin keratinous layer, and its roughness is superior
to that of the outer surface. This aligns with the observation
that the outer surface of the straws exhibits smaller slots
and smoother textures, which are notably lower compared
to the four wheat straws. However, the WS straw presents
significantly protruding regions throughout the main inner
surface of the material, with a length of about 10 pm, com-
pared to K1, Al, and G1 straws. Figure S5 shows the inner
surfaces of RS, BS, BPS, and PS straws before immersion.
The bioplastic surface of BPS straw has the least roughness
compared to that of the other surfaces, while bamboo has the
highest roughness and shows irregular structures.
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Fig.6 SEM micrographs of inner surface of drinking straws after immersion in water, fresh juice, and coca-cola at a 10 pm scale, a—c Al, d—f

K1, and g-i G1 straws

SEM micrographs were used to compare the inner sur-
faces of the various straws that were immersed in the dif-
ferent solutions. Figure 6 shows the SEM micrographs of
the inner surface of the Staramaki (K1, G1, and A1) wheat
straws. It appears that the various treatments have different
effects on each straw’s inner surface. According to Fig. 6e,
coca-cola and water have barely affected the inner surface of
the K1 straw, whereas the sample dipped in a fresh orange
juice solution has abnormalities. However, a strong effect
of all types of solutions on the inner surfaces of G1 and Al
was found, with the A1 straw showing the most changes and
cracks after immersion. Figure S6 shows the SEM micro-
graphs of WS and RS straws after immersion. As expected,
this straw shows similar behavior to the previous ones as

it comes from wheat. However, the cracks from the effects
of all the solutions are more intense compared to the K1
and G1 straws. The differences in their structural charac-
teristics can be used to explain how various straw samples
react to the solutions. On the one hand, it was found that
the Staramaki K1 straw presents the highest degree of crys-
tallinity compared to the other straws, indicating a more
organized and structured arrangement of cellulose chains
within the material. This structural configuration may help
increase the overall stability and resilience of the straw to
changes brought on by the solutions. On the other hand,
other straw samples present a less organized structure with
more amorphous regions and lower levels of crystallinity.
The less structured arrangement of molecular chains in the
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Fig. 7 SEM micrographs of inner surfaces of straws after immersion in water, fresh juice, and coca-cola, at a 10 pm scale, a—c BS, d—f PS, and

g—i BPS straws

amorphous regions allows for greater interaction with the
solutions, which could change the material’s characteristics
and appearance.

Figure 7 shows the SEM micrographs for BS, PS, and
BPS straws. Some openings and breaks were found in BS
straws due to the interaction with the solutions used, while
the paper structure of the PS straws changed drastically,
leading to the abscission of some sheets of paper. For the
BPS straws, small cracks and changes can be seen in the
form of small spots, with the fresh juice and coca-cola solu-
tions being more intense than those of the water solution
at the 10 pm scale. So, the presence of a highly crystal-
line structure can increase the straw’s hardness and reduce
its water absorption, making it more resistant to changes
brought about by the solutions.

* @ Springer

In comparison with the other raw materials, the Stara-
maki K1 wheat straw soaks less than paper as it is not pulp
but comes from the stalks of the wheat plant. Additionally,
the paper straws exhibit a phenomenon where the outer
surface takes on the color of the liquid, they are immersed
in. Furthermore, significant changes occur in the inner sur-
face structure of the PS straws, resulting in the detachment
of certain paper sheets. This highlights the environmental
impact associated with the production of paper straws. The
manufacturing process requires the destruction of mature
forests to obtain the wood needed for pulp, which is then
heavily processed before being transformed into the final
paper product. Additionally, the BPS straw exhibits less
absorption after being submerged in water, fresh orange
juice, and coca-cola solutions. However, the CO, footprint
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of bioplastic straws is high due to waste during manufac-
turing (Boonniteewanich et al. 2014). In addition, in many
cases, bioplastics do not break down any faster than regu-
lar plastic. So, Staramaki K1 straw demonstrates promising
qualities for sustainable and eco-friendly alternatives in the
straw industry.

Thermal properties of straws

Figure 8 shows the TGA plots of the change in mass as a
function of temperature for the straws before immersion.
These measurements were made to study the behavior of
the materials with an increase in temperature if they are
used in hot drinks. Figure 8a shows the change in mass of
wheat straws and the corresponding area of interest under

magnification (inset). The first stage (between 50 and
150 °C) is related to the initial weight loss caused by mois-
ture evaporation and is strongly related to the initial moisture
of samples. The severe weight loss caused by cellulose and
hemicellulose degradation is referred to as the second stage
(between 200 and 450 °C) (Bouasker et al. 2014; Chougan
et al. 2020).

Samples K1, G1, A1, and WS show a similar trend in
their thermal degradation, with differences in the quantita-
tive part of the phenomenon. The K1 sample is more stable
as the mass loss starts at higher temperatures compared to
the other ones. Thus, an initial mass loss of 2% from 65 to
125 °C for K1 was found, while it remains constant until
242 °C. The enhanced thermal stability of straw and the
high onset of degradation temperature are directly linked

¥ @ Springer
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(Ghaffar and Fan 2015). The cellulose crystallinity domains
are thought to operate as barriers to heat transfer, possibly
increasing thermal stability, which makes heat transfer
more difficult in a more closed packing cellulose structure
(Poletto et al. 2014). Kim et al. (Kim et al. 2010) showed
that the thermal decomposition of cellulose shifted to higher
temperatures with increasing crystallinity. The mass loss in
WS begins at 52 °C and it has lost about 3% up to 97 C.
Additionally, as shown in Fig. 8b, the BPS straw exhibits
a constant value in mass change up to 330 “C, where mate-
rial decomposition begins, and complete degradation up to
410 °C. Reed straws (RS) and paper straws (PS) show lit-
tle thermal stability as their rate of mass change starts to
decrease at lower temperatures than the other ones.

Figure 8c shows the derivative of the mass loss (DTG
curves) of wheat straws, presenting the contribution of
multiple decomposition events. This possibly indicates the
presence of multiple degradation steps. The mass loss steps
for all materials occur within the same temperature range.
In detail, the first step of mass loss for all materials ranges
from 45 to 140 C, the second step occurs between 220 and
320 °C, and the final step is at 290-390 C. In Fig. 8d, it
is observed that sample BPS shows a maximum at 360 C
in which there is a contribution of multiple decomposition
events. Notable is the appearance of two maxima for the BS
and RS straws, indicating that the decomposition starts at
low temperatures and probably occurs in two steps. The PS
straw shows decomposition at a lower temperature than the
rest. Overall, all the straws exhibit good thermal stability,
which qualifies them for hot beverages.

Conclusion

This study presents the efficacy of straws made of wheat as
an alternative to plastic straws. Several experimental meth-
ods have been carried out, eventually leading the study of
structural and morphological characterization, as well as
physical properties. It was found that the K1 straw presents
a more stable cellulose chain in the structure, leading to the
highest degree of crystallinity and better thermal stability
compared to the other ones. The water absorption properties
of the straws were also investigated. The mass of each straw
type increased after immersion in water, coca-cola, and fresh
orange juice. The wheat straws exhibited significant mass
increases after immersion, indicating high water absorption.
The Staramaki K1 straw exhibits less absorption after being
submerged in fresh orange juice and coca-cola solutions

* @ Springer

compared to the A1 and WS straws. The PS had the largest
change in mass among the other materials, absorbing up to
41%, 56%, and 49% of its weight after immersion in water,
coca-cola, and fresh orange juice, respectively. According to
SEM micrographs, before immersion, the wheat straws had
distinctive shapes with pores in the top layer and a kerati-
nous coating. After immersion, the outer surfaces showed
changes, cracks, and areas of lighter shades. The inner sur-
faces also exhibited various changes, with the Staramaki K1
straw being minimally affected, while the A1 and G1 straws
showed more significant changes and cracks. The presence
of a highly crystalline structure in Staramaki K1 can increase
the straw’s hardness and reduce its water absorption, making
it more resistant to changes brought about by the solutions.
Results from Staramaki straws, which are made from the
stalk of the wheat plant and collected from various locations
throughout Greece, show great potential for the develop-
ment of a new class of environmentally friendly materials
for drinking straws.
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