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ABSTRACT KEYWORDS
Totora is a fast-growing plant with a production potential of up to 58 t of dry Totora; fast-growing plant;
mass/ha/year. However, totora has an underappreciated industrial potential. ~ natural fiber; mechanical

Currently, it is mainly used by indigenous people and occasionally by p"’pe"!‘fsf Fhef“ica|
designers for various design works. If totora is to be used more industrially, ~ ProPerties; lignin

we need to thoroughly investigate its properties, especially the mechanical |
properties of its stems. Therefore, this study presents a comprehensive study AR, FARET Y H12%
of totora stems, namely presents its chemical composition, mechanical prop- PERE; AP A s

erties, and also correlations between dimensions of totora stem and its
mechanical and chemical properties. The results showed that totora stems
are composed mainly of cellulose (49.62% in totora pith and 40.97% in totora
rind). Lignin content of totora rind is 20.14%, whereas totora pith consists
only of 6.93% lignin. Totora stems exhibited relatively high mechanical
properties, tensile strength was 10.52 MPa, compressive strength 1.65 MPa,
and bending strength was 7.75 MPa. It was found that mechanical properties
nor chemical properties are not correlated with the area of the stem cross
section at a level of 0.05. Only one correlation was found at a level of 0.1.
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Introduction

Totora (Schoenoplectus californicus (C.A. Mey) Sojak) is an emergent macrophyte that grows in lakes
and marshlands from California to Chile and some of the Pacific Islands (de Lange et al. 1998;
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Hidalgo-Cordero and Garcia-Navarro 2018; Hyskova et al. 2020). This plant has been used by several
cultures such as the Ohlone in North America, the Incas, and Mapuche in South America, and the
Rapanui in Eastern Island, among others (Hidalgo-Cordero 2019; Hidalgo-Cordero and
Garcia-Navarro 2018; Mardorf 1985), for making handicrafts, balsas, and in the case of the Uros
Islands in Lake Titicaca, their huts, fishing boats, and even the artificial floating islands where they live
(Heiser 1978; Heyerdahl 1971; Mardorf 1985).

The long tradition of the use of this plant by several cultures indicates its versatility, resistance, and
convenience. Recent studies have pointed out some of its desirable properties from a sustainable point
of view such as its fast-growing rate, its resistance against some wood decaying organisms, its low bulk
density, restoration, and phytoremediation capabilities, among others, that make this plant an inter-
esting option to be studied for contemporary applications as a sustainable material (Blanco 2018;
Lépez, Sepulveda, and Vidal 2016; E.; Mejia, Ojeda, and Goyos 2019; Pabon et al. 2019; Sloey and
Hester 2018).

Some studies have been conducted about the feasibility of using totora stems to produce
contemporary materials such as binderless boards (Hidalgo-Cordero, de Troya, and
Garcfa-Navarro 2019; Hidalgo-Cordero, Garcia-Ortuiio, and Garcfa-Navarro 2020), insulation
material (Aza-Medina 2016), particle boards (Mejia, Ojeda, and Goyos 2019), design objects
(Hidalgo-Cordero and Garcia-Navarro 2018), among others. These studies have shown the pos-
sibilities of using this plant as a sustainable construction material. However, to harness the full
potential of this kind of resource, it is necessary to understand its characteristics and how some
factors may affect its properties.

Studies have been conducted on the physical and chemical properties of the plant which have
identified differences between the plant’s tissues, namely, the rind and the pith, which have different
cellulose and lignin content depending on their function within the plant’s structure (Hidalgo-
Cordero, Revilla, and Garcia-Navarro 2020; Sloey, Howard, and Hester 2016). The rind tissue showed
a much denser structure and higher lignin concentration than the pith which is a tissue made by air
chambers called aerenchyma, which has lower extractives and lignin concentration than the external
rind (Lépez, Sepulveda, and Vidal 2016; Pabon et al. 2019). Additionally, the physical and mechanical
properties of totora stems have been studied. Among the main physical properties is its low density
with an average of 80 kg/m?, an average tensile strength of 88 MPa (Hidalgo-Cordero, Revilla, and
Garcia-Navarro 2020; Mejia, Ojeda, and Goyos 2019), and the possibility of acquiring considerable
compression and flexion strength when several stems are arranged together using the same techniques
used in the totora boat making process (Hidalgo-Castro, Hidalgo-Cordero, and Garcia-Navarro 2019).

Additionally, some studies have identified the influence that the location in which totora plants
grow may have on their physical characteristics (Pabon et al. 2019). Additionally, if we could under-
stand the influence of the chemical characteristics of the plant on its physical properties, we could be
able to determine the best uses for this plant depending on its location and other factors.

Totora is a perspective plant, however, the stems are not described sufficiently in the scientific
literature so far. In this study, totora stems collected in Ecuador have been studied on their chemical
and mechanical properties. The goal of this study was to determine the correlation between the
concentration of different compounds and the stems’ mechanical properties. The novelty of this study
lies in assessing relationships between totora stems’ mechanical properties and lignin, cellulose, ash,
and extractives content both in totora ring and pith.

Materials and methods
Materials

Totora stems (Figure 1) were collected from the Paccha lagoon (2.8832°S, 78.9387°W; 2570 m.
a.s.l.) in the Andean region of Ecuador. Stems were cut in June 2018 and immediately dried
using the traditional method which consists of leaving the stems to sun dry for 3 weeks and
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Figure 2. Sample testing figures: compressive strength (a), tensile strength (b), bending strength (c).

once they have turned yellowish, they were transported to a covered area to complete their
drying process for three more weeks at ambient temperature. Once the drying process was
completed, they were packed and sent to the Czech Republic via airmail for chemical and
mechanical testing.
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Methods
Mechanical properties

Compressive strength was measured using a TIRAtest 2850 universal testing machine, 2-cm-long
samples of totora stems were used, and compressive strength was calculated as follows:

Fmax

Compressive strength(MPa) = 5 (1)

where F,,,;, is the maximum force applied to the sample, and S is cross-section of the test specimen.

Tensile strength (depicted on Figure 2) was measured using a TIRAtest 2850 universal testing
machine, the gauge length was set at 80 mm, and the constant extension rate was 5 mm-min~". Soft
polyurethane foam was used when mounting the totora stems into the gauges in order to minimalize
strain concentration in the surrounding gauges. Tensile strength was calculated as follows:

Fmax

Tensile strength(MPa) = 5 2)

where F,,,;, is the maximum force applied to the sample, and S is cross-section of the test specimen.

A three-point bending test of totora stems was conducted using a TIRAtest 2850 universal testing
machine, the distance between the supports (/) was 240 mm. The cross section of the totora stem is in
the shape of an equilateral triangle (Hidalgo-Cordero and Garcia-Navarro 2018), and therefore
bending strength was calculated as follows:

Bending strength(MPa) = 3¢  Fpgy [ % S~ 3)

where F,,,, is the maximum force applied to the sample, / is the distance between the supports mm)
and S is cross-section of the test specimen.

Optical methods

Scanning electron microscopy (SEM) of the totora stems was conducted using a MIRA 3 electron
microscope (Tescan Orsay Holding, Brno, Czech Republic) with a secondary electron detector
operated at 10 kV acceleration voltage.

The area of the cross section of individual stems was measured by an optical method using Image]
software, where the cross-section of the stems were scanned at a resolution of 600 DPIL.

Chemical properties

Samples for chemical analysis of the essential components were obtained from ruptured samples after
measuring mechanical properties. Samples were first ground on an IKA MF 10 BASIC knife mill (Staufen,
Germany) and sifted through sieves according to the TAPPI T 11 (2015) . The fraction that passed through
the 3.15 mm sieve and remained on the 0.25 mm sieve was used for chemical analyses. In the samples, the
content of mineral substances, extractives, lignin, and cellulose were determined. Mineral substances were
analyzed in the form of ash according to TAPPI T 211 (2007). The extractable organic part was determined
according to TAPPI T 280 (2015) by extraction using a Soxhlet apparatus when a mixture of ethanol and
toluene in a ratio of 7:3 was used as the extraction solvent. Seifert cellulose (Seifert 1956) and Klason lignin
were determined from the extracted remaining part according to TAPPI T 222 om-01.

Statistical analysis

Descriptive statistics, namely arithmetic mean and standard deviation, were calculated in order to
characterize measured data of totora stem chemical composition and mechanical properties. Analysis
of variance followed by Tukey posthoc test was employed in order to identify statistical difference
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between the individual arithmetical means, p-value of 0.05 was used. Linear regression models were
calculated in order to determine the correlations between the observed characteristics. The regression
equations, Pearson correlation coefficients, coefficients of determination and p-values were calculated
using Statistical3 software.

Results and discussion

Since totora stems are composed of two different tissues (rind and pith), chemical composition of
totora stems was monitored individually for rind and pith. From Table 1 it can be seen that the highest
difference between totora rind and pith is observed in lignin content. While rind lignin content is
20.14% (substantially higher than wheat straw (Zhang et al. 2022)), pith lignin content is only 6.93%.
On the other hand, the soft tissue of totora pith is characterized by a higher content of cellulose
(49.62%). In comparison with wood, a relatively high content of extractives was found in both totora
rind and pith (Hill 2006; Santos et al. 2022).

Other previous study conducted by Hidalgo-Cordero, Revilla, et al., (2020) addressed the chemical
differences between totora pith and rind and have obtained similar results, identifying a lignin content
of 16.42% in totora rind and 8.9% lignin content in totora pith (Table 2). On the other hand, the
holocellulose content of totora rind was 57.13% and for the totora pith was 61.03%. Studies about these
differences in plant species from the same Cyperaceae family such as papyrus conducted by Rosado
et al,, (2021) about the characteristics of pith and rind of papyrus stems showed that lignin content is
also higher in the rind, with a percentage of 27%, than in the pith, with a percentage of 15.7%. On the
other hand, the cellulose content of papyrus pith was much higher, with a percentage of 29.3%, than in
the rind, with a percentage of 18.4%.

These studies might indicate that these kinds of plants show higher lignin contents in the rind and
higher cellulose content in the pith.

In this study, totora stems with a different area of the cross section were measured. Therefore, it was
possible to evaluate the influence of stem cross section on the chemical composition of totora rind
(Figure 3a-d) and chemical composition of totora pith (Figure 4a-d). From these tests, it was observed
that for both totora rind and pith with a higher cross section of the stem, the lignin content decreased,
whereas ash content increased. In the case of ash content in the rind tissue, the p-value of 0.0543
indicates that the correlation between these two values is significant at a significance level of a = 0.1.
Ash content in pith tissue showed a p-value of 0.1206 which could be considered as not statistically
significant. A slight decrease in the lignin and extractives content was detected in larger stem cross-

Table 1. Chemical composition of totora rind and pith.

Extractives (%) Lignin (%) Cellulose (%) Ash (%)
Rind 14.00 (5.0) 20.14 (1.7)2 40.97 (4.5)° 6.87 (1.7)°
Pith 10.66 (5.3)° 6.93 (2.3)° 4962 (3.3)° 7.21 (1.4)°

Values in parentheses signify standard deviation, and different letters (in superscript) in a column
indicate significant differences (Tukey posthoc test, p <.05).

Table 2. Comparison of chemical properties obtained by different studies.

Rind lignin  Pith lignin  Rind holocellulose/ Pith holocellulose/
content content cellulose content cellulose content
Author Species (%) (%) (%) (%)
This study Schoenoplectus 20.14 6.93 40.97 49.62
californicus sp.
Hidalgo-Cordero et al. (2020) Schoenoplectus 16.42 8.9 57.3 61.03

californicus sp.
Rosado et al., (2021) Cyperus papyrus 27 15.7 18.4 29.3
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Figure 3. Correlation between totora stem cross section and chemical composition of totora rind.

section, while a slight increase in cellulose content was detected for both tissues in larger cross-
sections.

The increase of ash content in both tissues in relation to the cross section of the plant may indicate
a higher concentration of silica content in the base of the plant. Silica has been identified by (Honaine
et al., 2013) as a product of biomineralization that the plant uses to reinforce its tissues. In that study,
older plants showed higher silica content, which may indicate that the biomineralization process
occurs progressively in the plant according to its structural reinforcement needs. In this case, the larger
cross sections correspond to the base of the plant which is the part that has to withstand most of the
physical stresses on the stems. Therefore, higher ash content in larger cross sections may indicate the
occurrence of this kind of biomineralization processes.

Lignin and cellulose are the main constituents of plant tissues, while cellulose has been identified as
the responsible for the fibrous structure of plants, lignin acts as a binder between these fibers and other
plant parts (Fang et al., 2022; Zhang et al. 2022). In this study, the influence of lignin and cellulose on
the mechanical properties of totora stems was analyzed. Figures 5a-f and 6a-f present correlations
between the two main natural fiber biomacromolecules and the mechanical properties of totora stems.
It can be seen that with higher content of lignin both in totora rind and pith, tensile strength,
compressive strength as well as bending strength of totora stems are increasing. This is not the case
for cellulose, where the influence of cellulose content on mechanical properties is unclear. However,
none of the monitored correlations could be evaluated as statistically significant at a significance level
of a=0.05. The most significant correlations with p-values of 0.2508 and 0.2145 were found for the
correlations between lignin content in totora pith and tensile and compressive strength of totora stem.
Although the highest lignin content occurs in the rind of the plant, the mechanical strength of this
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Figure 6. Influence of lignin and cellulose content of totora pith on mechanical properties of totora stems.
Table 3. Mean values of mechanical properties of totora stems.
Tensile strength (MPa) Compressive strength (MPa) Bending strength (MPa)
Totora stem 1.52 (4.3) 1.65 (.6) 7.75 (3.5)

Values in parentheses signify standard deviation.

tissue may be influenced by other factors such as the ash content which may indicate the higher
amount of minerals and biomineralizations, which tend to occur on the plants epidermis (Honaine
et al., 2013), that confers this tissue with more structural strength. In the case of the pith tissue, lignin
may have a clearer influence on the structural strength of the stem.

Other studies have addressed the mechanical strength of totora stems showing different results
(Table 3). In the case of the study conducted by E. C. Mejia et al., (2017) stems were previously
compressed to simulate the way they are used for weaving mats. In this case, the reported average
tensile strength was 88.5 MPa. This value is higher because the stem cross section is reduced by the
previous compression process.

The absolute values of totora stem tensile strength, compressive strength and bending strength are
presented in Table 4.

Figures 7a,b presents morphology of totora rind, whereas on the Figure 7c cross-section of totora
pith is depicted using Scanning Electron Microscopy. It can be seen that totora rind presents pores
(Figure 6b) that are characteristics for rind of annual plants (Hysek et al. 2018; Rodriguet-Sanz et al.
2022). The Figures 6a-c illustrates completely different structures of totora rind and pith that is also
characterized by different chemical composition and mechanical properties (Hidalgo-Cordero and
Garcia-Navarro 2018).

Table 4. Comparison of tensile strength properties obtained by different studies.

Author Species Tensile strength (MPa) Condition

This study Schoenoplectus californicus sp 1.52 uncompressed
E. C. Mejia et al. (2019) Schoenoplectus californicus sp 88.5 compressed to reduce stem section
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Figure 7. SEM images of totora rind (A, B) and cross section of totora pith (C).

Conclusions

The present study shows a characterization of totora stems considering the influence of their
cross section on the chemical characteristics of each tissue, namely the rind and pith.
Important differences were detected between the lignin content of rind (20.14%) and pith
(6.93%), indicating the potential benefits that can be obtained when separating these tissues
for applications such as biomass refinery where tissues with higher lignin contents are
preferred. Ash content in the pith showed a direct correlation with the stem’s cross section
at a significance level of a=0.1. This may indicate that older stems tend to accumulate more
minerals, which may help to determine the best harvesting times depending on the desired
biomass properties. Mechanical properties of totora stems did not show correlations with the
chemical characteristics of rind or pith with significance levels of a=0.25.

Highlights

® Totora stem mechanical and chemical properties were characterized

® Totora stems are composed mainly of cellulose (49.62% in pith and 40.97% in rind)
® Lignin content of rind is 20.14%, whereas pith consists only of 6.93% lignin

® Mechanical nor chemical properties are not correlated with stem cross section
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