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Abstract 

Although the productive cycle of wood has demonstrated to generate less impacts than other 

materials such as cement or steel, the increasing pressure on land and forests, uneven 

distribution of forest resources, pests, and unstable wood markets has encouraged the research 

on alternative sources such as non-wood forest products for producing biomass-based materials 

such as particleboards that can be applicable in the construction field. Considering that many 

of the particleboards produced nowadays use adhesives that may pose some health and 

environmental concerns, several studies have been conducted about the ability of 

lignocellulosic materials to achieve self-bonding under certain heat and pressure conditions to 

produce binderless boards with potential environmental benefits. However, the self-bonding 

effect and final properties of the boards depend on the biomass type, time, temperature, 

pretreatments, among other parameters.  

One non-wood forest product of interest is totora (Schoenoplectus californicus (C.A. Mey.) 

Soják). Totora is a sedge from the Cyperaceae family that grows mainly in the Americas from 

California to Tierra del Fuego and some of the Pacific Islands such as the Eastern Island, 

Hawaii, and Cook Islands. This plant has been traditionally used by many cultures in the past 

such as the Moche in Peru, the Incas in Los Andes, or the Ohlone in California. In some places 

the use of this plant has persisted to the present such as in the Uros Islands in Lake Titicaca 

where totora is used for making handicrafts, huts, boats, and even the artificial floating islands 

where their inhabitants live. Despite the long traditional use of this plant, the adaptability to 

different climate zones, fast-growth rate, and potential social and environmental benefits, the 

use of totora in the contemporary context is limited.  

Although currently totora is not an industrial scale crop, the fast-growth rate of the plant, 

existing knowledge of traditional communities about how to harvest and manage it, and the 

potential synergies that can be achieved with natural and constructed wetlands for water 

treatments and carbon capturing facilities that at the same time could serve as convenient raw 

material sources, suggest the possibility of using this biomass for sustaining a competitive 

productive cycle with potential environmental benefits.   

In this scenario, the investigation tackles the feasibility of using totora for producing binderless 

boards applicable in the contemporary construction field by studying how each tissue of the 

plant behaves under different hot-pressing conditions, and how these production parameters 
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influence the boards’ properties. It was demonstrated that boards produced with pith tissue 

made at 150°C after two hot-pressing cycles showed good mechanical properties and could be 

classified as boards of type P1 in accordance with the European standard EN 312. Although 

boards made at 180°C and 200°C showed internal fractures due to internal vapor pressures, in 

a case study of boards made with rind tissue using metallic mesh screens to allow a continuous 

vapor discharge during the hot-pressing process, no blisters and increase of internal bonding 

strength values were observed. The physical and chemical analyses of the raw plant tissues 

showed that the pith and rind have different characteristics. The main chemical differences of 

interest to the studied application are the softer consistency of pith particles and their lower 

solvent extractives content, which influenced the mechanical properties of binderless boards. 

Additionally, the chemical changes induced on the plant tissues by the hot-pressing process, 

which consisted mainly on the hydrolyzation reactions of lignocellulosic polymers, and their 

correlation with the boards’ mechanical properties and resistance against wood decaying 

organisms were studied. These data may help understand the mechanisms trough which this 

biomass achieve self-bonding, which could lead to the optimization of binderless boards 

production process and enhancement of desirable properties.  

In conclusion, the use of totora in the construction field may have potential benefits from a 

sustainable point of view. The rind and pith of totora stems have different physical and 

chemical characteristics. Totora tissues can achieve self-bonding under hot-pressing conditions 

to produce binderless boards. The different characteristics of the rind and pith of totora stems 

influence the physical and mechanical properties of binderless boards produced with each 

tissue. The hot-pressing production process induce chemical changes in the material that may 

help elucidate the self-bonding mechanisms of this kind of biomass. The hot-pressing 

production process influence the resistance of totora binderless boards against wood decaying 

organisms. Totora binderless boards made with the pith tissue at 150°C showed good 

mechanical properties that can classify them as particleboards intended for general uses in dry 

conditions with reduced emissions but lower moisture resistance. The potential of using 

metallic mesh screens to produce boards with higher temperatures and better mechanical 

properties has been identified. Boards produced with all tissues may have potential applications 

in the thermal and acoustic insulation fields, which along with the absence of harmful 

adhesives, and more sustainable of end-of-life scenarios management can make totora 

binderless boards a competitive option in these construction materials’ markets.  
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Resumen 

Si bien el ciclo productivo de la madera ha demostrado generar menos impactos que otros 

materiales como el cemento o el acero, la creciente presión sobre la tierra y los bosques, la 

distribución desigual de los recursos forestales, plagas, y la inestabilidad de los mercados de la 

madera han fomentado la investigación sobre fuentes alternativas como los recursos forestales 

no madereros para producir elementos constructivos, como tableros de partículas, que puedan 

aplicarse en edificación. Teniendo en cuenta que muchos de los tableros de partículas que se 

producen en la actualidad utilizan adhesivos que pueden generar impactos sobre la salud y el 

medioambiente relacionados con la emisión de sustancias volátiles, se han realizado varios 

estudios sobre la capacidad de los materiales lignocelulósicos para lograr la autoadhesión bajo 

ciertas condiciones de calor y presión para producir tableros sin adhesivos añadidos con 

beneficios ambientales. Sin embargo, el efecto de autoadhesión y las propiedades finales de los 

tableros dependen, entre otros parámetros, del tipo de materia prima utilizada, el tiempo y 

temperatura de prensado, pretratamientos aplicados a la materia prima, entre otros parámetros. 

Entre los productos forestales no madereros de interés se encuentra la totora (Schoenoplectus 

californicus (C.A. Mey.) Soják). La totora es una planta macrófita de la familia de las 

Cyperaceae que crece principalmente en el continente americano desde California hasta Tierra 

del Fuego y algunas de las islas del Pacífico, como la Isla del Este, Hawai y las Islas Cook. 

Esta planta ha sido utilizada tradicionalmente por muchas culturas en el pasado, como los 

Moche en Perú, los Incas en Los Andes o los Ohlone en California. En algunos lugares, el uso 

de esta planta ha persistido hasta nuestros días, como es el caso de las islas de los Uros en el 

lago Titicaca, donde esta planta se utiliza para la elaboración de artesanías, la construcción de 

cabañas, balsas e incluso islas flotantes artificiales. A pesar de la larga tradición del uso de esta 

planta, la adaptabilidad a diferentes zonas climáticas, la rápida tasa de crecimiento y los 

posibles beneficios sociales y ambientales que su uso puede generar, en el contexto 

contemporáneo su aplicación es aún limitado. 

Aunque actualmente la totora no es un cultivo de escala industrial, existen potencialidades 

como la rápida tasa de crecimiento de la planta, el conocimiento existente de las comunidades 

tradicionales acerca de cómo cosechar y manejar la totora, y las posibles sinergias que pueden 

conseguirse entre las capacidades de limpieza del agua, captura de carbono, y la provisión de 

materia prima, lo que sugiere el potencial de la totora para ser utilizada como materia prima 
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para producir elementos constructivos en un ciclo productivo competitivo con beneficios 

ambientales de interés en el contexto actual. 

Con estas consideraciones la investigación aborda la posibilidad de utilizar la totora para 

producir tableros sin adhesivos añadidos aplicables al campo de la construcción contemporánea 

mediante el estudio del comportamiento de cada tejido frente a diferentes condiciones de 

prensado en caliente, así como la influencia de estos parámetros en las propiedades de los 

tableros producidos. Durante el estudio se demostró que los tableros producidos con tejido de 

médula hechos a 150°C con dos ciclos de prensado en caliente presentan propiedades 

mecánicas que los pueden clasificar como tableros del tipo P1 según la normativa EN 312. 

Aunque los tableros hechos a 180°C y 200°C mostraron fracturas internas debido a la excesiva 

presión de vapor generado por las altas temperaturas durante el prensado, se pudo demostrar 

mediante un caso de estudio de tableros de corteza utilizando mallas metálicas con el fin de 

permitir una descarga continua de vapor durante el prensado en caliente, que mediante la 

utilización de estas mallas se consigue reducir las presiones internas evitando la formación de 

fracturas a la vez que aumenta la cohesión interna de los tableros. Los análisis físicos y 

químicos de los diferentes tejidos de los tallos de totora mostraron que la médula y la corteza 

tienen diferentes características que influyeron significativamente en las propiedades 

mecánicas de los tableros realizados a 150°C. Principalmente la consistencia más suave y 

menor contenido de extractivos orgánicos de las partículas de la médula, favorecieron la 

cohesión de las partículas y la formación de un cuerpo compacto con mayores prestaciones 

mecánicas que los tableros realizados con las partículas de corteza a 150°C. Además, se 

estudiaron los cambios químicos inducidos en los tejidos de totora por el proceso de prensado 

en caliente, en donde se identificaron reacciones de hidrolización de los polímeros 

lignocelulósicos, y su correlación con las propiedades mecánicas y la resistencia frente a ciertos 

organismos xilófagos. Los datos obtenidos aportan al conocimiento actual de la totora y la 

comprensión de los mecanismos por los cuales sus tejidos pueden alcanzar la autoadhesión 

mediante el prensado en caliente. De la misma manera, estos datos aportan a la comprensión 

sobre la influencia del prensado en caliente en la estructura química del material lo cual afecta 

la durabilidad del material frente a ciertos organismos de pudrición. Esta información puede 

llevar a la optimización del proceso de producción y la mejora de las propiedades de este tipo 

de tableros. 

En conclusión, el uso de la totora en el campo de la construcción tiene potencial de generar 

beneficios desde el punto de vista de la sostenibilidad. La corteza y la médula de los tallos de 



V 

 

totora tienen diferentes características físicas y químicas. Los tejidos de totora pueden lograr 

la autoadhesión en condiciones de prensado en caliente para producir tableros sin adhesivos 

añadidos. Las diferentes características de la corteza y la médula de los tallos de totora influyen 

en las propiedades físicas y mecánicas de los tableros. El proceso de producción de prensado 

en caliente induce cambios químicos en el material que al analizarlos pueden ayudar a dilucidar 

los mecanismos de autoadhesión de este tipo de biomasa. El prensado en caliente genera 

cambios químicos en el material que influyen en la resistencia de los tableros frente a 

organismos xilófagos. Los tableros hechos con tejido de médula a 150°C mostraron 

propiedades mecánicas que los pueden clasificar como tableros de partículas destinados a usos 

generales en ambientes secos de tipo P1, con la ventaja de no tener emisiones de sustancias 

volátiles. Se ha identificado que el proceso de prensado utilizando pantallas de mallas metálicas 

para lograr una descarga de vapor continua durante el prensado dio buenos resultados en 

tableros realizados con la corteza de la planta, por lo que puede ser empleado para producir 

tableros con temperaturas más altas y propiedades mecánicas superiores utilizando el resto de 

los tejidos de la planta. Los tableros producidos con todos los tejidos pueden tener potenciales 

aplicaciones en el campo de los materiales de aislamiento térmico y acústico, lo cual sumado 

a la ausencia de adhesivos nocivos y la facilidad de gestión al final de su vida útil de acuerdo 

a requerimientos ambientalmente consecuentes, hacen de los tableros de totora sin adhesivos 

añadidos una opción competitiva en el mercado de la construcción sostenible. 
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Chapter 1 

1. General introduction 

The increasing price of wood, land pressure, and unstable wood markets have encouraged the 

research on non-wood products and agricultural wastes to be used as feedstock for the 

manufacture of industrial products  such as particleboards as a strategy to diversify the raw 

material sources for producing biomass-based materials applicable in  the construction sector 

(Gaff & Babiak, 2018; Okuda & Sato, 2004; Zhang, Zhang, & Xue, 2015). The data published 

by the Food and Agriculture Organization of the United Nations (FAO) on Forestry and Trade, 

show that wood boards are among the wood-based products with the highest production rate 

increase during the last five years as shown in Figure 1 (FAO, 2018). However, many of the 

wood-based boards available in the market today are made with adhesives, some of which may 

pose health and environmental concerns (Okuda & Sato, 2004).  

 
Figure 1. Production rate increase of different wood products from 2012 to 2017. (Chart made with data 

obtained from FAOSTAT, 2019) 
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Considering these issues, several studies have been conducted to analyze the feasibility of 

producing binderless boards from non-wood forest products that can have different advantages 

such as faster growing rates, wider geographical distribution, lower prices, among others 

(Quintana, Velásquez, Betancourt, & Gañán, 2009). These studies have shown the viability of 

producing binderless boards from alternative biomass sources that can offer potential 

environmental benefits. Among the alternative biomass sources that are of interest for studying 

its properties and potential to be used to produce binderless boards is totora (Schoenoplectus 

californicus. (C.A. Mey), Soják), which is an annual-cycled macrophyte from the Cyperaceae 

family that has long been used by indigenous communities of the Americas to produce a wide 

range of objects from handicrafts to boats and huts, and even artificial floating islands as in 

Lake Titicaca (Figure 2)  (Banack, Rondón, & Diaz-Huamanchumo, 2004; Heiser, 1978; 

Hidalgo-Cordero & García-Navarro, 2018).  

 
Figure 2. Different uses of totora at the Uros islands in Lake Titicaca-Peru. 

 

The long tradition behind the use of this plant by several indigenous communities for many 

centuries and the recent developments in the fields of interior architecture and furniture design 

developed by the author of this work as well as by other researchers, indicate the interest on 

studying further possibilities for using this biomass, its benefits and its potential in the 
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contemporary construction sector, taking into account the sustainability as a crucial aspect in 

the current construction contexts. 

With these considerations, this investigation is framed around the following research question: 

Can totora be used as a sustainable material to produce binderless boards suitable for use in 

the construction field?  

From this research question, the following hypothesis, main objective, and specific objectives 

are formulated.  

1.1. Hypothesis 

Totora can be used as a sustainable material to produce binderless boards that can be 

applicable in the construction field.  

1.2. Main Objective 

1. Analyze the feasibility of producing binderless boards applicable in the construction 

field using totora stems. 

1.3. Specific objectives 

1. Study the state-of-the-art about totora, its benefits and potential in the contemporary 

construction field. 

2. Study the physical and chemical characteristics of totora.  

3. Analyze the parameters that influence the physic and mechanical properties of totora 

binderless boards.  

4. Study the durability of totora and totora binderless boards against wood decaying 

organisms.  

5. Analyze the commercial potential of totora binderless boards. 
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1.4. Outline of the thesis 

The thesis is organized in a way that each chapter covers one specific objective as shown in 

the following table.  

 

Chapter Chapter title Specific objective 

1 General introduction  

2 
Potential of totora as a sustainable material 

in the contemporary construction field 

Study the state-of-the-art about 

totora, its benefits and potential in 

the contemporary construction 

field. 

3 
Physical and chemical characteristics of 

different tissues of totora stems 

Study the physical and chemical 

characteristics of totora.  

4 

Comparison of binderless boards produced 

with different production parameters using 

different tissues of totora stems 

Analyze the parameters that 

influence the physic and 

mechanical properties of totora 

binderless boards.  

5 

Durability of raw totora and binderless 

totora boards made at 150°C against wood-

decaying organisms 

Study the durability of totora and 

totora binderless boards against 

wood decaying organisms.  

6 
Commercial potential of totora binderless 

boards 

Analyze the commercial potential 

of totora binderless boards. 

7 General conclusions  
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Chapter 2 

2. Potential of totora as a sustainable material in the 

contemporary construction field 

2.1. Introduction 

Totora (Schoenoplectus californicus (C.A. Mey.) Soják), is a sedge from the Cyperaceae 

family that grows in wetlands and lakes in the Americas, from California (37ºN, 120ºW) to 

Tierra del Fuego (54ºS, 70ºW), and some of the Pacific islands such as the Cook Islands 

(21.23ºS, 159.77ºW) , Eastern Island (27.11ºS, 109.28ºW), New Zealand (37.39ºS, 174.72ºE), 

and Hawaii (19.77ºN, 155.57ºW) (Figure 3) (de Lange, Gardner, Champion, & Tanner, 2008; 

Heiser, 1978; López, Sepúlveda, & Vidal, 2016).  

 
Figure 3. Totora growing in Lake Titicaca 

 

The taxonomy of totora has been studied by several authors to define if there are differences 

between individuals from different locations. Some authors state that the observations of 

different chromosome numbers, observed preferences of cattle to feed from plants growing in 

one site over the ones growing in other site, and physical differences mainly observed in their 

inflorescences may support the existence of subspecies or varieties (Barros, 1942; Beetle, 1941; 
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Heiser, 1974; Koyama, 1963). In the available literature, totora has been identified under 

different taxa names, such as Scirpus californicus var. tatora (Kunth) Barros, S. californicus 

subsp. Tatora (Kunth) T. Koyama, or Schoenoplectus tatora (Kunth) Palla. However, in the 

database of the Word Checklist of Selected Plant Families (WCSP), to date, these other names 

are considered synonymous to Schoenoplectus californicus (C.A. Mey.) Soják, (Heiser, 1978; 

WCSP, 2017). In some cases, the term totora has been used to designate some plants of the 

Typha species, which are another emergent macrophyte family species called Typhaceae, 

which leaves are similar to the stems of Schoenoplectus californicus (C.A. Mey.) Soják (Heiser, 

1978; Heredia, 2014). Although in some cases these two species have been used in similar 

ways, the differences are notorious. Typha leaves are thinner, and their transversal section is 

semi-circular (Figure 4). Additionally, typha species have a very characteristic inflorescence 

which looks like a long brown cigar or a cat tail. And it is from this similitude that the plant is 

sometimes called “cattail”. 

 
Figure 4.Typha spp leaf section 

 

In contrast, Schoenoplectus californicus (C.A. Mey.) Soják stems are bigger, stronger, and have 

a round-to-triangular-shaped section (Figure 5), and their inflorescence consist of small flowers 

located at the tip of the stems ( 

Figure 6).  
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Figure 5. Totora (Schoenoplectus californicus (C.A. Mey.) Soják) transversal stem section 

 

 
 

Figure 6. Totora inflorescence 

 

Different local names are used to refer to this plant, such as the term “tule” in California, 

Mexico, and some parts of Central America; or the term “piri” in Brazil (Báez-Lizarazo, 

Santoro, Albuquerque, & Ritter, 2017; Dick Wille, Pedrazzi, Ludtke, Gatto, & Coldebella, 

2016; Heiser, 1978). The term “totora” comes from the Quechua word “t´utura” that cultures 

from the Andean regions of South America such as the Aymara, Incas, or Moche used to name 

this plant. These cultures have used this plant for many years and have developed the widest 

range of applications of this plant known to this date, and that still forms an active part of 
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indigenous cultures such as the Uros in Lake Titicaca. In this research, the term “totora” will 

be used to refer to Schoenoplectus californicus (C.A. Mey.) Soják species.  

Totora is a fast-growing plant, it can be harvested twice a year, it can grow from the sea level 

to 4,500 m.a.s.l., it is resistant to drought and water level changes, it is a versatile material to 

work with, and once dry it is not prone to biotic attacks. Several ancient cultures have used 

totora as food, forage, medicine, and for making a wide range of objects from rugs to huts 

(Hall, 2009; Heiser, 1978; Hidalgo-Cordero & García-Navarro, 2017; Margolin, 1978). 

Nevertheless, the most important example of current use of totora is presented by the complex 

of the Uros Islands in Lake Titicaca (15.81ºS, 69.96ºW). The Uros’ constructive practices 

depend almost exclusively on the totora culms, which are virtually the only material available 

in abundance in the lake. Uros people use the totora bundled, weaved, or braided to build their 

houses, boats and artificial floating islands where they have lived for more than 500 years 

(Banack et al., 2004; Macía & Balslev, 2000).  

Despite the intensive use of totora by some communities, the available data on its constructive 

applications are still scarce and widely scattered. This chapter present a general review about 

totora, including information obtained from books, primary sources, direct observation, peer-

reviewed sources, gray literature, videos, and web sources. This chapter is intended to provide 

a background for assessing the totora potential as an alternative biomass-based source of 

material that could be used in the contemporary construction field, and its potential 

environmental benefits in each context.  

2.2. Anatomy 

Totora is an emergent macrophyte that has roughly three identifiable parts with different 

characteristics, namely the roots, submerged stem and aerial stem (Corsino, Torres, & 

Maranho, 2013). 

The root system consists of rhizomes that grow parallel to the substrate. The rhizome has nodes 

every 2 to 6 cm, from which the stems grow vertically. The roots system develops as a net-like 

structure that stores nutrients and helps the plant survive during dry seasons and adverse 

conditions (Honaine, Borrelli, Osterrieth, & del Rio, 2013; PELT & ADESU, 2003). This 

netlike structure can be 0.50 to 3-m thick depending on the plant age and is intended to provide 

the plant with a stable support for growth (PELT & ADESU, 2003). When the water level of 

the lakes increases, these root blocks, which often contain air bubbles because of the aeration 

functions of the plant, float and separate from the bottom of the lake. In this way, the plant can 
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survive in flooding seasons by floating until the water level recovers or be relocated to 

shallower waters (PELT, 2000a). In Lake Titicaca, these blocks are collected in the rainy 

season by the Uros peoples, who tie them together to make their floating islands (PELT & 

ADESU, 2001). These blocks have not been reported as having any uses other than the island 

floating structure for these people. 

The second part of the plant is the submerged stem, which has a group of small leaf-like organs 

at its base. These small leaves lack any photosynthetic function (Gonzalez, 2002). The stem 

has a round to triangular shape, an internal structure composed of the aerenchyma tissue and 

an external epidermis (Gonzalez, 2002; Simbaña, 2006). The aerenchyma tissue consists 

mostly of air chambers arranged vertically along the stem and divided approximately every 

2.50 mm by perpendicular diaphragms. This internal structure is thought to be used by the plant 

to facilitate gas exchange between the organs (Apóstolo, 2005; Corsino et al., 2013). Some 

nutrients and water are transported through phloem and xylem vessels located between the air 

chambers (Apóstolo, 2005; Barrientos, Feijóo, Peneff, Laztra, & Gratti, 2014). The internal 

aerenchyma is known to form part of several macrophytes because of its low energetic cost to 

the plant and the aeriation function of submerged organs it supports. The air chambers comprise 

approximately 65% of the total transversal area of the totora stem, with slight differences 

between the base, mid and apical regions of the stem (Corsino et al., 2013).On the sub-

epidermis layer, a major number of structural and nutrient-transporting tissues of the plant are 

concentrated, and on the external epidermis, waxy substances and extractives make up the 

mucilage of the plant and acts as protection layer (Apóstolo, 2005; Barrientos et al., 2014). 

Although the submerged part of the stem has some chloroplasts that give the plant its green 

color, this part of the stem lacks photosynthetic tissues and contains a few stomata, which can 

be used by the plant for water absorption or during severe water level changes (Corsino et al., 

2013; Gonzalez, 2002; Simbaña, 2003).  

The aerial part of the stem also has an internal structure consisting of aerenchyma and an aerial 

epidermis where photosynthetic functions and gas exchange occur. Therefore, the apical part 

of the stem has a greater concentration of stomata and a thicker palisade parenchyma than the 

middle and lower part of the aerial stem due to its greater exposition to light and air (Barrientos 

et al., 2014; Corsino et al., 2013).  

The stem configuration of totora has been studied by Corsino et al. (2013) to determine the 

anatomical structures used by the plant to efficiently support a slender and long stem (3-m long 

and 1.50-cm in diameter on average). That study analyzed the anatomical differences between 
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the basal, mean and apical part of the stem and determined that the anatomical characteristics 

that allow this plant to maintain its verticality are its triangular-pyramidal shape, the internal 

aerenchyma, and the concentration of most vessels and fibers in the sub-epidermal layer. 

Additionally, Honaine et al. (2013) have studied the silica bio-mineralization that occurs on the 

plant tissues, which is also thought to be used as a strategy of the plant to gain structural 

support. Sloey & Hester (2018) studied the influence of silicon concentration of the substrate 

on the mechanical strength of totora stems and concluded that plants that were grown in silicon-

enriched substrates produced more robust stems that were less likely to collapse than stems 

produced by plants grown in low-silicon substrates. These findings support the existence of a 

correlation between the silicon concentration and stems strength, and indicates the existence of 

biomineralization mechanisms used by the plant to gain structural strength. 

2.3. Planting methods  

Totora is regarded as a valuable resource for some communities, and it has also been used in 

phytoremediation and marsh restoration throughout the Americas (Hester, Willis, & Sloey, 

2016; Watson & Byrne, 2012). It has been reported that totora promotes a greater biodiversity 

than other emergent macrophytes and, when properly managed, can supply an important 

income source for the people that harvest it with a low impact or even a benefit to the 

environment (Hall, 2009; Lima Silveira, Gonçalves Rodrigues, Coelho de Souza, & Würdig, 

2011; Sepúlveda-Mardones, López, & Vidal, 2017). Hence, some studies have assessed its 

management, planting methods, harvesting and potential economical returns (PELT, 2000b; 

Stevens & Hoag, 2003).  

In the case of Lake Titicaca, studies and pilot projects to evaluate and validate techniques for 

planting and managing totora have been coordinated by the Binational Authority of Lake 

Titicaca (ALT) and the United Nations Development Programme (PNUD) from 2000 to 2005. 

In Lake Titicaca, the area covered by totora has decreased from 69,010 ha in 1986 to 38,629 

ha in 2000, which is a reduction of 44% in 14 years (PELT, 2002). This phenomenon has been 

caused by its intensive use by the peoples on the shores of the lake, the increasing population 

density in the zone, lack of management, and, in some cases, the cessation of harvesting 

activities that would otherwise have stimulated the regrowth of new totora shots. For this 

reason, both institutions (ALT and PNUD) coordinated a series of projects aimed at evaluating 

and protecting the totora resource in Lake Titicaca and encouraging its proper use and 

management by the people. Those projects included the planting of 60 ha of totora distributed 
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between Peru and Bolivia and the evaluation of the economical returns it could generate to the 

indigenous people (PELT & ADESU, 2003). 

Rhizomes containing 2 to 5 living stems were used for all the planting methods. The two main 

groups of planting techniques utilized were shore planting for a water depth < 1 m, where the 

plant was buried in the substrate and then compacted by stepping around it, and deep water 

planting for a water depth > 1 m, where plants were tied to a stone or a block of earth to sink 

them to the bottom of the lake. Of those techniques, the best results were obtained using the 

shore technique due to its high efficiency and because compacting the substrate provided a 

better support, reducing the possibility of plants being swept away by the currents (PELT & 

ADESU, 2001). Totora plants were separated 2 m from each other in both directions. Thus, a 

total of 2,500 plants were used per hectare. The plantation was evaluated the subsequent year. 

At that stage, the productivity was 25 stems/m2, which was still low compared with the high 

density of naturally grown totora, which has approximately 250 stems/m2. Once established, 

totora can be harvested twice a year, and its cutting stimulates the growth of new stems keeping 

the plants clean and free of litter from senescent plants (ADESU, 2001). The economic revenue 

that planting totora can generate was assessed, in that case considering the production of 100 

metric tons of green matter per hectare per year. The planting costs per hectare were US$240 

using shore techniques and US$432 using deep water techniques, and the expected revenue per 

hectare from selling totora bundles at the local market in 2001 was approximately US$2,450 

and US$2,270 per year for each technique, respectively (PELT & ADESU, 2001). Considering 

that in subsequent years there will not be a repeated need to plant totora and the stem density 

was likely to increase, the revenue from the raw material harvesting was expected to increase. 

Additionally, since it is possible to add value to the totora by processing it to make finished 

products, its productive cycle was identified as a suitable livelihood for the local people based 

on their own readily available resources. 

Totora planting methods have also been studied for marsh restoration mainly in the southern 

United States, where it has been reported to improve the biodiversity of wetlands through the 

recovery of their ecological and environmental characteristics (Denson & Langford, 1982; 

Hester et al., 2016; Sloey, Willis, & Hester, 2015). With the aim of defining the best planting 

strategies for this plant, Mallison and Thompson (2010) conducted a study in Lake 

Tohopekaliga, Florida, to analyze a series of variables that influenced plant survival. In that 

study, 15 plots (3 x 3 m) were planted using five different methods, which varied depending 

on the length of the rhizomes (2 to 4 cm and 6 to 8 cm), below and above water level with cut 
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and uncut single stems, and one with a longer rhizome of 12 to 15 cm with 2 to 7 uncut living 

stems. The water depth at the planting location was 60 to 65 cm. The plants were evaluated 

after four months for retention rate, survival rate, and condition. That study showed that totora 

must be planted in an emergent manner because the survival rate of the plants that were cut 

under the water level was lower than the survival rate of those that were cut above this level or 

uncut. The rhizome length did not influence the survival rate. However, the condition of the 

plants with a longer rhizome with more uncut living stems was superior at the time of the 

evaluation. Hence, this study stated that if the objective is to establish a single robust plant, the 

best option is to plant a larger rhizome with several emergent living stems. If otherwise the 

objective is to achieve a broader distribution, then it is possible to divide the rhizome into 

smaller pieces and plant them with emergent living stems. 

The management of totora has also been studied as a means to prevent other emergent 

macrophytes to displace indigenous plants and fauna (Hall, 2009; Mudge & Netherland, 2014). 

However, in some cases it has been identified as an environmental weed in places where it is 

not an indigenous species (Williams & Champion, 2008). For instance, de Lange et al. (2008) 

has stated in a case study in New Zealand where totora is an introduced species, that it should 

be controlled until the weed potential is properly assessed.  

2.4. Totora harvesting cycle 

Since totora is an annual cycled macrophyte, many of the emerging stems of the plant dye 

naturally after the flourishing stage and new shoots grow every year (Heiser, 1978). Therefore, 

a well-managed harvesting process might not generate a big impact on the natural cycle of the 

plant. Additionally, it has been reported that the mowing activities help cleaning the senescent 

and dead matter from the plant, limiting the methane production of the wetland and 

encouraging the regrowth of new shoots, which increase the plant´s density. For example, a 

natural totora stand may have a density of around 200 stems/m2 while a totora stand which is 

being constantly mowed can have a density of around 320 stems/m2, hence a higher 

productivity per unit area (PELT, 2000). The same totora plant can remain productive for more 

than 25 years as long as the root system is not teared off and a correct management and care of 

the plant is made (Macía & Balslev, 2000). In fact, the lack of harvesting activities was 

identified as one of the causes of the nearly 44% reduction of the area covered by totora stands 

in Lake Titicaca, as mentioned earlier. As the harvesting of totora promotes re-growth and 

development of the plant (ABTEMA & UOB, 2000; PELT & ADESU, 2003), its use by the 
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people could result in a symbiotic relationship by maintaining a desirable ecological 

equilibrium and generating income sources for the harvesters from the raw material 

commercialization (Lima Silveira et al., 2011). 

2.5. Dry matter productivity of totora stands 

Totora grows in lakes and marshes and achieves its best development in depths of 30 to 70 cm. 

However, in Lake Titicaca, it has been reported to grow in water depths up to 5 m (Collot, 

1980; Gilson, 1937; Iltis & Dejoux, 1991). Studies have shown that totora dry matter 

production can be up to 57.90 t/ha/year in nutrient-enriched substrates such as constructed 

wetlands for wastewater treatment (de Lange et al., 2008). However, in normal conditions, the 

maximum reported dry matter production is around 37 t/ha/year, with an average of 20 t/ha/year 

depending on different factors such as location, rain patterns, substrate, plant’s age, among 

others as shown in Table 1 (Hidalgo-Cordero & García-Navarro, 2018; Noriega, 1993).  

In Lake Titicaca totora is considered one of the main resources for the local people because of 

its different uses and applications. The production capacity of totora has been studied by several 

authors who have reported different data that may have been influenced by the density of the 

totora stands, the age and location of the totora plants, or the rainfall patterns of the evaluation 

year (PELT, 2000a). A study conducted by Galiano (1977) reported that the average 

productivity of totora was about 311.02 t/ha of green matter, considering a 12% content of dry 

matter, it was calculated a productivity of 37.66 t/ha of dry matter in the Puno bay of the 

Peruvian part of the lake. Another study conducted in 1992 by Noriega (1993) as part of the 

Binational Project of Lake Titicaca (PELT) evaluated the productivity of nearly 40,000 ha of 

totora of which 62% where in the Peruvian part and 38% in the Bolivian part of the lake. It was 

reported that the average green matter productivity was between 130-280 t/ha in the Peruvian 

part and 150-290 t/ha in the Bolivian part with a total productivity of 10,955,000 t of green 

matter (PELT, 1993). Although higher productivity values have been reported in Lake Titicaca, 

such as in the study conducted by Herbas (1978) who identified a dry matter productivity of 

61.16 t/ha considering plants of 3.20 m high and a stand density of 292 stems/m2 (PELT, 

2000a),  those values may correspond to small areas of the lake where totora is well-managed 

and the substrate has been enriched with nutrients from agricultural or urban drains. Therefore, 

that value could not be taken as an average value for all the 40,000 ha of totora stands in Lake 

Titicaca.  
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Simbaña (2003) conducted a study about the productivity of totora in Lake San Pablo-Ecuador, 

where 80 ha of totora being managed were identified, and reported that a cultivated plot of 

1,682 m2 was able to produce 2,562 kg of dry matter per mow. Considering that a cultivated 

plot is usually mowed twice a year, it was possible to estimate a dry matter productivity of 

approximately 30 t/ha/year in that case.  

Table 1. Yield of dry matter in metric tons per hectare per year of totora 

Location Substrate Yield Reference 

    t/ha/year   

Parana River lower delta, Argentina  

33.51ºS, 59.85ºW 
natural 16.50 (Baigún et al., 2008) 

Port Waikato, New Zealand 

37.39ºS, 174.73ºE 
natural 21.00 (de Lange et al., 2008) 

Lake Titicaca, Peru and Bolivia 

15.92ºS, 69.33ºW  
natural 37.66 (PELT, 2000a) 

San Pablo Lake, Imbabura, Ecuador 

1.50ºN, 78.20ºW 
natural 15.22 (Simbaña, 2003) 

Parana River, Argentina “Bajos del Temor” 

34.15ºS, 58.15ºW 
natural 19.99 

(Pratolongo, Kandus, & 
Brinson, 2008) 

Lake Titicaca, Peru and Bolivia 

15.92ºS, 69.33ºW  
natural 15.22 (Collot, 1980) 

Sacramento - San Joaquin delta, California, 
USA 

38.30ºN, 121.69ºW  
natural 26.50 (Hester et al., 2016) 

Hualqui, Biobío, Chile 

36.98ºS, 72.96ºW 
wastewater 17.82 (López et al., 2016) 

Aiken and Barnwel, South Carolina, USA 

33.33ºN, 81.73ºW 
wastewater 10.45 

(Murray-Gulde, Huddleston, 
Garber, & Rodgers, 2005) 

Hautapu, Waikato, New Zealand 

37.86ºS, 175.45ºE 
wastewater 57.90 (de Lange et al., 2008) 

The Pahu, Waikato, New Zealand 

37.87ºS, 175.44ºE 
wastewater 54.40 (de Lange et al., 2008) 

 

Other macrophyte species such as phragmites australis, arundo donax, cyperus papyrus, or 

typha spp. have been reported to have similar dry matter yields in good conditions as shown in 

Figure 7.  This may suggest the potential of similar macrophyte species to be considered as 
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biomass sources of interest, to which the principles here discussed could be applied considering 

the best option in each context. 

 
Figure 7. Maximum yield of dry matter per hectare per year reported for different macrophyte species. Figure 

made with data obtained from (Adhikari, Kumar, Singh, & Rao, 2010; Avellán & Gremillion, 2019; de Lange et 
al., 2008; Fia, Vilas Boas, Campos, Fia, & de Souza, 2014; PELT, 2000a) 

 

In order to evaluate the potential of totora as a source of material applicable in  the construction 

field, the maximum yield capacity of different high-yield timber species such as eucalyptus, 

pine and spruce obtained from the Food and Agriculture Organization of the United Nations 

(FAO)’s report on Global Planted Forests (FAO, 2006), were compared with the data obtained 

for totora. Totora’s maximum yield values are high compared with conventional wood sources 

as shown in Figure 8.  

 
Figure 8. Maximum reported aboveground over-bark yield of dry matter expressed in metric tons per hectare per 
year of some conventional fast-growing planted forests compared with totora. Figure made with data obtained 

from (de Lange et al., 2008; FAO, 2006; PELT, 2000a) 

22.30

31.00 33.00
37.66

51.00
55.00

57.90

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

Typha
(Natural)

Phragmites
(Wastewater)

Typha
(Wastewater)

Totora
(Natural)

Papyrus
(Wastewater)

Arundo
donax

(Wastewater)

Totora
(Wastewater)

D
ry

 m
at

te
r 

pr
od

uc
tio

n 
(t

/h
a/

ye
ar

)

7.69 8.49
13.20

37.66

57.90

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

Spruce Pine Eucalyptus Totora (Natural) Totora
(Wastewater)

D
ry

 m
at

te
r 

pr
od

uc
tio

n 
(t

/h
a/

ye
ar

)



16 

 

2.6. Constructed wetlands as potential synergy 

opportunities between environmental services and 

raw material supply 

Studies about constructed wetlands plated with macrophytes have demonstrated to have several 

benefits besides the water quality improvement such as their low operational costs (Leiva, 

Núñez, Gómez, López, & Vidal, 2018), bioenergy source (Avellán & Gremillion, 2019), CO2 

capturing (Casas Ledón, Rivas, López, & Vidal, 2017), among others. Additionally, the 

increasingly strict regulations about wastewater quality and water management have 

encouraged the research about how to increase the efficiency of existing treatment plants by 

pairing them with complementary systems such as constructed wetlands, which could help 

meet the standards’ requirements with low operational and environmental costs (Kiedrzyńska 

et al., 2017). 

Totora has been thoroughly studied in constructed wetlands showing high resistance to 

different pH levels (from 3 to 11), and high heavy metals removal capacities (Arreghini, de 

Cabo, Serafini, & de Iorio, 2017; Blanco, 2018; Knox, Nelson, Halverson, & Gladden, 2010; 

Rearte, Bozzano, Andrade, & Fabrizio de Iorio, 2013). Several studies have been conducted to 

examine totora performance in removing common nutrients and contaminants (Araya, Vera, 

Sáez, & Vidal, 2016; Blanco, 2018; Daniels, Cade, & Sartoris, 2010; Duchicela & Toledo, 

2013; Kadlec, Roy, Munson, Charlton, & Brownlie, 2010; López et al., 2016; MEDMIN, 2003; 

Neubauer, Plaza de los Reyes, Pozo, Villamar, & Vidal, 2012; Rojas, Vera, & Vidal, 2013), 

heavy metals (Arreghini et al., 2017; Knox et al., 2010; Murray-Gulde et al., 2005; Rearte et 

al., 2013; Villamar, Neubauer, & Vidal, 2014), pesticides (Miglioranza, de Moreno, & Moreno, 

2004), industrially produced water (Kanagy, Johnson, Castle, & Rodgers, 2008), combined 

treatments (Malecki-Brown, White, & Brix, 2010), and other contaminants (Sundberg-Jones 

& Hassan, 2007; Thullen, Nelson, Cade, & Sartoris, 2008).  

Additionally, Casas Ledón et al. (2017), in a study conducted in Chile about the greenhouse 

gas (GHG) emissions and energy consumption of a horizontal subsurface flow constructed 

wetland (HSSF), planted with totora and Phragmites australis intended for serving a 700-

people equivalent population, reached to the conclusion that the HSSF wetland emitted almost 

a third of GHG emissions (12-22 kgCO2eq/p.e/year vs. 67.9 kgCO2eq/p.e/year) and consumed 

approximately a third of primary energy (24-27 MJ/m3 vs. 96 MJ/m3) compared with a 

conventional wastewater treatment plant. The feasibility of totora to be used as a 



17 

 

phytoremediation species in constructed wetlands may indicate the possibility of achieving a 

symbiosis by pairing the water-quality improvement with the raw material supply chain. For 

instance, in the Imperial Valley-California, Kadlec, Roy, Munson, Charlton, & Brownlie 

(2010) studied constructed wetlands planted with totora for treating agricultural drain water. In 

that study it was concluded that a system of approximately 4 ha of wetlands can treat 18cm/day 

of water flow removing 41% of the total phosphorus, 25% of the total nitrogen, and 40% of the 

total suspended solids. In the Imperial Valley area the authors identified more than 80 potential 

treatment sites with more than 1,500 ha for constructed wetlands treatment plants (Kadlec et 

al., 2010), which could produce around 10,000 t of dry matter every year if the system was 

paired with a reeds management plan as part of the productive cycle of the system. Another 

study conducted by the Environment, Mining and Industry Foundation (MEDMIN) in a rural 

area in Bolivia showed that a constructed wetland of 2,500m2 planted with totora could work 

as a previous step for increasing the efficiency of the conventional purification plant intended 

for a population of 500 people (MEDMIN, 2003). Neubauer, Plaza de los Reyes, Pozo, 

Villamar, & Vidal (2012) have evaluated a constructed wetland of 0.30 ha in the Biobio region 

of Chile, used for treating wastewater generated from a swine fattening farm with more than 

8,000 swine. Other studies have pointed out the importance of treating wastewater generated 

in industrial parks, where  centralized treatment systems, including constructed wetlands, could 

be planned to tackle the removal of different kinds of contaminants (Yu et al., 2019).  

However, when using constructed wetlands for water treatment it is important to know what 

kinds of contaminants the water contains to define the best strategy for managing the wetland 

and whether it is convenient or not to cut the totora stems or otherwise promote the detritus 

accretion to prevent toxic levels of contaminants accumulated in the sediment layers. For 

example, Murray-Gulde, Huddleston, Garber, & Rodgers (2005) have reported that in South 

Carolina, 3.20 ha of constructed wetlands were used to reduce the copper concentration of 

water discharges that did not comply with some recent requirements concerning the wastewater 

quality standards. In that case it was not recommended to cut the stems, for it was stated that 

since the biomass production of totora surpassed the detritus decomposition rate, it was a good 

species to sustain a system of sediment accumulation where the senescent stems acted as carbon 

sources for bacteria that helped digest some of the contaminants, and at the same time, 

sediments accretion favored by senescent stems provided binding zones for reducing the bio-

availability of the heavy metal that remained trapped in the progressive deposits of sediments 

layers preventing the risk of the wetland to achieve toxic levels of contaminants. Considering 
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that water quality and protection of water sources has become an important concern, and 

regulations about wastewater treatment are becoming stricter (Murray-Gulde et al., 2005), 

constructed wetlands by themselves or as complementary systems of conventional treatment 

plants are one of the most cost-effective solutions that may help comply with these 

requirements in different situations such as in rural areas, agricultural irrigation systems, some 

industrial wastewater treatment plants, or some urban wastewater treatment plants (Noyola, 

Padilla-Rivera, Morgan-Sagastume, Güereca, & Hernández-Padilla, 2012).   

2.7. Natural wetlands restoration and management as raw 

material source.  

Wetlands are gaining special interest due to their capacity to store carbon and the environmental 

benefits they generate (Shiau, Burchell, Krauss, Broome, & Birgand, 2018). There are several 

projects for recovering marshlands and wetlands that use totora as one of their main species. 

For instance, the wetland restoration project of the San Francisco Bay Estuary in the U.S. with 

more than 24,000 ha planned to be restored along the coastal marshes (Hester et al., 2016), 

which could be harvested as part of the wetland vegetation maintenance activities, that could 

generate a certain income from the raw material commercialization at the same time. Another 

example of natural wetland restoration project using totora is focused on Lake Titicaca in Peru 

and Bolivia where more than 30,000 ha are planned to be restored along the lake shores aimed 

at recovering their environmental characteristics and encourage the management of the totora 

plant by the local people, who could benefit from the material harvesting activities and the 

improvement of the environmental conditions of their surroundings by an adequate 

management of the wetlands. In Ecuador different situations have been identified. While in the 

lakes where the communities that know how to work with totora and consider it a valuable 

resource, such as in Lake San Pablo (140 ha), or Yaguarcocha lake (90 ha) people keep the 

totora plots well managed to encourage the totora regrowth, increase the stems density and 

benefit from the income the material commercialization may provide; there are other cases for 

example in Colta lake (80 ha), where people do not regard totora as a valuable resource 

anymore and has started to see the lake as overgrown with totora plants. In that case, the local 

administration started a project in 2010 to “clean” the lake with an investment of nearly 

US$1,000,000 that aimed at removing approximately 70 ha of totora plants to keep the shores 

open and gain free water surface which could facilitate touristic activities in the lake (Chimera, 

2016; El Telégrafo, 2018).  In cases like that, it could be possible to offer biomass management 



19 

 

services with lower costs to the public administration, creating potential job opportunities and 

reinforcing alternative industries developments.  

2.8. Uses of totora as construction material  

Several handicrafts are made with totora, such as rugs, baskets, blowers, jewelry, and 

souvenirs. The versatility of the plant has allowed many communities and artist develop a wide 

range of techniques based both on tradition and innovation (Centro Interamericano de Artes 

Populares, 2015; Heiser, 1978; Mardorf, 1985; Universidad del Pacífico, 2015). Concerning 

traditional constructive applications, the most elaborated techniques and uses are currently 

found in the indigenous communities of Lake Titicaca. Some other communities have been 

reported to have constructive traditions using this plant, but they have been lost and left little 

information concerning the details of the techniques used (Hall, 2009; Heyerdahl, 1971; 

Mardorf, 1985; Prieto, 2016). Herein, the main techniques currently employed for making 

constructive elements with totora are described. 

2.8.1. Quesana 

The quesana is a traditional thick rug made in the highlands of Peru and Bolivia that is locally 

used as a floor mat, roof, and wall (ABTEMA & UOB, 2000; Gilson, 1937; Heiser, 1978; 

Ninaquispe, Weeks, & Huelman, 2012). It is made by twining totora stems with a rope at 

intervals of approximately 30 cm. The quesana thickness is approximately 5 cm, its width is 

approximately 2 m depending on the length of the totora stems, and its length is usually 

between 3 to 10 m. Nevertheless, its final dimensions depend on the size of the framework used 

for weaving it and its final application. Herein, the process of making a quesana of 2.40-m wide 

and 9-m long is described (Figure 9). The reported quesana manufacturing process was 

observed on the Uros Islands in 2006. A plastic layer was laid on the ground to avoid mixing 

the stems on the ground with those of the quesana. Two 5-cm in diameter round logs of 

eucalyptus were placed 9 m from each other on the island ground and secured with planks. 

Nylon thread with a diameter of approximately 3 mm was tied to the eucalyptus logs at intervals 

of 30 cm and tightened. These threads were the guides for the twinning process. Then, bundles 

of dry totora of approximately 5-cm in diameter were placed perpendicularly over the thread 

guides, and the bundles were twined together and tightened with another nylon thread. Once 

the quesana was ready, the ends of the threads were cut and knotted. The final product was a 

5-cm thick mat that could be used as a wall, roof or rug. House structures were made of slim 
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eucalyptus joists of approximately 4 cm x 5 cm, to which the quesanas were nailed or tied to 

form the walls and roofs (Gilson, 1937; Hidalgo-Cordero, 2007) (Figure 10). 

 
Figure 9. Quesana manufacturing process 

 

 
Figure 10. Huts on the Uros islands 
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Ninaquispe et al. (2012) conducted a study to analyze the insulation capacity of the quesana 

and its suitability for use as insulating material in the Puno highlands of Peru. The tests were 

conducted at the University of Minnesota in accordance with the standard ASTM C1155-

95:2013 “Standard practice for determining thermal resistance of building envelope 

components from the in-situ data” (ASTM, 2013). The conductivity reported from those tests 

was 0.083 W/mK. It was stated that the quesana had 6 times lower conductivity values than 

adobe walls. Therefore, the use of quesanas was a suitable solution for improving the thermal 

conditions in that case, including additional environmental and social benefits derived from its 

local production using a widely available local material.  

Other works have examined the use of quesanas in construction, such as the study by Eduardo 

and Zegarra (2015) at the Universidad Nacional del Altiplano in Puno investigating panels 

made of quesanas covered with gypsum and cement mortar. These panels were tested mainly 

with respect to their impact resistance, fire resistance, acoustic insulation and thermal 

insulation. Another researcher, Banderas (2015) conducted a research at the Universidad 

Politécnica de Madrid, where analyzed the use of quesanas as a thermal insulating layer 

incorporated into a prefabricated mud and reed panel for applications in low-cost housing 

projects in Ecuador. 

Additionally, the research group Centro Tierra from the Pontificia Universidad Católica del 

Perú (PUCP), has been working since 2014 on research involving the implementation of 

quesanas as insulating material on roofs and walls in a series of houses in the Puno highlands 

to improve their thermal performance (Rodríguez Larraín & Meli, 2015). Although that study 

has yet not issued official data regarding the improvement of internal conditions of the houses, 

it is worth noting that totora is being studied and tested in practical case studies, which will 

provide valuable insights on its thermal performance, durability, construction techniques and 

other issues by studying these practical examples. The availability of the material in the zone 

and the observation that the construction elements are locally produced by indigenous peoples 

are elements of interest that represent further environmental and social benefits. 

2.8.2. Single-stem totora sheet 

The single-stem totora sheet is mainly used on the Uros Islands for roofing. They are normally 

2-m wide and could range from 2 to 10-m long. They are made by perforating the totora stems 

with a needle and 2-mm in diameter nylon thread that joins them together to form a single 

layer. The reported single-stem totora sheets were observed on the Uros Islands in 2006. The 
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reported sheets had threads every 30 cm, and the totora stems were woven at the ends with 

nylon or totora threads to keep the stems together (Figure 11). These sheets are used in roofs 

because their knots-free surface allows the water to flow freely and avoids leaks. For the Uros 

huts, two to three layers of these mats are used to make one roof (Figure 12). The outer layer 

should be replaced every six months, but the internal ones can last longer (Hidalgo-Cordero, 

2007).  

 
Figure 11. Single-stem sheet 

 

 
Figure 12. Roof layers 
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2.8.3. Totora stems tied directly to the structure 

This technique was observed on the Uros Islands in 2006, mainly for building small huts 

(Figure 13). The huts observed had a pyramidal structure with a squared base of approximately 

2.40 by 2.40 m and 3 m high. The main rafters were approximately 7-cm in diameter, and the 

battens were approximately 4-cm in diameter. The pyramid sides had a slope of approximately 

70 degrees. First, nylon threads of approximately 3-mm in diameter were tied to the structure 

at intervals of approximately 40 cm to form horizontal parallel guides to create a framework 

similar to the one used for the quesanas. These horizontal thread guides were tied to the wooden 

rafters (Figure 14). To this framework, totora bundles of approximately 10-cm in diameter were 

placed perpendicularly to the guides and tied with another thread that lashed the stem bundles 

to the guide and to the previously tied bundle to form an approximately 5-cm thick layer. Once 

the lower layer of the totora stems had been completed, the next layer was placed on the 

previous one with a displacement of 40 cm from the bottom of the previous layer. In this way, 

the roof was built from the bottom to the top and from the interior to the exterior. The final 

thickness of the hut roof was approximately 8 cm. In some cases, the guide threads were 

replaced with small eucalyptus logs of approximately 3-cm in diameter, to which the totora 

stems were tied (Figure 15). 

 
Figure 13. Uros' huts 

 



24 

 

 
Figure 14. Uros’ hut construction details, thread guide 

 

 
Figure 15. Uros’ hut construction details, log guide 

 

A similar technique has been reported to be used in Ohlone hut constructions in North America. 

In that case, thin willow logs were curved and fastened together to form a dome-shaped 

framework. The structure was then covered with totora bundles that were tied to the framework. 

Ohlone huts range from 2 to 6-m in diameter, and the larger ones could house two families 

(Margolin, 1978).  
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2.8.4. Esteras 

Esteras, also known as petates, are made by interlacing totora stems to form a flexible and 

spongy sheet that has multiple applications from mats and rugs to wall coverings and 

architectural ceilings. Esteras are available in various sizes, although they do not normally 

exceed the useful length of stems, which is approximately 2.40 m. Nevertheless, it is possible 

to find larger esteras made with alternated stems (Heiser, 1978; Mardorf, 1985). In the case of 

communities nearby Lake San Pablo in Ecuador, esteras weaving is an important income 

source for several families that have organized in a sort of productive cooperative. Just in these 

communities the production of esteras was of 2,392 units per week in 2003, and the whole 

productive cycle involved more than 3,000 families from harvesters to weavers in the northern 

Andean parts of Ecuador (Simbaña, 2003). The following description of the esteras 

manufacturing process was observed in the traditional handicrafts market at Plaza Rotary in 

Cuenca-Ecuador in 2006 (Figure 16). The manufacturing process of esteras started by 

moistening the totora stems with some water and leaving them in the shade for approximately 

1 h to allow time for water absorption to soften the stems and make them more flexible and 

suitable for weaving. Once the totora stems had softened, a stone was used to strike the stems 

to flatten them, decreasing their volume and increasing their density, which makes the fibers 

more resistant and flexible for weaving (Figure 17). Additionally, as explained by the weaver, 

this process helps to achieve a stiffer tissue because once the mat is finished, the stems recover 

some of their volume by swelling and stiffening the entire tissue. Esteras are the most 

widespread object among totora-working communities, with uses tracing back to thousands of 

years, and they are still used in many parts of the world (Bautista & Sánchez, 2015; Hall, 2009; 

Hidalgo C., 2015; Lima Silveira et al., 2011). Some studies have indicated that totora esteras 

seemed to be very valuable objects during the Inca empire, for there are records suggesting 

they were accepted as a form of tribute to the Inca due to their utility (Mardorf, 1985). One 

interesting modern example of the use of esteras is “La Petatera”, in Colima-México, where a 

temporary bullring for approximately 5,000 people is constructed every year using wood logs 

as the structure and esteras as the building envelope (Mendoza Pérez, 2008).  



26 

 

 
Figure 16. Rolled esteras 

 

 
Figure 17. Estera weaving process 

 

2.8.5. Bound totora bundles 

Bound totora bundles are the construction technique for building the traditional rafts and boats 

used by several totora working people for harvesting and fishing both in lakes and the sea 

(Carpenter, 2009; Collot, 1980; Heiser, 1978). Although totora stems are individually relatively 

weak, when they are tightly bound together, they form compact bodies with considerable 

strength (Rodriguez, 2010; Rondón, Banack, & Diaz-Huamanchumo, 2003). The process of 
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making totora balsa hull reported herein was observed on the Uros Islands in 2006. The 

observed balsa was approximately 3-m long. The hull building process started by making three 

totora bundles, two of approximately 60-cm in diameter and 3-m long and one of approximately 

30-cm in diameter and 3-m long. In this case, two totora stems were overlapped to create the 

3-m long bundles. The overlap was approximately 1 m and the stems were 2-m long. The 

overlap was made in a way the apical part of the previous stems overlapped with the base of 

the subsequent ones. The three bundles were placed parallel on the ground, leaving the small 

one in the middle between the larger ones. Subsequently, a continuous thread for each big 

bundle was wrapped in spiral intervals of 10 cm by lashing each big bundle with the central 

one. Once the thread was positioned, the three bundles had to be tightened together to form the 

hull. The stems were lashed as tightly as possible to achieve a compact body. The tension of 

the rope was gradually increased using a wooden tool to pull the rope and stiffen the whole 

bundle (Figure 18, Figure 19). These totora balsas are used in Lake Titicaca for fishing, 

transportation, and as a tourist attraction. The average durability of small totora balsas (3 to 5-

m long) in Lake Titicaca is approximately six months, and of larger balsas (6 to 8-m long) 

(Figure 20) is approximately 12 months (PELT & ADESU, 2001, 2003; Prieto, 2016). 

 
Figure 18. Totora balsa hull making process. 
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Figure 19. Thread tightening process for a small totora balsa 

 

 
Figure 20. Large totora balsa on Lake Titicaca 

 

Similar techniques have been employed by several cultures in the Americas to make totora 

balsas (Rondón et al., 2003; Simbaña, 2003). Additionally, similar construction techniques 

have been reported for many other reed balsas for thousands of years worldwide using plants 

such as papyrus, typha or common reed for making fishing, transportation, and seagoing 

vessels (Broadbent, 2008; Heyerdahl, 1971; Hidalgo-Castro, Hidalgo-Cordero, & García-
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Navarro, 2019; Pearson, 1938). Some interesting experimental expeditions concerning totora 

balsas have been conducted according to the initial studies and expeditions performed by Thor 

Heyerdahl in the late 1940s. Among his expeditions, of particular interest to this study is the 

Ra II expedition of 1960, which succeeded in crossing the Atlantic Ocean from Morocco to 

Barbados in 51 days on a balsa made with papyrus reeds, which, like totora, is a plant from the 

Cyperaceae family and has stems with a very similar structure to those of totora. After the first 

expedition, Ra I (1959) built by African reed boat builders from Lake Chad in Africa, had failed 

to reach the Caribbean apparently due to building deficiencies attributed to the loss of the boat 

building tradition of these kinds of vessels in Africa, Heyerdahl decided to hire a team of 

Aymara boat builders from Bolivia consisting of the Limachi brothers José, Juan, and 

Demetrio, as well as Paulino Esteban, who had maintained their long tradition of making totora 

boats in Lake Titicaca. These men were taken to Africa to build the Ra II vessel using papyrus 

stems using ancient Aymara techniques. That vessel succeeded in reaching the Caribbean in 51 

days, confirming its seaworthiness (Díaz, Chávez, & Laguna, 2017; Heyerdahl, 1971; Portugal 

Alvizuri, 2017). After the experiences of Thor Heyerdahl, other explorers launched a series of 

expeditions across oceans using totora vessels to demonstrate theories about possible contacts 

between ancient cultures and the settlement of remote islands such as the Eastern Island. The 

explorers and their main expeditions using totora vessels are listed herein to illustrate the 

number of experimentations concerning this subject. Kitín Muñoz (Uru expedition, 1988), a 

German Crew (Chimok expedition, 1988), Kitín Muñoz (Mata Rangi 1, 2 and 3 expeditions, 

1996, 1999 and 2001, respectively), Paul Harmon and Alexei Vranich (QalaYampu expedition, 

2009), Dominique Goerlitz (Abora 2 and 3 expeditions, 2002 and 2012 respectively), Phil Buck 

(Viracocha 1 and 2 expeditions, 2000 and 2003, respectively) (J. Allen, 2010; Buck, 2017; 

Tangen, 2007), and recently Phil Buck have set up the Viracocha 3 expedition, which parted 

in May 2019 from Chile to Australia and thus is expected to sail more than 10,000 nautical 

miles, which would be the longest sea trip made on a reed ship (Buck, 2017). Most of those 

experimental journeys have lasted more than two months, which is important evidence of the 

strength of bound totora bundles considering the great strain of the constant shock of sea waves 

and the crew loads during those journeys.  

Another interesting experience concerning the constructive possibilities of totora bundles was 

the “Totora Project” organized by the Professor George Teodorescu as part of the International 

Master Program of Integral Innovation developed in collaboration between the SAdBK-

Germany, and the PUCP-Peru during the course 2009-2010. The totora-bound bundle 
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technique was used to create a series of experimental constructions that addressed the 

possibilities of using totora to build structures that could house some cultural and 

communitarian activities of the Uros people (PUCP, 2010). Those structures consisted of 

lashed totora bundles of different dimensions and shapes, some of which more than 60-cm in 

diameter, to make approximately 4-m high arches (Figure 21, Figure 22) (PUCP & SAdBK, 

2010). Although information on the mechanical strength of those structures was not 

documented, they demonstrated that this technique allowed the construction of complicated 

structural shapes that were able to support themselves and the eventual extra loads during the 

building process, such as the workers. More research on that subject could be of interest to 

evaluate the structural behavior of totora bundles and their potential applications. 

 
Figure 21.The biggest arches made out of totora being placed together. Totora Project, by Prof. George 

Teodorescu. (2009-2010) Master Program of Integral Innovation - SAdBK and PUCP, Lima-Peru. Photo: 
Rosemary Talavera. 
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Figure 22. The inauguration ceremony starts. Totora Project, by Prof. George Teodorescu. (2009-2010) Master 

Program of Integral Innovation - SAdBK and PUCP, Lima-Peru. Photo: Rosemary Talavera. 

 

Other example of the use of bound totora bundles is presented by the work of Ricardo Geldres, 

who designed the “Silla Totora” chair made with a metallic framework to which round-shaped 

totora bundles were tied to form the seat and the backrest (Geldres, 2008).  

2.9. New techniques and experimentation about totora 

2.9.1. Experimentation using new techniques 

Hidalgo-Cordero (2007), in his research conducted at the Universidad de Cuenca-Ecuador, 

experimented with several possible uses of totora as contemporary architectural finishes. The 

main purpose of that research was to harness the social and environmental benefits the use of 

totora could generate for the communities that work with it by proposing the diversification of 

the uses of this material in the contemporary architecture and industrial design field. In that 

research, tests to define some physical properties of totora stems were conducted. Those tests 

showed that the dry weight of totora stems increased four times at the date of saturation. The 

initial absorption capacity showed a 7% increase in the weight per min during the first 20 min 

of immersion. This absorption capacity was considered to be of interest because it could save 
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energy during treatment application processes to the stems. The axial compressive strength 

parallel to the stem axis of a single stem was 1.47 MPa, and the axial compressive strength 

parallel to the stems axis of a lashed bundle was 3.90 MPa. The tensile strength of a single stem 

parallel to the stem axis was 3.70 MPa. Hidalgo-Cordero developed several techniques for 

treating and using this material in the industrial design field and produced some design objects 

illustrating the wide variety of potential treatments and applications totora can have (Hidalgo-

Cordero & García-Navarro, 2017; Telerama, 2013). Among the innovative products developed 

in his work was the “totora textile”, a sheet made of short totora stems with a length of 

approximately 1.50 cm that are glued on one side to a natural rubber sheet. This totora sheet 

behaves as a flexible textile when bent outwards and as a stiff surface when bent inwards. The 

spongy tissue of the aerenchyma plays an important role in this case because it allows an almost 

perfect interlacing of the totora shapes, minimizing the air space between the stems and thus 

conferring, in the one case, textile rigidity, and in the other case, flexibility. The combination 

of the stiffness and flexibility properties of this totora textile has been used in some furniture 

such as the totora flexible lounger (Figure 23), the shape and rigidity of which can be changed 

to obtain different forms. 

  

Figure 23. Totora flexible lounger 

 

Other experimental designs of interest are the malleable totora surfaces consisting of a wooden 

mesh that holds totora stems placed perpendicularly to the mesh plane. The internal spongy 

tissue of totora exerts a certain pressure among the stems, but their waxy rind simultaneously 

allows them to move independently in the longitudinal direction, rendering the effect of a 
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malleable surface made of small movable particles. This malleable surface concept has been 

used for the malleable totora table, the board of which is able to change shape to hold different 

objects (Figure 24). 

 
Figure 24. Totora malleable table board holding a glass cup 

 

Another study examining the applications of totora in the industrial design sector analyzed the 

use of Polyvinyl acetate (PVA) glues to form agglomerated blocks, which were then sanded 

and modeled into bowls or furniture parts (Culcay, 2014). Mechanical tests conducted by 

Culcay showed a higher flexural strength for the agglomerated board sample made with cross 

laminated stems compared with the board made with parallel-oriented stems. The results of 

these tests showed values of 0.81 MPa and 0.16 MPa, respectively. 

Other studies conducted by Mejía, Ojeda, & Goyos (2017) analyzed the tensile strength of 

totora stems and their relation to the part of the stem namely the lower, medium, and apical 

section. The average tensile strength was of 88.50 MPa, and it was reported that the medium 

section showed the greater tensile strength with an average of 98.12 MPa. The mechanical 

strenght values of the different totora elements are shown in Table 3. 

Mejía (2017) assessed the possibility of using totora stems as tensile reinforcement in a 

composite material with a polyester resin matrix. In that study it was reported that the outer 

rind had to be sanded in order to achieve an acceptable interface with the resin, because the 

waxy tissue of the rind prevented the formation of an acceptable interface. In terms of flexural 
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strength, the totora-resin composite showed a significant strength increase going from 

approximately 42.93 MPa of the resin by itself to approximately 70.94 MPa of the totora-resin 

composite.  

2.9.2. Insulation capacity of totora 

Aza-Medina (2016), in her research investigating the thermal insulating capacity of totora at 

the Universidad Politécnica de Catalunya-Spain, studied several totora samples using crushed 

and whole stems bonded with natural glues. The thermal conductivity was analyzed using the 

thermal analyzer Quickline TM-30. Samples that were made with crushed totora stems showed 

the best thermal conductivity values, with an average of 0.055 W/mK compared with the ones 

made with whole stems with an average of 0.066 W/mK. Reported conductivity values of the 

different totora elements by different authors are shown in Table 2.  

Table 2. Conductivity values of totora elements 

Material  Density Thickness Conductivity Reference 

  kg/m3 
cm W/mK   

Quesana - 5.00 0.083 (Ninaquispe et al., 2012) 

Crushed-totora board 155.28 1.60 0.055 (Aza-Medina, 2016) 

Whole stems board 156.00 1.50 0.066 (Aza-Medina, 2016) 

 

Aza also studied the samples fire resistance in accordance with the Spanish standard UNE 

23723:1990 “Tests for determining the reaction to fire of building materials…” (Asociación 

Española de Normalización y Certificación, 1990). That test revealed that crushed totora 

samples had ignitions that lasted 2.50 s and a mass loss of 31.60% on average. The samples 

consisting of whole stems had ignitions that lasted 5.13 s and a mass loss of 23% on average. 

However, the samples consisting of ground and whole stems that received a treatment based 

on potassium alum and borax salts showed no durable ignitions and were considered null. The 

mass loss of the treated ground totora samples was 27% on average, and the mass loss of the 

treated whole stems samples was of 28% on average. In that study, the hygrothermal 

performance of the samples was also tested in accordance with the Spanish standard UNE-EN 

ISO 12572: 2016 “Hygrothermic properties of construction products and materials, and water 

vapor transmission” (Asociación Española de Normalización y Certificación, 2016). That test 

showed that the samples made with ground totora had a vapor resistance factor of µ = 4.35 on 

average, which was similar to other insulating materials such as wool or wood fiber. The 

flexural resistance of the samples was tested using a Zwick Roell equipment. In that case, the 

average samples dimensions were 150-mm long, 37-mm wide and 12-mm thick. The support 



35 

 

distance was 100 mm, and the load was applied at the center of the samples. The results showed 

that the ground totora sample’s modulus of rupture (MOR) was 0.48 ± 0.16 MPa. The whole 

stem samples showed MOR values of 7.46 ± 1.07 MPa.  

In conclusion, that study was of interest because it demonstrated that totora boards can achieve 

a good balance between thermal conductivity and mechanical resistance in one layer, which is 

an interesting feature for materials in the contemporary construction sector (Krus, Theuerkorn, 

Großkinsky, & Künzel, 2014).  

The mechanical properties of different totora elements reported by several authors are 

summarized in Table 3.  

Table 3. Mechanical strength of different totora elements 

Material 
description 

Thickness Binder 
Flexural 
strength 

Compressive 
strength 

Tensile 
strength Type Reference 

  mm   MPa MPa MPa     

Cross laminated 
totora stem board 

50 
Polyvinyl 
Acetate 

0.81 - - 
perpendicular to 
the fibers 

(Culcay, 2014) 

Parallel oriented 
totora stem board  

112 
Polyvinyl 
Acetate 

0.16 - - 
parallel to the 
fibers 

(Culcay, 2014) 

Crushed totora 
board 

13 ± 2 
natural 
adhesives 

0.48  - - - (Aza-Medina, 2016) 

Cross laminated 
totora stem board 

13 ± 2 
natural 
adhesives 

7.46  - - 
perpendicular to 
the fibers 

(Aza-Medina, 2016) 

Parallel oriented 
totora stem board  

125 
Polyvinyl 
Acetate 

- 0.60 - 
compression 
parallel to the 
stems’ axis 

(Culcay, 2014) 

Single stem 50 - - 1.47 
- 

 

compression 
parallel to the 
stems’ axis 

(Hidalgo-Cordero, 
2007) 

Lashed totora 
bundle 

100 
Mid 
tension 
thread 

- 3.70 - 
compression 
parallel to the 
stems 

(Hidalgo-Cordero, 
2007) 

Single totora stem 15 - - - 88.50 - 
(Mejía, Ojeda, & 
Goyos, 2017) 
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2.10. Innovative applications of traditional weaving 

techniques 

The Anti-Kiosk project developed by the Ecuadorian architecture firm odD+ architects is an  

example of the use of woven totora in contemporary architecture and design. The project 

consists of a dome-shaped kiosk made of different wedges that can open like a puzzle to 

configure different spaces. Each wedge is made of a metallic framework to which the totora 

stems were woven by local artisans from Ecuador to create the external totora skin (odD+ 

architects, 2015). 

The Totora Cube-Archqid developed by Lerner F., Fuentes A., Jara O, and Jones V. in 

Imbabura-Ecuador in 2016 is another example that used traditional weaving techniques from 

the local community of San Rafael de la Laguna, developed in collaboration with the 

community-enterprise Totora Sisa, to make a series of mats that were used as envelopes for an 

architectonic cubic structure. This cubic structure was made of wood panels that were hinged 

and could be opened to use the space in different ways (Franco, 2016). As stated by the authors, 

that was an experimental project with a main objective of cataloguing traditional weaving 

techniques of the community and providing incentive for the creation of new ways of thinking 

about this material and the possibilities it can offer to the contemporary architecture and 

construction field. 

Another example of the use of totora weaving techniques in contemporary applications are the 

series of furniture designs developed by the designer Edward Barragán, as well as the totora 

dome, which is a hut that forms part of the touristic complex Urku Wasi in Imbabura-Ecuador. 

This dome-shaped hut was built with a metallic framework that was covered on both sides, 

internally and externally, by a totora and thread woven mat made by the local artisans of San 

Rafael de la Laguna in Lake San Pablo-Ecuador (Figure 25).  
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Figure 25. Interior of the totora dome hut in Urku Wasi. Imbabura-Ecuador 

2.11. Pulp potential of totora 

Studies about the pulp potential of totora have reported a holo-cellulose content of 40-60%, 

which could be of interest to the pulp production industry and as a hint of the cyclability of 

totora construction materials (Condori, 2010; Dick Wille et al., 2017; Simbaña, 2006). 

The NaOH, sulfite and Kraft processes for producing totora cellulose pulp have been analyzed 

and reported by Simbaña (2003). In that study, the pulp yield percentages of totora stems from 

the San Pablo Lake in Imbabura-Ecuador were 26.10%, 38.20%, and 31.80%, and the bursting 

strength was 0.30 kg/cm², 0.85 kg/cm², and 0.99 kg/cm², respectively (Simbaña, 2003). That 

study did not report the concentration of the solutions used and indicated that the totora had a 

low pulp yield and that the obtained paper was of lower quality than those obtained from other 

natural fibers. 

Another study on this subject was conducted in Puno by Condori (2010) using totora from Lake 

Titicaca to evaluate its suitability for producing glassine paper. In that case, a solution with a 

concentration of 8% NaOH provided a higher yield (44.20%) than the experiment mentioned 

above, which should presumably have used a higher NaOH concentration, potentially 

dissolving part of the useful cellulose and hemicellulose of the pulp and causing the lower pulp 

yield. The tensile index of the glassine paper produced was 0.11 Nm/g. That study also 

analyzed the average lignin content of the plants at different phenological stages: before 

flowering (3-month-old), during flowering (6-month-old), and after flowering (12-month-old). 
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The lignin content of the plants collected before, during, and after flowering stages were 

34.99%, 25.30%, and 23.57%, respectively (Condori, 2010). 

Another study conducted by Dick et al. (2017) in Rio Grande, Brazil, analyzed the chemical 

characteristics of totora stems, its kraft pulp yield, and the physical properties of its fibers. That 

study reported holo-cellulose content of 55.89%, and lignin content of 22.19%. Based on the 

physical analysis of the totora fibers, it was stated that although their length was similar to 

eucalyptus fibers, their width was smaller, which could reduce the final resistance of the totora 

paper. That study stated that the high level of total extracts, silica content, and hexuronic acid 

content, and the smaller width of the totora fibers could be unfavorable during the cellulose 

production process. The cellulosic pulp of the short fiber was produced with the Kraft method 

and showed a Kappa number of 45.74 and purified yield of 45.85%. (Table 4).  

Some artisanal totora paper manufacturing have been studied e.g., the case of Bertha Soto from 

Bolivia, or the community-enterprise Totora Hogar from Ecuador are two current examples of 

artisanal producers of paper and decorative envelopes made from totora stems (H. Álvarez, 

2011; Bautista & Sánchez, 2015). Although artisanal paper production is at a very low scale, 

the ability to produce it from totora using relatively simple methods could be an indicator of 

the recyclability potential of the material, which could lead to a closed-loop system.  

Table 4. Chemical analyses and pulp yield of totora stems 

Material 
description 

Holo-
cellulose 

Lignin 
Pulp 
yield 

Kappa 
no. 

Strength Method Reference 

  % % %       

Totora stems 55.89 - - - - 
HPLC-PADa according to 
(Wallis, Wearne, & Wright, 
1996) 

(Dick Wille et al., 
2017) 

Totora stems - 22.19 - - - 
TAPPI T 222 om-98-
adapted 

(Dick Wille et al., 
2017) 

Totora stems - - 45.85 - - 

Kraft. AAb=7% Na₂O, 
sulfide 25%, liquor/reed= 
5/1, max. temp.c=170°C, 
time to max. temp. c =90 
min. 

(Dick Wille et al., 
2017) 

Totora cellulose 
pulp 

- - - 45.75 - TAPPI T 236 om-85 
(Dick Wille et al., 
2017) 

3-month-old totora 
stems 

- 34.99  - - 
Acid Detergent Lignin. (Van 
Soest, 1963) 

(Condori, 2010) 

6-month-old totora 
stems 

- 25.30 - - - 
Acid Detergent Lignin. (Van 
Soest, 1963) 

(Condori, 2010) 

12-month-old 
totora stems 

- 23.57 - - - 
Acid Detergent Lignin. (Van 
Soest, 1963) 

(Condori, 2010) 

Totora stems - - 44.20 - - 8% NaOH for 24 h (Condori, 2010) 
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Totora-based 
glassine paper 

- - - - 0.11 
Tear strength according to 
(Casey, 1990). Nm/g 

(Condori, 2010) 

Totora stems 66.79 27.80 - - - - (Simbaña, 2006) 

Totora stems - - 26.10 - 0.30 
NaOH pulp yield 

bursting strength kg/cm² 
(Simbaña, 2003) 

Totora stems - - 38.20 - 0.85 
Sulfite pulp yield 

bursting strength kg/cm² 
(Simbaña, 2003) 

Totora stems - - 31.80 - 0.99 
Sulfate pulp yield 

bursting strength kg/cm² 
(Simbaña, 2003) 

a. HPLC-PAD. High-performance Liquid Chromatography with Pulsed Amperometric Detector  
b. AA. Active alkali load 
c. max. temp. Maximum temperature reached during the process 
 

2.12. Chapter conclusions 

Totora is an emergent macrophyte with a habitat, anatomy, growth rate, phytodepuration 

capacity, physical properties, and traditional uses for which studies and recent experimentation 

support its potential for use in the industry to diversify sources of biomass-based materials. 

Since totora can grow in many climate zones, it would be possible to generate short-term local 

material sources in parts of the world where the climate is not suitable for certain planted 

forests, which could lead to a more balanced resource distribution. The traditional techniques 

and new experiments conducted using totora indicate that it is a versatile material that can be 

subjected to different procedures to improve its properties. Totora could be a reliable material 

source that is renewable and, when managed correctly, it can provide material for a long time 

with low potential environmental impacts.  

The goal of this chapter was to organize and promote the information about totora to identify 

potential advantages and possible limitations that must be solved to benefit from it in the 

contemporary industrial field. 
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Chapter 3 

3. Physical and chemical characteristics of different tissues of 

totora stems 

3.1. Introduction. 

Physical and chemical characteristics of totora stems have been described by several authors 

(Apóstolo, 2005; Dick Wille et al., 2016; Fernández Honaine, Borrelli, Osterrieth, & del Rio, 

2013). Studies about the morphology of the plant have identified two main different parts of 

its stems, being them the pith, which is made of the aerenchyma tissue, and the rind which is a 

harder tissue where most of the functions of nutrient transportation, gas exchange, and 

structural support are concentrated (Apóstolo, 2005; Corsino et al., 2013; Dick Wille et al., 

2016; Fernández Honaine et al., 2013). The physical characteristics of the fibers of these two 

tissues were analyzed by Dick Wille et al. (2016) who determined that the fibers obtained from 

the internal pith were on average 6.5% longer  (882.19 vs 828.70 µm), and 16.6% thicker (3.86 

vs 3.31 µm) than the ones from the rind of the stems.  

Studies have been conducted to analyze the chemical characteristics of whole totora stems 

using different methodologies that reported an average lignin content of 26.77% and an average 

holo-cellulose content of 61.34% (Condori, 2010; Dick Wille et al., 2017; Hidalgo-Cordero & 

García-Navarro, 2018; Simbaña, 2006).  

A detailed chemical characterization of whole totora stems was conducted by Dick Wille et al. 

(2017), who used stems taken from the Rio Grande do Sul state in Brazil (31.98°S, 52.17°W), 

reporting the following values. Extractive content in acetone of 3.60%, total extractive content 

of 11.94%, acid-insoluble lignin content of 22.19%, acid-soluble lignin content of 2.70%, and 

ash content of 7.60%. The carbohydrates fraction termed as holo-cellulose was analyzed by 

Chromatography obtaining a total carbohydrate content of 55.89% of which 34.30% glucans, 

17.90% xylans, 0.90% galactans, 0.27% mannans, and 2.58% arabinans. However, the 

chemical characterization of the two main tissues of the plant and their differences has not been 

reported before. 

Therefore, in this chapter a differentiated chemical analysis of these two tissues, rind and pith, 

and their comparison was conducted. This information could lead to a proper assessment of the 

potential uses of this plant and the optimization of resources and energy not only in the 
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materials’ sciences but also for industrial processes, pre-treatments, or specific extractive 

methods in industries such as the paper industry, or biochemistry (Bychkov, Podgorbunskikh, 

Ryabchikova, & Lomovsky, 2018; El Omari, Belfkira, & Brouillette, 2017; Moghaddam & 

Mortazavi, 2016). The physical analyses of the stems were conducted at the construction 

laboratories of the Technical University of Madrid, in Madrid-Spain, and the physical and 

chemical analyses of totora tissues were conducted at the laboratories of the National Institute 

for Agricultural and Food Research and Technology (INIA), in Madrid-Spain. 

3.2. Materials and Methods. 

3.2.1. Material description.  

Totora stems were obtained from the Paccha zone in the province of Azuay-Ecuador (2.90°S, 

78.93°W). The stems were cut in February 2016, during the flourishing stage of the plant. The 

cut was made at around 5 cm above the water level. Stems were kept lying extended on the 

ground for sun-drying for two weeks until they turned yellowish and then they were transported 

to a covered storage to complete their drying process at ambient temperature. 

3.2.2. Material preparation.  

The material for the analyses was extracted from 20 different stems randomly selected from a 

stock of 200 dry stems. The stems were easily peeled off by manually pulling the outer layer 

in order to separate the epidermis and the palisade parenchyma tissues from the internal 

aerenchyma tissue as shown in Figure 26 and Figure 27.  

The rind average thickness was 0.25 mm. On average, the rind comprised 70% of the whole 

stem dry mass and 25% of the whole stem volume. Hence, the density of the rind tissue was 

on average 7 times greater than that of the pith. These values are similar to those observed by 

Corsino et al. (2013), whose study showed that the aerenchyma tissue comprised 60-70% of 

the whole stem volume,  and stated that the aerenchyma’s high structural efficiency helped the 

stem maintain its vertical shape.  
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Figure 26. Totora stem being peeled off 

 

 
Figure 27. Rind (up) and pith (down) separated 

 

The rind and pith were hammer milled and sieved. The particles obtained from the rind and 

pith were different from each other; while the former ones were slender and hairy as shown in 

Figure 28, the latter were spongy and cotton-like as shown in Figure 29. The physical 

characteristic of these particles could be of interest to study the application of different pre-

treatments to the material to enhance its productivity in an efficient way using methods such 
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as steam explosion or grinding with reduced energy consumption (Lourenço et al., 2017; 

Martin-Sampedro, Revilla, Villar, & Eugenio, 2014).The hairy particles of the rind and the 

cotton-like ones of the pith showed more difficult to pass through the sieve than if they were 

more compact. With these properties taken into consideration the particle sizes used for the 

analyses were 0.71 to 0.30 mm instead of the range of 0.40 to 0.30 mm recommended by the 

standard TAPPI T257 (Technical Association of Pulp and Paper Industry, 2014). The ground 

particles were left to stabilize in closed containers for 48 h before starting the tests.  

 
Figure 28. Rind particles sieved through 0.71 to 0.30 mm mesh 

 

 
Figure 29. Pith particles sieved through 0.71 to 0.30 mm mesh 

 

3.2.3. Determination of dry matter content.  

The dry matter content was determined in accordance with the standard EN ISO 638:2008 

(ISO, 2008). The dry matter was determined in duplicate for each case, rind and pith, oven 
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dried at 105°C for 24 h. Samples weights used were approximately 2 g of pith and 2.30 g of 

rind. The containers used were ceramic crucibles previously dried and weighted. 

3.2.4. Ash content.    

The ash content was determined at  525°C and 900°C in accordance with the standards ISO 

1762:2015 and ISO 2144:2015, respectively (ISO, 2015b, 2015a). Ignition time was 1 h at each 

temperature 525°C and 900°C after extracting the smoke at 250°C for 30 min. An electric 

muffle furnace was used to burn the samples (Figure 30). The results were expressed as 

percentage in relation to the initial sample dry mass.  

 
Figure 30. Electric muffle furnace  

 

3.2.5. Solvent extractives.  

The solvent extractives were determined in accordance with the standard TAPPI 204 

(Technical Association of Pulp and Paper Industry, 2011). Totora samples sizes were on 

average 4.40 g of pith and 10.78 g of rind. The solvent used was acetone, reagent grade, with 
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a purity of 99.5%. Soxhlet extraction apparatus with water bath was used for conducting this 

test (Figure 31). 

 
Figure 31. Soxhlet extractor in water bath 

 

3.2.6. Hot water solubility.  

The hot water solubility was determined in accordance with the standard TAPPI 207 (Technical 

Association of Pulp and Paper Industry, 1999b).  The samples used were taken from the solvent 

extracted residues. Samples sizes were on average 1.43 g of pith and 2.05 g of rind. Soxhlet 

extraction apparatus on hot plates were used for this test (Figure 32). 
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Figure 32. Soxhlet extractor on hot plates 

 

3.2.7. Acid-insoluble lignin content.  

The acid-insoluble lignin content was determined in accordance with the standard TAPPI 222 

(Technical Association of Pulp and Paper Industry, 2006). Samples used were taken from the 

previously extracted in solvent and hot water material. Samples sizes were approximately 0.70 

g of pith and 1.19 g of rind stabilized at room atmosphere. The moisture content of the samples 

was determined using another portion separated earlier. The results were corrected considering 

solvent and water extractives. 

3.2.8. Chromatography analysis.  

The hydrolyzed soluble fraction of the acid-insoluble lignin was analyzed by High-

Performance Liquid Chromatography (HPLC) to determine the concentration of the polymeric 

sugars in the sample. The analytical procedure used was the NREL/TP-510-42618 (Sluiter et 

al., 2012). The column used was Agilent Technologies Hi-Plex H with a Hewlett-Packard 

processor (Figure 33). The results were reported as cellobiose and polymeric sugars applying 

the respective factors, the acetic acid content was reported as acetate, and the values were 

corrected considering solvent and water extractives. 
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Figure 33. Agilent chromatography equipment 

 

3.2.9. Holo-cellulose content.  

The holo-cellulose content was determined in accordance with the method described by Wise 

et al. (1946), which is based on the lignin solubilization by oxidation when in contact with 

Chlorine dioxide (Carbajo, 2015). The samples used were taken from the previously extracted 

in solvent and hot water samples as described in 3.2.5 and 3.2.6. Samples were placed in 250 

mL flasks with 160 mL of distilled water loosely cap in hot bath at 80-85°C in an extraction-

provided chamber.  

The flasks were eventually stirred up to homogenize the mixture. When the samples reached 

the desired temperature, 10 drops of glacial acetic acid and 1.50 g of sodium chlorite were 

added while constantly stirring the mixture. After 1 h, another addition of glacial acetic acid 

and sodium chlorite was made as previously described. In total, three additions of glacial acetic 

acid and sodium chlorite were made, and the samples turned white as described in the reference 

method (Figure 34). After the last addition the flasks were cooled in water with ice. The residue 

was filtered using filtering funnels number 2 and washed with cold water. Then the crucibles 
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were oven dried at 105+/-5°C for 24 h. The residues were weighted and related to the ground 

totora corrected by the solvent and water extractives content.  

 
Figure 34. Samples turned white after the lignin-extraction process 

 

3.2.10. Alpha-, beta-, and gamma-cellulose.  

The alpha-, beta-, and gamma-cellulose content of totora were determined from the bleached 

pulp that remained after determining the holo-cellulose content as described in chapter 3.2.9. 

The procedure was conducted in accordance with the standard TAPPI 203 (Technical 

Association of Pulp and Paper Industry, 1999a). Samples sizes used were approximately 0.75 

g of pith and 1.50 g of rind. The moisture content of these samples was determined by drying 

the samples in a vacuum stove at 50°C for 1 h.  

The pulp suspension was stirred using Teflon-covered magnetic stirrers. 

Reagents used were the determined by the standard as follows:  

Sodium hydroxide solution, 17.5% NaOH, 5.21N. 

Potassium dichromate solution, 0.5N.  

Ferrous ammonium sulfate solution, 0.1N. 

Phenanthroline – ferrous sulfate solution, commercially available as “Ferroin”.  

Sulfuric acid, concentrated H2SO4, 96-98%, sp gr 1.84. Sulfuric acid, 3N. 
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The pulp filtrate was stirred up using a Teflon-coated magnetic stirrer instead of the apparatus 

suggested by the standard. The stirring process was kept for 15 min to obtain a complete 

dispersion of the pulp. A glass rod was used to stir the suspension. Then the suspension was 

placed in a bath at 25° +/- 0.2°C. After 30 min the rest of the required distilled water was added 

in accordance with the standard. After 60 min, the filtration was performed, and the 100 mL of 

clean filtrate was obtained. 

The respective titrations with the filtrate solution and the respective reagents were conducted 

to determine the alpha- and gamma-cellulose content with their respective blank titration 

solutions (Figure 35). The beta-cellulose was obtained by difference as described in the 

standard. The results were reported as percentage in relation to the holo-cellulose content.  

      
Figure 35. Titration process 

 

3.3. Results and discussion.  

3.3.1. Determination of dry matter content.  

The equilibrium moisture content of the pith particles at room temperature was slightly higher 

than the rind with values of 7.88% and 7.27% respectively. Although the difference is not 

significant, this could indicate that the spongy pith particles are more hydrophilic than the rind 

ones. Other studies have identified the high water absorption capacity of whole totora stems, 

being them able to increase 7% of their dry weight per min when submerged in water (Hidalgo-

Cordero & García-Navarro, 2018). The difference of the hydrophilic properties of the rind and 
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pith could be further studied to improve the performance of elements made with totora in uses 

such as insulation material by controlling the exposed surfaces of the stems. 

3.3.2. Ash-content.  

The ash-content after burning at 525°C were 7.81 ± 0.01% for the pith and 6.36 ± 0.01% for 

the rind. These results were similar to the ones reported by Dick Wille et al. (2017) for the ash-

content of whole totora stems at 525°C (7.68%). The ash-content after burning at 900°C were 

5.26 ± 0.14% for the pith and 4.10 ± 0.08% for the rind. This difference is an indicator of the 

occurrence of inorganic compounds that disintegrate over 525°C such as Calcium Carbonate 

(CaCO3). Dick Wille et al. (2017) analyzed the 525°C-ash content of whole totora stems and 

reported that 48.44% of the ashes were silica. Other ashes compounds described in that studye 

were magnesium (0.36%), calcium (0.26%), manganese (0.10%), iron (0.02%), and others in 

less proportion. According to other studies conducted by Honaine et al. (2013), the plant stored 

silica in form of bio-mineralization as a means to reinforce the air cavities in the aerenchyma 

and enhance its structural strength. Although that study mentioned that most of the silica was 

found on the epidermis cells, when considering the percentage value, the content may be more 

relevant in the much less dense aerenchyma tissue. Moreover, it was suggested that the plant 

may be able to absorb and use other inorganic compounds due to its biosorbent behavior to 

reinforce its aerenchyma cells (César, Pereira-da-Silva, Botaro, & de Menezes, 2015; 

Fernández Honaine et al., 2013) which could explain the higher ash percentage on the pith. 

Additionally, Condori (2010) reported that the lignin content of the whole stems decreased with 

the plant’s age, which may suggest that the plant compensates this lignin loss through 

incorporating inorganic compounds, such as silica, in its tissues as structural reinforcement. 

The differences between ash content in the tissues could be also studied to enhance the 

understanding of the ecological and productive cycle of this plant, optimize its performance 

when used as a phytoremediation species, and select the best extractive methods applicable to 

each tissue (Arreghini et al., 2017; Huang et al., 2018). 

3.3.3. Solvent extractives.  

The solvent extractives content was 1.75 ± 0.03% for the pith and 2.13 ± 0.21% for the rind. 

The higher content of solvent extractives in the rind may be due to the higher concentration of 

waxy tissues on the rind epidermis, and other protective substances described by other authors 

(Apóstolo, 2005; Ninaquispe et al., 2012). The solvent extractives of whole stems reported by 

Dick Wille et al. (2017) were higher (3.6%) than the obtained in this study. Since the both 
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standards used in the studies are equivalent, this difference could be due to particular conditions 

at the original location of the plants which could have an effect on the epicuticular waxes and 

other compounds of plant tissues (Buschhaus & Jetter, 2012). While solvent extractives may 

hinder some processes such as pulp production, they are of interest to other industries such as 

oil or scent extraction. Therefore, the previous separation of the rind and pith of totora stems 

could be of interest to use each tissue for specific applications such as for binderless boards 

production with the subsequent resource and energy optimization.   

3.3.4. Hot water solubility.  

The hot water solubility was 22.10 ± 0.06% for the pith and 22.26 ± 0.06% for the rind. The 

hot water solubility was very similar for both parts of the plant. 

3.3.5. Extractives-free material.  

The extractives-free material content was determined considering the hot water and solvent 

extractives. The values are 76.53% for the pith and 76.08% for the rind. These values were 

used as correction coefficients for the results of tests conducted on the extracted samples. 

3.3.6. Acid-insoluble lignin content.  

The acid-insoluble lignin content was 8.90 ± 0.21% for the pith and 16.42 ± 0.29% for the rind. 

The lignin content of the rind was approximately twice as much as the lignin content of the 

pith. Since lignin in plants is supposed to form structural tissues, this could indicate that, as 

stated by Corsino et al. (2013), the outer layer of the plant has an important structural role, 

hence the lignified tissues concentrate on the rind. The acid-insoluble lignin content of whole 

stems reported by Dick Wille et al. (2017) using the TAPPI T 222 om-98-adapted standard was 

higher (22.19%) than the ones obtained in this study. Since, as stated by the authors in that 

study, the standard used was adapted but the specific adaptations were not mentioned, the 

differences could be due to the possible changes in the applied standard, the phenologic stage 

of the plant, or the conditions at the location where the plants were obtained from. This 

particularity could be further studied using samples taken from different locations. In the paper 

industry, the procedures to separate lignin from the cellulosic fibers consume time, energy and 

chemical reagents. The almost double acid-insoluble lignin content of the rind may suggest that 

if totora stems were to be used for pulp production, it is recommended to use only the pith, 

which will result in a better final product and energy savings.  
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3.3.7. High Performance Liquid Chromatography (HPLC) 

analysis.  

The HPLC analysis of the hydrolyzed fraction of the acid lignin content sample showed the 

following values of cellobiose, polymeric sugars from the concentration of the corresponding 

monomeric sugars, and acetate content in the pith and rind respectively. Cellobiose 17.82 ± 

1.21%, and 16.10 ± 0.02%. Glucans 28.30 ± 0.11%, and 24.63 ± 1.88%. Xylans 19.51 ± 0.28%, 

and 18.52 ± 0.09%. Arabinans 3.62 ± 0.10%, and 2.39 ± 0.10%. Acetate 2.55 ± 0.03%, and 

2.65 ± 0.06%. These results show a slightly higher percentage of sugars concentrated in the 

pith of the plant. These results and the fact that the pith has less extractives and lignin content, 

may indicate a higher potential of the pith to be used in processes where carbohydrates and 

their reactions are desirable such as the extraction of biomass-derived organic substances or 

hot-pressing forming processes. 

3.3.8. Holo-cellulose content.  

The holo-cellulose content was 61.03 ± 0.69% for the pith and 57.13 ± 0.72% for the rind. The 

slight difference could be due to the higher content of other substances such as solvent 

extractives and lignin that may reduce the percentage of holo-cellulose in the rind. This result 

was similar to the one reported by Dick Wille et al. (2017) for the holo-cellulose content of 

whole totora stems (55.89%).  

3.3.9. Alpha-, beta-, and gamma-cellulose.  

The alpha-, beta-, and gamma-cellulose were determined as content of each part pith and rind, 

in relation to their holo-cellulose content. The alpha-, beta-, and gamma-cellulose content of 

the holo-cellulose fraction of the pith was 97.27 ± 1.56%, 2.58 ± 1.57%, and 0.15 ± 0.01% 

respectively. And the alpha-, beta-, and gamma-cellulose content of the holo-cellulose fraction 

of the rind was 98.69 ± 0.05%, 0.57 ± 0.01%, and 0.74 ± 0.04% respectively. The alpha-

cellulose content of the holo-cellulose fraction is higher in the rind than in the pith, which could 

indicate the interest to develop specific extractive methods aimed to harness the crystalline 

alpha-cellulose located in the rind, and study their applications as has been done with other 

macrophytes (César et al., 2015). All tests results and their comparison are shown in Table 5.  
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Table 5. Comparative chemical analysis of pith and rind of totora stems 

  Pith St. Dev. Rind St. Dev. Standard 
  %  %    
Ash 525 7.81 0.01 6.36 0.01 ISO 1762 525ºC 
Ash 900 5.26 0.14 4.10 0.08 ISO 2144 900ºC 
Solvent extractives acetone 1.75 0.03 2.13 0.21 TAPPI 204 
Hot water extractives 22.10 0.06 22.26 0.06 TAPPI 207 
Free-extractives material 76.53 0.04 76.08 0.22  
Acid-insoluble lignin 8.90 0.21 16.42 0.29 TAPPI 222 
Cellobiose 17.82 1.21 16.10 0.02 (Sluiter et al., 2012) HPLC1 
Glucans 28.30 0.11 24.63 1.88 (Sluiter et al., 2012) HPLC1 
Xylans 19.51 0.28 18.52 0.09 (Sluiter et al., 2012) HPLC1 
Arabinans 3.62 0.10 2.39 0.10 (Sluiter et al., 2012) HPLC1 
Acetate 2.85 0.04 2.96 0.07 (Sluiter et al., 2012) HPLC1 
Holocellulose 61.03 0.69 57.13 0.72 (Wise et al., 1946) 
Alpha-cellulose 97.27 1.56 98.69 0.05 TAPPI 203 
Beta-cellulose 2.58 1.57 0.57 0.01 TAPPI 203 
Gamma-cellulose 0.15 0.01 0.74 0.04 TAPPI 203 

 1. High Performance Liquid Chromatography 
 

3.4. Chapter conclusions. 

In this chapter, a comparative chemical characterization of the rind and pith of totora stems has 

been conducted to analyze their differences which aimed at extending the current available 

information about this plant and lead to the development of industrial applications with 

potential resources and energy optimization. The main results showed that the ash content after 

burning at 525°C and 900°C were on average 20% higher on the pith than on the rind which 

could shed light on the understanding of the structural reinforcement mechanism of the 

aerenchyma tissue, as well as the tissues in which inorganic compounds are incorporated by 

the biosorbent functions of the plant. Solvent extractives were higher in the rind than the pith, 

which may indicate that the extractive substances concentrated in the rind could be used by the 

plant as a hydrophobic and protective layer. Hot water extractives were similar in the pith and 

rind. The rind showed twice as much acid-insoluble lignin content as the pith, which could be 

due to the structural function of the outer layer of the plant. This difference may indicate the 

potential optimization of industrial processes such as boards production by using specific 

tissues of the plant. The differences reported between these two main tissues of totora stems 

have demonstrated that the rind and pith of totora stems have different chemical characteristics. 

Therefore, to study the behavior of each tissue in industrial processes such as binderless boards 

making by hot-pressing is of interest for assessing the potential of this material in the 

construction field and the potential optimization opportunities.  
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Chapter 4 

4. Comparison of binderless boards produced with different 

production parameters using different tissues of totora 

stems  

4.1. Introduction 

Wood-based products industries are likely to face some upcoming problems due to the 

increasing price of wood, land pressure, and shortage of wood supply. These concerns have 

encouraged the research on alternative feedstocks to be used for producing constructive 

elements as a strategy to diversify the raw material sources for producing biomass-based 

materials with good mechanical characteristics (Gaff, Babiak, Vokatý, Gašparík, & Ruman, 

2017; Hýsek, Gaff, Sikora, & Babiak, 2018; Okuda & Sato, 2004; Sikora, Gaff, Hysek, & 

Babiak, 2018; Zhang et al., 2015). Wood boards are among the wood-based products that have 

experienced the highest production rate increase in the last five years (FAO, 2018). However, 

many of the wood-based boards available in the market are made with adhesives and chemicals 

that may pose health and environmental concerns (Okuda & Sato, 2004).  

These concerns have stimulated the research about the feasibility of producing binderless 

boards from alternative biomass sources such as banana bunch (Quintana et al., 2009), flax 

fibers (Arévalo & Peijs, 2016), palm trees (C.-E. Ferrández-García et al., 2018; Saari et al., 

2014), kenaf (Okuda & Sato, 2004),or rice straw (Kurokochi & Sato, 2015), some of which 

have obtained promising results.  

The ability of ligno-cellulosic materials to achieve self-bonding when subjected to pressure and 

heat forming process has been widely studied; however, the specific changes that the wood 

cells undergo during the hot pressing to achieve self-bonding has not been completely 

elucidated, and each material type produces different outcomes (Cristescu, 2015; Zhang et al., 

2015). Studies have suggested that to achieve acceptable properties such as high internal 

bonding strength or low thickness swelling of binderless boards, pre-treatments such as alkaline 

surface activation, steam explosion, or enzymatic activation are needed; which are intended to 

create free radicals or surface activation that could improve the self-bonding process between 

cells (Halvarsson, Edlund, & Norgren, 2009; Zhang et al., 2015).   



56 

 

Several mechanisms have been suggested to be responsible for the self-bonding of ligno-

cellulosic materials such as lignin plasticization (Bouajila, Limare, Joly, & Dole, 2005), lignin 

polycondensation (Mansouri, Pizzi, & Salvado, 2007), hemicelluloses reaction (Cristescu, 

2015; A. Ferrández-García, Ferrández-Villena, Ferrández-García, García-Ortuño, & 

Ferrández-García, 2017; Lamaming et al., 2013), among others. Additionally, studies on the 

self-bonding properties of different plant tissues such as the bark, leaves and trunk of oil palm 

trees (Hashim et al., 2011), rind and pith of bagasse (Mobarak, Fahmy, & Augustin, 1982), or 

kenaf core (Okuda & Sato, 2004) have been conducted to identify different characteristics and 

binderless potential of each tissue of different plant species. In the case of totora stems, the 

supporting and protective functions of the plant are concentrated on the rind that contains more 

solvent extractives and lignified cells that make it harder and more hydrophobic than the pith, 

which is made of the aerenchyma that is a low-density, spongy, hydrophilic tissue made of air 

chambers enclosed by thin walls of low-lignified cells. The chemical differences between the 

rind and pith of totora stems have been discussed in the previous chapter identifying almost 

double lignin content percentage located in the rind, and higher holo-cellulose and 

hemicellulose content percentage in the pith of the plant.  

The physical and chemical properties of totora tissues, as well as existing studies about the 

feasibility of producing binderless boards with similar macrophytes such as the Typha species 

(Wuzella, Mahendran, Bätge, Jury, & Kandelbauer, 2011), and Cyperus papyrus 

(JP4003075B2, 2005) may suggest the potential of using totora stems and their different tissues 

to produce binderless boards with different characteristics. On the one hand, the high lignin 

content of the rind may suggest that this part of the plant could be able to achieve self-bonding 

due to the natural cementitious function of lignin between cell walls and its ability to provide 

the adhesion in hot-pressing binderless boards production by means of lignin plasticization and 

polycondensation (Bouajila et al., 2005; Cristescu & Karlsson, 2013; Velásquez, Ferrando, & 

Salvadó, 2003). On the other hand, the soft cells of the aerenchyma tissue may suggest their 

ability to deform under milder heat and pressure conditions than the rind particles, and achieve 

the compactness needed to produce the self-bonding effect with no need for pretreatments such 

as steam explosion, acid or enzymatic activation (Mobarak et al., 1982; Pintiaux, Viet, 

Vandenbossche, Rigal, & Rouilly, 2015), which could lead to energy and resources 

optimization. 

The most remarkable example of the use of the aerenchyma tissue in applications related to the 

subject of this study is the production process of the Egyptian papyrus. Papyrus was produced 
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in ancient Egypt between 3000 B.C. to 1000 A.D. using the aerenchyma from the stems of the 

papyrus plant (Cyperus papyrus) (Ragab, 1980). The process consisted of peeling off the stems 

to separate the rind from the pith of the plant. The pith was then cut into thin slices, soaked in 

water and then pressed and sun-dried to form thin sheets without any glue (Gaudet, 2015). 

Several explanations have been proposed for the papyrus self-adhesion from fibers’ 

interlocking to hemicelluloses hydrolyzation (K. W. Allen, 1996; Ragab, 1980). A mixture of 

papyrus whole stems have been also reported to be used to produce insulation and hard boards 

(Youngquist, English, Scharmer, Chow, & Shook, 1994). Recent studies conducted by Manso, 

Costa, & Carvalho (2007) have suggested that the sap and possible mild alkaline activation of 

the fibers played an important role in the self-adhesion of traditionally-made papyrus. 

Additionally, Katsuta Hisako (2005) has suggested that the production of papyrus in ancient 

Egypt needed high temperatures to achieve self-bonding, for papyrus production occurred 

mostly during summer season in ancient Egypt where temperatures could be considerably high. 

To overcome this limitation Hisako has patented a method for producing a sheet-like material 

from papyrus stems using alkaline and acid activation of the fibers to achieve self-bonding 

regardless of the pressing temperature (JP4003075B2, 2005). These studies suggest the 

potential of the aerenchyma tissue of macrophyte plants to achieve self-adhesion without the 

need for severe pretreatments or high energy consumption. 

Regarding binderless boards production optimization, García-Ortuño et al., have patented a 

method for producing binderless particleboards using several hot-pressing cycles. The patent 

claims that an improvement of the mechanical properties of the boards can be achieved with 

relatively low-energy consumption and lower risks of mechanical failure due to excessive 

temperatures by using several hot-pressing cycles at relatively low temperature 

(ES2390853B2, 2012). This methodology has been applied for experimental purposes in this 

case to study the effect of such cycles on binderless boards made with different totora tissues 

at 150°C with one and two hot-pressing cycles. Other tests were conducted at 180°C and 200°C 

but excessive vapor generation was observed in these cases that generated internal fractures 

after one hot-pressing cycle. Therefore, two hot-pressing cycles method was not used in those 

cases. With these considerations the experimental campaign was conducted to study the 

influence of the hot-pressing parameters on the properties of binderless boards made with 

different tissues of totora stems.  



58 

 

4.2. Materials and methods 

4.2.1. Material description 

Totora stems were collected from the Paccha zone in the province of Azuay-Ecuador (2.90°S, 

78.93°W). The stems were cut in February 2018 during the flourishing stage of the plant. The 

cut was made at 5cm above the water level and the material was left extended on the ground to 

sun-dry for approximately two weeks until it turned yellowish. Then the stems were taken to a 

covered warehouse to complete their drying process at ambient temperature. Before starting 

the boards production process, the stems were sun-dried for 2 days to decrease their moisture 

content to approximately 10% as shown in Figure 36. 

 
Figure 36. Sun-drying of totora stems 

 

4.2.2. Material preparation  

Three types of feedstock were prepared from totora stems; one consisting of totora pith, one 

consisting of totora rind, and one consisting of whole stems. The stems were peeled off by hand 

to separate the rind from the pith. The material was shredded using laboratory-scale ring-knife 

shredder and sieved to obtain a particle size smaller than 2 mm.  The material was easily 

shredded, and the resulting particles of each feedstock were visibly different from each other.  
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While the particles from the pith were spongy and cotton-like, the particles from the rind were 

slim and hairy as previously described in chapter 3. The equilibrium moisture content of each 

particles feedstock at laboratory atmosphere conditions was approximately 12% for the pith, 

8% for the rind, and 10% for the whole stems, which indicates the higher hygroscopicity of the 

pith particles. However, it was observed that the pith particles dried in half the time than the 

rind particles. This property may influence the way and speed at which moisture is evaporated 

by each kind of particle inside the board during the hot-pressing process and may also indicate 

the possibility of optimizing high energy consuming stages of the production process, such as 

the drying stage, when using these tissues separately.  

4.2.3. Previous tests conducted to define the appropriate 

boards’ production methodology  

Studies have shown that during the dry-forming process of binderless boards the initial 

moisture content is an important factor and its internal distribution and effects depend highly 

on the material used (Hidayat, Keijsers, Prijanto, Van Dam, & Heeres, 2014; Uitterhaegen et 

al., 2017). Although some initial moisture content may promote the glass transition of 

biopolymers  such as lignin during the hot-pressing, which could undergo plasticization and 

enhance the particles’ self-bonding at lower temperatures (Bouajila et al., 2005; Rouilly, 

Orliac, Silvestre, & Rigal, 2001; Wang et al., 2016), the rapid formation of vapor during the 

hot-pressing process may also promote the formation of micro-fissures and blisters inside the 

boards that affect their mechanical properties (Evon, Vinet, Labonne, & Rigal, 2015; 

Uitterhaegen et al., 2017). With these considerations previous tests were conducted to define 

the optimal initial moisture content. The optimal results were obtained with a dry mat of 

particles with moisture content of approximately 2%, the addition of 1% of superficial free 

water on the mat borders, and a hot-pressing temperature of 150°C with one and two hot-

pressing cycles as further described in the 4.2.4. section. Boards produced at 180°C and 200°C 

showed internal blisters in all cases despite the strategies employed to limit excessive internal 

vapor pressures. These internal blisters produced fractures that affected the boards’ mechanical 

properties. With these considerations, most of the mechanical and chemical tests were 

conducted only on boards made at 150°C with one and two hot-pressing cycles, and only 

internal bonding strength (IB) was measured for boards made at 180°C and 200°C for 

comparison and analysis ends.  
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4.2.4. Binderless boards made at 150°C with one and two hot-

pressing cycles  

The procedure to make the boards consisted on the formation of a dry mat of particles in 

accordance with the conventional dry-forming process employed by the industry. One kg of 

feedstock was used to form the mat in each case (Figure 37). 

 
Figure 37. Dry mat forming before hot-pressing 

 

For boards made at 150°C, the material was dried in the hot press at 110°C for approximately 

2 h until it reached a moisture content of 2%. Then the mat was formed distributing the material 

evenly in the mold. Afterwards, approximately 10g of free water was sprayed on the borders 

of the mat to promote self-bonding of the extreme sides of the boards. Water content and 

distribution is an important factor to consider since although it is needed to promote compounds 

mobility, reduction of glass transition temperatures, and self-bonding, it can also create internal 

blisters from vapor generation during the hot-pressing process (Bouajila, Dole, Joly, & Limare, 

2006; Mancera, El Mansouri, Pelach, Francesc, & Salvadó, 2012; Velásquez et al., 2003). 

Therefore, the previous drying of the particles would prevent excessive vapor to be generated 

from the middle of the board. Previous drying of the particles may also help promote the 

releasing of some compounds that may accumulate on the particles surfaces and increase their 

reactivity (Cristescu, 2015). The mat was pressed in a hot-plate press at 150°C with a closing 

speed of 1 mm/s with 3 MPa of pressure (Figure 38). Once the desired pressure was reached, 

the plates position was mechanically locked. After the first 30 s the press was slightly opened 

to allow for most of the initial vapor to escape and closed again with 3 MPa of pressure 
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following the previously described procedure. The total hot-pressing time for the first cycle 

was 15 min for all boards. The boards were left to cool down in vertical position to allow a 

uniform cooling speed on both faces. A total of four boards per each feedstock were produced. 

Two boards per feedstock were subjected to a second hot-pressing cycle at 150°C with 3MPa 

of pressure for 10 min without any venting cycle following the procedure described by García-

Ortuño et al. in the patent (ES2390853B2, 2012). These boards were fabricated at the 

laboratories of the Universidad Miguel Hernández de Elche.  

 
Figure 38. Hot press 

 

4.2.5. Mechanical tests of binderless boards made at 150°C 

with one and two hot-pressing cycles 

The boards obtained had approximately 600 x 400 mm and an approximate thickness of 4 mm. 

Physical and mechanical properties were determined in accordance with European standards 

using a board testing machine IMAL IB700. From each board four samples of 150 x 50 mm 

were used to test the Modulus of Rupture (MOR) and Modulus of Elasticity (MOE) (Figure 

39) in accordance with the European standard EN 310:1993 “Wood-based panels. 
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Determination of modulus of elasticity in bending and of bending strength” (European 

Commitee for Standardization, 1993a).  

 
Figure 39. Flexural strength test 

 

Three samples of 50 x 50 mm were used to test the Internal Bonding strength (IB) (Figure 40) 

in accordance with the European standard EN 319:1993 “Particleboards and fibreboards - 

Determination of tensile strength perpendicular to the plane of the board” (European Commitee 

for Standardization, 1993b).  

 
Figure 40. Tensile strength perpendicular to the plane test 

 

Three samples of 50 x 50 mm were used to test the water absorption after 2 h (WA2h) and after 

24 h (WA24h), and thickness swelling after 2 h (TS2h) and after 24 h (TS24h) (Figure 41) in 
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accordance with the European standard EN 317:1993 “Particleboards and fibreboards. 

Determination of swelling in thickness after immersion in water” (European Committee for 

Standardization, 1993).  

 
Figure 41. Thickness swelling test 

 

And three samples of 50 x 50 mm were used to measure the density in accordance with the 

European standard EN 323:1993 “Wood-based panels. Determination of density” (Figure 42) 

(European Commitee for Standardization, 1993c).  

   
Figure 42. Density measurement  
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Additionally, a sample of 300 x 300 mm of each kind was used to test the thermal conductivity 

of the boards in accordance with the European standard EN 12667:2001 “Thermal performance 

of building materials and products. Determination of thermal resistance by means of guarded 

hot plate and heat flow meter methods. Products of high and medium thermal resistance” 

(European Committee for Standardization, 2001). The thermal tests were conducted using a 

NETZSCH Instruments, model HFM 436 Lambda equipment (Figure 43).  

 

 

Figure 43. Thermal conductivity testing machine 

 

Samples were taken from different parts of the board in order to obtain an approximate average 

of the whole piece. The boards were classified in accordance with the European standard EN 

312:2010 “Particleboards Specifications” considering the thickness range of 3-6 mm 

(European Committee for Standardization, 2010). The mechanical tests were conducted at the 

Department of Engineering´s laboratories of the Miguel Hernández University of Elche, in 

Alicante-Spain. 

4.2.6. Chemical analyses of binderless boards produced at 

150°C with one and two hot-pressing cycles 

Chemical analyses of boards made at 150°C were conducted to study the chemical changes of 

the material after one and two hot-pressing cycles. Solvent and hot water extractives were 

quantified using TAPPI 204 (Technical Association of Pulp and Paper Industry, 2011) and 
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TAPPI 207 (Technical Association of Pulp and Paper Industry, 1999b) standards respectively. 

Acid-insoluble lignin was quantified in accordance with the TAPPI 222 (Technical Association 

of Pulp and Paper Industry, 2006) standard. Concentration of polymeric sugars in the sample 

was quantified using HPLC in accordance with NREL/TP-510-42618 (Sluiter et al., 2012). The 

polymeric sugars results were reported as cellobiose and polymeric sugars applying the 

respective factors, and the acetic acid content was reported as acetate. Additionally, 

concentrations of hydroxymethyl furfural were also quantified using HPLC. The column used 

was Agilent Technologies Hi-Plex H with a Hewlett-Packard processor. These data were 

compared with the chemical properties of the raw tissues that has been previously described in 

chapter 3 that were obtained using the same standards and procedures. The chemical tests were 

conducted at the cellulose laboratories of the National Institute for Agricultural and Food 

Research and Technology (INIA), in Madrid-Spain. 

4.2.7. Binderless boards production process of boards at 180°C 

and 200°C 

Some of the parameters used for producing boards at 150°C could not be applied for boards 

made at 180°C and 200°C. The initial moisture content of 2%, used for boards made at 150°C, 

and the addition of 1% of free water did not give good results with these temperatures. For, 

when using the material dried to 2% moisture content, the boards did not have consistency and 

would disintegrate easily, and when free water was added even in small quantities, excessive 

vapor was generated that caused internal blisters and fractures. As has been reported by other 

authors, some degree of moisture is desirable to help reduce the glass transition temperature 

and mobility of compounds such as hemicelluloses and lignin which may promote the self-

bonding between particles (Uitterhaegen et al., 2017). Nevertheless, it was observed that the 

higher temperature promoted more internal vapor production which generated micro fissures 

that affected the internal bonding properties of the boards. Similar results were reported by 

Okuda and Sato (2004) when studying binderless boards production from kenaf core particles. 

In that study, boards made using a temperature of 180°C with pressing time of 10 min showed 

the best results, compared with boards produced at 140°C and 200°C, for at 140° the material 

reaction was poor and at 200°C the internal blisters diminished the boards’ mechanical 

properties. Additionally, boards produced with a temperature of 200°C with a pressing time of 

5 min were reported to explode and break into pieces, due to the extreme internal pressure 

created by vapor generation. 
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After conducting the tests for finding the optimal parameters, the process used for producing 

totora boards at 180°C and 200°C consisted in forming a dry mat of particles and pre-heating 

the mat in the hot press at the same pressing temperature until it reached a temperature of 120°C 

that was measured with a Testo thermo camera (Figure 44).  

During the hot-pressing process several venting cycles were performed to prevent excessive 

internal pressures formation. The pre-heating was intended also to remove some of the excess 

moisture and promote the relocation of some compounds such as hemicelluloses and lignin on 

the cells surface which make them more reactive and readily to react between each other during 

the hot-pressing process (Cristescu & Karlsson, 2013; Y. C. Sun et al., 2014).  

 
Figure 44. Pre-heating of the mat in the hot-press 

 

The mat was hot pressed in a laboratory-scale hot-plate press at the desired temperature with a 

closing speed of 1 mm/s with 3 MPa of pressure. Once the desired pressure was reached, the 

plates position was kept by a hydraulic regulator. After the first 30 s the first venting cycle was 

performed by opening the press approximately 2 mm to allow for most of the initial vapor to 

escape and closed again with 3 MPa of pressure with the same closing speed previously 
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described. Three more venting cycles were performed with an interval of 1 min between them 

following the same procedure to allow the remaining moisture to escape. After the fourth 

venting cycle the mat was left in the press until the total pressing time was reached. The total 

hot-pressing time was 10 min for all boards. Longer hot-pressing times would burn the boards 

and affect their mechanical properties. Despite the measures taken to limit the internal vapor 

pressures, boards presented visible signs of internal fissures and low mechanical performance 

after the first hot pressing cycle (Figure 45).  

 
Figure 45. Boards' internal blisters 

 

Therefore, only one hot-pressing cycle was performed in these cases. Due to the internal 

fractures these boards were considered as having defects. However, just for comparison ends 

the IB strength of these boards was measured in accordance with the European standard EN 

319:1993 “Particleboards and fibreboards - Determination of tensile strength perpendicular to 

the plane of the board” (European Commitee for Standardization, 1993b). Three samples of 50 

x 50 mm were used to measure the IB of each board made at 180°C and 200°C, and these 

values were compared with the ones obtained for boards made at 150°C with one and two hot-

pressing cycles. These boards´ production and their IB tests were conducted at the Faculty of 

Forestry and Wood Sciences of the Czech University of Life Sciences, in Prague-Czech 

Republic. 
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4.2.8. Case study of rind boards produced at 180°C and 200°C 

using a continuous vapor discharge process using 

metallic mesh screens 

In order to avoid excessive internal vapor accumulation, there are strategies already employed 

in the industry such as porous plates (Bouajila et al., 2005) or metallic mesh screens that can 

be placed between the mat and the press hot plates (United States Department of Agriculture, 

2004) to allow for a continuous vapor discharge during the hot-pressing process and reduce 

internal pressures. Therefore, as a case study, additional tests were conducted using metallic 

mesh screens between the mat and the hot press plates to allow for continuous vapor flow 

during the hot-pressing process. The metallic wire-mesh screens used were of 0.35 mm of 

aperture and 0.2 mm of wire diameter. Due to material availability limitations, this method was 

only studied on rind tissue at 180°C and 200°C. In this case the material used had an initial 

moisture content of 7%. The material was formed into a dry mat and the metallic mesh screens 

were placed on each side between the mat and the hot-press plates (Figure 46).  

 
Figure 46. Hot-pressing process using metallic mesh screens  

 

The press was closed at a speed of 1 mm/s with a pressure of 3 MPa for 10 min. No venting 

cycles were needed for when the hot press was opened during the first tests, no signs of vapor 

escape was detected. Hence, the production process in this case was simpler. Three samples of 

50 x 50 mm were used to measure the IB of each board using a universal testing machine TIRA 
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Test 2850 (Figure 47), in accordance with the European standard EN 319:1993 “Particleboards 

and fibreboards - Determination of tensile strength perpendicular to the plane of the board” 

(European Commitee for Standardization, 1993b). These values were compared with the other 

boards obtained as described in the 4.3.3. section. These boards´ production and their IB tests 

were conducted at the Czech University of Life Sciences in Prague.  

 
Figure 47. IB testing machine 

 

The parameters used for producing all the boards and the codification of each kind are shown 
in Table 6.  
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Table 6. Codification and parameters used to produce the different boards. 

Code 
Hot-pressing 
temperature 

Initial 
moisture 
content 

Pressing 
time 

Venting 
cycles 

 [ºC] [%] [min]  
TP150I 150 2 15 1 

TP150II 150 4 10 - 

TP180 180 9 10 4 

TP200 200 9 10 4 

TR150I 150 2 15 1 

TR150II 150 4 10 - 

TR180 180 7 10 4 

TR200 200 7 10 4 

WT150I 150 2 15 1 

WT150II 150 4 10 - 

WT180 180 8 10 4 

WT200 200 8 10 4 

TRm180 180 7 10 - 

TRm200 200 7 10 - 

TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 150°C 
with two hot-pressing cycles; TP180 Totora pith board made at 180°C; TP200 Totora pith board made at 200°C; 
TR150I Totora rind board made at 150°C with one hot-pressing cycle; TR150II Totora rind board made at 
150°C with two hot-pressing cycles; TR180 Totora rind board made at 180°C; TR200 Totora rind board made at 
200°C; WT150I Whole totora stem board made at 150°C with one hot-pressing cycle; WT150II Whole totora 
stem board made at 150°C with two hot-pressing cycles; WT180 Whole totora stem board made at 180°C; 
WT200 Whole totora stem board made at 200°C; TRm180 Totora rind board made with metallic mesh screens 
at 180°C; TRm200 Totora rind board mate with metallic mesh screens at 200°C. 

4.3. Results and discussion 

4.3.1. Physical differences of each tissue 

Physical characteristics of each tissue were analyzed using Scanning Electron Microscopy 

(SEM) where in images of the stems’ transversal sections can be noted that particles from the 

rind are much more compact than particles from the aerenchyma tissue of the pith. Nutrient 

transportation and support functions of the rind can be identified by the higher number of 

vascular bundles and xylem fibers concentrated in the rind. Conversely, the aerenchyma tissue 

of the pith is composed of much less dense cells with stellar shapes and thin walls. Vascular 

bundles associated to fibers occur much less frequently in the pith as can be seen from Figure 
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48 and Figure 49. Therefore, particles from the pith were softer and were able to achieve a 

better compactness when subject to the hot-pressing process. Rind particles are harder and less 

hydrophilic, which may produce desirable properties regarding the boards’ moisture resistance. 

 
Figure 48. Pith tissue transversal section. FVB Fibers and vascular bundles 

 

 
Figure 49. Rind tissues transversal section. FVB Fibers and vascular bundles. EFVB Epidermal fibers and 

vascular bundles. 

 

4.3.2. Color of binderless boards obtained from each tissue 

Boards produced with the rind were darker than the ones produced with the pith of the plant, 

and boards produced with whole stems had a medium color tone between them as can be seen 
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in Figure 50. The second hot-pressing cycle caused a darkening in all cases, which may be due 

to surface burning and browning reactions such as caramelization. Browning reactions and 

color change has been associated with the improvement of mechanical properties due to the 

further hydrolyzation and links formation between internal compounds (Cristescu, Sandberg, 

Hagman, & Karlsson, 2015; Murata, Totsuka, & Ono, 2007). The rind boards produced with 

the metallic mesh screens showed slightly lighter color than the ones made without the screens 

at the same temperatures. This could indicate that high vapor pressures increased the 

temperature in the boards and promoted further browning reactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Color difference between raw tissues and binderless boards produced with different totora tissues at 
150°C with one and two cycles, 180°C, 200°C, and rind boards produced at 180°C and 200°C using metallic 

mesh screens. 
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4.3.3. Mechanical properties of boards made at 150°C with one 

and two hot-pressing cycles  

From the mechanical tests results it was observed that in general, pith boards showed better 

MOR and IB properties, and that the second hot-pressing cycle improved the MOR and IB 

values in all cases. However, the second hot-pressing cycle increased TS and WA values for 

pith and rind boards but these values were reduced for whole totora boards. Higher MOR and 

IB values of pith boards may be due to the softer nature of pith particles that have allowed them 

to achieve better compactness that enhances bonding and stress transmissions (Lui, Kurokochi, 

Narita, Saito, & Sato, 2018). However, TS and WA values were the highest for pith boards and 

the lowest for rind boards, which could be due to the different hydrophilic characteristics of 

each tissue. Whole totora boards showed low MOR and IB values after one hot-pressing cycle 

but they improved after the second hot-pressing cycle. Whole totora boards also showed an 

improvement of TS and WA values after the second hot-pressing cycle in contrast with what 

was observed for boards made with pith and rind. The increase of TS and WA of boards made 

with pith and rind after the second hot-pressing cycle may indicate a certain degree of 

depolymerization after the second cycle that might have created free radicals that are more 

likely to bond to water molecules. The lower density of whole totora boards may indicate a 

certain limitation for achieving the desired compactness when the two particle types are mixed, 

which could have led to the lower MOR values of these boards after the first hot-pressing cycle. 

However, the improvement of MOR and IB values and the reduction of TS and WA after the 

second hot-pressing cycle of whole totora boards may indicate that, in this case further 

polymerization reactions and free radicals reduction were promoted during the second hot-

pressing cycle which may have enhanced the water resistance of these boards. Mean values 

and standard deviations are shown in Table 7. 
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Table 7. Mechanical properties of binderless boards made with different totora tissues at 150°C with one and 
two hot-pressing cycles. 

Feedstock Density MOR MOE IB TS 2h TS 24h WA 2h WA 24h 

 kg/m3 MPa MPa MPa % % % % 

TP150I 962.58 ±57.98 19.19 ±2.85 2119.76 ±255.10 0.31 ±0.05 0.37 ±0.13 0.90 ±0.20 0.66 ±0.17 1.75 ±0.35 

TP150II 1035.09 ±59.67 24.90 ±6.64 2953.77 ±710.95 0.37 ±0.05 0.61 ±0.10 0.80 ±0.10 1.05 ±0.13 1.34 ±0.17 

TR150I 981.23 ±171.20 13.71 ±4.95 2617.62 ±420.52 0.13 ±0.04 0.16 ±0.07 0.28 ±0.08 0.43 ±0.09 0.60 ±0.10 

TR150II 1013.73 ±43.01 14.24 ±2.29 2516.08 ±648.10 0.14 ±0.05 0.15 ±0.08 0.27 ±0.07 0.54 ±0.10 0.61 ±0.08 

WT150I 937.10 ±43.01 12.64 ±2.69 2241.83 ±842.00 0.10 ±0.04 0.22 ±0.16 0.66 ±0.15 0.67 ±0.10 1.39 ±0.39 

WT150II 996.30 ±59.72 14.23 ±0.95 2104.79 ±325.23 0.17 ±0.03 0.17 ±0.11 0.26 ±0.13 0.55 ±0.21 0.64 ±0.25 

TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 150°C 
with two hot-pressing cycles; TR150I Totora rind board made at 150°C with one hot-pressing cycle; TR150II 
Totora rind board made at 150°C with two hot-pressing cycles; WT150I Whole totora stem board made at 
150°C with one hot-pressing cycle; WT150II Whole totora stem board made at 150°C with two hot-pressing 
cycles; MOR Modulus of rupture; MOE Modulus of elasticity; IB Internal bonding strength; TS 24h Thickness 
swelling after 24 h; WA 24h Water absorption after 24h; HMF Hydroxymethyl furfural 

 

Samples made with the same feedstock at 150°C after one and two hot-pressing cycles were 

compared by pairs to identify significant differences between them using an alpha value of 

0.05. Pith boards made with one and two hot-pressing cycles showed significant differences in 

density, MOR, MOE, TS2h, WA2h and WA24h. Rind boards did not show any significant 

differences, and whole stem boards showed significant differences in IB, TS24h, and WT24h 

values. 

Additionally, one-way ANOVA, and post-hoc tests were conducted to identify the influence of 

the tissue used on boards after one and two hot-pressing cycles at 150°C using an alpha value 

of 0.05. Results showed that for boards made at 150°C with one hot-pressing cycle the 

feedstock had a significant influence on all values except for density and MOE. For boards 

made at 150°C with two hot-pressing cycles the feedstock had a significant influence on all 

values except for density. These results show that the tissue used had an influence on most of 

the mechanical properties of totora binderless boards.  

Box-plot diagrams of the density, MOR, MOE, IB, TS after 24h, and WA after 24h properties 

of boards made at 150°C with one and two hot-pressing cycles were generated to evaluate the 

values distribution for each tested property (Figure 51). Additionally, the corresponding 
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diagrams include the reference limits defined by the European standard EN 312:2010 

“Particleboards Specifications”, for boards of type P1 “General purpose boards for indoor 

applications in dry conditions” which considers a minimum value of 0.31 MPa for IB, and 11.5 

MPa for MOR; and the reference limits of boards of type P2 “Boards for interior fitments 

including furniture for use in dry conditions” which considers a minimum of 0.45 MPa for IB, 

13 MPa for MOR, and 1,800 MPa for MOE (European Committee for Standardization, 2010).  

With the tested parameters, the results show that the boards obtained from the pith at 150°C 

with two hot-pressing cycles were the only ones that could be classified as the P1 type “General 

purpose boards for indoor applications in dry conditions”, in accordance with the EN 312:2010 

standard. Although many boards achieved the minimum MOR values, boards produced with 

rind and whole stems, and some made with pith with one hot-pressing cycle showed lower IB 

values than the minimum requested by the EN 312:2010 standard. However, further measures 

in the elastic region of boards must be made to determine the actual behavior of the material 

under different loading conditions (Babiak, Gaff, Sikora, & Hysek, 2018; Gaff et al., 2017).  
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Figure 51. Boxplots of density (a), MOR (b), MOE (c), IB (d), TS after 24h (e), and WA after 24h (f) properties 
of totora binderless boards made at 150°C with one and two hot-pressing cycles with totora pith, totora rind and 

whole totora stems.  

TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 150°C 
with two hot-pressing cycles; TR150I Totora rind board made at 150°C with one hot-pressing cycle; TR150II 

Totora rind board made at 150°C with two hot-pressing cycles; WT150I Whole totora stem board made at 
150°C with one hot-pressing cycle; WT150II Whole totora stem board made at 150°C with two hot-pressing 

cycles; P1 Limit value of boards of type P1; P2 Limit value of boards of type P2. 

 

4.3.4. Thermal properties of boards made at 150°C with one 

and two hot-pressing cycles  

The results obtained from thermal tests showed values that were too low in relation to the 

density of the boards. When comparing these values to some of the existing literature about 

insulation capacity of totora such as the work conducted by Leyda Aza mentioned in section 

2.9.2., and other studies conducted on similar fibers (Krus et al., 2014; Tangjuank & Kumfu, 

2011), the conductivity values obtained, that in this case ranged from 0.039 to 0.047 W/mK for 

densities of around 1000 kg/m3, were unusually low. Additionally, it was observed that after 

the second hot-pressing cycle which generated a slight reduction of the samples thickness 

accompanied by a slight increase of the density, also generated a reduction in the measured 

thermal conductivity, which was the opposite of the normal trend of most of the materials where 

a directly proportional relation between the density and conductivity values is more common 

(Wei et al., 2015). Although the equipment’s accuracy was checked by measuring other 

materials of known conductivity, and tests were repeated, conductivity values of totora samples 

continued to be similar. In order to check these values, non-standardized tests were performed 

which confirmed that the actual conductivity values of totora samples should be higher than 

the obtained with the equipment as shown in Table 8. Other authors have identified potential 

(e) (f) 
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errors when measuring the conductivity of samples with small thickness using guarded hot 

plates methodology depending on the minimum air gap between the measuring and guarded 

sections of the equipment used (F. Asdrubali et al., 2016). Although the specifications of the 

equipment used did not mention a minimum sample thickness, the observation of these 

variations may indicate that the equipment used was not adequate for measuring this kind of 

material with a thickness of around 4mm. Considering that it was not possible to perform other 

conductivity tests in accordance with required standards to be able to report trusted 

conductivity values, the study of the thermal insulation properties of the boards and the 

influence of different parameters is considered a future research line of interest.  

Table 8. Conductivity values compared to density and thickness of samples 

Feedstock Density Thickness 

Conductivity 
(guarded hot 

plates) 

Conductivity 
(non-standardized 

tests) 

 kg/m3 mm W/mK W/mK 
TP150I 962.58 4.8 0.042 0.09 

TP150II 1035.09 4.2 0.039 0.10 

TR150I 981.23 4.1 0.047 0.12 

TR150II 1013.73 4.0 0.045 0.12 

WT150I 937.10 4.1 0.043 0.10 

WT150II 996.30 3.9 0.041 0.12 

TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 150°C 
with two hot-pressing cycles; TR150I Totora rind board made at 150°C with one hot-pressing cycle; TR150II 
Totora rind board made at 150°C with two hot-pressing cycles; WT150I Whole totora stem board made at 
150°C with one hot-pressing cycle; WT150II Whole totora stem board made at 150°C with two hot-pressing 
cycles. 

  
4.3.5. Comparison of IB strength of boards made at 150°C, 

180°C, and 200°C 

Despite the strategies to prevent excessive internal vapor pressure, the boards made at 180°C 

and 200°C showed lower mechanical properties and presented visible marks of internal 

blistering as shown in Figure 52. 
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Figure 52. Internal fractures of boards made at 180°C (up) and 200°C (down) 

 

Although mechanical performance was lower in both cases, the trend didn’t seem to have a 

linear pattern, for although higher temperatures resulted in mechanical performance reduction, 

a statistically significant improvement in IB values was detected for boards made with rind and 

whole stems at 200°C compared with those made with rind and whole stems at 180°C. The 

increase in IB for rind and whole stems boards may be due to chemical reactions promoted by 

higher temperature which may have outdone the blistering effect to some extent. Whereas for 

boards made with the pith, where the soft consistency of particles generates a more compact 

body that hinders internal gases mobilization, internal vapor pressure and blistering effect were 

more intense.  

However, boards produced with rind tissue using metallic mesh screens between the mat and 

the hot plates, allowed a continuous vapor discharge and did not show internal blisters as can 

be seen in Figure 53. 

 

Figure 53. TRm180 (left) and TRm200 (right) boards made with rind tissue using metallic mesh screens 
showing no internal blisters after hot-pressing process 

 

IB values of TRm180 and TRm200 were higher than the ones observed for the other rind 

boards. This may suggest the potential improvement of boards made with the other tissues 

when strategies for continuous vapor discharge are used. Some of the rind boards made at 

200°C using the metallic mesh screens surpassed the IB requirement for boards to be classified 

as P1; however, variability was high and since MOR and MOE values were not measured in 

these cases, this classification could not be confirmed. Further research would be necessary to 



79 

 

study other mechanical properties of boards made using the metallic mesh screens and 

determine the factors that affect their properties and their classification in accordance with the 

respective standards. A boxplot was made showing the IB values of all boards and the IB limits 

determined by the EN 312:2010 standard (Figure 54). 

 
Figure 54. Comparison of IB values for boards made at 150°C with one and two cycles,180°C, and 200°C for 

each feedstock, and boards produced with rind tissue at 180°C and 200°C with metallic mesh screens.  

TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 150°C 
with two hot-pressing cycles; TP180 Totora pith board made at 180°C; TP200 Totora pith board made at 200°C; 

TR150I Totora rind board made at 150°C with one hot-pressing cycle; TR150II Totora rind board made at 
150°C with two hot-pressing cycles; TR180 Totora rind board made at 180°C; TR200 Totora rind board made at 

200°C; WT150I Whole totora stem board made at 150°C with one hot-pressing cycle; WT150II Whole totora 
stem board made at 150°C with two hot-pressing cycles; WT180 Whole totora stem board made at 180°C; 

WT200 Whole totora stem board made at 200°C; TRm180 Totora rind board made with metallic mesh screens 
at 180°C; TRm200 Totora rind board mate with metallic mesh screens at 200°C; P1 Limit value of boards of 

type P1; P2 Limit value of boards of type P2. 

 

4.3.6. Chemical analyses of boards made at 150°C with one 

and two hot-pressing cycles 

Since boards produced at 150°C with one and two hot-pressing cycles showed the best 

mechanical properties and were made with all tissues, analyses were conducted to study the 

chemical changes of the particles obtained from the two main tissues of the stem, namely pith 

and rind. Boards made at 180°C and 200°C that showed low IB and internal blisters were 
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considered as having defects; hence, chemical analyses were not performed in these cases. And 

since rind boards made with metallic mesh screens were made as a case study using only the 

rind part of the plant because of material availability limitations, chemical analyses were not 

performed in this case either. The chemical data obtained from boards made using pith and rind 

at 150°C with one and two hot-pressing cycles as described in 4.3.1. were compared with the 

raw tissues’ chemical characteristics described in section 3.3. These comparisons are shown in 

Table 9 and Table 10.  

Table 9. Chemical properties of raw pith and pith boards after one and two hot-pressing cycles at 150°C. 

  TPr TP150I TP150I-TPr TP150II TP150II-TPr 

  % % % % % 
Solvent extractives in acetone 1.75 1.73 -0.02 1.65 -0.10 

Hot water extractives 22.10 14.32 -7.79 13.42 -8.68 

Acid-insoluble lignin 8.90 13.96 5.06 14.49 5.60 

Cellobiose 17.82 5.37 -12.45 4.98 -12.85 

Glucans 28.30 43.48 15.18 42.91 14.61 

Xylans 19.51 18.46 -1.05 17.46 -2.06 

Arabinans 3.62 2.39 -1.23 1.95 -1.67 

Acetate 2.85 3.12 0.27 2.57 -0.27 

HMF n/m 0.37 
 

0.35 
 

TPr. Raw totora pith; TP150I. Totora pith board made at 150°C with one hot-pressing cycle; TP150I-TPr 
difference between the raw pith and pith board made at 150°C with one hot-pressing cycle; TP150II. Totora pith 
board made at 150°C with two hot-pressing cycles; TP150II-TPr difference between the raw pith and pith board 
made at 150°C with two hot-pressing cycles. HMF Hydroxymethyl furfural; n/m Not measured. 

 

From these results it can be observed that the solvent extractives in acetone were reduced for 

both tissues pith and rind and that the second hot-pressing cycle caused a further reduction of 

these compounds. For the first and second hot-pressing cycle pith tissue showed a significantly 

lower reduction of these extractives (-0.02% and -0.10%) compared with rind tissue (-0.67% 

and -0.85%). This difference could be due to the fact that the pith tissue had already lower 

solvent extractives content than the rind in its raw state, due to the protective functions of the 

rind (Corsino et al., 2013; Gonzalez, 2002). Solvent extractives are non-structural compounds 

such as resins, fats, waxes, and proteins, that are not chemically bound to the wood matrix 

(Cristescu, 2015; Sluiter et al., 2012). This may indicate that during the hot-pressing, some of 

these compounds reacted and became chemically bound to the matrix or were volatilized due 
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to the high temperatures as might be the case for waxes (Willems, Lykidis, Altgen, & Clauder, 

2015) that have been reported to be concentrated on the rind of the plant (Apóstolo, 2005). The 

higher content of solvent extractives of the rind tissue could be the cause of the lower TS and 

WA for totora rind boards.  

Table 10. Chemical properties of raw rind and rind boards after one and two hot-pressing cycles at 150°C. 

 TRr TR150I TR150I-TRr TR150II TR150II-TRr 

 % % % % % 
Solvent extractives in acetone 2.13 1.46 -0.67 1.28 -0.85 

Hot water extractives 22.26 12.77 -9.49 11.86 -10.41 

Acid-insoluble lignin 16.42 22.08 5.67 22.94 6.53 

Cellobiose 16.10 6.30 -9.80 4.81 -11.29 

Glucans 24.63 35.60 10.97 36.74 12.11 

Xylans 18.52 17.39 -1.13 17.84 -0.68 

Arabinans 2.39 1.71 -0.68 1.53 -0.86 

Acetate 2.96 3.58 0.62 2.89 -0.07 

HMF n/m 0.42 - 0.39 - 

TRr. Raw totora rind; TR150I. Totora rind board made at 150°C with one hot-pressing cycle; TR150I-TRr 
difference between raw rind and rind board made at 150°C with one hot-pressing cycle; TR150II. Totora rind 
board made at 150°C with two hot-pressing cycles; TR150II-TRr difference between raw rind and board made 
at 150°C with two hot-pressing cycles. HMF Hydroxymethyl furfural; n/m Not measured. 

 

Hot water extractives are non-structural low-molecular weight carbohydrates and compounds 

such as tannins and polysaccharides (Cristescu, 2015). The raw rind and pith showed similar 

water extractives contents. However, the rind tissue showed a higher reduction of these 

extractives after one and two hot-pressing cycles (-9.49% and -10.41%) than the pith tissue (-

7.79% and -8.68%). This could be due to the existence of a larger amount of low-molecular 

weight substances concentrated on the rind of the plant. As has been reported by Álvarez, 

Rojano, Almaza, Rojas, & Gañán (2011), water extractives including monomers, dimers and 

polymers showed some degree of degradation from 140°C, which may be the cause of these 

contents reduction in both cases.  It has been also reported that water extractives play an 

important role in self-adhesion since they reduce the reaction temperatures and promote the 

formation of free radicals that react to form chemical bonds in the board matrix (Shebani, van 

Reenen, & Meincken, 2008). Although the percentage of change is very similar for both tissues 

and it would be hard to identify a clear influence in each case, the higher remaining percentage 
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of water extractives in the pith may have caused the higher TS and WA values of totora pith 

boards.  

Acid-insoluble lignin content increased by about 5% for both tissues. Although the pressing 

temperature at 150°C and a moisture content of 2% used to make the studied boards may have 

allowed lignin plasticization to occur (Bouajila et al., 2006; Poletto, 2017; Tejado, Peña, 

Labidi, Echeverria, & Mondragon, 2007), this temperature is lower than the temperature 

reported for lignin degradation which starts at around 180°C (Lamaming et al., 2013; Özgenç, 

Durmaz, Boyaci, & Eksi-Kocak, 2017; Wang et al., 2016). And considering that although 

during the hot-pressing process higher temperatures than the hot plates are likely to occur due 

to high pressures and vapor generation, the venting step after the first 30 s of pressing to allow 

the discharge of initial vapor may have prevented an excessive temperature increase in the mat 

core (Myron, 1977). Therefore, the apparent increase of lignin content may be due to the 

degradation of other substances such as extractives and hemicelluloses, which are prone to 

react at lower temperatures (Boonstra & Tjeerdsma, 2006; Wang et al., 2016). However, lignin 

plasticization may have promoted its mobility and adhesion with other compounds during the 

hot-pressing process (Bouajila et al., 2005).  Higher lignin content of the rind may have caused 

the lower TS and WA of totora rind boards.  

An important reduction of cellobiose content of the material after the hot-pressing cycles has 

been detected for both tissues. Cellobiose is a product that results from the acidic hydrolysis of 

cellulose that is composed of two glucose units linked by β 1-4 linkages (Shih, Lupoi, & Smith, 

2011; Sluiter et al., 2012), and can be further hydrolyzed into glucose units by acidic reactions. 

Since the value of cellobiose reduction corresponds approximately to the increase in glucans 

content, it could be stated that the hot-pressing process promoted a stronger hydrolyzation of 

cellulose chains to yield glucose units. At the same time, the occurrence of 5-

hydroxymethylfurfural (HMF) indicate the dehydration of hexoses such as glucose during the 

hot-pressing process (Cristescu & Karlsson, 2013). The amount of HMF have decreased after 

the second hot-pressing cycle, which indicate further polymerization during this process, which 

may have caused the increase in IB of the boards after the second hot-pressing cycle 

(Lamaming et al., 2013; Pintiaux et al., 2015; Zhang et al., 2015) 

Xylans decreased after the hot-pressing cycles for both tissues, which indicates some 

depolymerization of the xylose backbone that has been reported to degrade into furfural which 

react to form furfural-lignin linkages during the hot-pressing process. These furfural-lignin 

linkages may improve the mechanical properties of binderless boards, although there is still 
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discussion about the direct influence of furfural on the improvement of self-bonded boards 

properties (Cristescu & Karlsson, 2013; Okuda & Sato, 2004; Zhang et al., 2015). The xylans 

content reported for the rind tissue showed a slight increase after the second hot-pressing cycle. 

This relative content increase may be due to the degradation of other substances and an 

indication that the xylose in the rind tissue is less reactive than the one in the pith. This may be 

due to the higher recalcitrance of the cells in the rind and the higher solvent extractives content 

that limits the reactivity of constituent compounds (Alvarez, Rojas, Rojano, & Ganán, 2015), 

which could also be one of the reasons for the lower MOR and IB values obtained for boards 

made with the rind tissue. Arabinose content was also reduced after hot-pressing cycles for 

both tissues. Arabinose content is an indicator of side chains linked to the xylose backbone (R. 

Sun, Lawther, & Banks, 1996). Furthermore, xylose/arabinose ratio indicates the degree of 

linearity or branching of the hemicellulose compounds (Farhat et al., 2017; Xu et al., 2007). 

As the xylose/arabinose ratio is higher in the rind (7.75) than in the pith (5.34), it may indicate 

that the rind has longer or less branched, and therefore less reactive hemicellulose compounds. 

After the hot-pressing cycles both tissues have reduced the arabinans content, which may 

indicate the separation and thermal degradation of the side chain compounds that may have 

formed other linkages. The xylose/arabinose ratios have increased after the hot-pressing cycles 

for both tissues, which may indicate that at the studied temperature of 150°C, the groups that 

were mostly affected were the side chains more than the xylose backbone. A similar 

observation was reported by Karlsson et al. (2012) who have reported a difference of xylan 

content in thermally treated wood at 160°C and 170°C.  

The reported acetate content is related to the hydrolysis of hemicelluloses, which can be 

generated from the xylose backbone and other compounds’ degradation (Bajpai, 2014; Sluiter 

et al., 2012). The slightly higher values of acetate in the rind tissue may be an indicator of the 

greater variety of compounds contained in the rind that may degrade into acetate units. The 

increment of acetate content after one hot-pressing cycle may indicate the further degradation 

of hemicelluloses. The reduction of acetate content after the second hot-pressing cycle indicate 

the evaporation or consumption of the remaining acetic acid as catalyzer of further 

depolymerization reactions of the material’s compounds (Lamaming et al., 2013). The 

mechanical properties of pith and rind boards made at 150°C with one and two hot-pressing 

cycles and the variations of their chemical properties after the hot-pressing process in relation 

to the raw tissues of each board type are shown in Table 11. 

.   
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Table 11. Physical and mechanical properties of totora pith and rind binderless boards, and chemical 
characteristics’ variations in relation to respective raw tissues. 
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  kg/m3 MPa MPa MPa %   % % % %   %   %   %   %   %   % 

TP150I 962.58 19.19 2119.76  0.31 0.90 1.75 -0.02 -7.79 5.06 -12.45 15.18 -1.05 -1.23 0.27 0.37 

TP150II 1035.09 24.90 2953.77  0.37 0.80 1.34 -0.1 -8.68 5.6 -12.85 14.61 -2.06 -1.67 -0.27 0.35 

TR150I 981.23 13.71 2617.62  0.13 0.28 0.60 -0.67 -9.49 5.67 -9.8 10.97 -0.68 -0.68 0.62 0.42 

TR150II 1013.73 14.24 2516.08  0.14 0.27 0.61 -0.85 -10.41 6.53 -11.29 12.11 -1.13 -0.86 -0.07 0.39 

MOR Modulus of rupture; MOE Modulus of elasticity; IB Internal bonding strength; TS 24h Thickness swelling 
after 24 h; WA 24h Water absorption after 24h; HMF Hydroxymethyl furfural. TP150I Totora pith board made 
at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 150°C with two hot-pressing cycles; 
TR150I Totora rind board made at 150°C with one hot-pressing cycle; TR150II Totora rind board made at 
150°C with two hot-pressing cycles. 

4.4. Chapter conclusions 

The pith and rind of totora stems have different physical and chemical characteristics, and 

binderless boards obtained from each tissue have different physical and mechanical 

characteristics. All tissues were able to achieve a certain degree of self-bonding; however, 

boards produced with pith tissue at 150°C showed better MOR and IB properties but also 

showed the highest TS and WA values due to the high hydrophilic nature of the pith cells. 

Boards made with rind tissue showed the lowest TS and WA values but low MOR and IB 

values. The whole stems totora boards made at 150°C showed low MOR and IB values and 

high TS and WA values after one hot-pressing cycle, but unlike what happened with the rind 

and pith, TS and WA improved after the second hot-pressing cycle at 150°C.  

The IB values of boards made at 180°C and 200°C using similar procedures were the lowest 

of all kinds due to excessive internal vapor pressures that generated internal fractures.  

The main differences between tissues that may have generated these outcomes are: on the one 

hand, the harder consistency of particles obtained from the rind that makes them less pliable 

and prevented the formation of a compact body. While this affected the mechanical properties 

of boards made at 150°C, at the same time it helped vapor to escape when higher temperatures 

where used. Other characteristics of the rind particles are the almost double amount of lignin 

and the higher extractives content that may have prevented the reaction of internal compounds 

causing less internal bonding in rind boards made at 150°C. On the other hand, the pliability 
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of pith particles generated more compact bodies that worked good for boards made at 150°C, 

but in the case of boards made at 180°C and 200°C, this compactness prevented vapor to be 

properly discharged and created higher internal pressures and internal fissures that affected the 

mechanical properties of pith boards when higher temperatures were used.  

Chemical changes of boards made at 150°C with one and two hot-pressing cycles show that 

the material underwent chemical changes mainly related to hydrolyzation and 

polycondensation reactions, which have been identified as some of the self-bonding 

mechanisms of lignocellulosic materials. 

A case study was conducted using rind tissue to produce binderless boards at 180°C and 200°C 

using metallic mesh screens between the mat and the hot press plates to promote a constant 

vapor discharge during the hot-pressing process. These tests showed a significant improvement 

of IB values of these boards. This may indicate the importance of moisture content and gases 

flow during the hot-pressing process and the potential improvements that can be obtained by 

incorporating constant vapor discharge strategies for producing totora binderless boards. 

Further research is needed to identify the optimal production parameters applicable to each 

tissue. Additionally, the procedures herein described may be replicated using similar plant 

species to study their potential in these fields.  
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Chapter 5 

5. Durability of raw totora and binderless totora boards made 

at 150°C against wood-decaying organisms 

5.1. Introduction 

Durability of a material is one of the aspects to consider when defining its applicability and use 

class in the construction sector. In the case of totora, there are some studies concerning the 

durability of traditional totora boats that have mentioned that one small raft of approximately 

3 m long also known as caballito de totora used for fishing in the northern coastal regions of 

Peru can last approximately one month (Paredes & Hopkins, 2018; Rondón et al., 2003), 

whereas bigger balsas of around 8 m long used in Lake Titicaca for fishing or as tourists 

transport can last from six months to one year (Hidalgo-Cordero, 2007; Iltis & Dejoux, 1991). 

Durability of some traditional totora constructive elements such as huts’ roofs and weaved mats 

have been also studied and it has been mentioned that the material is mostly affected by the 

exposure to moisture (Hidalgo-Cordero, 2007). However, in order to obtain more consistent 

data about totora durability, and to be able to compare these results to other materials applicable 

in the construction sector, it is necessary to conduct the respective tests in accordance with 

current standards.  

In other fields of study, some authors have investigated the decomposition rate of raw totora in 

hydrological systems to study this biomass decomposition cycle. These studies have reported 

average half-life values between  269 days in a study conducted at Lake Titicaca (Costantini, 

Sabetta, Mancinelli, & Rossi, 2004), and 184 days in a study conducted at a wastewater plant 

in South Carolina U.S. (Murray-Gulde et al., 2005). These half-life values are higher than those 

of other similar macrophytes species, which may indicate the slightly higher resistance of totora 

against decaying agents compared with other macrophytes.   

The different physical and chemical characteristics of totora stems tissues may influence their 

durability. In the case of the durability against wood-decaying fungi, it is known that white-rot 

fungi are more likely to attack lignified tissues while brow-rot fungi are more likely to attack 

the cellulose fraction of the plant. These factors may influence how the whole stem and its 

tissues react against different fungi species.  
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Additionally, the physical and chemical characteristics of binderless boards produced with each 

tissue are also different as described in chapter 4. To assess the applicability of these kinds of 

boards in the construction sector it is important to study their durability considering the 

applicable current standards. In this case, the guidelines mentioned in EN 1995-1-1:2016 

“Eurocode 5. Design of timber structures-Part 1-1: General Common rules and rules for 

buildings” have been considered (European Committee for Standardization, 2016a). In the 

durability section of this standard, it is mentioned that timber and wood-based materials should 

have an adequate natural durability in accordance with EN 350:2016 standards (European 

Committee for Standardization, 2016b), or should have a treatment to improve their durability 

to comply with the industry requirements. 

In this study, the durability of raw totora feedstocks, namely the whole stems, the rind, and the 

pith against wood decaying organisms was tested. These data were compared with the 

durability of pith, rind and whole totora binderless boards made with one and two hot-pressing 

cycles at 150°C as described in chapter 4. These data may result of interest to better understand 

the material characteristics and the influence of the hot-pressing process on the durability 

against wood decaying organisms on raw totora and totora boards. The durability and chemical 

tests were conducted at the laboratories of the National Institute for Agricultural and Food 

Research and Technology (INIA) in Madrid-Spain. 

5.2. Materials and methods 

5.2.1. Materials description 

Raw totora  

Raw totora was collected in July 2016 from the Paccha zone in Ecuador (2.90°S, 78.93°W). 

Totora stems were cut at 5 cm above the water level during the flourishing stage of the plant. 

Stems were sun dried for four weeks until they turned yellowish and then were moved to a 

covered storage to complete their drying process at ambient temperature. Samples were taken 

randomly from a stock of 20 stems. Some stems were peeled off by hand in order to separate 

the rind from the pith part of the plant. Three kinds of raw material feedstocks were prepared 

as follows: raw totora pith (TPr), raw totora rind (TRr), and raw whole totora stems (WTr).  
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Binderless boards  

Totora binderless boards samples used were taken from boards made with one and two hot-

pressing cycles at 150°C made with each totora feedstock as described in chapter 4. Samples 

were taken randomly from two boards of each kind as follows: Totora pith board  made with 

one hot-pressing cycle at 150°C (TP150I), totora pith board  made with two hot-pressing cycles 

at 150°C (TP150II), totora rind board  made with one hot-pressing cycle at 150°C (TR150I), 

totora rind board  made with two hot-pressing cycles at 150°C (TR150II), whole totora board  

made with one hot-pressing cycle at 150°C (WT150I), and whole totora board  made with two 

hot-pressing cycles at 150°C (WT150II).    

5.2.2. Durability test methodology 

In order to evaluate the natural durability of raw totora feedstocks, and corresponding totora 

boards, the European standard EN 350:2016 “Durability of wood and wood-based products. 

Natural durability of solid wood” (European Committee for Standardization, 2016b) was 

applied. This standard establishes the application of  CEN/TS 15083-1:2005 (European 

Committee for Standardization, 2005) to assess the durability against fungal attack produced 

by basidiomycete fungi, and the application of EN 117:2012 to assess the durability against 

subterranean termites (European Committee for Standardization, 2012). Durability tests 

against fungi were conducted on raw whole stems, raw pith and raw rind, as well as on 

binderless boards made with all feedstocks at 150°C with one and two hot-pressing cycles. 

Tests against termites were conducted only on raw whole totora stems, not on the raw pith and 

raw rind separated because of time limitations. Binderless boards made with all feedstocks at 

150°C with one and two hot-pressing cycles were tested against termites. Statistical analyses 

were performed using the SPSS software. Alpha value for significance tests used was 0.1 due 

to the variability in these kinds of tests involving living organisms.  

The wood reference species used were: Pinus sylvestris L. and Fagus sylvatica L.  

The test fungi used were: Coniophora puteana (Shumecher ex Fries) Korsten, and Postia 

placenta (Fries) Cooke Sensu J, Eriksson for brown rot; and Trametes versicolor (Linnaeus) 

Chalet for white rot. 

The termite species used was: Reticulitermes grassei (Clement). Termites colonies were 

formed of 150 workers, 2 nymphs and 2 soldiers as shown in Figure 55. 
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Figure 55. Termites colony of 150 workers with 2 nymphs and 2 soldiers. 

 

5.2.3. Chemical analyses methodology  

Chemical characteristic of raw totora tissues were compared with the chemical characteristics 

of totora binderless boards made with one and two hot-pressing cycles at 150°C as described 

in section 4.3.6. to study the possible correlation between chemical changes of the material 

after the hot-pressing process and the observed samples’ durability. 

5.3. Results and discussion 

5.3.1. Results against Basidiomycete fungi 

The results after the application of the CEN/TS 15083-1:2005 standard for the raw material 

and binderless boards are shown in Table 12. In general, the fungus that affected the most both, 

the raw material and binderless boards was T. versicolor. Among the raw tissues the most 

affected was the pith, which showed average mass reduction values of around 90%. However, 

the rind and whole stems showed higher resistance due to natural protective substances existent 

in the rind. Degrees of attack of different fungi on raw pith, raw rind and raw whole stems are 

shown in Figure 56.  
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Figure 56. Raw totora pith, raw totora rind, and raw whole totora stems after fungi attack  

 

Although binderless boards showed significantly higher resistance values compared with raw 

tissues against T. versicolor, boards attacked by this organism  still showed more visible signs 

of covering than the boards attacked by the other fungi species as shown in Figure 57. However, 

no significant differences were detected between different binderless boards types against 

different fungi species. 
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Figure 57. Binderless totora boards and control samples after fungi attack. 

TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith board made at 
150°C with two hot-pressing cycles; TR150I Totora rind board made at 150°C with one hot-pressing cycle; 
TR150II Totora rind board made at 150°C with two hot-pressing cycles; WT150I Whole totora stem board 

made at 150°C with one hot-pressing cycle; WT150II Whole totora stem board made at 150°C with two hot-
pressing cycles. 
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Some of the control samples used for C. puteana showed very low mass reduction values or 

lack of fungal activity, which might be due to low fungal virulence. This aspect needs to be 

considered to accurately evaluate the results herein presented, and when comparing to other 

studies’ findings. Values for samples that showed no signs of degradation were not considered, 

for they were regarded as experimental errors rather than real signs of material durability.  

Table 12. Mass loss percentage against fungal attack, and durability classification (1-Very durable, 2-Durable, 
3-Moderately durable, 4-Little durable, 5-Not durable) 

Material C. puteana 
Durability 

class P. placenta 
Durability 

class T. versicolor 
Durability 

class 

  %  %  %  
TPr 15.10 4 9.55 2 90.26 5 

TP150I 6.31 2 6.02 2 12.12 3 

TP150II 8.53 2 8.66 2 11.53 3 

TRr 13.82 3 11.86 3 75.59 5 

TR150I 10.22 3 7.45 2 11.72 3 

TR150II 11.28 3 9.51 2 13.04 3 

WTr 9.13 2 11.34 3 71.91 5 

WT150I 10.06 3 9.04 2 11.46 3 

WT150II 9.91 2 19.80 4 12.68 3 

Control 5.02  31.3  55.6  

TPr. Raw totora pith; TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith 
board made at 150°C with two hot-pressing cycles; TPr. Raw totora rind; TR150I Totora rind board made at 
150°C with one hot-pressing cycle; TR150II Totora rind board made at 150°C with two hot-pressing cycles; 
WTr. Raw whole totora stem; WT150I Whole totora stem board made at 150°C with one hot-pressing cycle; 
WT150II Whole totora stem board made at 150°C with two hot-pressing cycles. 

 

A boxplot was generated as shown in Figure 58, and ANOVA tests along with post hoc tests 

were performed to analyze the statistical differences of mass reduction values between samples 

in relation to fungus and type of material. 
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Statistical analyses of the mass reduction of raw totora tissues against fungi species showed 

that there were no significant differences between C. puteana and P. placenta. However, 

significant differences were shown against T. versicolor, that showed higher mass reduction 

values than the other tested fungi for all tissues. Raw pith samples showed significantly higher 

sensitivity against T. versicolor than raw rind samples, whereas raw whole stem samples 

showed higher variability. Despite the higher lignin content of the rind and the fact that T. 

versicolor is supposed to attack lignified tissues, the more accessible structure of the pith tissue 

may have promoted higher degradation of this part of the plant by T. versicolor, although this 

was not observed with the other fungi species. 

Comparing the mass reduction values of the raw feedstocks with those of binderless boards, 

significant durability improvements were detected for pith tissue compared with pith boards 

Figure 58. Boxplot of mass reduction per type of material against different fungi species.  

TPr. Raw totora pith; TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II 
Totora pith board made at 150°C with two hot-pressing cycles; TPr. Raw totora rind; TR150I Totora rind 
board made at 150°C with one hot-pressing cycle; TR150II Totora rind board made at 150°C with two 
hot-pressing cycles; WTr. Raw whole totora stem; WT150I Whole totora stem board made at 150°C with 
one hot-pressing cycle; WT150II Whole totora stem board made at 150°C with two hot-pressing cycles. 
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against C. puteana and T. versicolor with p < 0.1. However, no significant differences were 

detected against P. placenta with p > 0.1. In the case of the rind tissue significant differences 

were detected between the raw material and binderless boards against all fungi species with p 

< 0.1, which may indicate a greater influence of the hot-pressing process on the nutritive 

compounds of the rind tissue. In the case of whole totora stems, no significant differences were 

detected between the raw material compared with binderless boards against C. puteana and P. 

placenta with p > 0.1, but significant differences were observed against T. versicolor with p < 

0.1. 

When comparing binderless boards made with one and two hot-pressing cycles, no significant 

differences were detected between feedstock or fungi species. This may indicate that the 

compounds that are nutritive to the tested fungi species, react with the first hot-pressing cycle, 

or that the higher durability is influenced by other factors such as the more compact structure 

of the binderless boards that makes the boards less accessible to wood decaying organisms. 

Whole totora stem boards showed higher variability which may be due to the more heterogenic 

structure of the board matrix resulting from the tissues mixture.  

5.3.2. Results against termites 

In general, neither the raw whole stems nor binderless boards showed surviving working 

termites after the tests, although the raw material did show visible attacks that indicated that 

termites were feeding on it at the first stages of the tests Figure 59. This could indicate the low 

nutritive value or unpalatability of certain parts of the plant to termites that were not able to 

survive on it.   

 

Figure 59. Whole totora stem after termites’ attack 
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The results after the application of EN 117:2012 standard for the raw material and binderless 

boards are shown in  

Table 13. A boxplot was generated as shown in Figure 60, and ANOVA tests along with post 

hoc tests were performed to analyze the statistical differences of mass reduction values between 

samples in relation to type of material. Totora binderless boards made with all the feedstocks 

showed a significantly higher durability against termites than the raw whole stem samples with 

p < 0.1. Additionally, significant differences were observed between boards made with rind 

and pith, but neither of them were significantly different from boards made with whole stems. 

Pith boards showed higher mass reduction values, while rind boards showed the lowest mass 

reduction values against termites. This may indicate that in addition to the effect of  hot-

pressing process which increases the durability of binderless boards against termites, rind 

tissues contain some compounds that the plant uses as natural protection against biotic 

organisms (Corsino et al., 2013) that further inhibits the termites attack.  In accordance with 

the durability classification, the raw totora as well as the binderless boards were classified as 

moderately durable against termites.  

Table 13. Mass loss percentage against termites, and durability classification (D-Durable, M-Moderately 
durable, S-Sensitive) 

Material Termites 
Durability 

class 
Worker 
survival 

  %  
% 

WTr 40.37 M 0 

TP150I 21.26 M 0 

TP150II 24.37 M 0 

TR150I 10.64 M 0 

TR150II 12.08 M 0 

WT150I 15.12 M 0 

WT150II 17.84 M 0 

Control 60.00 S 70 

WTr. Raw whole totora stem; TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II 
Totora pith board made at 150°C with two hot-pressing cycles; TR150I Totora rind board made at 150°C with 
one hot-pressing cycle; TR150II Totora rind board made at 150°C with two hot-pressing cycles; WT150I Whole 
totora stem board made at 150°C with one hot-pressing cycle; WT150II Whole totora stem board made at 150°C 
with two hot-pressing cycles. 

 

Boards made with one and two hot pressing cycles with the same feedstock did not show 

significant differences between them against termites. This may indicate that, as observed with 
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fungi, the further degradation of compounds at the studied temperature with the second hot-

pressing cycle did not generate a durability improvement, or that there are other factors that 

affects the material resistance such as the tissues compactness that render the boards less 

accessible to these organisms.  

 
 

Figure 60. Boxplot of mass reduction per type of material against termites.  

WTr. Raw whole totora stem; TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II 
Totora pith board made at 150°C with two hot-pressing cycles; TR150I Totora rind board made at 150°C with 

one hot-pressing cycle; TR150II Totora rind board made at 150°C with two hot-pressing cycles; WT150I Whole 
totora stem board made at 150°C with one hot-pressing cycle; WT150II Whole totora stem board made at 150°C 

with two hot-pressing cycles. 

 

5.3.3. Chemical differences and durability  

The hot-pressing process for making binderless boards generates chemical changes in the 

material as discussed in chapter 3 and 4, that may affect, among other characteristics, their 

durability against wood decaying organisms. Chemical differences of binderless boards and 

their correlation with durability against fungi species are shown in Table 14.  

Table 14. Mass reduction against fungi species compared with chemical differences of each feedstock after one 
and two hot-pressing cycles at 150°C. 
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  % % % % % % % % % % % % 

TPr 15.10 9.55 90.26 1.75 22.10 8.90 17.82 28.30 19.51 3.62 2.85 - 

TP150I 6.31 6.02 12.12 1.73 14.32 13.96 5.37 43.48 18.46 2.39 3.12 0.37 

TP150II 8.53 8.66 11.53 1.65 13.42 14.49 4.98 42.91 17.46 1.95 2.57 0.35 

TRr 13.82 11.86 75.59 2.13 22.26 16.42 16.10 24.63 18.52 2.39 2.96 - 

TR150I 10.22 7.45 11.72 1.46 12.77 22.08 6.30 35.60 17.39 1.71 3.58 0.42 

TR150II 11.28 9.51 13.04 1.28 11.86 22.94 4.81 36.74 17.84 1.53 2.89 0.39 

WTr 9.13 11.34 71.91 2.00 22.21 13.78 16.70 25.92 18.87 2.82 2.92 - 

WT150I 10.06 9.04 11.46 1.61 14.77 21.34 4.80 34.70 16.24 1.51 3.13 0.39 

WT150II 9.91 19.80 12.68 1.43 16.19 23.29 4.88 36.68 16.01 0.94 3.13 0.30 

TPr. Raw totora pith; TP150I Totora pith board made at 150°C with one hot-pressing cycle; TP150II Totora pith 
board made at 150°C with two hot-pressing cycles; TPr. Raw totora rind; TR150I Totora rind board made at 
150°C with one hot-pressing cycle; TR150II Totora rind board made at 150°C with two hot-pressing cycles; 
WTr. Raw whole totora stem; WT150I Whole totora stem board made at 150°C with one hot-pressing cycle; 
WT150II Whole totora stem board made at 150°C with two hot-pressing cycles. 

 

The reduction of water extractives content, which are mainly low-molecular-weight sugars that 

undergo degradation and condensation reactions during the hot-pressing process that leads to 

the breakage of hydroxyl groups, makes the material less hydrophilic and more resistant against 

biotic attacks (Luo, Yue, Wang, Zhang, & Lu, 2014; Okuda & Sato, 2004; Weiland & 

Guyonnet, 2003).  

The apparent increase of lignin content, which may be due to the reduction of other substances, 

as well as the denaturization of lignin by the hot-pressing process, may have also rendered the 

material less accessible to wood decaying organisms (Weiland & Guyonnet, 2003).  

Xylans and arabinans content reduction indicate an increase of the crystallinity of the xylose 

backbone (R. Sun et al., 1996), which may be less accessible to wood decaying organisms after 

the hot-pressing process.  

Additionally, the occurrence of hydroxymethyl furfural in the boards indicate the generation 

of by-products from hexoses induced by heat and pressure (Sundqvist, 2004) that may hinder 

the development of certain wood decaying of organisms.  

Even if  the second hot-pressing cycle showed further reactions of the material, the durability 

values were not significantly different, which may suggest that only the chemical reactions 

promoted by the second hot-pressing cycle did not influence the material durability, or that 



99 

 

there are other factors such as the compactness of the tissues that inhibits biotic attacks in the 

boards.  

5.4. Chapter conclusions 

All raw totora tissues showed lower resistance against T. versicolor than their corresponding 

totora binderless boards. Whole totora stems did not show significant differences between the 

raw material and the binderless boards durability neither against C. puteana nor P. placenta. 

Pith tissue did not show significant differences between the raw material and binderless boards 

against P. placenta. Rind tissue showed significant differences between the raw material and 

binderless boards against all fungi species. 

Durability of totora against termites was better for binderless boards than the raw whole stem. 

However, pith boards showed higher mass reduction against termites, which may suggest the 

existence of natural compounds on in the rind tissue that inhibits the termites attack. 

The second hot-pressing cycle did not produce a significant change in durability values in any 

case. This may indicate that although further chemical reactions were observed after the second 

hot-pressing cycle, nutritive compounds, or compounds that determine the durability were not 

further affected. It can be also possible that other factors influence the durability such as the 

compactness of the material of the binderless boards which is less accessible to organisms 

compared with the open structure of the raw material, especially in the case of the pith tissue.  

Further research is needed to study the influence of different hot-pressing parameters on 

durability and other boards’ properties. These results may be applicable to similar plant species 

to study their durability properties against wood decaying organisms which could lead to the 

definition of their potential uses and possible treatments. 

  



100 

 

  



101 

 

Chapter 6 

6. Commercial potential of totora binderless boards  

6.1. Introduction 

For an innovative material to become a feasible and convenient option applicable in the 

contemporary context, it is necessary to identify the key aspects that may make it an interesting 

option for the customers or stakeholders to consider it against other existing possibilities. In 

the case of binderless totora boards, the main advantage over similar products available in the 

market is the elimination of added glues which make them a healthier material compared with 

conventional wood particle boards or insulation materials that could have volatile organic 

compounds emissions.  

This chapter aims to analyze the potential commercial opportunities of the totora binderless 

boards considering a productive cycle with low environmental impact and potential to create 

symbiotic relationships that can make this material a feasible and competitive option of interest 

to the contemporary constructive sector.  

6.2. Efficiency issues of current totora productive process 

Analyzing the raw totora productive cycle data available from studies conducted in Ecuador, it 

can be observed that the manual mowing is the least efficient part of the production process; 

for it accounts for almost 50% of the raw material value. Harvesting time varies a lot depending 

on the depth of the marshland, type of stand, and the expertise of the mower. A study conducted 

by Macía & Balslev (2000) reported that in Lake San Pablo-Ecuador one person could harvest 

approximately 50 m2 in 50 min, whereas in Yaguarcocha lake-Ecuador approximately 900 m2 

were harvested by 6-7 people in 12 days. Simbaña (2003) studied the costs of planting and 

harvesting a totora plot of 1,682 m2 in Lake San Pablo-Ecuador analyzing each part of the 

productive cycle. Although the initial investment included plating costs, once the plant has 

established and is correctly managed it could remain productive for more than 25 years. For 

comparison ends, the full initial costs have been considered to estimate the percentage each 

part represents to the total raw material cost. The costs percentages were reported as follows: 

seedlings 1%, terrain preparation 8%, planting 5%, maintenance 10%, transport 16%, 

equipment 10%, and mowing 49%. In that study the cost of 1 kg of dry raw totora was estimated 

at US$ 0.17 in 2003 in Lake San Pablo-Ecuador using manual techniques for planting and 
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harvesting the totora stems. The market price of raw totora was not reported in that study. The 

market price of 1 kg of a weaved mat was reported to be between 0.60-1.60 depending on the 

amount and market conditions.  

On the other hand, in the studies conducted by PELT and ADESU in Lake Titicaca-Peru and 

Bolivia about the economic validation of totora productive cycle, the costs estimations were 

performed using surveys to enquire the people who used to work with totora about how much 

time or work would it take to plant 1 ha of totora.  The percentages each part represents were 

reported as follows: seedlings 25%, terrain preparation 5%, planting 5%, maintenance 6%, 

transport 20%, equipment 14%, and mowing 25% (PELT & ADESU, 2003).  

As can be observed, the seedlings costs represent a much higher percentage in the case of Lake 

Titicaca compared to the studies conducted in Ecuador. This might be because in the case of 

Ecuador, the studied plot area was much smaller; therefore, the planters could have been able 

to obtain the seedlings from previously existing plants or nearby plants by themselves, whereas 

for an area almost 10 times bigger, the seedlings may have to be bought from a nursery. 

However, the other activities are much more efficient when planting bigger areas such as the 

mowing activities which accounts for only 25% of the cost in Lake Titicaca compared with 

almost 50% of the cost in Lake San Pablo. In the Lake Titicaca study the cost of producing 1 

kg of dry raw totora was estimated between US$ 0.06 and US$ 0.09 depending if the planting 

was made on the shores or deep-water. These prices were estimated in 2003 in Peru using 

manual techniques for planting and harvesting the totora stems. The reported market price for 

1 kg of dry totora was about US$ 0.25. The price of 1 kg of elaborated totora goods was not 

reported in that study. We can see that the production price of 1 kg of dry totora stems in Lake 

Titicaca was almost the half of that reported in Ecuador, which is thought to be due to the 

greater planting area considered for the study of Lake Titicaca which can optimize most of the 

processes.  

Currently the market price of 1 kg of dry totora stems sold in Lake San Pablo-Ecuador is around 

US$ 0.35, which could be reduced for wholesale orders depending on the transaction 

conditions. However, there are other modalities such as buying the totora stand uncut. In this 

case 1 ha of totora stand could be sold at prices that range between US$ 500 to US$ 1,000 

depending on the quality and characteristics of the totora stand. In this case the buyer should 

take care of the mowing and drying process, but total price per kg can be importantly reduced 

to almost a half of the common price.  
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Considering that the planting and harvesting processes are still performed mainly by hand, the 

efficiency of totora production can be significantly improved by employing mechanical 

harvesting technologies. For instance, some harvesting machines used for mowing common 

reed (Phragmites australis) in northern Europe, are able to mow between 1-1.50 ha/h (van der 

Sluis et al., 2013) which is much more convenient than the hand harvesting process mentioned 

earlier. This could increase the harvesting efficiency and reduce raw totora prices making it 

more competitive against other biomass sources.  

6.3. Products that can be replaced by totora binderless 

boards. 

6.3.1. Particleboards  

Particleboards for non-structural use in dry conditions equivalent to the P1 and P2 types, 

intended for applications such as furniture, doors, and general construction, cover more than 

50% of the total particleboard production industry worldwide due to their low price and 

versatility (BIS Shrapnel, 2014). According to data obtained from FAOSTAT, the world total 

particleboard production in 2017 was of 95 million m3, and the market is expected to grow due 

to increasing demand for furniture, new construction and retrofit trends, and potential increase 

of demand from emerging countries (Wood Based Panels International, 2018). Additionally, 

stricter regulations about forest conservation, climate change and lack of wood supply may 

stimulate the creation of new niche markets in which boards made with non-wood products can 

cover part of the surging demand for this kind of material. These kinds of particleboards can 

be used as part of wood constructive systems as interior paneling, ceiling, doors, cabinets, or 

furniture with non-structural functions. 

Considering that the average price of 1 m3 of wood particleboard is around US$ 240, that one 

of the most expensive parts of the particleboard production process are the added adhesives, 

and that the elevated costs of some formaldehyde-free adhesives affects the commercial 

potential of these kinds of boards (Mantanis, Athanassiadou, Barbu, & Wijnendaele, 2018), it 

could be possible to introduce totora pith binderless boards made at 150°C with two hot-

pressing cycles as an alternative of boards of type P1 with interesting benefits such as lack of 

volatile emissions and good environmental characteristics at competitive prices provided that 

the current planting and harvesting techniques are optimized and the opportunities for 

achieving industrial symbiosis are adequately addressed.  
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6.3.2. Insulation sector  

Although first conductivity measures presented inconsistencies, the non-standardized tests may 

suggest that the conductivity properties of these boards with the reported densities may be 

similar to some wood-based fiberboards such as MDF or HDF. Despite the mid-range thermal 

conductivity values it is worth noting that these boards may present some advantages 

considering that many conventional insulation materials such as glass fiber, polystyrene, or 

rock wool are produced using high-energy consuming processes, and that their nature may 

generate concerns due to difficulties for recycling or managing of their end-of-life stage 

(Francesco Asdrubali, D’Alessandro, & Schiavoni, 2015). In this scenario, totora binderless 

boards may have several benefits from an environmental point of view. The fact that they don’t 

use any binder makes their recycling or end-of-life scenarios easier to manage. The recycling 

possibilities of the material may allow for longer periods of carbon sequestration in form of 

durable goods before opting for energy recovery by biomass burning.  

6.4. Chapter conclusions 

Although totora is not currently a crop harvested at industrial scale, through an adequate 

management of the already existing sources in addition to the potential raw material production 

from other industries with environmental interest such as constructed wetlands for water 

treatment, it could be possible to create several raw material sources that can sustain industrial 

developments such as boards production paired with the benefits of using a fast-growing plant 

for producing durable goods. 

Particleboards sector is expected to grow due to demand growth worldwide. Concerns about 

shortage of wood supply, land pressure and volatile emissions of some conventional wood 

particleboards may generate a niche market opportunity for binderless boards made with non-

wood sources such as totora pith intended for non-structural applications in dry conditions. 

Insulation materials sector is an interesting market for binderless totora boards because of the 

absence of harmful adhesives, good environmental properties, and the simplicity of managing 

their end-of-life scenarios.    

Further research is needed to evaluate totora materials through Life Cycle Assessment 

methodology to be able to compare them with existing materials and evaluate their potential 

benefits in each sector. It would be also important to identify other species that can be used in 

similar ways to diversify the material sources and determine the best option in each context.  
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Chapter 7 
 

7. General conclusions 

7.1. Conclusions in accordance with each specific objective 

1) Study the state-of-the-art about totora, its benefits and potential in the 

contemporary construction field. 

Totora is a fast-growing macrophyte that has been used for many years by several cultures for 

making a wide range of objects from handicrafts to huts and boats. The characteristics of this 

plant have allowed some communities to maintain these traditional practices for years in a 

symbiotic relationship with the environment. Recent studies have demonstrated interesting 

qualities that may be of interest to the contemporary construction field such as its natural 

thermal insulation properties, versatility, aesthetic value and resistance. Totora fast-growth 

rate, water cleaning capabilities, traditional uses and recent studies suggest its potential to be 

used to produce materials applicable in the contemporary construction field. 

2) Study the physical and chemical characteristics of totora. 

Totora stems are on average 2.50 m high and have a round to triangular section of 

approximately 2-cm in diameter. The stems have an internal pith tissue made of air chambers 

called aerenchyma, and an external rind where most of the support and nutrient transportation 

functions occur. This natural structure is very efficient and allows the plant to reach a 

considerable height with low structural cost. The main chemical differences between the pith 

and rind of the plant stems are the almost double lignin content of the rind (16.42% vs. 8.90%), 

the higher solvent extractives content of the rind (2.13% vs. 1.75%), and the higher ash content 

of the pith (7.81% vs. 6.36%). These differences may indicate potential optimization of 

processes by using specific parts of the plant.  

3) Analyze the parameters that influence the physic and mechanical 

properties of totora binderless boards. 
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Considering the parameters tested in this study in which boards made with pith, rind and whole 

stems were produced by dry forming process and hot-pressing at 150°C with one and two hot-

pressing cycles, the parameters that mostly influenced the properties of totora binderless boards 

were the tissue used, and temperature. Boards made with pith tissue at 150°C with two hot-

pressing cycles showed the best mechanical properties among boards made without using 

metallic mesh screens. Chemical differences between the raw material and the binderless 

boards made at 150°C indicate that hydrolyzation and condensation reactions took place during 

the hot-pressing process that generated the self-bonding effect between particles.  

For boards produced at 180°C and 200°C without using metallic mesh screens, excessive vapor 

generation promoted internal blisters that affected their mechanical properties. However, a case 

study of rind boards produced at 180°C and 200°C using metallic mesh screens between the 

mat and the hot press plates to allow a constant vapor discharge during the hot-pressing process 

showed significant better results of IB properties of boards made with rind tissue in all cases. 

This may indicate the potential improvement of mechanical properties of boards made with the 

other tissues using higher temperatures, if strategies that allow a constant vapor discharge were 

used during the hot-pressing process. Further research would be of interest to study the 

behavior of all totora tissues under hot-pressing process with continuous vapor flow systems 

that minimize blisters formation that would allow the use of higher temperatures to improve 

the boards mechanical properties.  

4) Study the durability of totora and totora binderless boards against wood 

decaying organisms. 

The hot-pressing process at 150°C with one and two cycles increased all tissues’ durability 

against T. versicolor fungi species and termites. The chemical reactions that the material 

undergo, mainly related to the degradation of light-weight sugars during the hot-pressing 

process may render the material less palatable for certain organisms. However, pith boards did 

not show significant durability improvements compared with the raw pith tissue against P. 

placenta fungi species. And whole stems boards did not show significant durability 

improvements compared with raw whole stems against C. puteana, or P. placenta fungi 

species. However, some durability differences were detected between the rind and pith, which 

may suggest the existence of naturally occurring compounds in the rind that inhibits fungal and 

termites’ attacks. These findings indicate the effectiveness of the heat treatment process to 

increase the totora durability against some wood decaying organisms. Further research would 
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be of interest to study different hot-pressing parameters and the compounds that make the rind 

more durable, which could be used for developing protective products.  

5) Analyze the commercial potential of totora binderless boards. 

Totora productive cycle has the potential to generate symbiotic relationships between 

environmental or social services such as water treatment services, habitat preservation or 

traditional harvesting activities reinforcement; and raw material supply. Additionally, the fast-

growth rate of the plant, the possibility of harvesting it twice a year, and the habitat in which it 

grows such as lakes and ponds would generate a constant material supply from a relatively 

small planting area that does not compete with agricultural soil. These characteristics might 

make totora a competitive feedstock option for producing durable goods such as binderless 

boards applicable in the construction sector in a productive cycle with potential environmental 

benefits in line with sustainability concepts.  

Boards made with pith particles at 150°C with two hot-pressing cycles without metallic mesh 

screens and rind boards made at 200°C with one hot pressing cycle using metallic mesh screens 

could be classified as type P1 “General purpose boards for indoor applications in dry 

conditions”.  Particleboards intended for interior applications in dry conditions represent more 

than 50% of all particleboards produced worldwide.  

The demand for particleboards had experienced a constant rise in the last years due to changes 

in lifestyles that require constant renovation of spaces, and the construction sector growth of 

countries with emerging economies. In this scenario, binderless boards made with non-wood 

species that do not have volatile emissions and that can be produced from local sources, can 

represent an interesting alternative to cover part of this demand in the construction field. The 

lack of glues makes these boards less energy consuming and easier to manage at their end-of-

life scenarios, which is an important advantage in sustainability terms. Thermal and acoustic 

insulation sectors are fields of interest to be studied for additional potential applications. 
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7.2. Highlights of the study.  

• Totora is a fast-growing plant that can be used as an alternative biomass source to help 

reduce the pressure on land and conventional forests.  

• The environmental and social benefits of using the totora plant can be integrated into the 

productive cycle of contemporary materials in line with bio-economy concepts. 

• Rind and pith of totora stems have different physical and chemical characteristics that can 

be studied to optimize some industrial processes.  

• The different tissues of totora stems can be used to produce binderless boards with different 

characteristics.  

• Totora binderless boards made with pith particles using a hot-pressing process at 150°C 

showed better mechanical properties than boards made with rind tissue or whole totora 

stems.  

• Binderless boards made with totora tissues using hot-pressing process at 180°C and 200°C 

showed lower internal bonding strength than boards made at 150°C, mainly because of 

excessive vapor generation that produced internal fractures. 

• The hot-pressing process using metallic mesh screens for constant vapor discharge 

produced rind boards without signs of internal blisters and better IB properties. This 

methodology may be a feasible option for producing totora binderless boards with the other 

tissues at higher temperatures. 

• The resistance of the raw totora tissues against wood decaying organisms showed that pith 

tissue was more sensitive than the rind and whole stem against T. versicolor fungus species. 

No significant differences were detected between raw tissues against other tested fungus 

species.  
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• The hot-pressing process at 150°C used for producing totora binderless boards improved 

the durability against T. versicolor and termites for all tissues. No significant durability 

differences were detected between boards made with one and two hot-pressing cycles. 

• Current situation of totora productive cycle can be optimized to sustain an industrial scale 

production by improving the management of the already existent totora plantations.  

• Totora phyto-depuration and marsh-restoration capabilities can be paired with the raw 

material supply chain to achieve a synergy between environmental services and raw 

material source. 

7.3. Significance of the study findings.  

The feasibility of using totora to produce sustainable materials with features of interest to the 

contemporary construction sector, such as binderless boards that do not have hazardous volatile 

emissions using low impact biomass sources, with the possibility to create symbiotic 

relationships between the environmental services of the plant and the raw material supply 

chain, is an indicator of the potential of this plant to be used as alternative biomass source to 

develop applications at industrial scale with potential environmental benefits.  

Additionally, the possibility of reinforcing the planting and harvesting activities related to 

traditional crops may help support the rural areas development and diversify the income 

sources for traditional and rural communities. 

The findings of this study can be replicable to similar plant species with expected similar 

potential environmental and social benefits.  

7.4. Answer to the research question.  

Can totora be used as a sustainable material to produce binderless boards for use in the 

construction field? 

It is possible to produce binderless boards of type P1 “General purpose boards for indoor 

applications in dry conditions”, in accordance with the European standard EN 312:2010 

“Particleboards Specifications”, using the pith part of totora stems without any added glues 

using a dry-forming process with two hot-pressing cycles at 150°C.  
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Hot-pressing processes using higher temperatures produced excessive vapor formation that 

generated micro fissures in the boards. However, it was demonstrated that it is possible to use 

metallic mesh screens to allow a constant vapor discharge during the hot-pressing process to 

produce boards with rind tissue at 200°C with good mechanical characteristics that could also 

be classified as type P1. The metallic mesh screens process can also work for the other tissues 

to make binderless boards at higher temperatures with good expected mechanical properties.  

The sustainability of using totora as material in industrial processes can be supported by its 

fast-growth rate, the benefits of its natural habitat, and the potential of pairing its natural 

environmental services with the raw material supply chain.  

7.5. Support or rejection of the stated hypothesis 

Hypothesis: Totora can be used as sustainable material to produce binderless boards that can 

be applicable in the construction field. 

The findings support the hypothesis.  

7.6. Limits of the study.  

• This study focused on assessing the feasibility of using totora tissues to produce binderless 

boards with particle size smaller than 2mm, using hot-pressing temperatures of 150°C, 

180°C, and 200°C.  

• The case study that consisted of making binderless boards at 180°C and 200°C using 

metallic mesh screens to allow constant vapor discharge was made only with the rind tissue 

because of material availability limitations. Further studies of this procedure with the other 

tissues may be of interest.  

• The chemical changes were analyzed only for boards made at 150°C after one and two hot-

pressing cycles in order to compare the measured physical and mechanical properties with 

chemical changes. However, further research would be of interest to study the possible 

correlation between chemical changes and blisters formation for boards made at higher 

temperatures with and without metallic mesh screens.  
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• Durability tests were conducted using the species established by European Standards. 

Although the data obtained provide valuable information about the durability of the 

material, further research using organisms that grow in the plant´s local habitats could be 

of interest.  

• The durability against wood decaying fungi were analyzed only for boards made at 150°C 

with one and two hot-pressing cycles. However, further research would be of interest to 

study the possible correlation between hot-pressing temperature and durability for boards 

made at higher temperatures with and without metallic mesh screens.  

• Durability against termites was studied only for raw whole stems and binderless boards 

made at 150°C with one and two hot-pressing cycles. Further research would be of interest 

to study the durability of raw pith and rind against termites. 

• This study did not contemplate experimentations with chemical pre-treatments to increase 

the reactivity of the material before conducting the hot-pressing process.  

• This study did not contemplate experimentations with any post-treatments of the binderless 

boards to help increase their resistance against moisture or wood decaying organisms.  

• Although evaluation of totora boards through Life Cycle Assessment was not considered 

as part of this research, it is an important aspect to take into account for an accurate 

assessment of the material.  

• The thermal conductivity tests results were inconsistent and could not be considered trusted 

values. Non standardized tests indicated more usually expected values. Further 

standardized tests were not possible to perform in the timeframe of this work.  

• This study did not measure the acoustic insulation properties of the boards, although this 

has been identified as a potential use of interest to be further analyzed.  
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7.7. Identification of future research lines.  

• Study the production of totora binderless boards using vapor discharge techniques during 

the hot-pressing process, which as has been demonstrated, could improve the mechanical 

performance and widen the range of possible uses these boards can have in the construction 

industry.  

• Study of post-treatments to improve the boards’ water resistance properties and their 

durability to make them suitable to other uses in the industry.  

• Further chemical analyses of boards made using different temperatures and methodologies 

may help elucidate the actual correlations between these reactions and observed outcomes. 

• Further research to evaluate totora materials through Life Cycle Assessment methodology 

to be able to compare these boards with other materials and adequately evaluate their 

potential. 

• Additional mechanical tests such as “Determination of the resistance to hard body impact”, 

or “Resistance against chemical agents” are needed to better define the uses these boards 

can have in the construction field. 

• Further research that tackles in detail the thermal conductivity properties of the boards and 

the influence of different production parameters as well as the correlation with other 

physical properties may be of interest. 

• Further research that studies the acoustic properties of the boards and the influence of 

different production parameters that may indicate additional potential uses of this material 

in the construction field. 

• This research work may serve as a comparison baseline for similar plant species that can 

be studied following the proposed processes to evaluate their feasibility and potential uses 

in contemporary contexts.  
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