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Abstract

An empirical model was developed to estimate the thermal conductivity of heat-treated straw bulks based on laboratory
experiments. During the measurements, two different types of straw were investigated, barley and wheat. Barley was used to
composing our empirical model and define the influencing model parameters, and wheat straw was used for validation. Both
straws were heat-treated in a dry oxidative ambient in five temperature steps from 60 to 180 °C. The thermal conductivity
was measured at 120 kg m™ bulk density after every treatment cycle. In addition, we were looking for the most suitable
measurement methods to detect changes in material structure related to thermal conductivity in the range of relatively low-
temperature treatments. Thermogravimetric measurement was conducted, and the mass loss and elemental composition were
measured after every treatment cycle. The measurements showed that the mass percentage ratio of carbon in straw increased,
and the mass percentage of oxygen decreased in the investigated temperature range. We identified and separated the fol-
lowing parameters of the model, which can estimate the relative thermal conductivity of heat-treated stem bulks: relative
residual mass, relative mass percentage ratio of carbon content and oxygen content. We divided the model into two parts,
creating a simpler but worse approximation (the measurements required for this are much easier to perform) and a slightly
more complex but better approximation. After the validation, our model achieved good agreement with the relative thermal
conductivities calculated by the measured thermal conductivities.

Keywords Heat treated fibers - Barley and wheat straw - Elemental analysis - Thermal conductivity - Mass loss of
lignocellulosic material

Abbreviations C..or The carbon content of straw in mass percentage

my, v  The relative residual mass [%] after thermal treatment at T °C [%]

mer  The residual mass of straw after thermal treat- C.%60 The carbon content of straw in mass percentage
ment at T °C [%] after thermal treatment at 60 °C [%]

Mg The initial mass of straw after thermal treatment AeiTst  The relative thermal conductivity of straw [%]
at 60 °C [%] A The thermal conductivity of barley or wheat

O,q1 The relative oxygen content [%] straw [W m~! K™1]

O..or The oxygen content of straw in mass percentage
after thermal treatment at T °C [%]

Ona60 The oxygen content of straw in mass percentage Introduction
after thermal treatment at 60 °C [%]
C.r  The relative carbon content [%] Natural bases raw materials in the construction
industry

The construction industry needs to increase the use of
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[2]. Materials used in this industry generally have a long
life cycle. Still, compared to the structural (concrete, fine
and coarse ceramics) materials, thermal insulation mate-
rials have a shorter life cycle [3, 4]. Thus, these materi-
als generate significant amounts of waste, and since their
recycling is generally not advanced or inefficient, most
waste goes to landfills [5,6]. It can be shown that the use of
new building materials made from the by-products of fast-
growing plants, in particular, can be effective in mitigating
climate change, thanks to the CO, sequestration ability
of a fast raw material rotation period [7]. Therefore, the
short time of rotation period is critical. For example, using
wood in building materials is less efficient due to the long
turnaround time of plantations (considering that many
tree species take decades to grow fully) [8]. In contrast,
the fast-growing straw and hemp raw materials allow for
carbon-negative construction (during the lifetime, before
the biodegradation). In addition, 1 kg of straw sequesters
0.4 g of CO, in 1 year until harvest [9], while 1 kg of
Nordic pine wood sequesters 0.5 g of carbon; however, its
rotation period is 75 years [10]. It means that straw stores
carbon dioxide more efficiently than wood (in many cases,
replanting trees is delayed, for cereals, this is impossible).
A German study concluded that about one-third of straw
from grain production could be extracted from the cyclical
agricultural system, which is available as a feedstock for
all applications [11]. Currently, a significant part of the
straw is left in the fields after the grain is harvested to pro-
vide nutrients for soil regeneration and is used as litter in
livestock farming. Straw is also used in horticulture, gar-
dening and energy production, accounting for 1% of cur-
rent straw production in the EU-28 [12]. Moreover, wheat
production is growing in the EU-28 (including Hungary);
therefore, the amount of straw available is increasing [13].
Furthermore, the other reason is that the manufacturing
process of natural-based insulations needs lower energy
than artificial ones [14,15].

In the case of natural fibres, applying them as a ther-
mal insulation material is the best way (naturally paired
with sustainable binders) because they are biodegrad-
able after their lifetime. Several animal and vegetable
natural fibres are used to make thermal insulation products
because the demand for green building materials is ris-
ing sharply [16]. The most frequent raw materials among
the natural thermal insulations are the following: flax
(0.035-0.045 W m~! K1), hemp (0.040-0.049 W m~' K1)
[17], wool (0.046-0.051 W m~! K~') [18],
straw  (0.046-0.050 W m~' K7!'), corn
husk (0.047-0.051 W m~! K= [19], cot-
ton (0.059-0.082 W m~! K7!), coconut husk
(0.046-0.068 W m~! K=!) [20] and poultry feather
(0.036-0.040 W m~" K™") [21]. On the other hand, straw
is perhaps the most suitable for this, as its natural stem
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structure makes it a relatively good thermal insulator and
the renewable industrial secondary material that is neces-
sarily produced yearly.

Straw as a product manufactured under actual industrial
conditions has just appeared on the market, but using straw
bales as building materials is one of the most researched
fields that links to straw [22,23]. The bales’ relatively low
thermal conductivity and high specific heat capacity lead to
low thermal diffusivity and good thermal insulation capa-
bility, especially with fibres randomly oriented and perpen-
dicular to heat flow. It also has a low environmental impact
if the straw bale selection used for the straw-based building
is suitable [24]. Platt et al. [25] investigated the effect of
fibre (stem) orientation (at an almost constant bulk density
of around 130 kg m™>) on the thermal conductivity of straw
bales. They found that if the stems are perpendicular to the
heat flow, the thermal conductivity decreases.

Cornaro et al. [26] verified in their study that a multi-
sheet wall package filled with natural straw could com-
ply with the limited thermal transmittance values in Italy.
Moreover, research investigating the potential of straw used
in a geopolymer bonded panelled insulating board found
that straw as a construction material can reduce the embod-
ied energy by 50% compared to traditional masonry [27].
Although there are few existing examples, the volume of
research on natural-based thermal insulation materials lags
behind that conducted on their synthetic counterparts [28].
One reason for this may be that the properties of the arti-
ficially produced materials are better controlled and more
homogenous and have standards, design guidelines and reli-
ability assessments. Despite the excellent performance of
straw-based materials, there are often questions about their
fire risk, durability, natural anti-fungal and insect properties
and bacterial activity, and higher moisture absorption capa-
bility. The resistance of lignocellulosic materials (such as
straw) to these pests can be further improved. For example,
the treatment described later in the paper has a good effect
on this (see Sect.1.4).

The use of natural fibres as construction materials can
be argued against by the fact that most studies show higher
variability of their physical properties, which causes higher
variability in the final product [29,30]. In contrast, a recent
investigation found that the variability of long natural fibre-
based composites is similar to that of carbon fibre compos-
ites [31]. In the case of raw straw materials, the structures
created by nature must be used, or a better structure must be
made from it. The physical properties can be improved with
different sustainable processes to meet thermal insulation
requirements better. In many cases, there arises the problem
that natural-based thermal insulators are not fire-resistant
and do not simultaneously have the lowest possible thermal
conductivity and high load-bearing capability. Still, in many
cases, they have homogeneity problems or contain hazardous
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additives. Among the reasons mentioned above, the biggest
problem is that the thermal conductivity of straw-based
insulation boards is usually too high to be non-competitive.
Ismail et al. [32] mixed straw with a composite binder to
form an insulation material and reached 0.054 W m~! K~!
thermal conductivity. Timova et al. [33] used straw with
casein binder to make insulation boards, and their lowest
thermal conductivity was 0.045 W m~! K~!. Babenko et al.
[34] presented that the result of flax straw and water glass-
based insulation board is achieved 0.0840 W m~! K~!. Zhou
et al. [35] developed a low-density board from wheat straw
using low-pressure steam injection pressing, and this product
achieved 0.0481 W/mK thermal conductivity.

The structure of straw

The uppermost part of the plant is the stalk, and the part
elongated during the growing season is called the stem. The
stem is divided by the stalk nodes into internodes. At the
origin point of the leaves, the stem always has a solid cross-
section in the nodes, while it has an internodal gap (voids)
between them. The number of internodes is between 5 and 7,
and their length increases as they move up [36,37]. The outer
tissue layer of the stem is the epidermis (skin tissue), which
is covered by a cutin layer consisting of fatty acid esters
produced by the cells. The stoma wedges between these are
called the epidermis cells. Below this is the sclerenchyma,
which is porous, but primarily has a mechanical role, so its
walls have become secondary (significantly) thickened and
lignified. Smaller vascular bundles occur in this tissue, but
the largest are found in the parenchymal tissue [38]. The
former two tissue layers and the silicates in them give the
stem stiffness and protection against the damaging effects
of weathering, water loss, microbes and insects. Below
these is the parenchyma has only primary walls (not ligni-
fied) and contains chloroplast bands below the stoma lines
(similar to leaf mesophyll). This layer is the cell type of the
plant with the highest volume ratio, dividing capacity and
plasticity. The vascular bundles running through the stems
are larger, and most are surrounded by parenchymal tissue
and supported by embedded sclerenchyma tissue (fibres).
Vascular bundles consist of xylem (tracheids) and phloem
(sieve tubes), both subtypes are responsible for transporting
nutrients and water, but tracheids are characterized by lig-
nification. Inside the stem is the internodal cavity (lacuna),
which is covered by a thin layer of modified parenchyma
cells [39-42]. The tissue types in the nodes are the same,
but there is no internodal gap, and the tissue structure is
much denser; here, the vascular bundles are arranged in two
concentric rings [43]. The leaves are similar in structure to
the stems, but some functional differences exist. The main
difference is that the leaves are covered on the outside with a

wax-coated epidermis, and here the parenchyma is modified,
mainly forming the mesophyll [40, 44].

Thermal treatment of lignocellulosic materials
Wet heat treatment

In most cases, the aim is to increase the bond between the
lignocellulosic material’s surface and binder or to increase
the durability when wet thermal treatment is applied. The
need to reduce moisture intake also appears several times.
Guangping et al. [45] investigated the effect of steam explo-
sion treatment on straw fibre morphology, changes in Ph
value, wettability, ash, and silicon content to increase the
quality of straw board material made from straw fibres.
The wheat straw was presoaked, the steam temperature
was 190 °C and 200 °C, and the treatment time was 2 min
and 3 min. After steam explosion treatments, the contact
angle, ash and silicon contents of the straw were signifi-
cantly reduced. Thus, the surface wettability of the treated
straw was improved. The connection between the durabil-
ity and the hydrophilic properties of lignocellulose-based
fibres is often raised. Hussain et al. [46] investigated the
changes in the mechanical and hygrothermal properties of
hemp-based thermal insulations in addition to treatment
with TEOS, distilled water and absolute ethanol at 80 °C.
The silica treatment reduced the hydrophilicity of hemp shiv
while not degrading the thermal properties. Hysek et al. [47]
investigated the effect of hydrothermal treatment on bond-
ing between straw (rape and wheat) surface, epoxy—poly-
ester and urea—formaldehyde. Leaching in boiling water or
alkaline solution improves adhesion in the bonded joints of
straw composites the due to the partial removal of waxy
substances from the particle surface. Demin et al. [48] dealt
with wheat straw fibres’ water absorbency and mechanical
properties in cement composites. The stems were dipped
into NaOH solution (3 mass %) and water at room tempera-
ture for treatment. After dipping, the wet stems were treated
at 85+ 1 °C for 24-30 h in an electric air-blowing drying
oven. After alkali modification, the waxy surface is partially
hydrolysed to ensure excellent wettability and higher water
absorption. Viel et al. [49] investigated the glueing proper-
ties of wheat straw polysaccharides in a straw—hemp shiv
insulation composite. They used two types of hydrothermal
treatment. The first hemp—straw mix was moistened, com-
pressed to a mould with 0.25 MPa and heated at 180 °C for
100 min. The second wheat straw was soaked for 24 h in
water and heated to 80 °C to extract soluble components,
which could be used as a binder. In the case of both hygro-
thermal treatments, the glueing process was successful.
The most common hydrothermal treatment in ligno-
cellulosic fibres is applying an alkaline solution and heat.
This treatment is mostly surface and perfectly suitable for
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applications when natural fibres function as reinforcing.
It improves adhesion because it decreases contact angle
and surface roughness. However, it also resulted in a more
rigid structure with lower porosity and higher density for
the fibres. So in the case of thermal insulation applications,
too rough treatments have an adverse effect on the structure
of natural fibres, increasing the thermal conductivity. The
recent study’s direct antecedent was research on the effect
of wet heat treatment on straw bulks’ thermal conductivity
[50]. During this investigation, the same barley and wheat
straw were measured as in this research. The straw was
treated in solutions with different pH values for an equal
time. The straw/solution mass ratio was the same during all
treatments. The thermal conductivity value of straw filled
into a paper box was measured in absolute dry condition, and
the guarded hot plate method was applied. The adequately
performed wet heat treatment caused a measurable drop in
thermal conductivity. However, the results showed that with
an increasing pH value of solutions, the thermal conductiv-
ity of straw bulks increased in the case of both investigated
straws. The reasons for this phenomenon were the damage
that appeared in the pore structure because strong bases were
dissolved in some pore wall components (e.g. lignin).

Dry heat treatment

Lignocellulosic materials (and mainly wood) are heat-
treated primarily to improve mechanical properties, dimen-
sional stability, decrease hygroscopicity and resistance to
applicants (fungi, mould, insects) [51]. The changes depend
mainly on the chemical, physical and anatomical structure
of the complex system (as internal factors), as well as on the
applied temperature and pressure, the time of heat exposure
and the atmosphere surrounding the system (as external fac-
tors) [52]. An inert gas atmosphere, or vacuum, promotes
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thermal decomposition processes, and oxidation processes
mainly occur in the presence of oxygen. The presence of
water vapour in both atmospheres promotes hydrolytic pro-
cesses. The three main constituents of plant-derived mate-
rials are cellulose, polyoses and lignin. These natural poly-
mers react to heat exposure very differently.

Most of the literature on the heat treatment of ligno-
celluloses deals with wood. In addition, high-temperature
(T>200 °C) [53-55] treatments are most often mentioned,
and an inert gas atmosphere or liquid medium (water, oils)
[56-58] is commonly used during the treatments. Another
frequent topic is the heat treatment (pre-treatment) of lig-
nocellulose-based industrial waste for the production of
biomass or biofuels [59-62]. Almost all of the publica-
tions on low-temperature heat treatments deal with wood.
These publications point out that not only physical but
also chemical changes occur (albeit to a lesser extent) in
the wood in the temperature range of 60—180 °C, and all of
these changes affect the material properties of the wood (see
Fig. 1). If chemical changes occur in the denser woods in the
60-180 °C temperature range, these changes may also occur
in straw with looser tissue.

From the realistic view of practical use, the processes that
take place under moderate thermal treatment (up to 200 °C)
are significant. However, less information is available on
changes in this temperature range. The critical issue for fol-
lowing these is finding characteristics proportional to ther-
mal decomposition [65]. The present study deals with straw,
but since the main “building blocks” of wood and straw are
the same, we have taken the experience of wood as the basis.
In this research, the change in mass of straw stem bulk, the
presence of carbon and oxygen atoms (in mass percentage)
and the thermal conductivity were measured in this tem-
perature range and also monitoring the relationship between
them. For example, a change in this thermal conductivity can

1% ® Oxygen

m Hydrogen

Carbon

Nitrogen and
other elements

(b)

Fig. 1 a Effect of temperature on lignocellulosic materials /data source: [63]/, b average mass percentage (including many species) of elemen-

tary compounds of wood materials /data source: [64]/
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be a good indicator of the level of thermal decomposition
processes.

Wood and straw are organic materials, so the reactions
that occur due to heat treatment are mainly manifested in
changes in the nature and relationships of the main com-
ponents, which can also be significantly influenced by the
presence of small amounts of additional materials (extrac-
tives). Changes in wood at temperatures below 40 °C are
mainly due to physical changes such as the emission of water
and small amount of volatile extracts, for instance, terpe-
nes [66]. At temperatures of nearly 70 °C, the heat treat-
ment can inhibit the biological activity (for example, fungal
filaments partially decompose, the extermination of nema-
todes) in the tissue of wood which might otherwise rot the
wood; therefore, it has a positive effect on durability [63].
In lignocelluloses (e.g. wood and straw), minor chemical
changes occur during drying between 40 and 90 °C, mainly
in certain extractive and volatile components (but change is
more intense in this temperature range). It is evidenced by
the fact that in a study about emissions of volatile organic
compounds (VOC) during the drying of pine and spruce,
monoterpenes were found in relatively high concentrations
in that temperature range [67]. The extractives are non-struc-
tural elements. These are soluble substances in water or an
organic solvent, mainly responsible for colour, odour and
durability. These are present in the materials in relatively
small quantities compared to the main components (usu-
ally 2-10% by mass based on dry wood). Because of their
solubility in wood, these substances are collectively referred
to as extractives.

Extractives play a role in accelerating the oxidative reac-
tion of wood. The differential scanning calorimetry (DSC)
studies confirmed this: exothermic peaks shift to a higher
temperature range in extract-free wood [65]. At the same
time, certain extractives catalyse the process [68]. It is
important to note that these extractives (terpenes, resins and
oils) are the initiators of the oxidative decomposition pro-
cess, while their other types with aromatic structures (mainly
tannins) stabilize the wood at moderate temperatures [57].
In the 40-90 °C range, the change does not yet affect the
mechanical properties, and the difference in strength is neg-
ligible [68]. Although up to 100 °C, water-related processes
in the wood occur (such as thawing, sorption processes and
evaporation), this temperature range includes the transfor-
mations associated with changes in hydrogen bonding and
the secondary transformation temperatures that indicate
these [67]. The colour of the timber changes continuously in
this temperature range, the extent of which may be affected
by the initial moisture content. This colour change is mainly
due to compounds resulting from the hydrolysis of carbo-
hydrates and extractives and the subsequent reactions with
other wood components [63]. As reported by McDonald
et al., the condensate of thermal treatment of pine at 100 °C

resulted in a significant amount of emitted monoterpenes
and smaller amounts of furfural, formaldehyde, acetic acid,
methanol and diterpenes [57]. The carbohydrates change
similarly during heat treatment in the case of timber. The
changes in the structure of lignin are first observed at tem-
peratures around 120 °C [57]. With the rising temperature,
these changes increase, and the oxidation of extractives
becomes significant at this temperature (which increases
gas production) [63]. If the medium is air during the heat-
ing of the wood, where oxygen is present, the degradation
of lignin is increased compared to other inert medium [65].
The mass loss in hemicellulose and cellulose accelerated
sensibly when the heat reached 130 °C for 24 h (with this in
mind, 24-h heat treatment cycles were used during the treat-
ments presented later) [63,69]. The hygroscopicity of ligno-
celluloses decreases between 100 and 150 °C, which also
reduces the equilibrium moisture content of wood [57,70].
At temperatures around 180 °C, the degradation of lignin
in wood increases significantly [71,72]. Some of the inter-
molecular bonds can break between 100 and 200 °C. In the
case of an oxidative atmosphere, the extractives are oxidized
to a greater extent in this temperature range, resulting in a
significant change in the colour of the wood. In addition,
smaller amounts of carbon dioxide gas are already produced
[73, 74]. Discolouration of the wood during heat treatment
in this temperature range is mainly due to the chemical trans-
formation of the extractives, as the main components are
colourless or almost colourless, but it is worthy of note that
the conversion of lignin also contributes to some extent to
the discolouration [75]. 1.4 Research perspectives, aims and
goals.

Results published in the literature are proved that hygro-
thermal treatments are suitable for modifying some desir-
able (reduces contact angle or hygroscopicity) material
properties. Most often used treatments cause too much
damage to the pore structure. Thus, these are not applica-
ble for thermal insulations (only for reinforcing purposes).
Our wet heat treatment method (mentioned previously in
chapter 1.3.1) effectively reduces the thermal conductivity
of the straw and the contact angle of the straw surface and
binder. This method is applicable in thermal insulation board
manufacturing, but removing water from stems is a com-
plex, time- and energy-consuming process. Hence, a more
straightforward approach must be found to reduce individual
stems’ thermal conductivity, which, in favourable cases, also
reduces the contact angle.

In the wood industry, thermal treatment is a standard
procedure that positively affects mechanical properties and
durability. As straw is also a lignocellulosic material, ther-
mal treatments affect material properties, including thermal
conductivity. We assumed that the non-aggressive heat treat-
ment, which does not damage the pore structure, can still
cause such a small amount of destruction in the elementary

@ Springer



3736

D. Csanady et al.

Fig.2 a Investigated wheat
straw stems, b SEM image
showing the tissue types of the
stem of the straw

structure of stems to reduce the heat transfer efficiency.
Moreover, the volatile and low-temperature decomposing
materials leave pores behind, thus reducing the density of
the stems. In this research, we treated straw bulks, barley
and wheat at 60 °C, 90 °C, 120 °C and 150 °C in an oxida-
tive medium. We study the relationship between material
structure changes and heat treatment temperature. To exam-
ine this relationship, thermogravimetric analysis, elemental
analysis and residual mass measurements of stem bulks were
performed.

Materials and methods
Investigated materials

In the current research, barley and wheat straw bulks were
investigated. These were grown in different fields in Hun-
gary but collected from the same harvest period and year
(Autumn 2019). Because of different species, there were
some natural diversities in the stem’s elemental compounds
(cellulose, lignin, hemicellulose, extracts) pore structure.
After their arrival, both straw types were stored under the
same environmental conditions (23 +5 °C, 50+ 10% relative
humidity) in the laboratory until, and during the tests, and
the samples were conditioned for at least one month before
the experiments were conducted to reach equilibrium with
the laboratory environment. Their baling was different; the
barley came in large (200 cm X 100 cm X 150 cm) and com-
pact bales, while the wheat straw came in loose-state small
(80 cm x 60 cm X 35 cm) bales. This effect can be seen in
the elementary fibres of the bales, but despite the compac-
tion, a large number of intact fibres can be found in the large
bales, in which the stem wall and pore structure were not
damaged or deformed. During measurements, roughly intact
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fibres were compared. Figure 2 shows the tissue types of the
investigated wheat stem.

The following statements also apply to barley and
wheat straws. After every temperature step, the ther-
mal conductivity was measured in ten pieces of
150 mm X 150 mm X 50 mm specimens. The mass change
during heat treatment was measured after each temperature
steps on five pieces of thermal conductivity specimens and
five samples of loose straw bulks (consisting of randomly
selected stems) filled in aluminium trays. In order to fol-
low up on changes in the cross-section (pore structure) and
elementary composition during heat treatment, five pieces
of short stem specimens were applied and investigated by
scanning electron microscope (SEM), see Fig. 2. A thermal
decomposition process of chopped straw was recorded by
thermogravimetric analysis.

Methods
Low-temperature thermal treatment

In general, organic materials are much more sensitive to
elevated temperatures than inorganic materials. Thus, it is
expected that an organic and natural material exposed to an
elevated (but not too high, T <200 °C) temperature load,
which it has not adapted during its evolution, will undergo
some material and structural changes. During the prelimi-
nary experiments, the thermal conductivity of the straw
bulks dried at 100 °C decreased compared to the ones dried
at 60 °C. Based on these results, in the presented series of
measurements, after an initial treatment temperature of
60 °C, the temperature is increased to 180 °C in 30 °C incre-
ments, and the thermal conductivity after each temperature
step was measured.

The heat treatment of the stem bulks was performed in a
dry, air-saturated (i.e. oxidative) atmosphere. At first, before
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the straw was filled in the measuring box, the barley and
wheat stems were dried/treated for 24 h in a conventional
forced air convection drying oven (VENTICELL 404-ECO
line, MMM Group, Miinchen, Germany) at 60 °C (during
this time it reaches the constant mass). Then, the straw was
filled into a measuring box with 150 mm X 150 mm X 50 mm
internal space at a bulk density of 120 kg m™>, and the straw
was compacted into several layers. After filling in, the mass
of the straw was remeasured, and any moisture that may
have been absorbed was removed again at 60 °C. The stem
bulk in a measuring box, together with a digital thermometer
(measuring the temperature of the centre of the specimen),
was placed into an airtight, heat-resistant container and
cooled down to the ambient temperature of the measuring
room. After reaching the ambient temperature, the thermal
conductivity of the treated stem bulk was measured. Then,
the straw which had filled in the measuring box was placed
into the oven and treated the stems at 90 °C, 120 °C, 150 °C
and 180 °C for 24 h. The stems were placed into the drying
oven if they reached the required temperature. They were not
in the oven during heating. The conditioning before thermal
conductivity tests was performed the same way in the meas-
uring room for all temperature steps. The measuring box was
treated at 180 °C for 72 h because the possible changes had
occurred in the box before testing the filled-in stem bulks.
Thus, further measurement errors can be avoided.

Thermal conductivity measurements

Our study used a portable device in the current research for
measuring the thermal conductivity of the heat-treated spec-
imens, ISOMET 2114 (Applied Precision Ltd., Bratislava,
Slovakia). We used the device with an IPS 1105 surface
probe, which was calibrated between—15 °C to 50 °C in the
following ranges of measured parameters: thermal conduc-
tivity between 0.04 W m~' K~! and 3 W m~' K~! and volu-
metric heat capacity between the range of 4x 10*J m= K~!
and 3x10°J m™ K~'. Surface probes are intended to be
used to measure solid and hard materials. A flat surface of at
least 60 mm diameter and 20—40 mm thickness (depending
on its diffusivity) is satisfactory for the probe. Demand for
surface flatness accuracy increases with the tested material’s
increasing thermal conductivity value. The device can also
use needle probes that can be utilized for solid soft materials
where it is possible to stick the needle into the fabric, or it is
possible to bore a precise aperture for the needle. However,
the sensor’s measurement accuracy is greatly influenced
by the contact surface of the needle superficies with the
measured material. Therefore, using the needle probes and
transient line source method is not apply well to the straw
macrofibres, and we did not utilize this method in our cur-
rent study. The surface probe measurements were performed

using the modified transient plane source (MTPS) method on
the heat-treated stem bulks in the measuring box.

The MTPS method further develops the transient plane
heat source method. An innovation is that the modified
method only directly measures thermal conductivity and
effusivity with a one-sided sensor. Another difference is
that the standardizations already appeared for the MTPS
method, which determines the time and power scale, thus
facilitating the repeatability of the measurement [76]. Also,
a helpful innovation over the original measurement method
is that when using the MTPS method, the heating element
is supported by a spacer that provides mechanical support,
electrical insulation and thermal insulation. This modifi-
cation offers one-sided, edge-protected interface measure-
ment with maximum flexibility for testing liquids, powders,
pastes (mixed), and solids. The measurement device delivers
a constant amount of heat to the sample’s surface using a
one-sided sensor. The generated heat flow in the method
is one-dimensional due to the protective edge, similar to
the Guarded Hot Plate method. During the measurement,
a known current is applied to the spiral heating element at
the centre of the sensor, which provides a small amount of
heat. This sensor is surrounded by a protective ring which
helps to generate a one-dimensional heat flow. The applied
current causes a temperature rise at the interface between
the sample and the sensor, resulting in a measurable voltage
change. The thermal conductivity is calculated through the
voltage decrease data [77]. Thus, the temperature change of
the sample can be monitored through a voltage change. The
thermal conductivity is inversely proportional to the rate
of increase in temperature at the contact point between the
sensor and the sample. Thus, the thermal conductivity of the
measured material is inversely proportional to the slope of
the temperature increase. The temperature and the voltage
describing it will increase more steeply if the thermal con-
ductivity is lower, while the opposite is true if the thermal
conductivity is higher.

Thermal conductivity measurements were performed
in an air-conditioned room at a constant temperature of
20 °C 42 °C and relative humidity of 60% +3% (see Fig. 3).
Treatments and measurements were carried out five times
in the case of both types of straw. For each measurement,
the instrument heated the samples by + 10 °C relative to the
ambient temperature. Therefore, the measured thermal con-
ductivity results are at 30 °C. The difference in the thermal
conductivity of raw straw (because of the natural differences
between straw types) did not play a role, whereas we use
relative values for better comparability of the changes in
thermal conductivity due to heat treatment.
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Fig.3 a Core temperature
measurement of the heat-treated
fibre bulk during cooling

to ambient temperature. b
Measurement of the thermal
conductivity of fibre bulk filled
into a measuring box

Residual mass measurements

The temperature-dependent mass loss of stem bulks was
measured in two ways. On the one hand, the initial mass of
the measuring box and the stems was noted, and the sum
mass of the stems and the box was measured after each
temperature step ( “a” mass measurement). The difference
between the sum and measuring box mass gives the actual
mass of the straw bulk. It is important to note again that
the box was treated at 180 °C for 72 h before testing the
stem bulks so that possible changes occur and to avoid
errors in the results of further measurements. On the other
hand, the mass loss of six separate stem bundles with dif-
ferent initial masses from both types of straw was exam-
ined (“f” mass measurement). From this, it was possible
to obtain information on whether water release or other
reactions with mass loss occurred at a given temperature;
the two phenomena were not separated. All the measured
samples were placed into a heat-resistant (with known
mass) foil as soon as they were taken out of the oven. It

60 °C 120 °C 180 °C

Fig.4 a Change in colour of barley straw as a function of treatment
temperature, b change in colour of barley straw as a function of treat-
ment temperature
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is ruled out moisture uptake during transport to the libra
(since the straw absorbs and loses moisture quickly). The
residual mass of stem bulks in the box was measured on
a one-hundredth-of-gram accurate scale (Toploader bal-
ance EW 1500-2 M, Kern, Albstadt, Germany), and the
separated treated stem bundles were measured on a mil-
ligram accurate scale (Analytical Balance-ME204, Met-
tler Toledo, Greifensee, Switzerland) at every temperature
step. In addition, the change in colour of the stems was
surveyed at each treatment temperature because it was one
indicator of some chemical transformations (Fig. 4).

Thermal gravimetric analysis

A MOM Q-1500 D (MOM, Budapest, Hungary) deriva-
tograph was used for thermal gravimetric analysis. This
equipment is automatically scanned and registers four
parameters: the temperature (T) curve, which shows the
actual temperature of the tested material in the measurement
range of 201000 °C, and the heating rate was 10 °C min~".
The second parameter is the differential thermal analysis
(DTA) curve, showing the temperature difference between
the sample and a reference material (Al,O3), resulting in
the enthalpy change curve in the tested material. The ther-
mogravimetric (TG) curve was also obtained following
the mass changes as the temperature increased and its first
derivative, the derivative thermogravimetric (DTG) curve.
This curve emphasizes the exact temperatures at which mass
changes occur. The stems were cut into small pieces for TGA
and dried in the oven at 60 °C for 24 h. After drying, the
straw was filled into the sample holder and taken into the
equipment as quickly as possible to avoid moisture absorp-
tion. Thus, the initial conditions of TGA were the same as
in the other measurements (thermal conductivity, mass loss,
elemental analysis). The initial mass of straw in the sam-
ple holder was 105.7 mg in the case of barley straw and
103.5 mg in the case of wheat straw. Both straw types were
heated to 1000 °C in the equipment, but the resulting curve
was evaluated between 20 °C and 500 °C consistent with
other measurements made during this research.
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Elemental analysis

Because the thermal gravimetric analysis did not provide
enough information about the chemical changes in the straw
at low temperatures, another method had to use. The differ-
ence in the thermal conductivity was looked out for in the
transformation (due to the treatment) of the pore and mate-
rial structure by scanning electron microscopy image map-
ping and elemental analysis. For these measurements, the
cross section of short stem specimens was taken from differ-
ent parts of the whole stems (see Fig. 5). These specimens
were heat-treated in the absolute same way as straw bulks in
case of thermal conductivity measurements. After each treat-
ment temperature step, the total cross section of the samples
was recorded, and elemental analysis was performed in the
same cross-sectional segments of the specimens.

We used a scanning electron microscope (Phenom XL
Desktop SEM, Phenom-World B.V., Eindhoven, The Nether-
lands) to investigate the pore microstructure and its energy-
dispersive X-ray spectroscopy (EDS) function for studying
the atomic concentration and the elemental composition of
stems. 5 kV was applied for the pore structure examination,
and 15 kV accelerating voltage was applied for the elemental
analysis. A backscattered electron detector and high vacuum
(1 Pa) were used for both purposes. The electron micro-
scope’s software automatically identifies all the specimen
elements, but the operator can narrow or expand the range
of identified elements. Worthy of note, the instrument can-
not identify hydrogen, so we omitted the investigation of
this. Thus, in the case of five specimens, the mass (and the
atomic) percentage results of the elements recognized by the
software were considered. In the case of the five specimens,
the possible elements were reduced to carbon and oxygen
(for each type of straw) and others. Even then, the identi-
fied elements could be classified into the C or O category
with 99% certainty (or fitting). It was made on the one hand
because the other elements identified, in addition to oxy-
gen and carbon, showed a significant scattering (not only
in the percentage value but also in elements) per sample

Fig.5 Samples used for
elemental analysis in the sample
holder of the scanning electron
microscope a 60 °C, b 120 °C,
¢ 180 °C

and temperature step. So, in the first case, the additional
elements were simply ignored from 100% elemental com-
position ( “A” analysis composition). In the second case, the
sum of the elements (C and O) was 100% (“B” analysis
composition). In addition, C and O are undoubtedly present
in the highest mass percentages in lignocelluloses, which
is why the study focuses on them. The woods are usually
characterized by the element distribution shown in Fig. 1.
The main components of the stems are cellulose (C¢H,;O5),
lignin (CyH,,0,, C,,H,05, C;;H,,0,) and hemicellulose
(C1gH3,04, C,4,H4,0,)). The atomic mass of the elementary
constituents of these organic molecules, in ascending order,
is: hydrogen (1.00784 u), carbon (12.0107 u) and oxygen
(15.9990 v).

Results
Mass loss

As expected, the mass of the straw in the measuring box and
the straw bundles decreased continuously as the temperature
rose from 60 °C, as seen in Fig. 6. The reason for this is basi-
cally to look for the removal of the water (monomolecular
layer), but this is ensured up to 100 °C for lignocellulosic
woods with a more compact structure (than straw), even if
no forced ventilation is used in the drying process [78]. For
straw stems with a much looser fabric, this process will take
place up to 100 °C (presumably also at lower temperatures).
However, above 100 °C, a further mass loss in the stem was
observed. The mass of stem bulks decreased with a linear
trend over the entire investigated temperature range. As
mentioned above, the mass loss based on water release and
chemical change were not separated during measurements.
The mass losses of wheat are slightly larger (0.3—1 mass/%)
in almost the investigated interval, except for the mass loss
at 180 °C (~0.8 mass/%).
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Thermogravimetric analysis

Although the straw was pre-dried at 60 °C, some further
moisture loss occurred between 20 and 110 °C of the deri-
vatoghrapy, but no more moisture (non-structural) release
can be observed in higher temperatures. This verifies that
all the mass loss above 100 °C was not due to water loss but
to other chemical transformations.

The first temperature zone was between 20 and 110 °C
(barley) and 20 and 115 °C (wheat), based on TGA, DTG
and DTA curves visible in Fig. 7. TGA shows that straws
have a mass loss of 7 mass/% and 9 mass/%, and an endo-
thermic process accompanied this. In this zone, straws’
physically absorbed water (endothermic peak at 83 °C) was
evaporated by the porosity of straws. Due to the pre-drying,
the peak is not as prominent and distinctive. However, after
the endothermic peak for water evaporation, the TGA curve
does not become horizontal, so presumably, at higher tem-
peratures (but below 180 °C), some light volatiles (from
extractives) evaporated from the samples, which is consist-
ent with the assumption outlined later in the chapter.

The second 205-350 °C (both barley and wheat) tem-
perature zone corresponding to the highest peak in DTG
was related to the active pyrolysis. The endothermic peaks
in DTA curves were at 295 and 300 °C, respectively, for both
barley and wheat. The mass loss in this temperature range
(33 mass/% and 34 mass/%) can be assigned to the release of
carbon, oxygen and hydrogen. These materials were gener-
ated from the condensable vapours (acetic acid, methanol,
wood tar) and incondensable gas (CO, CO,, CH,, H, and
H,0) deriving from decomposition products of organic cel-
lulose and hemicellulose.

During a third temperature zone, between 410 and 500 °C
(barley), and 390 and 500 °C (wheat), mass loss can be asso-
ciated with the decomposition of the overwhelming majority
of lignin and the evaporation of residual volatiles left from

Residual mass/%

93%-

92% v T v
90 120 150

60 180
Treatment temperature/°C
(@)

Residual mass/%

the previous zones. The exothermic peaks for the decompo-
sition of lignin were between 430 and 440 °C, respectively,
for barley and wheat.

There was no detectable association between the change
in thermal conductivity of heat-treated straw bulks and the
degradation process of observed materials from the thermo-
gravimetric analysis. Nevertheless, the study showed some
degradation in the barley and wheat straws in the investi-
gated low-temperature range.

Element analysis

Element analysis on small stem specimens showed that the
carbon content percentage by mass of the stems increased
with increasing treatment temperature while its oxygen con-
tent decreased. The change in the proportion of other ele-
ments did not show a monotonous trend (see Table 1 and
Table 2). This statement is also true for both straw types
and for “A” and “B” analysis composition (for “A” and “B”
analysis composition, see in 2.2.5 and 4 chapter). The aver-
age results of elemental analysis and mass loss of barley and
wheat as a function of temperature, including the standard
deviations, are shown in Fig. 8.

The results presented in Fig. 9 are relative element con-
tents in barley and wheat as a function of temperature. Thus,
the mass percentage of element content at a given treatment
temperature was divided by the mass percentage of element
content at 60 °C. In the case of relative carbon content, the
“A” analysis composition gives higher results than “B”. In
contrast, when oxygen content was measured, the “A” anal-
ysis composition gave lower results than the “B” analysis
composition. Thus, elements other than carbon and oxygen
identified in the analysis were classified by the analysis
software as oxygen in case “B” analysis composition. The
changes observed in the “A” analysis are further confirmed

100% 4
99% 1
98% 1
97% 1
96% 1
95% 1
94% 1
93% 1

92%

90 120 150

60 180
Treatment temperature/°C
(b)

Fig.6 Residual mess of the straw in measuring box and the separated straw bundles: a barley, b wheat
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Fig. 7 Resulted curves from the 100
thermogravimetric analysis: a
TGA, b DTG, ¢ DTA 903
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by the fact that although the oxygen ratio increased dur-
ing the “B” analysis, the trend of the examined elements
did not change as a function of temperature. The trend of
increasing the carbon content as a function of temperature
is almost identical for the two types of straw. The function
of the change in oxygen content is also similar for the two
types of straw, except the result after heat treatment at 90 °C
is significantly different. Wheat is thus more resistant than
barley to slightly elevated temperatures (90 °C).

Thermal conductivity

It has been observed that, with a rising treatment tempera-
ture above 60 °C, the thermal conductivity decreases until
150 °C treatment temperature (see Fig. 10) for both straw
types. This phenomenon can be explained partly due to the
removal of water. However, as mentioned in chapter 3.1, this

does not explain why the thermal conductivity of completely
dry straw is further reduced. In the measurement results of
the thermal conductivity after the thermal treatments of
straws between 60 and 150 °C, we observed that the correla-
tion between the treatment temperature rise and the decrease
in the thermal conductivity factor could be approximated
linearly (Fig. 10). The decrease in the thermal conductivity
until 150 °C could be originated from the oxidation pro-
cess of the materials forming the stem wall. This tendency
changes between 150 and 180 °C, and the thermal conduc-
tivity increases. As Fig. 10 shows, the decrease in thermal
conductivity is in the same order of magnitude in the case
of both stem types and is about~2%. However, wheat shows
a slightly more prominent decrease in thermal conductivity
than barley, although this difference in practical application
is negligible.

Table 1 Result of barley’s

) : Ivsi 1 Treatment Atomic concentration/% Mass concentration/%
elemental analysis at different temperature/°C
treatment temperatures Carbon Oxygen Others Carbon Oxygen Others
60 48.61 40.99 10.40 44.12 49.57 6.31
90 50.54 39.60 9.86 45.98 48.00 6.03
120 54.30 37.54 8.16 49.38 45.48 5.14
150 54.85 3443 10.72 50.94 42.59 6.47
180 54.75 31.32 13.93 52.12 39.72 8.15
Table2 Result c‘).f‘whe.at’s Treatment Atomic concentration/% Mass concentration/%
elemental analysis at different temperature/°C
treatment temperatures Carbon Oxygen Others Carbon Oxygen Others
60 49.31 40.75 9.94 44.71 49.22 6.07
90 51.23 41.04 7.74 45.99 49.08 4.93
120 53.83 36.60 9.56 49.39 44.74 5.87
150 54.25 33.49 12.26 50.88 41.84 7.28
180 54.69 3141 13.90 52.04 39.82 8.14
-=C --0 —o—Others #A- Mass -=-C --0 —o—Others A~ Mass
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Fig.8 Average results of elemental analysis and mass loss of barley (a) and wheat (b) as a function of temperature
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Discussion

The causes of the decreasing mass and thermal conductivity
at treatment temperatures below 100 °C are the water release
(based on [78]), and the concomitant processes are domi-
nant. At temperatures above 100 °C, the effect of partially or
entirely decomposing and transforming components domi-
nates in the mass loss and the decrease in thermal conductiv-
ity. The basis for this assumption is presented in chapter 1.3
before. Until 100 °C is reached, the two processes occur in
parallel in the stems. The residual mass diagram is linear, so
water loss does not result in a significantly higher mass loss
than subsequent decomposition processes (Fig. 6). Thus, the
two processes cannot be separated based on the measure-
ments, but their combined effect can be well managed and
described. It is essential to point out that during the element
analysis, we dealt only with the change in carbon and oxygen
mass percentages. We did not include the other elements
(such as nitrogen) in the study (we only showed a single

Relative carbon content/%

0.6 T T T
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Treatment temperature/°C
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Relative carbon content/%

0.6 T T r
60 90 120 150 180
Treatment temperature/°C
(©)

group of other elements) because they did not show a clear
trend (as mentioned in chapter 2.2.5 earlier). However, the
mass percentage value of C and O elements in straw clearly
showed an increasing and decreasing trend, respectively,
as the temperature increased between 60 °C and 180 °C.
The thermal conductivity of straw decreased between the
60 and 150 °C temperature range, but after 150 °C, it began
to increase.

The correct tendency of the results is confirmed by the
fact that in the case of higher temperature heat treatments
(although with an inert atmosphere and fewer temperature
steps), the change of the ratio of C and O atoms of ligno-
celluloses has already been studied, and the change in the
same direction was obtained. Based on the study of Bourgois
and Guyonnet [79], during heat treatment, the percentage of
carbon increases and oxygen and hydrogen decrease in wood
with the intensity of the treatment, as carbohydrates which
contain more oxygen are more sensitive to heat than others
[80]. Nguila Inari et al. [81] studied the chemical changes
resulting from heat treatment in wood by surface-sensitive
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Fig.9 Relative element content of a barley carbon, b barley oxygen, ¢ wheat carbon and d wheat oxygen as a function of temperature
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Fig. 10 Relationship between treatment temperature and thermal conductivity of fibre bulks: a barley, b wheat

quantitative spectroscopic (XPS). They reported that
at 240 °C, the O/C ratio of wood decreased from 0.55 to
0.44. Piernik et al. investigated the colour, mechanical and
chemical property changes during heat treatment of Scots
Pine Wood at 220 °C for a period from 1 to 8 h. They dis-
covered O/C ratio and H/C ratio are decreasing while the
treatment time is increasing. The reduction of O content
in wood caused by heat treatment could be connected with
decarboxylation, so there are cleavage of acetic acid from
hemicellulose and deacetylation of polysaccharides [82].
The mass loss of dry lignocellulose due to heat treatment
has also been observed. Zaman et al. [83] observed a good
correlation between oxygen content reduction and mass loss
due to heat treatment, which may also be partly responsible
for the mass loss in the present research. Lignin, which is
carbonated with a high char yield, reduces the thermal con-
ductivity of the wood, thereby increasing the thermal stabil-
ity of wood [65]. Thus, the decomposition of lignin already
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at lower temperatures (before carbonization) may affect the
thermal conductivity of straw.

In the temperature range where the examined charac-
teristics showed a monotonic change, we searched for an
empirical mathematical relationship between the change in
the thermal conductivity and the mass loss, oxygen content
and carbon content. If the residual mass after each treat-
ment temperature (m, 1) is related to the mass of the initial
60 °C treatment (my), the relative residual mass (m,,; 1) is
obtained; see Eq. 1:

MesT = mres.T/m60 (1)

In addition, if the same calculation is performed with
the mass percentages of carbon and oxygen measured in
the elemental analysis, the relative mass percentages (Cy 1
O, 1) are obtained using Eq. 2 and Eq. 3:

Orel.T = Om%.T/Om%.6O (2)

A Relative thermal conductivity X Arel. T.st + Mrel.T
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Fig. 11 Correlation of drying temperature and thermal conductivity curve of fibre bundles with the empirical model created from the measured

changes in material structure: a barley, b wheat
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Fig. 12 Appearance and growth
of cracks in the pore walls in
parallel with the increase in the
treatment temperature: a 60 °C,
b 90 °C, ¢ 120 °C, d 150 °C and
e 180 °C
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Crel.T = Cm%.T/Cm%.GO (3)

The curve of relative residual mass fits almost well with
the function of relative thermal conductivity between 60
and 150 °C relatively well, with a maximum difference
of 0.79% for barley straw and 1.17% for wheat straw (see
Fig. 11). It is also observable that the measured thermal
conductivities’ deviation decreases with the treatment tem-
perature increase in the studied temperature range; there-
fore, the straw becomes more uniform.

In this case, these two curves follow a linear function.
A better fit than the linear approximation can be obtained
by approximating the coefficient of relative thermal con-
ductivity of heat treated straw bulks with a power func-
tion. In this case, the relative residual mass is on the
power to the ratio of the relative mass percentage of the
oxygen and the relative mass percentage of carbon, and
both variable depending on the temperature, respectively.
Using the approximation formula with power function,
the maximum error is 0.25% for barley straw and 0.15%
for wheat straw. This creates a mathematical relationship
between the changes in material structure due to oxidative
heat treatment and the change in thermal conductivity in
the temperature range of 60—150 °C. Thus, the following
empirical model can be written based on the measurement
results described in Eq. 4:

(0 11/ G LT)
’{rel.T.sl ~ mrel_r'er * (4)

Equation 4 shows how the change of each investigated
material property affects the change of the thermal con-
ductivity of the stem bulks in the temperature range of
60 °C to 150 °C. The damage to the pore structure explains
the rise in thermal conductivity in the 150-180 °C tem-
perature interval (see Fig. 12). As the temperature raised,
more and more cracks appeared in pore walls. The signifi-
cance of these cracks in terms of energy transport of gas
molecules between separated pores became prominent in
this range. Fengel and Wegener [84] observed a similar
phenomenon while the heat-treated spruce wood at 150°C
was investigated by SEM and observed cracks between
the layers and in the corners of the pore cells. At 180 °C,
changes in the pore structure can be detected even in the
cross section of the straw.

Conclusions

In this research, barley and wheat straw stem bulks with
specified bulk density were heat-treated at relatively low
temperatures (60-180 °C). The thermal conductivity, the
mass loss and the elementary composition of stems were
measured after every treatment cycle. In addition, we
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reviewed the literature on the low-temperature treatment of
lignocelluloses, focusing mainly on the reactions that may
occur in the temperature range studied.

— As the treatment temperature increases from 60 °C, the
thermal conductivity decreases until the temperature
reaches 150 °C.

— Between 150 and 180 °C, thermal treatment increases
the thermal conductivity in straw bulks compared to
the thermal conductivity of 150 °C. The rise in thermal
conductivity in the 150-180 °C temperature interval is
explained by the damage to the pore structure, which
crosses a border where gases trapped in pores can now
travel more easily between pores that were originally
separated to a greater extent.

— As aresult of increasing treatment temperatures, in the
main compounds of the straw material at an elementary
level (C, H, O), the change in the mass and atomic per-
centage of carbon and oxygen can be measured. As the
treatment temperature increases from 60 to 180 °C, the
carbon content increases (in mass/%), while the oxygen
content decreases because carbohydrates which contain
more oxygen are more sensitive to heat than others.

— The relative residual mass treatment temperature curve
approximates the thermal conductivity curve well in
the function of treatment temperature, between 60 and
150 °C. The maximum difference of curves was 0.79%
for barley straw and 1.17% for wheat straw.

— If the relative residual mass is on the power to the rela-
tive mass per cent oxygen ratio to the relative mass
per cent carbon ratio (as a function of temperature),
the resulting curve is even closer to the function of
the relative thermal conductivity of heat-treated straw
bulks. The maximum error is 0.25% for barley straw
and 0.15% for wheat straw.

— As the treatment temperature increased, the thermal
conductivity of different samples showed a smaller
standard deviation relative to each other. Therefore,
the thermal treatment makes the material quality more
uniform.

Our research results prove a measurable change in the
elementary material structure of straw due to low-tempera-
ture heat treatments, which is also supported by the literature
study results. Thus, on the one hand, the natural polymer
chains that build up the stems are damaged/transformed
at the elemental level (if only to a small extent), and their
continuity is reduced. In this way, the continuous system
(which runs through the length of stems) evolved to trans-
port necessary materials to all parts of the plant without
hindrance was also damaged. A continuous (“perfect in its
own way”’) structure/system is also the most favourable for
energy transport; if the imperfections of this system are
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increasing and its continuity decreases (its fragmentation
increases), the heat transport deteriorates. On the other hand,
the decomposing extractives, gas-generating processes and
volatile materials leave small pores. In this more intermittent
structure, the heat transport processes also need more time,
so the thermal conductivity of the stem sets decreases. The
increase in thermal conductivity in the 150-180 °C tempera-
ture interval is explained by more cracks in the pore walls.
The significance of these cracks in the energy transport of
gas molecules between originally separated pores became
prominent in this range. The thermal conductivity of the
fibre bulks is decreased until 150 °C, which may originate
from the oxidation process of the materials that form the
stem wall. An X-ray diffraction (XRD) test on the powdered
samples could verify this. Unfortunately, currently, there is
no available XRD at the department’s laboratory. Therefore,
we cannot perform this test. However, to further develop
the theory, it is worth examining powder samples of treated
stems at different temperatures and comparing them with
the results obtained.
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