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ABSTRACT: Giant wild reed Arundo donax L. is an aggressive agricultural species
with remarkable features such as fast-growing, untapped economic potential, eco-
friendliness, and high specific properties (e.g., high strength/weight and modulus/
weight ratios). Here, the bending properties of giant reed were studied at a molecular
level to evaluate the effect of the conditions used during the preparation for their
applications (also referred to as treatment conditions). The aim was to achieve new
information potentially useful to suggest new possible applications of A. donax L. for
structural applications in modern buildings. In this study, green reeds collected in a
Sicilian plantation were dried for 2000 h in a climatic chamber under humidity−
temperature-controlled conditions, then fully dried in an oven and finally re-
moistened through two different procedures. The combination of different analytical
techniques (such as calorimetry and fast field cycling NMR relaxometry) revealed that
giant reed bending properties are strongly affected by the presence of bound water. In
particular, it has been evidenced that a progressive enhancement of bending characteristics is obtained when the interactions
between residual water and A. donax L. fibers become progressively stronger. For this reason, it can be suggested that fibers
having different plasticity can be produced by modulate the heating treatment to regulate the amount of bound water inside A.
donax L. fibers.

1. INTRODUCTION

An increasing interest for the use of natural materials for
modern building exists in the current trend for sustainable
development. In particular, renewable and natural resources,
such as the giant reed Arundo donax L., can rapidly become
source for inexpensive building materials in an increasingly
eco-conscious world.
Giant reed is a perennial rhizomatous grass that grows plenty

and naturally in all the temperate areas of Europe (mainly in
the countries of the Mediterranean area such as Sicily, Italy)
and can be easily adapted to different ecological conditions.1

Due to its growing rate, it is an invasive, aggressive, and
valueless species whose disposal is very difficult. For this
reason, modern research aims at finding possible applications
of the aforementioned costless giant reed to provide new and
reliable materials to be used in eco-friendly applications. As an
example, A. donax L. can be applied for the production of
musical woodwind instruments1 as a source of fibers for
printing papers,2,3 for drugs in medicinal applications,4 as
supporting material for composites,5 or, in the latest years, as a
source of biomass for chemical feedstock and for energy
production.6−8 Furthermore, this nonwood plant has been
recently considered for the manufacturing of chipboard panels
alternative to the wood-based ones,9,10 as a source for both
fibers5 and particles11,12 to be applied as reinforcement of
polymer composites as well as to partially replace sand in
concrete mixes.13 The culm of giant reed is often used to make

fences, trellises, stakes for plants, windbreaks, and sun
shelters.14 Owing to its high specific mechanical strength and
modulus, the culms of giant reeds have been also employed in
agricultural buildings, i.e., false ceilings, supports for roof
cladding, and paneling of walls to improve their thermal
performances up to the complete erection of both internal and
external earthquake-resistant walls.15

Besides its specific properties, the attractive features of giant
reed are the low density, the biodegradability, the recyclability,
and the heterogeneous and efficient structure of the culm. The
latter consists of two botanically distinct parts: nodes and
internodes. The former stabilize and strengthen the entire culm
versus the local buckling due to bending forces such as those
due to the wind.16,17 The mass proportion of nodes within the
culm varies in the range 10−25%18 depending on the length of
the internodes which, in turn, varies between 10 and 30 cm.
Noteworthy, up to now, to the best of our knowledge, giant

reed culms have been applied for the achievement of
sustainable materials only in their natural conditions (that is,
native wet and naturally or air-dried).19−24 In particular, all the
researches have been performed to achieve complete analyses
of mechanical characteristics,19,20 to study both viscoelastic21

and dynamic22 properties, and to evaluate the effects of drying
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treatments on the shrinkage characteristics.23,24 None of the
studies reported in literature is related to the influence of the
conditions used to prepare the plant system for the production
of building materials as affecting its bending properties.
The goal of this study relies on the achievement of wider

giant reed bending properties by modulating the treatment
conditions prior of any possible application in modern
buildings. Green reeds were collected in a Sicilian plantation
and dried under humidity−temperature-controlled conditions
in a climatic chamber for a total duration of 2000 h. Then, the
samples were oven-dried to remove the residual moisture
content (MC) and finally re-moistened by means of two
different procedures. Further, reeds dried through non-
controlled conditions (i.e., naturally or air-dried) were
investigated as a control. The investigations done by bending
tests (Figure 1), calorimetry, and fast field cycling (FFC)

nuclear magnetic resonance (NMR) relaxometry showed that
controlling giant reed pretreatments result in a wider range of
bending properties (in terms of rigidity, strength, and ductility)
than those usually retrieved by applying the traditional
conditions (i.e., naturally dried plant material).

2. RESULTS AND DISCUSSION
2.1. Moisture Content. The moisture content of all the A.

donax L. samples (either with or without node) is reported in
Figure 2 (refer to Table 1 for the meaning of the sample names
used in the figure). Here, it is noticeable that the node-
containing samples revealed a larger amount of water than the
internodal ones (182 vs 146%, respectively). This can be
explained by the presence of a larger amorphous cellulose
fraction inside the nodes as compared with the internodes
samples. Details about this explanation are given below when
the calorimetric results will be accounted for.
A significant moisture content decrease occurs during the

early 72 h of the controlled treatment. In particular, moisture
content decreases from 181.8% (GREEN samples) to 51.7%
(C-72 samples) for the node-containing samples; it goes from
146.1% (GREEN samples) to 13.9% (C-72 samples) for the
nodeless samples.
At the end of the controlled treatment, the residual moisture

contents of the C-2000 samples result 10.3 and 8.5% for node-
containing and nodeless samples, respectively.

In the final phase of the controlled treatment, no notable
changes are observed in the moisture content of the samples.
For this reason, the residual moisture contents can be
conceivably considered as the equilibrium moisture contents
of the giant reed at the aforementioned conditions (i.e.,
temperature of 30 ± 2 °C and relative humidity (RH) of 50 ±
5%). Regardless of the presence of the node, the residual
moisture contents of the UN samples (i.e., those naturally
dried) are found to be 8.9%. As indicated above, these values
can be considered as the equilibrium moisture contents of the
reeds due to the natural drying treatment.
It is worth noting that the nodes appear to retard the drying

phenomena of the giant reed in the first phase of the controlled
treatment (i.e., in the time interval 0−24 h), as reported in
literature.24 In fact, the difference between the moisture
contents of the samples with and without node increases up to
24 h of the controlled treatment. After this initial phase, the
described difference decreases. Moreover, this difference is
found larger than that measured (i.e., 35.6%) during the early
72 h of the treatment. At this drying duration, samples with
and without node have lost similar amounts of moisture (i.e.,
130.0 and 132.3%, respectively). After 72 h till the end of the
control treatment, the difference between the moisture
contents of the node-containing and nodeless samples is
found to be lower than that measured for the GREEN samples.
This means that, in this second phase of the controlled
treatment, the drying process of the samples with node is faster
than that of the samples without node.
The moisture content of the samples re-moistened in

distilled water or in a 5% glucose solution increases till values
are slightly lower than that of the GREEN samples. In
particular, the moisture content of RM1 and RM2 samples
with node is found to be 165.4 and 154.3%, respectively. The
samples without node soaked in distilled water show an
average moisture content of 135.6%, whereas those soaked in
glucose solution of 127.8%.

2.2. Bending Stiffness. As previously reported, samples
from naturally dried reeds were tested as it has been done for
the control samples. Their bending properties are reported in
Figure 3 (the samples are indicated with “UN” as indicated in
Table 1). Because a node represents a thickening acting as a
spring-like joint to support the culm by bending forces,30 it can
be hypothesized that node-containing samples reveal signifi-
cantly stronger bending forces than the nodeless ones. In
particular, the bending properties (both modulus and strength)
of the samples with node increased by about 60% as compared

Figure 1. Configuration of bending test carried out on a sample with a
node in their middle part (photo has been taken by one of the
authors, V.F.).

Figure 2. Moisture content as a function of the treatment conditions.
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to the nodeless samples. As a consequence, the deformation at
break of the UN samples without node (i.e., 2.49%) is 39%
higher than the samples with node (i.e., 1.79%).
2.2.1. Node-Containing Samples. The variations of the

bending modulus as a function of the treatment conditions are
shown in Figure 3 (refer to Table 1 for the meaning of the
sample names used in the figure). This figure shows that (1)
the bending modulus remains almost constant in the first 264 h
of the controlled drying treatment; (2) the bending modulus
grows significantly after 264 h, showing a linear increase up to
about 2000 h of the controlled treatment; (3) the bending
modulus of the samples dried through the controlled method
reaches the average value of the UN samples, after a treatment
duration between 264 h (C-264) and 480 h (C-480); (4) the
moisture-free samples (i.e., DRY) show a bending modulus of
148.3 and 109.7% larger than the GREEN samples and the UN
samples, respectively; (5) the bending modulus of the samples
re-moistened in distilled water (i.e., RM1 samples) is found to
be 16 and 29% smaller than that of the GREEN samples and
the UN samples, respectively; and (6) the bending modulus of
the samples re-moistened in glucose solution (RM2) is found
to be 3.5 and 18.5% lower than that of the GREEN samples
and the UN samples, respectively.
As discussed above, the meaningful decrease of moisture

content in the samples with node occurs in the early 72 h from
the control drying treatment (i.e., from 181.8 to 51.7%).
Figure 3 also reveals that the bending stiffness improvements

of the node-containing samples occur after 264 h from the

control treatment (i.e., when the meaningful decrease of the
moisture content has already occurred). This means that the
aforementioned enhancements are not strictly connected to
the meaningful decrease of moisture content but also to a
different phenomenon occurring in the second time interval of
the drying treatment. In fact, it is well recognized that the
mechanical properties of wood and lignocellulosic materials are
connected with the fiber saturation point (FSP).31−35 The
latter represents the moisture content of the cell cavities (i.e.,
the lumen) when they are completely devoid of free water (i.e.,
the water that is not bound neither chemically nor physically to
the cell wall), whereas the cell walls are saturated with bound
water (i.e., water bound to the cell wall via hydrogen bonds
due to the presence of free hydroxyl groups in the cellulose,
hemicelluloses, and lignin molecules). The importance of the
FSP value relies on the fact that when the free-water/bound-
water ratio is above FSP, free water accumulates in cell
cavities.36 As a consequence, the variations of moisture content
have very little effect on the mechanical properties of wood
and lignocellulosic materials. Conversely, as free-water/bound-
water ratio is below the FSP value, the mechanical properties
are strongly affected.
As reported in literature,24 the FSP of A. donax L. giant reed

is obtained when the moisture content is around 20% of the
dry mass. By performing the control drying treatment (i.e., 30
± 2 °C at RH of 50 ± 5%), the fiber saturation point is
reached in the time interval between 72 and 264 h. For this
reason, the increase in the bending properties after 264 h from
the control treatment are due to the decrease in moisture
content below the FSP.
The flexural modulus and the strength of the re-moistened

samples are found to be lower than those of the GREEN
samples because the drying treatment followed by the re-
moistening procedure induces remarkable collapses of the
parenchyma cells within the samples, as suggested in
literature.24

2.2.2. Nodeless Samples. The influence of the treatment
conditions on the bending stiffness is less evident in the
nodeless samples as compared to the node-containing ones
previously discussed. In particular, (1) the bending modulus of
the samples mainly increases between 72 and 264 h of the
controlled treatment; (2) after 264 h (C-264 samples) till the
end of the control treatment (C-2000 samples), the bending
modulus remains constant; (3) the DRY samples reveal a
bending modulus that is 29% larger than that of C-2000,
thereby suggesting that the elimination of the residual moisture
within the samples at the end of the drying control treatment

Table 1. Samples Tested in This Study and Their Designations

designation treatment time

UN natural drying treatment 5 months
GREEN NO (green reeds) 0 h
C-X T = 30 ± 2 °C; RH = 50 ± 5% X ha

DRY T = 30 ± 2 °C; RH = 50 ± 5% 2500 h
T = 103 ± 5 °C; RH = 50 ± 5% 24 h

RM1 T = 30 ± 2 °C; RH = 50 ± 5% 2500 h
T = 103 ± 5 °C; RH = 50 ± 5% 24 h
T = 25 ± 2 °C; immersion in distilled water 96 h

RM2 T = 30 ± 2 °C; RH = 50 ± 5% 2500 h
T = 103 ± 5 °C; RH = 50 ± 5% 24 h
T = 25 ± 2 °C; immersion in 5% glucose solution 96 h

aX indicates the number of hours of the control drying treatment in the time interval from 72 to 2000 h.

Figure 3. Variation of bending modulus as a function of the treatment
conditions.
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(i.e., the equilibrium moisture content) brings an improvement
of the bending stiffness of the giant reed; (4) at the end of the
treatment, the samples referred to as C-2000 show bending
modulus 30.9 and 19.5% larger than the GREEN and the UN
samples, respectively; (5) the bending modulus of the nodeless
samples reaches the average value found for the UN samples,
after a duration of the control treatment between 72 and 264
h; (6) as in the previous case, the re-moistened nodeless
samples reveal a bending modulus smaller than that of both the
GREEN and UN samples; and (7) for the samples without
node, it is possible to state that the FSP is reached in the first
72 h of the control treatment.
Due to the aforementioned discussion, it is possible to state

that the increases of the bending stiffness after 72 h of the
control treatment are due to the decrement of the moisture
content below the FSP that, as reported previously,
significantly influences the mechanical properties of lignocellu-
losic materials such as the giant reed.
2.3. Calorimetric Analysis. Figure 4 reports the DSC

curves of the samples obtained from both the node and the

internode of the GREEN reeds (refer to Table 1 for the name
meaning). For both samples, an endothermic peak occurs at
140 °C due to the dehydration process of the lignocellulosic
materials.37−39

It is worth noting that the dehydration heat of the node is
larger than that of the internode (Table 2).

It is usually recognized that water absorption occurs almost
entirely in the amorphous regions of cellulose and in the entire
volume of hemicellulose of lignocellulosic materials.40 As both
hemicelluloses and α cellulose contents do not differ
significantly among the different morphological A. donax L.
regions (i.e., nodes and internodes),41 the area of the
endothermic peak can be directly related to the amorphous
fraction of cellulose.42 In fact, as reported in Ciolacu et al.,42

cellulose capability for water absorption depends largely on
free hydroxyl groups availability. For this reason, water

absorption occurs almost entirely in the amorphous regions
of cellulose, thereby minimizing the role of the free hydroxyl
groups that may be present on the surfaces of crystallites.
Therefore, as water sorption occurs almost totally in the
amorphous domain of cellulose, the area of the endothermic
peak is directly related, due to the loss of absorbed water, to
the amorphous fraction of cellulose. As a consequence, it can
be concluded that the amorphous fraction of cellulose within
node of giant reeds is larger than that within their intermodal
zones.
Table 2 lists the dehydration heat values of the samples

obtained from both the node and the internode, as a function
of the treatment conditions. As expected, the dehydration heat
decreases considerably with the increasing duration of the
control treatment for both the analyzed samples. Nevertheless,
residual values of the dehydration heat are measured till 1500 h
of the control treatment. These residual heats of dehydration
are strictly connected to the water bound to cell walls via
hydrogen bonds (also referred to as bound water).
For what concerns the effect of the re-moistening

procedures, the samples re-moistened in distilled water or in
5% glucose solution show heats of dehydration comparable to
those of the GREEN samples, regardless of the presence of the
node.

2.4. NMR Analysis. Longitudinal relaxation rates (R1) of
protons in liquid systems at the surface of porous media are
affected by the collisions between the liquid-state molecules
and the walls of the porous boundaries.43 Weak interactions
between the liquid-state molecules and the solid surfaces
enable temporary adsorption,44 thereby reducing the rotational
tumbling rate. As a consequence, enhancement of 1H−1H
dipolar interaction efficiency occurs and faster R1 values are
achieved.27 However, the strength of the liquid−solid
interactions and thus the efficiency of the proton relaxation
is affected by pore size distribution. As matter of fact, water
molecules laying in small-sized pores undergo space
restrictions. Once this condition occurs, 1H−1H dipolar
interactions become very efficient and faster relaxation rates
are retrieved.27 Conversely, increasing molecular mobility due
to enhancement of pore sizes weakens the dipolar interactions
so that slower relaxation rates are obtained.27

Water molecules form an infinite hydrogen-bonded network
with localized and well-structured clustering that is usually
referred to as “water structure”. Once in the proximity of solid
surfaces, water molecules interact with the surface functional
groups through the formation of weak interactions such as
ionic ones and H-bonds.27 As a consequence, the overall three-
dimensional water network is altered and two different
possibilities may occur.27 On the one hand, water molecules
directly in contact with the solid surface may form strong
interactions, thereby leading to a rigid ice-like shell, which is
not flexible enough to sustain H-bonds among water molecules
in that first hydration layer. The aforementioned strong
interactions induce high polarization in water, thus favoring the
formation of stronger hydrogen bonds with adjacent water
molecules in the second hydration shell. As the distance from
the solute increases, the effect of the interactions at the solid−
liquid interface decreases and water molecules regain their
normal behavior (i.e., they behave as a bulk). On the other
hand, interactions among water molecules and solid surfaces
may be weaker than in the aforementioned case and a less ice-
like structured water is retrieved in the first layer. As a

Figure 4. Di-endothermal processes recorded by differential scanning
calorimetry (DSC) for the node and the internode of green reeds.

Table 2. Dehydration Heats (in J g−1 of Total Weight) of
Samples Obtained from the Node and from the Internode

designation UN GREEN DRY RM1 RM2

node 21.5 906.7 ∼0 857.4 833.3
internode 13.6 416.2 ∼0 345.8 324.3
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consequence, H-bonds among water molecules in the different
hydration layers are weaker than as previously described.
The strengthening effect on water structure as due to the

strong interactions between solid surface and the first water
layer is referred to as kosmotropic, whereas the effect due to
the weak interactions is indicated as chaotropic.27

According to the mechanisms outlined above, the kosmo-
tropic effect produces faster relaxation rates. Conversely,
slower relaxation rates must be achieved as chaotropic
conditions are fulfilled.27

Figure 5 reports the 1H NMR dispersion (NMRD) profiles
of the slow (Figure 5A) and fast (Figure 5B) relaxing

components of water in contact with the fresh and dry plant
materials (see Section 4). The two components refer to water
molecules in the first (fast relaxing component) and the second
(slow relaxing component) hydration layer around A. donax L.
fibers, as described above. In both cases, the relaxation rates of
the water molecules either in the first or in the second
hydration shell resulted faster when interaction with the dry
plant sample was accounted for (Figure 5). According to the
mechanisms depicted above, we may argue that the fresh plant
system revealed chaotropic properties, whereas the dry fibers
resulted kosmotropic. The different behaviors can be explained
by considering that the pores of the fresh sample are clogged
by plant vascular water. The latter prevents exogenous water
(i.e., the water used during the FFC NMR relaxometry

experiments) to penetrate into pores, thereby leading the fresh
plant fibers to chaotropic properties. Conversely, as plant fibers
are desiccated (see Section 4), exogenous water flows into all
the plant pores, thus revealing the kosmotropic effect of the
dry plant system.
Wettability is considered as the ability of a liquid to maintain

contact with a solid surface, as a result of the intermolecular
interactions when the liquid is brought in contact with the
solid surface. For this reason, according to the qualitative
evaluation of the NMRD profiles in Figure 5, we suggest that
the wettability of the dry fibers is higher than that of the fresh
ones.
The larger wettability of the plant fibers following

desiccation and rehydration prior of the NMRD experiments
explains the larger bending properties, which are reported in
the discussion above. In fact, the presence of strongly bound
water after dessication and rehydration makes the giant reeds
fibers more flexible, thereby allowing a larger resistance to
mechanical stresses.
The qualitative evaluation of the NMRD profiles in Figure 5

was confirmed by the quantitative assessment retrieved by the
application of the model-free analysis reported in Halle et al.28

In fact, application of the aforementioned model (see Section
4) returns correlation time (τC) values (Figure 6), which can

be roughly defined as the time taken for a molecule to rotate 1
rad or to move a distance of the order of its own dimension.45

The longer the τC value, the slower are the molecular motions,
thereby revealing restrictions in the motional freedom degrees
of spatially restrained molecular systems. Conversely, as a
molecule encompasses faster motions due to higher degrees of
freedom in larger spaces, shorter correlation time values are
expected.
Figure 6 shows that water molecules interacting with the

surface of the fresh plant sample move faster than those on the
surface of the dry A. donax L., thereby revealing that the
surface interactions on the fresh fibers are weaker than those
on the dry ones.

3. CONCLUSIONS
This study reports for the first time the evaluation of the
bending stiffness of giant reed A. donax L. as affected by the
treatment conditions by combining different mechanical and
chemical−physical methodologies.

Figure 5. NMRD profiles of the slow relaxing components (A) and
fast relaxing components (B) of the fresh and dried A. donax L.
sample.

Figure 6. Correlation times, retrieved as reported in Section 4, for the
slow and fast components of the fresh and dried A. donax L. sample.
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The mechanical results revealed that it is possible to obtain a
wide range of bending stiffness of giant reed by varying the
treatment conditions, thereby making it a viable material in
several structural applications. In particular, as a function of the
treatment conditions investigated in this study, the bending
modulus of the samples with node ranges between 2.42 and
7.15 GPa, the bending strength between 26.4 and 83.1 MPa,
whereas the deformation at break between 0.82 and 2.86%. For
what concerns the samples without node, the bending modulus
ranges between 0.96 and 3.26 GPa, the bending strength
between 12.2 and 38.2 MPa, whereas the deformation at break
between 1.80 and 3.92%. For this reason, the influence of the
treatment conditions on the bending stiffness of giant reed is
found to be greater for the samples with node than for the
samples without node.
It is worth noting that, regardless of the presence of the

node, the improvement of the bending modulus can be
attributed to the decrease of the moisture content below the
fiber saturation point of the giant reed. The latter conclusion
has been also verified by DSC analysis. In fact, DSC confirmed
that the nodes contain more water than the internodes due to a
larger amorphous cellulose fraction. Moreover, the heats of
dehydration up to 1500 h from the beginning of the treatment
are due to bound water. The latter is the only type of water
remaining in the giant reed when the moisture content
decreases below the fiber saturation point. Finally, the NMRD
results revealed a larger wettability of the dried fibers, thereby
confirming that the enhancement of the bending properties
after controlled drying are due to a better interaction between
water and A. donax L. fibers.

4. MATERIAL AND METHODS
Reeds provided by a local trading company were used as a
control. These reeds have been dried through a natural drying
treatment consisting of two different steps. Immediately after
the collection (at the end of winter, usually during the last days
of February), the reeds are placed upright leaning against a wall
for a period of 1 month. That way, the moisture slowly drains
to the bottom part of the reeds and is discarded. Afterward, the
reeds are left outside to dry under the direct sunlight at least
for a period of 4 months.
A second set of giant reeds was freshly collected in a

plantation in the area of Altavilla Milicia (Sicily, Italy). The
plants from this second set were divided in two aliquots. A first
aliquot was immediately used to evaluate the bending
properties and moisture content of the native wet reeds. The
second aliquot was dried in a Binder climatic chamber under
humidity−temperature-controlled conditions (i.e., at 30 ± 2
°C and 50 ± 5% relative humidity). The latter is also referred
to as RH and periodically removed within the range 0−2000 h.
After the aforementioned treatment, part of the giant reeds was
also oven-dried at 103 ± 2 °C for 24 h to investigate the
properties of the completed dried reeds (i.e., moisture-free).
The high water-soluble extractive content in A. donax L.

(mainly consisting of glucose, fructose, and sucrose) may
influence the viscoelastic behavior such as mechanical
relaxation.25,26

To evaluate the influence of the water-soluble extractive
content on the static bending properties of giant reed, two sets
of fully dried samples were re-moistened and analyzed. In
particular, the first set was soaked in distilled water at room
temperature for 4 days to remove the water-soluble material
and the second one was soaked in 5% glucose solution for 4

days, as suggested by Obataya and Norimoto.26 Concerning
the sugar content, it is possible to account for the values
reported in Obataya and Norimoto:26 0% for the samples re-
moistened in distilled water, 18.3% for samples re-moistened in
glucose solution, and 14% for all the remaining samples.

4.1. Moisture Content. The moisture content (MC) of all
the samples was measured by the following relationship

m m
m

MC 100t d

d
=

−
×

here, mt is the weight of the samples in the condition analyzed
(either naturally dried, controlled dried, or re-moistened) and
md is the oven-dried and moisture-free weight of the samples.

4.2. Bending Characterization. Three point bending
tests (Figure 1) were performed using an Universal Testing
Machine (UTM) mod. Z-005 by Zwick-Roell, equipped with a
load cell of 5 kN, to evaluate the flexural properties of giant
reed. The span length was set equal to 150 mm and cross-head
speed to 1 mm/min.
Each treatment condition was investigated by testing 14

samples with length of 200 mm (7 samples were with node,
whereas the remaining 7 were without node). A total of 11 sets
(i.e., 154 samples, 77 with node and 77 without) were
mechanically tested, as reported in Table 1.
To minimize the effect of the dimensional inhomogeneity of

the reeds on their mechanical behavior, all the samples were
derived from the culms between the fifth and the eighth node
above the roots. Six measurements of outer and inner diameter
were carried out per sample (two per each end and two in the
middle zone), hence these six measured values were mediated.

4.3. Differential Scanning Calorimetry (DSC). DSC
curves of giant reeds were recorded by using a differential
scanning calorimeter by Shimadzu, model DSC-60. Samples of
approximately 5−10 mg were used in sealed aluminum pans.
Aim of this analysis was to evaluate the heat of dehydration

of giant reed in the different conditions analyzed (e.g.,
naturally dried, controlled dried, and re-moistened). For this
reason, experiments were performed on samples obtained both
from nodes and from internodes.
All tests were carried out in temperature ramp mode with

scanning temperature of 5 °C min−1 ranging from room
temperature up to 200 °C under nitrogen atmosphere (N2 flow
of 50 mL min−1).

4.4. Fast Field Cycling 1H Nuclear Magnetic Reso-
nance Relaxometry (FFC NMR). The theory of fast field
cycling (FFC) NMR relaxometry has been reported in other
papers.27 For this reason, only the experimental setup used to
analyze A. donax L. suspended in water is reported in the
present study.
A. donax L. was collected and grinded. An aliquot was

directly analyzed by 1H FFC NMR relaxometry, whereas a
second aliquot was first overnight dried in oven at 40 °C and
then analyzed by FFC NMR technique. Before the NMR
analyses, either the fresh or the dried material (around 1 g) was
suspended in 3 mL Milli Q grade water (resistivity 18.2 Ω,
Merck-Millipore Simplicity 185, Milan, Italy).

1H NMR dispersion (NMRD) profiles (i.e., relaxation rates
R1 or 1/T1 vs proton Larmor frequencies, ωL) were acquired
on a Stelar Smartracer Fast-Field-Cycling Relaxometer (Stelar
s.r.l., Mede, PVItaly) at a constant temperature (25 °C).
The proton spins were polarized at a polarization field (BPOL)
corresponding to a proton Larmor frequency (ωL) of 8 MHz
for a period of polarization (TPOL) corresponding to about 5
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times the T1 estimated at this frequency. After each BPOL
application, the magnetic field intensity (indicated as BRLX)
was systematically changed in the proton Larmor frequency ωL
comprised in the range 0.01−10.0 MHz. The period τ, during
which BRLX was applied, has been varied on 32 logarithmic
spaced time sets. Eight scans were set and the T1,max, TPOL, and
recycle delay were adjusted at every relaxation field to optimize
the sampling of the decay/recovery curves.
Free induction decays were recorded following a single 1H

90° pulse applied at an acquisition field (BACQ) corresponding
to the proton Larmor frequency of 7.20 MHz. A time domain
of 100 μs sampled with 512 points was applied. Field-switching
time was 3 ms, whereas spectrometer dead time was 15 μs. A
nonpolarized FFC sequence was applied when the relaxation
magnetic fields were in the range of the proton Larmor
frequencies between 10.0 and 3.6 MHz, whereas a polarized
FFC sequence was applied in the proton Larmor frequencies
BRLX in the range of 3.0−0.01 MHz (Kimmich and Anoardo,29

2004).
4.4.1. FFC NMR Relaxometry Data Elaboration. The

decay/recovery curves acquired as previously described
showed a biexponential behavior. To obtain two different
longitudinal relaxation times, eq 1 was applied for the decay
curves, whereas eq 2 was used for the recovery curves27
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here, a is the offset, bi is the magnetization intensity at the
Boltzmann equilibrium of the ith component of the molecular
motion at each fixed BRLX intensity, τ is the period of time
during which BRLX was applied, and N = 2. The two T1
components provide the longitudinal relaxation rates (R1 = 1/
T1) for the free moving water at each proton Larmor frequency
(the slowest R1 component reported in Figure 1A) and for the
water molecules directly interacting with the biomass surface
(the fastest R1 component in Figure 1B).
The NMRD profiles reporting the calculated R1 values vs

Larmor angular frequency (ωL) were fitted in OriginPro 7.5
SR6 by using the model-free-analysis proposed by Halle et al.28

R
C

C

i
N

i

n
N

i
1

1 1 ( )

1

Ci

CiL
2

=
∑

∑

τ

ω τ= +

= (3)

In the aforementioned equation, R1 is the longitudinal
relaxation rate; τCi

is the ith correlation time, a typical
parameter for spectral density, which, in turn, describes
random molecular motions;29 and Cn is a constant.
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