Materials Circular Economy (2021) 3: 14
https://doi.org/10.1007/5s42824-021-00027-1

ORIGINAL PAPER

=

Check for
updates

New Cardoon (Cynara cardunculus L.) Particleboards Using Cardoon
Leaf Extract and Citric Acid as Bio-adhesive

Jorge Santos’2 - Joao Pereira®? - Jodo Ferra* - Ferndo D. Magalhaes? - Jorge M. Martins'2 - Luisa H. Carvalho'?

Received: 21 June 2021/ Revised: 27 July 2021 / Accepted: 28 July 2021 / Published online: 18 August 2021
© The Author(s), under exclusive licence to Springer Nature Singapore Pte Ltd. 2021

Abstract

Cardoon plants are cultivated mostly for the added value of their flowers, used in the cheese industry as a coagulant, but
the stalks, branches and leaves are a by-product with no added value. In the present work, totally biosourced particleboards
were produced using cardoon particles, bound with an adhesive based on a cardoon leaf extract and citric acid. For that, the
highly polyphenolic extract was obtained from the underutilized leaves of the plant. Extraction was performed with water
in alkali conditions. The extract was combined with citric acid as crosslinking agent. The effects of the content of cardoon
leaf extract and citric acid (0-50% on weight, dry basis) and the pressing temperature were evaluated by Automatic Bonding
Evaluation System (ABES). The chemical curing reaction of cardoon leaf extract alone and with citric acid was evaluated
by FTIR-ATR. The best formulations were used to produce the bio-adhesive and the cardoon-based particleboards.
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Introduction

Nowadays, the search for alternative lignocellulosic forestry
or food industry by-products that may be an alternative to
timber wood in the production of particleboards is increas-
ing (Santos et al. 2021). The use of fast-growing crops with
low carbon footprint is the most promising route to reduce
the environmental impact of the growing demand for wood-
based products.

On the other hand, the use of particleboards as an alterna-
tive to plastics in food packaging is also an emerging topic.
For that purpose, the industry demands materials that are
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recyclable, nontoxic, low density, and, if possible, with
antifungal properties. Cardoon (Cynara cardunculus L.) is
native to the Mediterranean basin and belongs to Asteraceae
Dumortier family. In Portugal, cardoon plants are cultivated
mostly for the value of the flowers, used in the cheese indus-
try (Barracosa et al. 2019). The stalks, branches, and leaves
are a by-product with no added value. The aqueous extracts
from its flowers have been used for centuries as coagulant,
due to high content of aspartic proteases and high milk-clot-
ting activity (Monteiro et al. 2020).

Recent works show that cardoon particles can be com-
bined with starch-based binder for producing low-density
particleboards appropriate for interior furniture (Monteiro
et al. 2020).

Beyond the potential of cardoon stalks as raw materials in
the particleboard industry, the antibacterial activity of culti-
vated cardoon leaf extracts towards different Gram-positive
and negative bacterial species of agriculture has also been
demonstrated, showing a potential interest to be incorporated
in the food packaging design (Scavo et al. 2019).

Citric acid is one of the most common food additives in
the world. It is used to boost acidity, enhance flavour, and
preserve ingredients. Some studies have shown that citric
acid is a good crosslinking agent, in the formulation of bio-
based adhesives mainly with carbohydrates such as starch
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(Huang et al. 2020) or sucrose (Umemura et al. 2012), or in
combination with tannins (Zhongyuan et al. 2016).

In the formulation of bio-adhesives, the use of raw materi-
als without nutritional value is always an important advan-
tage, due to the increase in global demand for food. The use
of extracts of high polyphenolic content, with citric acid as
a hardener, could be a good route to produce low toxicity
adhesives with applicability in the design of food packaging
solutions.

The possibility of obtaining an extract from a lignocel-
lulosic by-product in the same industrial process will be an
added advantage.

The aim of this work was the valorisation of a lignocel-
lulosic by-product from the cheese industry, cardoon, in the
development of a new material with applicability in food pack-
aging. Cardoon stalks were used as the main raw material, in
the form of particles and the cardoon leaf extracts as a binder,
permitting to formulate a new bio-adhesive.

Materials and Methods
Raw Material

Cardoon stalks and leaves were supplied by Casa da Insua
(Viseu, Portugal). Both by-products were air-dried till equilib-
rium moisture content, ground in a in a cutting mill (Retsch,
Haan Germany), sieved by a vibratory sieve shaker (Retsch,
Haan Germany), and the fraction of particle size between 1
and 4 mm was selected. Later, the materials were oven-dried
at 60 °C until equilibrium moisture content.

Extraction

The cardoon leaves’ (CL) extraction process was performed by
alkali extraction in a 2 L glass reactor, with water solid/liquid
ratio that was fixed at 1/10 (w/w), and 1% of Na,SO; and 1%
NaOH respect dry material were used as extraction agents, and
the selected temperature was 95 °C. The material and water
were mixed at room temperature and heated, and, once the
selected temperature was attained, the alkali was added, and
contact time begun to run. After 30 min, the suspension was
vacuum filtered; the solid residue was washed with water until
a nearly colourless filtrate was obtained. The obtained extract
was concentrated in a rotary evaporator (BUCHI, Flawil,
Switzerland).

The extraction yield is calculated by measuring the differ-
ence between the initial dry material weight and the ends waste
dry material weight (Eq. 1):

Rawmaterial(g) — Wastematerial(g)

EY (%) = 100
%) ¥ Rawmaterial(g)
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Table 1 EXCL and citric acid ratio in bio-adhesive formulation

EXCL (% on adhesive weight, dry basis) Citric acid (% on

adhesive weight, dry

basis)
100 0
80 20
67 33
57 43
57 43
50 50

Fourier Transform Infrared Spectroscopy (FTIR)
Assay

FTIR spectra were recorded on a VERTEX 70 FTIR spec-
trometer (BRUKER, Billerica, MA, USA) in transmittance
mode and equipped with a high sensitivity DLaTGS detector
at room temperature.

Samples were measured in ATR mode, with an A225/Q
PLATINUM ATR diamond crystal with a single reflection
accessory. The spectra were recorded from 4000 to 400 cm™!
with a resolution of 4 cm™'. All spectra were recorded and
processed with OPUS 7.0 software.

Automated Bonding Evaluation System (ABES)
Assay

An ABES instrument (Adhesive Evaluation Systems, Cor-
vallis, Oregon, USA) was used to evaluate the maximum
shear strength of the wood-adhesive-wood system at defined
temperature and time conditions (Costa et al. 2014).

Wood veneer samples (Fagus sylvatica L., thickness
0.7 mm) were stored in a conditioned chamber for 1 week
at 20 °C and 53% relative humidity before testing. Probes
were cut into 117 mm X 20 mm strips using a pneumatically
driven sample cutting device for ABES sample prepara-
tion (supplied by Adhesive Evaluation Systems, Corvallis,
Oregon, USA).

Two peeled wood veneer strips were glued along the fibre
direction with a 100 mm? overlap using 20 pg of adhesive.
Analyses were conducted at 120 and 160 °C over 30, 60,
90, 120, 150, and 180 s time frames. Measurements were
repeated five times for each data point.

Adhesive Preparation

Adhesives studied were prepared as follows:

The EXCL previously concentrated using a rotatory
evaporator, with (35.0+0.5) % of solid content, was mixed
with the different percentages of citric acid by mechanical
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stirring for 5 min. Table 1 shows the ratio of EXCL and
citric acid studied.

After citric acid addition to EXCL, the solid content of all
the adhesives was adjusted to 35.0 +0.5 by adding distilled
water.

Particleboard Manufacture and Testing

Particleboards were produced with the selected dried car-
doon stalk particles (1-4 mm).

All particleboards were blended with the bio-adhesive
based on the cardoon leaf extract (EXCL) and citric acid
(10% mass of resin solids/mass of dry wood), in a laboratory
glue blender.

One layer 210 mm X210 mm X 15 and 8 mm particle-
boards were pressed at a specific pressure of 4 MPa and
160 °C press temperature for 20 min.

The glued mat was pressed to produce a board with a
target density between 550 and 600 kg m~>.

Particleboards were evaluated by physical and mechani-
cal tests according to European standards: density (EN 323:
1993), moisture content (EN 322: 1993), internal bond
strength (EN 319: 1993), and bending strength (EN 310:
1993). Board classification was done according to (EN 312:
2010).

Results and Discussion

The extraction yield obtained for the cardoon leaves was
28.3 +0.4%, which is consistent with other lignocellulosic
materials like chestnut shell (Santos et al. 2017), using simi-
lar extraction conditions.

Fig.1 FTIR spectra: cardoon
leaf (CL) and dried extract
(EXCL)

4000 3500 3000

For the evaluation of the extraction process, FTIR-ATR
analysis of the cardoon leaves and the cardoon leaf extract,
both dried at 50 °C till equilibrium moisture contents were
done, and the spectra are showed in Fig. 1.

The main differences between the CL and EXCL spectra
were in the band at 1054 cm™" due to the C-O—C aromatic
ethers and symmetric stretch (pyranose ring) vibration; the
band at 1105 cm™! due to the C—O—C stretching (cellulose
and hemicellulose) vibration; the band at 1060 cm™! that
involves C-O stretching vibrations of C—-OH/C-O-C (cel-
lulose); the band at 1320 cm™! of the C—O—C aromatic
ethers and asymmetric stretching vibrations; the band at
1370 cm™" due to CH deformation vibration (cellulose and
hemicellulose); and the band at 1423 cm™! due to C=C
and C-H bond O—H in plane deformation (lignin and hemi-
cellulose) (Hospodarova et al. 2018; Vazquez et al. 2008).
These bands present in the CL spectrum disappeared or
were greatly reduced in the spectrum of the EXCL extract.

The EXCL spectrum showed the typical polyphenol
bands at 1600-1500 (1557) cm™! and around 1400 (1403)
cm™!, due to the C=C stretching vibrations of the phe-
nolic aromatic ring and the bending C-H vibrations of
the CH, groups (Escobar-Avello et al. 2021); these bands
increased in intensity in relation to the spectra of the origi-
nal CL, showing the selectivity of the extraction process
to obtain the polyphenol soluble fraction.

The curing of an adhesive can be evaluated in terms
of the shear strength of wood-adhesive joints, using an
ABES equipment. This method quantifies how fast the
bond strength develops under controlled hot-pressing
conditions. The effects of pressing time (30-180 s) and
temperature (120-160 °C) on the mechanical cure were
analysed (Fig. 2).
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Fig.2 Development of shear a)
strength as a function of hot-

pressing time of EXCL solu-

tions with citric acid (0-50 (% 250
on adhesive weight, dry basis))

ata 120 °C and b 160 °C
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The EXCL extract was used as adhesive alone, in the
form of aqueous solutions (self-condensation reaction) and
mixed with different percentages of citric acid (20-33-
43-50%) by mechanical stirring. The effect of citric acid
content and press temperature (120-160 °C) on adhesive
performance was evaluated by ABES, which permitted to
determine the maximum shear strength of the wood-adhe-
sive-wood system at defined temperature and time condi-
tions. The methodology used was the same described in
previous works (Santos et al. 2018).

The results showed that at 120 °C, the performance
of the adhesive due to the EXCL and the citric acid reac-
tion was maintained up to 43% (on adhesive solid weight,
dry basis) of citric acid, but when the percentage of cit-
ric acid increased to 50%, the performance of the adhesive
decreased.

However, when the test temperature was increased to
160 °C, this effect was sufficient to activate the reaction
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between citric acid and EXCL, and the addition of citric
acid improves the adhesive behaviour in all the values tested.

Based on the results obtained, the use of more than 33%
(on adhesive weight, dry basis) of citric acid did not imply
an improvement in the adhesive properties under the press-
ing conditions studied.

FTIR-ATR technique was also used to evaluate the
chemical reactivity of the EXCL extract, for which the
extract solution (30%) alone and with 33% citric acid
were reacted at 120 °C for 300 s. The objective was to
evaluate the chemical reactivity of the extract, alone (self-
condensation), and with the citric acid. Figure 3 shows the
FTIR-ATR spectra for the extract cured alone and with
citric acid.

The spectra in Fig. 3 show the interaction between the
citric acid and the polyphenols present in the EXCL extract
curing reaction. The most relevant changes appear in the
band at 1742 cm™" which is related to axial stretching of
carbonyl groups (C=0) in carboxylic acid groups.
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Fig.3 FTIR spectra for the CL
extract with 33% citric acid (%
on adhesive weight, dry basis)
(30% percent solids) (grey line)
both cured at 120 °C and CL
extract (red line) and CA dried
(blue line)

4000 3500 3000

This band shifts to 1711 cm™! in the spectrum of the mix-
ture of EXCL extract and citric acid, showing the forma-
tion of methylene ester bonds. Also, it can be observed the
presence of the band at 1216 cm™!, indicating the stretching
vibration of the C-O bond of -O-(C=0)-. In addition, the
band at 1118 cm™! corresponds to stretches of C-O bonds
(Teixeira et al. 2020).

To evaluate the potential of the combination of cardoon
stalks with the bio-adhesive based on EXCL extract and
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citric acid, particleboards were made based only on cardoon
by-products.

Table 2 shows the influence of the citric acid percentage
used in the bio-adhesives formulation on the particleboard
properties.

For the internal bond strength values of the cardoon-
based particleboards, the results were in agreement with the
essays performed by ABES (Fig. 2).

The bending strength was not determined for the particle-
board with 15 mm of thickness since it was not possible to

Table 2 Results for 21 X21 c¢m cardoon stalks’ particleboards bonded with EXCL and citric acid

EXCL (% Citric acid (% on adhesive weight, Thickness Density Dry IB strength (MPa) Bending strength
on adhesive dry basis) (kg/m3) (N/mm?)

weight, dry

basis)

67 33 8 515+8.0 0.20+£0.01 3.12+0.51

57 43 8 545+4.0 0.18+0.01 3.75+£0.42

57 43 15 615+9.0 0.22+0.02 -

50 50 8 535+18 0.19+0.03 3.86+0.62

Values are presented as mean + standard deviation (n=6); IB internal bond; particleboard dimensions 21 x21 cm.

Fig.4 Cardoon by-products
valorisation process
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comply the test methods described in EN 310. For this board
thickness, the specimen length should be 350 mm, and our
panels were produced with 210x210x 15 mm.

The average values of bending strength for the particle-
boards prepared in this study are presented in Table 2. A
slight increase in bending strength was observed with the
increase of the citric acid used in the formulation. How-
ever, the difference in density might explain these results,
since in the bending test; the faces density has a great
impact. Although these results do not comply with the
requirements of EN 312 for general purpose boards for use
in dry conditions (Type P1), it is important to notice that
the particleboards were produced with homogeneous den-
sity, in comparison with standard particleboards that are
generally produced with three layers, being the face layers
more dense than the core layer. Nevertheless, the bend-
ing strength values of the particleboards prepared from
cardoon stalks, using the bio-adhesive based on EXCL
and citric acid, were similar to those obtained by other
authors for particleboards produced using insect rearing
residue and rice husks with starch/citric acid mixture as a
natural binder (Huang et al. 2020) and for particleboards
made from rice husks using soy protein-derived bio-binder
(Chalapud et al. 2020).

The increase in the percentage of citric acid added
above 50% of the EXCL mass did not produce a consider-
able variation in the properties of the particleboard. This
work shows that it is possible to produce a new biomate-
rial from an underused by-product, such as cardoon leaves
and stalks, using only citric acid as a crosslinking agent
(Fig. 4).

These results have potential applicability in the develop-
ment of new low or no toxicity products with a very low
environmental impact, for use in food packaging.

Conclusion

Citric acid demonstrated to be a good crosslinking agent
to be used combined with cardoon leaf extract in the bio-
adhesive formulation. The viability of cardoon leaf extract,
to be used as bio-adhesive, was demonstrated. The possibil-
ity of the use of the same agricultural or forestry industry
by-product as raw material and as a component of the bio-
adhesive is a very interesting route to produce sustainable
packaging products without using any toxic or high environ-
mental impact petroleum-based product. The low toxicity of
particleboard components (raw material and binders) will
make it a very easy material to reuse, recycle or compost.
This work shows that it is technically feasible the valori-
sation of a food industry by-product, like are the cardoon
stalks and leaves and could be the starting point for the
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future development of new food-packaging products with
low environmental impact.
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