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Abstract: Innovative adhesive formulations have been developed in the laboratory based on urea-
formaldehyde resin by adding medicinal plants to an industrial adhesive formulation containing
raw materials: urea-formaldehyde resin, urea, ammonium sulphate and starch. Specifically, Thymus
species (Thymus bleicherianus, Thymus capitates, Thymus satureioides, Thymus vulgaris and Thymus zygis)
replaced part of the starch and were considered as the second filler in the formulations. The physico-
chemical properties of the resulting adhesive formulations, such as: pH, viscosity, gel time, solids
content, density, concentration of free formaldehyde and color were measured, and characterized
using Scanning Electron Microscope (SEM), X-ray Diffraction (XRD), Differential Thermal Analysis
(DTA), Thermogravimetric Analysis (TGA) and Fourier Transform Infrared spectroscopy (FTIR). In
order to evaluate the mechanical performances of adhesive formulations based on plants, plywood
panels were produced and their mechanical properties were studied. These mechanical properties
included the shear strength, bending strength and the modulus of elasticity. The performance of these
panels is comparable to that of plywood panels made using the standard adhesive formulation. From
the results obtained, and following the statistical studies, the new adhesive formulations based on
plants have the same physico-chemical properties, the same morphologies, and the same mechanical
properties. Moreover, the novel adhesives are more viscous, and they have less free formaldehyde
content than the commercial formulation.

Keywords: adhesive formulation; urea-formaldehyde; plant filler; adhesive characterization;
plywood properties

1. Introduction

Wood is the most extensively utilized renewable resource in the world; however, its
dimensions are somewhat constrained by the nature of its raw materials [1,2]. Wood pieces
require connections in order to produce clearly defined forms. Both mechanical and laminar
by adhesive connections are employed for this purpose [3-6].

In industrial applications, multiple adhesives have been created using various chem-
ical formulations and different procedures [7]. The thermosetting adhesives based on
urea-formaldehyde (UF) resins, which are widely employed in the production of plywood
panels, are by far the most well-liked [8]. Under ideal operational circumstances, condensa-
tion of urea and formaldehyde produces these adhesives in recognized methods [9]. These
adhesives’ principal drawback is that they produce significant amounts of free formalde-
hyde emissions [10]. Free formaldehyde emissions have been controlled using a variety of
techniques, such as by adding fillers that fix the substance [11,12].
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Fillers are solid and relatively inviscid substances. They are primarily divided into
two groups, inorganic fillers, and organic fillers, based on their chemical compositions [13].
Along with formaldehyde fixing, fillers may enhance the capacity, weight, toughness,
thermal conductivity, water resistance, curing, resistance to aging, heat resistance, and
other properties of wood adhesives [14]. The main natural fillers used are wheat flour,
sawdust and ash, as well as other derived substances, including starch, lignin, tannin
extracts, etc. [15,16]. However, flour is the primary filler used in the commercial manufac-
ture of plywood [17]. A lot of flour is used as a filler in wood glues, wasting grain resources.
As a result, the pursuit of the right filler to take the place of flour has become more and
more popular.

The main objective of the study was to investigate the effect of some thymus plant
species as alternatives to starch filler in an adhesive formulation based on UF resin. Phys-
ical, chemical, morphological and mechanical properties of the obtained new adhesive
formulations were compared with a commercial UF formulation used in the wood industry
for bonding plywood.

2. Materials and Methods
2.1. Materials Required

The medicinal plants used in this work (Thymus bleicherianus, Thymus capitates, Thymus
satureioides, Thymus vulgaris and Thymus zygis) were purchased from the local market in
Khenifra (Morocco). The aerial parts of all plants were washed repeatedly with water to
remove dust and soluble impurities on the surface and dried overnight at room temperature
in the shade. The sample was then dried at 40 °C for 3 days in an air oven. The dried
sample was ground to pass through a 30 mesh screen. The fine powder of the plants was
stored in plastic bags for use as a filler in adhesive formulations.

Apart from the aforementioned sample, all chemicals used in this work were of analyt-
ical grade and obtained from Merck (Darmstadt, Germany) and ACROS (Geel, Belgium).

2.2. Preparation of Material
2.2.1. Preparation of Adhesive Formulations

The preparation of the adhesive formulations based on plants (AFBP) was carried out
according to the following procedure.

The UF resin in the form of a 50% aqueous solution was placed in a reactor equipped
with an agitator, with a percentage of water as indicated in Table 1. Then, a powder based
on starch and the plant was added to the mixture. Next, 2% urea and 3% ammonium
sulphate were poured over the previous mixture. Stirring was continued until a viscous
and homogeneous liquid was obtained [7].

Table 1. The constituents in percentage (%) of the AFs.

Raw Materials AFBP SAF
Urea-formaldehyde resin 50 50
Water 15 15
Urea 2 2
Ammonium sulfate 3 3
Filler 1: Starch 15 30
Filler 2: Plant 15 0

Total 100 100

The AFBP prepared are:

AF1: Using the plant Thymus bleicherianus.
AF2: Using the plant Thymus capitates.
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AF3: Using the plant Thymus satureioides.
AF4: Using the plant Thymus vulgaris.
AF5: Using the plant Thymus zygis.

To properly study the physico-chemical characteristics and the mechanical properties
of the new adhesive formulations (AFs), another adhesive formulation utilized in the local
wood market was used as a reference (SAF).

2.2.2. Preparation of Plywood Panels

The plywood was composed of veneer sheets from different species, of the following
dimensions: 2100 x 1000 x 4 mm?3. The face and back of the plywood were made from the
wood of the kapok tree species, while the core was made with the wood of the okoumé
species. The folds are placed symmetrically on either side of a central ply (core), which
gives an odd number of folds (3 plies) and a balanced structure.

Gluing: The veneers were glued using a roller gluer, with a grammage of 373 g/m? of
the Afs, which were distributed on both sides of the core veneer.

Pressing: The pressing was carried out using the following parameters: Cold pre-
pressing (under a pressure of 15 bars and at room temperature) and hot pressing (under
a pressure of 10 bars and at a temperature of 98 °C for 4 min).

One panel was fabricated per each AF and conditioned at 25 °C and 65% relative
humidity in a climate room for a week before testing.

2.3. AFs and Plywood Characterization Techniques
2.3.1. Determination of the AFs Properties

Color, pH, viscosity, gel time and solid content were determined at the end of each
synthesis. The AFs’ pH were determined with a pH-meter. The viscosity of the AFs was
measured by a Ford cup (MeterTo, N°4, 25 °C). The non-volatile solids content was deter-
mined by measuring approximately 7 g of AF in a disposable aluminum dish and taking
an accurate weight before and after drying in a convective oven for 3 h at 105 °C. The AF
reactivity was determined by measuring the gel time of a resin sample at 100 °C after addi-
tion of the 10% NH4Cl (20% aqueous solution) as a cure catalyst [18]. The density values of
the liquid AF were obtained by density hydrometer (VWR, range 1.000-1.250 g/cm?). The
overall content of formaldehyde in the aqueous solution was determined by titration with
the Nay;SO3 method [19].

2.3.2. Analytical Instruments

The analysis of the AFs prepared was carried out by a set of techniques commonly
used for this type of material, such as:

Scanning Electron Microscope (SEM, JEOL JSM-6700F) (Japan), which was employed
to determine the sample surface morphology;

X-ray Diffraction (XRD, Bruker D8 Advance diffractometer with Cu Ko radiation:
1.54 A), which was used for the investigation of the phase crystalline structure of the sam-
ples, this system worked at a current of 80 mA and a voltage of 60 kV with Cu Ko-radiation;

Differential Thermal Analysis and Thermogravimetric Analysis (DTA/TGA, Shi-
madzu DTG-60H system) were carried out at the atmosphere of Ar and with a heating rate
of 10 °C min~!. These thermal techniques were used to determine the major transforma-
tions and to identify the temperature regimes of the main weight losses of all AF samples.

Fourier Transform Infrared spectroscopy (FTIR, Bruker Vertex 70), from where infrared
spectra were recorded in the frequency range of 4004000 cm ! at a resolution of 4 cm™!
with Fourier spectroscopy.

2.3.3. Determination of Plywood Properties

A shear strength test of the plywood panels was performed to evaluate the bonding
strength according to the EN 314-1 [20]. Samples prepared for shear strength were tested
after being soaked in water at 20 °C for 24 h. Bending strength and the modulus of
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elasticity values of plywood panels were evaluated according to the EN 310 standard [21].
Three specimens were cut for each mechanical test from the middle area of a panel sample.

2.4. Statistical Analysis

Experimental values were obtained in triplicate for each test. The statistical analysis of
all numerical data was carried out by Type A evaluation of standard uncertainty with the
Student test (f < 0.05).

An analysis of variance (ANOVA) with Tukey’s test was used to initially determine
any significant data differences between the groups of samples.

3. Results
3.1. Physical-Chemical Properties of AFs

Physical and chemical characteristics, such as: pH, viscosity, gel duration, solid content,
density, free formaldehyde concentration, and color are crucial indicators of the AFs’
quality. All of the values obtained during these determinations are shown in Table 2.
The examination of ANOVA of the experimental values obtained for all the examined
parameters, including pH, gel duration, solid content and density shows no significant
difference. On the other hand, there are significant differences in the viscosity and the free
formaldehyde concentration.

Table 2. Physico-chemical properties of the AFs with a comparison of means using the ANOVA test.

L ANOVA
Proprieties AF1 AF2 AF3 AF4 AF5 SAF -
F-Ratio p-Value
pH 6.8 +£0.1 6.7 £0.2 6.7 +£0.1 6.8 +0.2 6.8 +£0.1 6.7 £0.1 0.79 0.4649
Viscosity (mPa-s) 1100 222 1125 +31°2 1112 £ 342 1122 £29°2 1125 +282 785 + 41 P 338.15 <0.0001 *
Gel time (s) 45+ 2 44 +2 4 +1 4442 44 +1 48+ 3 3.78 0.7663
Solid content (%) 66.84 + 3.61 66.74 + 3.16 66.77 + 1.24 66.82 + 0.83 66.87 + 1.41 67.00 +2.73 1.00 0.3699
Density (g/cm3) 1.14 +0.02 1.14 + 0.02 1.14 + 0.02 1.14 + 0.02 1.14 + 0.02 1.14 + 0.02 0.00 1
Free
formaldehyde 0.26 +0.012 029 +£0.03> 030+ 0.02P 0.28 + 0.04P 0.30 + 0.03P 0.36 +0.03 ¢ 9.61 0.0002 *
content (%)
Color Brown Brown Brown Brown Brown White -

Different letters in the same row indicate significant differences according to Tukey’s test (p < 0.05). * Values are
significant at p < 0.05. (-): Not tested.

The new AFBPs have better viscosity. This can be attributed to the organic molecules
found in the fillers of the plants utilized, which combine with the AF’s composition
to create bonds that raise the suspension’s viscosity, as detailed in earlier research by
Rui Ding et al. (2013) [22] on the use of wheat gluten in adhesives.

The increase in formulation quality is demonstrated by the lower free formaldehyde
content in AFBP compared to SAFE. The presence of polyphenols in the additional fillers
of the plants employed can be used to explain these outcomes. It has been noticed that
the Thymus genus has a variety of plants that are high in polyphenols, notably tannins, the
latter of which is particularly interesting for lowering formaldehyde emissions [23].

Finally, the white color of the SAF was changed to a brown color for the AFBP, this
change is due to the colors of the added plant filler in place of the starch filler, which has
a white color.

3.2. Characterization of AFs
3.2.1. Scanning Electron Microscopy (SEM)
Results from SEM of the generated AFs are shown in Figure 1 at a resolution of 20 pm.

These images used to infer that the formulations are homogenous, non-porous and that
they also exhibit the same colloidal textures with aggregates that range in size from 3 um
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to 30 um. Some articles claim that the colloidal form of liquid UF resins is one of their
shared properties [24,25]. Aging causes colloidal particles to combine to create bigger,
more intricate aggregates. Particles with nodular, globular, and spherical forms have all
been used to characterize the architecture of cured UF resins. Moreover, the powder of
the plants has disappeared in the prepared AFs, which shows that this material has been
totally dissolved in the UF system.

Figure 1. SEM images of AFs. (SAF: standard adhesive formulation; AF1: Thymus bleicherianus; AF2:
Thymus capitates; AF3: Thymus satureioides; AF4: Thymus vulgaris; AF5: Thymus zygis).
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3.2.2. X-ray Diffraction (XRD)

Figure 2 shows the XRDs of all AFs prepared. With the exception of a few peaks at low
intensities that are positioned between 22° and 24°, the diffractograms of the formulations
exhibit amorphous structures. These peaks correspond to the descriptions of pure UF
resin that are found in several works in the literature [26-28]. The crystallization of UF
adhesive structures depends on the F/U molar ratio. If the UF formulation has a lower
F/U molar ratio of 1.1 to 0.5 then the adhesive has a crystalline structure, whereas if the UF
formulation has a higher F/U molar ratio then the adhesive is an amorphous polymer, the
latter is well shown by the diffractograms in our study (F/U~2).

——— AF1
AF2

P e R

" —— AF4
eV —— AF5
WW%\_ SAF

Moy,

Intensity (counts)

10 20 30 40 50 60
2009

Figure 2. Diffractograms of AFs. (SAF: standard adhesive formulation; AF1: Thymus bleicherianus;
AF2: Thymus capitates; AF3: Thymus satureioides; AF4: Thymus vulgaris; AF5: Thymus zygis).

3.2.3. Thermal Analysis
The results of the thermal analyses for each AF are displayed in Figures 3 and 4.

TGXO

Heat Flow (W/g)

¢endo

—SAF

50 100 150 200 250 300
Temperature (°C)
Figure 3. Differential Thermal Analysis of AFs. (SAF: standard adhesive formulation; AF1: Thy-

mus bleicherianus; AF2: Thymus capitates; AF3: Thymus satureioides; AF4: Thymus vulgaris; AF5:
Thymus zygis).
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Figure 4. Thermogravimetric Analysis of AFs. (SAF: standard adhesive formulation; AF1: Thymus ble-
icherianus; AF2: Thymus capitates; AF3: Thymus satureioides; AF4: Thymus vulgaris; AF5: Thymus zygis).

The DTA analyses revealed the existence of three endothermic peaks, with 123 °C
signifying urea melting and 235 °C and 255 °C signifying resin deterioration. Importantly,
there was no high quantity of free formaldehyde present in all samples, which was also
consistent with the expected polymerization pathway, since formaldehyde has a very
strong reactivity with urea. More precisely, the mechanism of the degradation process is
initiated when chain scissions begin, and the radicals formed induce the formation of cyclic
structures in the polymer chain. This phase results in the extensive polymer fragmentation.
Degradation of cured resins begins with the release of formaldehyde from dimethylene
ether groups and the maximum degradation rate happens when the stable methylene ether
linkages deconstruct [29,30].

Two fundamental losses are provided for all AFs by the TGA analyses. Between 100 °C
and 150 °C, there was an initial mass loss of roughly 10%. The second mass loss that is
considered important (around 80%) occurred above 200 °C.

Moreover, Figures 3 and 4 show a little difference between SAF and AFBP, these are
evident above 240 °C in the DTA and at the temperature range of about 300 to 380 °C on the
TGA, which proves that the addition of thymes modified the thermal resistance of the AFs.

3.2.4. Fourier Transform Infrared Spectroscopy

Figure 5 displays the FTIR spectra of the AFs. As can be observed, there is a wide band
between 3400 cm~! and 3500 cm !, which corresponds to the intramolecular OH group
lengthening resulting from the reaction between the polyphenolic compounds of fillers
(plants) and the formaldehyde present in the resin. Another band located around 1642 cm™!
confirms the presence of C=C aromatic ethylenic bonds in the phenolic ring [31,32].

3.3. Mechanical Properties of Plywood

Shear strength, bending strength and modulus of elasticity are recommended prop-
erties for testing the quality of plywood panels. Table 3 presents all the results obtained
during the mechanical tests carried out. The values obtained from several mechanical tests
are nearly the same. These results are confirmed by the statistical analysis of ANOVA,
from which the data from all the formulations show no significant difference at 5%. In
conclusion, obtaining the same mechanical properties of plywood bonded by the AFs
developed, compared to the SAF, proves the effectiveness of the other formulations for
gluing plywood panels in a more ecofriendly way.
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Figure 5. FTIR spectra of AFs. (SAF: standard adhesive formulation; AF1: Thymus bleicherianus; AF2:
Thymus capitates; AF3: Thymus satureioides; AF4: Thymus vulgaris; AF5: Thymus zygis).

Table 3. Mechanical characteristics of the plywoods manufactured using the elaborated AFs.

ANOVA
Mechanical Properties AF1 AF2 AF3 AF4 AF5 SAF
F-Ratio p-Value
Shear strength (N/mm?) 1.03+£0.07 092+001 097+£003 114+011 1.14+£094 1.01 £0.05 5.84 3.0451
Bending strength LD 3654007 343+270 3514276 351+261 3474157 3504353 0.52 0.6130
(N/mm?) D 311+£02 312406 312+04 315403 314+04  31.1+01 1.27 0.2734
Modulus of LD 3154 £ 70  3133+£79  3154+65  3099+47 3147 +62 3001 £ 37 5.14 2.0812
elasticity (N/mm?) D 2985+ 85 2863472 295551 2920492 299470 2835484 411 1.0711

LD: Longitudinal direction. TD: Transverse direction.

4. Discussion

Wood industries are large users of UF resins, because they are involved in the major
composition of AFs, in particular for the manufacture of plywood panels [33-35]. These
substances might come with some risks, notably those connected to the emissions of
free formaldehyde [36].

Several studies aimed to limit the emission of this product during the use and man-
ufacture of panels by optimizing variables relating to technological viability, human and
organizational concerns, health, economy, and environment [37-39]. The use of other fillers
to minimize formaldehyde emissions in various ways has been suggested in a number of
earlier papers; for examples: tannin [40], urea [41], sodium metabisulphite [42], different
waste [43—46] and nanomaterials [47,48]. For all the above reasons, the goal of our study
was to develop novel AFs using medicinal plants as an alternative filler; as such, five
plants of the Thymus genus were included in the composition of a commercial adhesive
formulation along with other substances; hence, the chemical composition of the elaborated
AFs are: urea-formaldehyde resin (50%), water (15%), urea (2%), ammonium sulfate (3%),
starch (15%) and plants (15%).

The analysis of the physico-chemical properties reveals that the addition of plants
decreased the free formaldehyde content while simultaneously increasing viscosity. Addi-
tionally, the other characteristics, such as: pH, gel duration, solid content, density, and color,
did not mention significant differences. Furthermore, all of the novel AFs as well as the
standard formulation have undergone physical and morphological characterizations using
the SEM, XRD, DTA, TGA, and FTIR analytical techniques, which have proven the stability
and homogeneity of their structures. Additionally, the mechanical properties of the AFs
under investigation have not revealed any significant differences when compared to the
SAF, this supports earlier findings about the stability of the formulations’ structures [7].
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Ruziak et al. (2017) [49] investigated the influence of beech bark (Fagus grandifolia)
concentrations as a filler in urea-formaldehyde (UF) adhesives, from which prepared AFs
demonstrated a decrease in formaldehyde emissions. In addition, the works carried out by
Khammour et al. (2018a, 2018b) [7,8] on the development of urea-formaldehyde adhesive
formulations based on waste from the mint medicinal plant (Mentha spicata) have shown
high physico-chemical and mechanical performance with the use of this biomass in wood
industries according to required international standards and recommendations, particularly
the reduction in formaldehyde emissions.

In light of these results, powdered medicinal plants might be employed as an organic
filler with UF resins for the production of plywood panels. In addition, plants, which
are inexpensive and easy to obtain, showed a similar positive effect on reducing free
formaldehyde emissions.

5. Conclusions

Our studies have made it feasible to develop medicinal plants-modified UF adhesives
suitable for plywood production. Specifically, 15% medicinal plants from the genus Thymus
are added as an alternative filler, in addition to 15% starch, to the adhesive formulation of
a urea-formaldehyde resin along with other constituents. According to all the information
acquired from the physico-chemical and statistical investigations, the biomass was used to
minimize formaldehyde and increase viscosity while retaining other attributes, particularly
mechanical properties. Due to safety and environmental concerns, our studies have made it
feasible to develop suitable urea-formaldehyde type adhesives based on medicinal plants.
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