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Abstract: Adhesives represent an important part in the wood-based composite production, and
taking into account their impact on the environment and human health, it is a challenge to find
suitable natural adhesives. Starting from the current concerns of finding bio-adhesives, this paper
aims to use magnesium lignosulfonate in three adhesive recipes for particleboard manufacturing.
First, the adhesive recipes were established, using oxygenated water to oxidize magnesium ligno-
sulfonate (Recipe 1) and adding 3% polymeric diphenylmethane diisocyanate (pMDI) crosslinker
(Recipe 2) and a mixture of 2% polymeric diphenylmethane diisocyanate with 15% glucose (Recipe 3).
The particleboard manufacturing technology included operations for sorting particles and adhesive
recipes, pressing the mats, and testing the mechanical strengths and formaldehyde emissions. The
standardized testing methodology for formaldehyde emissions used in the research was the method
of gas analysis. Tests to determine the resistance to static bending and internal cohesion for all
types of boards and recipes were also conducted. The average values of static bending strengths of
0.1 N/mm?, 0.38 N/mm?, and 0.41 N/mm? were obtained for the particleboard manufacturing with
the three adhesive recipes and were compared with the minimal value of 0.35 N/mm? required by
the European standard in the field. Measuring the formaldehyde emissions, it was found that the
three manufacturing recipes fell into emission classes E1 and E0. Recipes 2 and 3 were associated
with good mechanical performances of particleboards, situated in the required limits of the Euro-
pean standards. As a main conclusion of the paper, it can be stated that the particleboards made
with magnesium-lignosulphonate-based adhesive, with or without crosslinkers, can provide low
formaldehyde emissions and also good mechanical strengths when crosslinkers such as pMDI and
glucose are added. In this way magnesium lignosulfonate is really proving to be a good bio-adhesive.

Keywords: particleboard; formaldehyde emission; magnesium lignosulphonate; adhesive recipe;
MOR; MOE; IB

1. Introduction

Formaldehyde emission is a current problem for wood-based composite materials,
including particleboards. In addition to irritation of the nose and eyes and respiratory
cancer, long exposure to formaldehyde emission has been shown to have a carcinogenic
effect on human blood, causing irreversible mutations [1,2]. Therefore, since 1970, the
limit of emissions of formaldehyde had to be continuously reduced, falling within tight
tolerances [3]. It should be recognized that wood, due to its chemical composition, has
a certain formaldehyde content that is acceptable to human breathing, which could be
taken as a reference in the classification of formaldehyde emissions from wood-based
boards. Common European wood species, such as beech, spruce, oak, pine, etc., have
values of formaldehyde emission of 0.114-0.431 mg/m?h for a moisture content of over 50%
(decreasing moisture content also decreases formaldehyde emissions) [3]. The most used
methods for testing the formaldehyde emissions and contents of wood composites are the
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following [3]: large and normal chamber method according to EN 717-1: 2004 [4] and ASTM
E 1333: 2014 [5], the gas analysis method according to standard EN 717-2: 1995 [6] and
ISO 12460-3: 2015, the perforator method according to EN 120: 1992 [7], and the desiccator
method according to JIS A 1460: 2001 [8]. Less used is the vial method according to EN
717-3: 1996 [9]. The permissible emission limits and formaldehyde contents are given in
Table 1 [3]. In European countries, only the E1 class is allowed for wood-based panels, and,
in addition, other countries already require the EO class, which is half of E1.

Table 1. Permissible limits of formaldehyde emission for particleboards.

Methods Standard Permissible Limits Emission Class
3
Chamber method EN717-1: 2004 ~ ~0-1ppmor <0.12mg/m El
>0.1 ppm E2
0.14 ppm El
Larieectl;s;‘ber ASTM E 1333:2014 0.18 ppm F
0.09 ppm F et
. <8mg/100 g E1
Perforator method EN 120: 1992 8-30 mg/100 g B2
Gas analysis ) 3.5mg/ m2h E1l
method EN 717-2: 1995 14 mg/mzh EO
1.5mg/L F*
Desiccator method JIS A 1460:2001 0.5mg/L F
0.3mg/L ) i

It is well-known that formaldehyde-based adhesives, such as urea-formaldehyde (UF)
and phenol-formaldehyde (PF) are not environmentally friendly because of formaldehyde
release. In this context, some solutions must be found to modify or replace them. Because
the main material that increases the amount of formaldehyde in a particleboard is the
adhesive (except pMDI—polymeric diphenylmethane diisocyanate), some concerns about
reducing formaldehyde emissions/content and obtaining bio-adhesives or green adhesives
have had and continue to have three main directions:

e  Reducing emissions by using formaldehyde catchers in the adhesive recipe of urea-
formaldehyde [UF] or phenol-formaldehyde [PF] adhesives;

e  The use of bio-adhesives with very low formaldehyde emissions/contents to replace
the classical synthetic adhesives;

e  The use of crosslinking agents, both for classic adhesives and for bio-adhesives.

The first method of reducing emissions by using formaldehyde catchers has been used
for a long time and has gained the attention of many researchers [10,11]. The emission of
formaldehyde from urea-formaldehyde adhesives depends on the molar ratio between urea
and formaldehyde and also on the environmental conditions during the manufacturing
process (temperature, air humidity, etc.) [12]. Usually, these catchers are obtained from
natural materials such as bio-oils, tannin, soy, or lignin [3,13] and are used in recipes with
UF and UMF resins for MDF (medium-density fiberboard), with formaldehyde emissions
of 0.04-0.08 ppm or 2.5-3.0 mg/100 g. Various adhesives were obtained by gradually
replacing the phenol in phenol-formaldehyde adhesives with lignosulfonates. The best
mechanical strengths were obtained by adding 20% lignosulfonate to the PF resin [14]. The
use of the same recipes in particleboard manufacturing led to emission class E0 (equivalent
to class F ***), with values of 0.02-0.04 ppm or 3-3.5 mg/100 g [3]. Another formaldehyde
catcher was soy protein or rapeseed, which were used in the case of UF resins for the
manufacture of particleboard with a density of 680 kg/m> and a formaldehyde emission
belonging to class E1 [15-18]. Other catchers of formaldehyde were wheat gluten as well as
the leftovers from the production of starch, pea protein, or cottonseed protein [19-21].

The tannins used in the production of adhesives for wood-based composites reduce
the emission of formaldehyde, but in a pure state they do not provide good strengths when
used in combination with classical UF or PF adhesives [22]. Particleboard made with tannin
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and formaldehyde adhesives had very low formaldehyde emissions and induced good
mechanical strength for indoor use panels [23-26]. Another study [27] investigated the role
of nano-clay (cloisite Na*) in reducing formaldehyde emissions from particleboards. The
specimens without the addition of nano-clay emitted about three times more formaldehyde
compared to the boards that contained only 1% nano-clay. Other acid catalysts, such
as oxalic or citric acid, have reduced the formaldehyde content from 4.1 mg/100 g to
3.5mg/100 g. Moreover, the addition of pMDI reduced this formaldehyde content by half.
The addition of 1.5% silicon nano-dioxide (5iO,) improved the strength of UF resin-bonded
boards and substantially improved the emission of formaldehyde [28].

Usually, bio-adhesives use waste or other natural materials, such as plant extract,
wood biomass, vegetable and animal proteins, etc. However, they have a low reactivity,
which is why more studies are needed to increase their reactivity, but the raw materials used
could increase the price of the final board. Moreover, the mechanical strengths of the boards
with bio-adhesives are lower than those obtained with the classical synthetic adhesives UF
or PF. One of these bio-adhesives is lignin in the form of ammonium lignosulfonate [29],
alone or in combination with pMDI resin. Lignin from lignosulphonate has the capacity of
adhesion, as the native lignin has in time of tree growth. Some researchers in the field of
bio-adhesives have obtained an adhesive based on soy protein with modest hydrophobic
and mechanical performance. Soy protein has been mixed with lignin in other studies [30],
thereby improving water resistance. The use of other types of proteins, such as wheat
gluten, which is a by-product of starch production, pea protein, or cottonseed protein,
has also been considered. The most used adhesive in the lignocellulosic boards is the
urea-formaldehyde adhesive UF; it has the highest mechanical strength (well above the
minimum required limit), which is why in the recipe of this adhesive solution filler is
included to reduce the costs of adhesion. This adhesive also has the highest formaldehyde
emissions, requiring formaldehyde catchers, which greatly increase the cost of adhesion.
This is why bio-adhesives are the cheap solution to replace UF adhesive. Even if the
mechanical performance of the boards is weaker, it can fall within the minimum required
limit of European standards [10].

Crosslinking agents promoted the formation of intermolecular bonds between polymer
chains (glyoxal, pMDI, sugars, furfuryl and furfuryl alcohol, citric acid, maleic anhydride,
etc.). One of these agents is glyoxal [29]; it was noticed that when using a mixture of 0.5%
glyoxal and 50% lignin as an adhesive in the production of particleboard and plywood,
the panels recorded good mechanical strengths and were also environmentally friendly.
Another crosslinking agent used in the particleboard manufacturing is pMDI [31], used
in proportions of 4, 6, and 8%, with favorable effects on water resistance and mechanical
strength. Moreover, the tannins can be mixed in the adhesives used for the production
of plywood, chipboard, OSB, MDF, glulam, and LVL. Tannin extract offers a significant
potential for resorcinol replacement, thus reducing the costs of gluing in the production
of fiberboard-type wood composites [32]. Some studies have shown that the addition
of nano-clays contributes to an improvement in the mechanical strength of boards with
lignin-based adhesives [33,34].

Some researchers have shown that addition of different share rates of phenolated
Kraft lignin [34] or lignosulfonates in PF and UF resins could reduce the formaldehyde
emission. Industrial lignin (Kraft lignin) or in the form of lignosulfonate (such ammonium
or magnesium lignosulfonates) is a residual by-product that is obtained after the production
of cellulose (pulp and paper) following the chemical separation of cellulose from lignin.
Therefore, lignosulfonate is a residual and natural product, as it is obtained from wood,
which is why it is a good bio-adhesive. Moreover, being a chemical constituent of wood,
it has a low formaldehyde emission. In its pure state, lignin has low adhesion, and its
reactivity needs to be improved. In this regard, hydrolyzed lignin treated with oxygen
plasma was obtained [35] with good results on changing the chemical structure of lignin
and increasing reactivity [36], increasing reactivity by hydroxy methylation [37,38] and
oxidation of this [36,39]. The oxidation of lignin was a practical way to weaken its structure,
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being more easily polymerizable [40]. The simplest oxidation procedure is the addition
of oxygen peroxide, especially due to its ecological characteristics [41,42]. Oxidation was
performed both in an acidic medium using FeSO, as reagents and in a basic medium
with NaOH. Research on the use of magnesium lignosulfonate as a bio-adhesive has been
conducted for veneered fiberboards [43—46]. Actual research [47-52] has shown that the
introduction of a small percentage of ammonium lignosulfonate in the boards leads to
good mechanical properties and a formaldehyde content of only 1.1 mg/100 g of dry plate,
super quality EO. Other research has examined the use of recycled wood [53], the use of
magnesium lignosulfonate for wood composites [54], the availability of wood and vegetable
resources for the next 20 years in the Czech Republic [55], and the main bio-adhesives used
in the last decade [56].

From the analysis of the research works in the field, a first conclusion can be drawn,
namely, that the bio-adhesives based on lignosulfonates occupied an important place in
international research on reducing the emission/content of formaldehyde in particleboard,
but their performance has not been fully investigated. There are also a lot of studies oriented
to increase the reactivity of lignin, as its reactivity is low in a pure state, the most widely
used method being that of oxidation. Last but not least, there are very few studies on the use
of magnesium lignosulfonate in the manufacture of bio-adhesives for particleboard. The
general objective of the present research work is to manufacture particleboards with low
formaldehyde emissions, using three adhesive recipes based on magnesium lignosulfonate
that is oxidized with hydrogen peroxide. These boards will have to meet the mechanical
strength conditions (MOR, MOE, and IB) imposed by the European standard EN 312:
2003 [57] for indoor uses in a dry environment (type P2). Moreover, the boards will have to
fall into the E1 class of formaldehyde (or lower), corresponding to the European standard
EN 717-2: 1995 [6] with a limit of 3.5 mg/m?h obtained by the gas analysis method. In
order s to fall into emission classes EQ (corresponding to emission class F ****) using the gas
analysis method, the measured value for the particleboard’s formaldehyde emissions must
be below 1.4 mg/m?h.

2. Materials and Methods

Magnesium lignosulphonate. There are five types of water-soluble lignosulfonates:
magnesium lignosulfonate, calcium lignosulfonate, sodium lignosulfonate, potassium lig-
nosulfonate, and ammonium lignosulfonate. They are differentiated by the method of
cellulose extraction (sulfite, Kraft, basic, acid, etc.) and contain small amounts of magne-
sium, calcium, sodium, potassium, or ammonia. The most common ones are ammonium
and magnesium sulphonate, with no differences in the formaldehyde emissions and me-
chanical properties of wooden composites [11,13,14]. Magnesium lignosulphonate (Lignex
MG) was purchased from Sappi Biotech GmbH (Diisseldorf, Germany) in an unmodified
state and was used in the preparation of the bio-adhesive for particleboard manufacturing.
The physical appearance of magnesium lignosulfonate was in the form of a yellowish-
brown powder. It was obtained by the process of purification, evaporation, chemical
treatment, and drying of the black liquid waste resulting from the cellulose (pulp and
paper) manufacturing process. The characteristics of magnesium lignosulfonate (Lignex
MGQG), as stated in the data sheet issued by the manufacturer, are presented in Table 2.

Table 2. Characteristics of magnesium lignosulphonate.

No. Characteristics Values
1 Dry mater content 93 + 2%
2 Magnesium content, minimum 6+ 1%
3 pH 55+1
4 Bulk density 400 kg/m?3
5 Ignition temperature 530 °C
6 Water insolubility, maximum 1%
7 Moisture content, maximum 7%
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Lignin oxidation. In order to obtain the recipes, the lignin powder was oxidized with
30% hydrogen peroxide (H,O;). The final H,O, content was 5.7% by weight of the resin.
NaOH was used to raise the pH to 9. The recipe for preparation was as follows: 460 g
of magnesium lignosulfonate; 35 g of 30% hydrogen peroxide (7.6% from magnesium
lignosulfonate); 246 mL of distilled water (53.5% by mass from magnesium lignosulfonate),
and 66 mL of sodium hydroxide at a concentration of 50% (14.3% by mass of magnesium
lignosulfonate). The dry matter content of the bio-adhesive thus obtained was 57%, and
the flow time through the viscometry cup with a diameter of 6 mm was 3 min and 11 s.

Wood particles. The particleboards were made of beech wood particles (30%)
(Fagus sylvatica) and softwood, usually spruce (Picea abies) and pine (Pinus sylvestris) (70%).
The moisture content of the dried particles was of 6.8%. Particles were selected from each
sample for the entire quantity, using the quarter method, and scanned at 1200 dpi on an
HP ScanJet 7650 scanner along with a dimensional reference (in mm). For a dimensional
evaluation of the scanned images, they were imported into AutoCAD (2018) and adjusted
to a 1: 1 scale. Measurements of length and width were then performed in the AutoCAD
program. The size of the fine particles was determined using a Nikon Y5100 microscope,
which was made in Japan, with an accuracy of 0.01 mm. Samples of 25 g were extracted
from particle bags provided from the Kastamonu Romania SA company (Reghin, Romania).

Granulometry analysis. Coarse and fine wood particles were analyzed as participation
rates using the Retsch-type vibrating screen, which was made in Germany, setting the
vibration of the sieves for 10 min. For coarse particles, the apparatus was equipped with
five sieves placed from top to the bottom, starting with the sieve with the largest meshes of
4.00 mm x 4.00 mm, then 3.15 mm x 3.15 mm, 2.00 mm x 2.00 mm, 1.25 mm x 1.25 mm,
1.00 mm x 1.00 mm, and ending with the collector cylinder for the rest. The mass of each
sample was 25 g. The particles were screened at a frequency of 60 oscillations/min, then
they were collected from each sieve and weighed to the nearest 0.01 g. In order to analyze
the fine chips from the point of size distribution, they were screened with the same electrical
equipment using 1.00 mm x 1.00 mm, 0.80 mm X 0.80 mm, 0.53 mm x 0.53 mm, 0.40 mm
x 0.40 mm, and 0.16 mm x 0.16 mm mesh screens. The share distribution of the particles
was calculated for each type of particle (coarse and fine) and for each sieve separately, with
the next relation (Equation (1)):

Cd =m;: m x 100 [%] 1)

where Cd is the particle distribution in %; mg is the mass of the fraction collected in the
sieve in g; and m is the mass of the whole sample expressed in g.

For each average value of the particle size, five experimental tests were made. Particles
smaller than those obtained on sieves 0.4 mm x 0.4 mm, 0.16 mm X 0.16 mm, and the rest
were considered dust and were removed from those for making particleboards.

Particleboard manufacturing. Based on the experience of the manufacturer Kastamonu
of particles and boards and also on the research results of other groups of researchers [35,40],
in order to obtain well-compacted boards, after weighing the remaining chips in each sieve
and removing dust, the following proportion was established within the boards: 35%
coarse (large) particles (those sifted and left in the 2 mm x 2 mm sieve) and 65% fine
chips (those sifted and left in the 0.5 mm x 0.5 mm sieve). A mixture of 15% adhesive
solution and 85% in-factory particles (percent by mass, particles absolutely dry) was
made using a paddle drum by spraying the adhesive on the particles. The particleboard
mat was placed on a 3 mm thick steel sheet covered with heat-resistant paper. For the
formation of the particle mat, there were used beech wood frames with internal dimensions
of 420 mm X 420 mm x 50 mm and steel stopers with a thickness of 16 mm to limit the
thickness of the boards to this value. The target density established for all particleboard was
650 kg/m? (comparable to that of agglomerated boards with urea-formaldehyde adhesive
manufactured at the Kastamonu company), with the boards having the dimensions of
450 mm x 450 mm at a temperature of 180 °C, a pressure of 2.5 MPa, and a pressing time
of 16 mm (i.e., 1 min for each mm of thickness). After evacuation from the hot press, the
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boards were conditioned at a temperature of 20 °C and a relative humidity of 65% for
7 days in order to homogenize the stresses and to stabilize the moisture content to 10%. A
minimum of 10 chipboards were manufactured for each type of recipe.

The three adhesive recipes. For the manufacture of particleboard, there was a basic
recipe including oxidized magnesium lignosulfonate (15% of the weight of the dry wood
particles) that was marked as Recipe 1 and two others, which differed by the addition
of two crosslinking agents, respectively, pMDI resin (for Recipe 2, in a proportion of 3%
by mass of the dry particles) and a combination of pMDI resin with glucose (for Recipe
3, in a total proportion of 5% of the amount of particles or separately as 2.9% pMDI and
2.2% glucose related to the dry particle mass). Some preliminary research as well as the
bibliographic study [11] showed that non-oxidized lignosulfonate has very poor adhesive
properties, which is why all adhesive recipes contained hydrogen peroxide. The percentage
of dry adhesive was also considered to be 15% of the amount of dry particle mass. Sodium
hydroxide was introduced in order to obtain a basic pH of 8-9 to add a high level of
adhesiveness. The three manufacturing recipes are presented in Table 3.

Table 3. Composition of experimental panels.

Specifications Recipe 1 Recipe 2 Recipe 3
Particles, 7% Mc 1838 g 1838 g 1838 g
Magnesium lignosulphonate 460 g 275¢g 275¢g
Hydrogen peroxide, 30% 35¢g 21g 2g
Distilled water 246 g 147 g 145 ¢
Sodium hydroxide, 50% 66 mL 39 mL 38 mL
pMDI - 55¢g 54¢g
Glucose - - 41g
Dry matter content 60.1% 59.9% 55.7%

Gas analysis method for formaldehyde emissions. The formaldehyde emissions, deter-
mined by the gas analysis method, used specimens with dimensions of
400 mm x 50 mm x 16 mm. For testing, the specimens were sealed on the edge with
self-adhesive foil, leaving only the faces of the specimens free. The specimens were placed
in a chamber with a constant temperature of 60 &+ 0.5 °C and an air humidity of less than
3%, in the direction of the air current. The formic aldehyde released from the samples
and the air with formaldehyde was passed through washing dishes with distilled water
that absorbs this formaldehyde. The determination of formaldehyde emission is based
on the Hantzsch reaction, according to which formaldehyde reacts with acetylacetone
and ammonium acetate, resulting in diacetyl-dihydrouridine (DDL), with a maximum
absorption spectrum of 412 nm. Therefore, in each of the 4 h of testing, 10 mL of aqueous
solution was taken and placed in a vial to which 10 mL of acetylacetone solution and 10 mL
of ammonium acetate solution were added. The absorption of this mixed solution was de-
termined at 412 nm using a Jenway spectrophotometer (Staffordshire, UK). In parallel, the
absorption of the control sample with distilled water was determined. Based on these data,
the emission of formaldehyde was determined with the following relation (Equation (2)):

FE; = (As — Ap) x f x V) : F [mg/m?h] 2)

where FE; is the formaldehyde emission in mg/ m2h;i=1,2,3,4are indicative of the time
in h at which the determination was made; A; is the absorption from the washing dishes
with formic aldehyde; Ay, is the absorption etalon for distilled water; f is the slope of the
calibration curve in mg/mL; V is the volume of the volumetric flask in ml; and F is the
emitting unsealed surface in m?.

An average value was determined as the arithmetic mean of the values obtained in
a time of 4 h and represented the final value of formaldehyde. The comparison of the

formaldehyde emission was made with the ISO 12460-3: 2015 standard [58].
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Mechanical properties. After conditioning, the boards were cut into specimens on
a universal circular saw. The minimum number of specimens for the mechanical tests
was chosen according to the European standard EN 310: 1993 [59] for MOR and MOE
and according to EN 319: 1993 [60] for the internal bond. The mechanical tests were
performed on a universal Zwick/Roell Z010 machine (Ulm, Germany), with the bending
test quantifying the strength and elasticity of the boards and the internal bond test showing
the adhesion strength. The bending test consisted of applying a static load in the middle of
the specimens supported on two supports, and the internal cohesion test was performed
by applying a tensile force on the specimens glued with epoxy adhesive on two metal
supports. The calculation relationships used by the universal test machine software were
as follows (Equation (3)):

MOR = (3 X Fypmax X 11): (2 X b x t2) [N/mm?]

MOE = (113(F; — F1)): (4 x b x 2(f, — f;)) [N/mm?]
IB = Femax : (I2 X 13) [N/mm2] 3)

where MOR is the modulus of resistance in N/mm?; Fy,.,, is the maximum of bending
force in N; 11 is the distance between the fulcrums in mm; b is the width of the sample in
mm,; t is the thickness of the sample in mm; MOE is the modulus of elasticity in N/ mm?; F,
is the force of 40% from the maximum force in N; F1 is the force of 10% from the maximum
force in N; f, is the deformation corresponding to the F; force in mm; f1 is the deformation
corresponding to the F; force in mm; Femax is the maximum of the compression (breaking)
force in N; 1, is one of the plane dimensions of the IB sample in mm; and 15 is the second
plane dimension of the IB sample in mm.

The values of the obtained mechanical properties were compared with those of the
standard EN 312: 2004 [57] for the interior-type P2 boards, including that for furniture uses.
The increase in the real values compared to the reference ones was determined with the
help of a relation as follows (Equation (4)):

Ip= (Vimax = Vmin): Vryer X 100 [%] 4)

where Ip is the increasing of properties in %; Vmax is the maximum value; Viy,ip is the
minimum value; and V. is the reference value (can be Vimax or Vinin)-

The density profile on thickness. The density profile was determined using an X-ray
machine, DPX 300 (IMAL group, San Damaso, Italy). Square-shaped specimens with sides
of 50 mm were weighed with an EU-C-LCD precision scale (Gibertini Elettronica, Novate
Milanese, Italy), and their dimensions were measured with the same profilometer. Because
the visibility and clarity of the density profile left something to be desired, the values were
imported into an Excel sheet and the respective graph was recreated.

Statistical analysis. The obtained values were statistically processed by determining
the survey median and the standard deviation for a confidence interval of 95% and an alpha
error of 0.05. The standard deviation was also applied to the graphs obtained in Microsoft
Excel (2018). A one-way ANOVA was used to observe the dependence of one median
on other one when the null hypothesis was considered. The statistical analysis program
Minitab 18 (2018) was used to obtain the empirical cumulative distribution function (CDF)
graphs under the same 95% confidence interval.

3. Results
3.1. The Particle Dimensions
Overall, the particle sizes ranged from 2.4 mm to 34.1 mm in length, from 0.5 mm to

10.6 mm in width, and from 0.1 mm to 4.1 mm in thickness. Correspondence between the
size of the sorting sites and the dimensions of the particles were as follows:

- For the 4.00 mm x 4.00 mm sieve, the length range was 7.6-25.8 mm, the width was
4.1-10.6 mm, and the thickness was 0.2-4.1 mm,;
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- For the 3.13 mm x 3.15 mm sieve, the length range was 6.1-34.1 mm, the width was
4.1-5.7 mm, and the thickness was 0.2—4.1 mm;

- For the 2.00 mm x 2.00 mm sieve, the length range was 4.2-20.1 mm, the width was
1.1-5.2 mm, and the thickness was 0.2-1.8 mm;

- For the 1.25 mm x 1.25 mm sieve, the length range was 3.7-19.5 mm, the width was
0.9-3.4 mm, and the thickness was 0.2-1.6 mm;

- For the 1.00 mm x 1.00 mm sieve, the length range was 2.4-18 mm, the width
0.5-1.7 mm, and the thickness 0.1-0.9 mm.

Figure 1 clearly shows the high dimensional difference between the length and the
other two dimensions of the particles, proving that they have a needle shape, a characteristic
necessary for the production of quality particleboards. It was observed (Figure 1) that
once the dimensions of the sieves decreased, the maximum dimensions of the particles
also decreased, so there is a relationship of direct proportionality between them. The
high Pearson R? coefficient values, higher than 0.9 in all three cases, show that the linear
regression equation for estimating the variation is very good. It was also observed that the
smallest variation was in the case of particle thickness, and the largest variation was in the
case of particle width. The same analysis can be conducted in the case of the minimum or
average dimensions of the used particles, with the results being the same.
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Figure 1. Correlation between maximum of coarse chip dimensions and the sieve dimensions.

3.2. Granulometry of Wooden Particles

The particle size analysis was performed differently on large and fine particles, because
the percentage of their mass participation in the board was different, in order to obtain a
superior compaction. From the point of view of the coefficient of determination, R? (0.58
in the case of large particles and 0.84 in the case of fine particles) (Figure 2a,b), a certain
dimensional non-uniformity and a poor correlation of the participation rate was observed
when obtaining these maximum values by a 2nd degree polynomial equation in the case
of large particles and an exponential equation in the case of fine particles. From the same
point of view, the fine particles have a granulometry superior to the large ones.
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Figure 2. Granulometry of particles: (a) for coarse particles; (b) for fine particles.

A central value of 1.21 mm was found in the case of coarse particles and 0.64 mm in
the case of fine ones. A displacement in the values of coarse particles was also observed
(Figure 2a) to the right beyond the 1.25 mm X 1.25 mm sieve, with a rest value over 10%, in
addition to a displacement in the values of fine particles (Figure 2b) to the left beyond the
0.53 mm x 0.53 mm sieve. From this tendency of particle positioning, it can be determined
that the median value of the total particle dimensions was around the 1 mm X 1 mm sieve.

3.3. Density Profile on Thickness

The average densities of each of the three types of particleboards, obtained based on
the EN 323: 1993 standard [61], were around 650 % 20 kg/ m?3, similar to the density of par-
ticleboard manufactured with UF resin at a medium moisture content of 10%, determined
based on EN 322: 1993 [62]. In general, all three density profile diagrams (corresponding

to the three manufacturing particleboards based on three different recipes) followed the
same rules:

- they had two symmetrical maximum peaks that were arranged a few millimeters from
the faces as well as a minimum located in the middle area of the board;
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- the lowest density values were arranged in the exterior areas of the boards due to the
thickness relaxation of this area after evacuation from the press;

- aslight deviation of the densities towards one of the particleboard faces was deter-
mined by the fact that during the formation of the particle mat the small particles
tended to migrate to the bottom of the mat, and the fine particles have a higher degree
of densification than the coarse particles.

The vertical density profiles are presented in Figure 3. It could be observed that the
in cases of Recipes 1 and 2, the diagrams are quite similar, with low surface densities of
about 400 kg/m? (Recipe 1) and 370 kg/m? (Recipe 2), which increased to 750 kg/m? and
780 kg/ m3 at 1.1 mm and 2.9 mm from the surface. In the core layer, the densities were
reduced to values of about 500 kg/m? and 595 kg/m?, respectively. The uniform and nearly
flat shape of the vertical profile of boards (785 kg/m?3 on the faces and 610 kg/m? in the
core) were obtained for Recipe 3.
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Figure 3. Cont.



Forests 2022, 13, 737 11 of 21

900
800
700
? 600
"&b 500
=~
o 400
= (c)
S 300
(oW
2200
B
£ 100
A
0
0 2 4 6 8 10 12 14 16

Board thickness, [mm]

Figure 3. Particleboard density profiles: (a) for Recipe 1; (b) for Recipe 2; (c) for Recipe 3.
3.4. Internal Bond (IB)

The adhesiveness quality of each adhesive recipe is usually given by the value of the
resistance to an internal bond test (which indicates the strength of the core area and is
influenced by the core density, particle geometry, and adhesive quantity and distribution).
From this point of view, Recipe 2 and Recipe 3 were clearly better than Recipe 1 (Figure 4).
This means that the introduction of the two crosslinkers lead to an increase in the cohesive
property of the particles. Thus, the introduction in the recipe of the pMDI crosslinker
had a medium effect, namely, 3.8 times higher than in the case of the boards without this
crosslinker (Recipe 1). The addition of glucose in the adhesive recipe (Recipe 3) led to a
slight increase in IB by 7.8% compared to Recipe 2 but 4.1 times higher than the board
without crosslinkers (Recipe 1).

n

(]

gy

o 0.38

B

(]

o,

>

H

0.1
EN 312 limit = 0.35 N/mm?
0 0.1 02 03 0.4 05
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Figure 4. Internal bond of all three experimental particleboards.
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If the comparison with the minimum value of 0.35 N/mm? of the European standard
EN 312 [57] is made, it was observed that the boards obtained with Recipe 1, without
crosslinkers, did not correspond to the requirements of the standard, with the difference
being very high: 2.91 times. Therefore, the boards obtained using only oxidized magnesium
lignosulfonate are not suitable in terms of internal bond. They are recommended to be
used in situations where the cohesion of the boards may be neglected. The other two
types of boards had an IB above the minimum allowable value, exceeding it by 8.5%
when 3% pMDI crosslinker was used or by 17.1% when a combination of glucose with
pMDI (about 5%) crosslinkers (Recipe 3) was used. It is obvious that pMDI and glucose as
crosslinkers had a positive influence on the IB strength of the experimental particleboards.
Other studies showed improvements in IB by using a combination of bio-based materials
(glyoxalase lignin, ammonium lignosulfonates, tannin, and soya) or urea-based resin with
pMDI [3,14,16].

3.5. Modulus of Elasticity (MOE)

The moduli of elasticity that were obtained with each of the three recipes had very
good values. The best elasticity values (Figure 5) belonged to that boards obtained with
Recipe 2 (with the addition of 3% pMDI), which were 26% higher than the boards without
crosslinkers (Recipe 1) and 25.9% higher than the boards with the addition of pMDI and
glucose crosslinkers (Recipe 3). It turns out that the addition of separate pMDI crosslinker
and a combination of pMDI and glucose added a positive value to the particleboard
elasticity.

Recipe 3

EN 312 limit = 1600 N/mm?

Recipe 2 3171

Recipe 1

0 500 1000 1500 2000 2500 3000 3500
MOE, [N/mm?]

Figure 5. Moduli of elasticity for all three types of experimental particleboards.

Compared to the limit value of 1600 N/mm? specified by the European standard EN
312, it was found that all MOE values exceeded the limit. The boards obtained with Recipe
1 exceeded it by 57%, the boards obtained with Recipe 2 exceeded it by 98.1%, and the
boards obtained with Recipe 3 exceeded it by 57.3%. The most elastic panels were those
obtained with the pMDI crosslinker (Recipe 2).

3.6. Modulus of Resistance (MOR)

The modulus of resistance for static bending resulting from laboratory tests differed
from one adhesive recipe to another, with Recipe 3 on top (having both crosslinkers), pro-
viding the best board strength (Figure 6). Compared to the other two recipes, the boards
obtained with Recipe 3 had an MOR 37.5% higher than the boards without crosslinkers
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(Recipe 1) and only 0.2% higher than the boards with Recipe 2 (with the pMDI crosslinker).
Thus, it was shown that the introduction of the two crosslinkers (separately or in combina-
tion) significantly increased the resistance to static bending of the boards.

EN 312 limit = 13 N/mm?

Recipe 2 13.17

Recipes

0 2 4 6 8 10 12 14 16
MOR, [N/mm?]

Figure 6. Modulus of Resistance (MOR) for all experimental particleboards.

Comparing the real MOR values with the limit value of 13 N/mm?, imposed by the
EN 312 standard, it was found that the boards bonded with Recipe 1 (without crosslinkers)
are not recommended, having a value 27.1% below the allowable limit. Boards made with
Recipe 2 (with the pMDI crosslinker) had a value with above the standard limit, and boards
made with Recipe 3 (with the pMDI and glucose crosslinkers) had values 1.5% above the
standard limit. Therefore, from the point of view of the MOR, the boards obtained with
Recipes 2 and 3, for which crosslinkers were used, are recommended for P2-type panels
(jointed panels used for indoor conditions). The addition of pMDI obviously improved
MOE and MOR values (MOR: 11.1 N/ mm?2, MOE: 2056 N/ mmz) as was also observed by
other authors [54,55].

3.7. Emission of Formaldehyde

Regarding the formaldehyde emissions, the values obtained for the particleboards with
the three adhesive recipes were compared with the average reference value of 3.5 mg/m?h
imposed by EN 717-2: 1995 for emission class E1 and with the value of 1.4 mg/m?h for
emission class EQ (Figure 7). All results were in the E1 and EO emission classes, but the
particleboards obtained with Recipe 3 had the lowest emissions, which meant that the
addition of crosslinkers significantly reduced the formaldehyde emissions. In the case of
Recipe 1, the value obtained for formaldehyde emission was low, 6.4 times lower than the
standardized E1 limit and 2.5 times lower than the standardized EO limit, which places these
boards in the category of particleboards with ultra-low formaldehyde emission, close to
that of natural wood [20]. By combining this value with the mechanical strengths (MOR and
IB) of this type of particleboard, this board is recommended to be used in the field where
no high-strength particleboards are required (i.e., paneling, decorative furniture, etc.).
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Figure 7. Formaldehyde emission for the three types of experimental particleboards.

It can also be observed in Figure 7 that the addition of only 3% pMDI crosslinker in
Recipe 2 decreased the formaldehyde emission by 5.9% compared to boards with Recipe
1. This showed that the introduction of pMDI crosslinker is beneficial, with this crosslink-
ing being considered to have zero formaldehyde emission and major improvements in
particleboard strength [29]. The average free formaldehyde emission for magnesium lig-
nosulfonate adhesive modified by oxidation with HyO, and the addition of pMDI and
glucose (Recipe 3) was below the maximum standardized limit (beyond 10 times lower,
more precisely 10.9 times) for emission class E1 (3.5 mg/m?h limitative value) and 4.36
times lower compared to class EO (1.4 mg/m?h limitative value), which is required by
the European standard EN 717-2: 1995 [7]. This demonstrated that the introduction of
the PMDI-glucose crosslinker combination strongly decreases formaldehyde emissions,
remaining, as in the case of Recipe 1, below the EO0 class limit of 1.4 mg/m?h and getting
closer to that of solid wood [20].

4. Discussion

The geometry of wood particles has a positive influence and could give good resistance
to the particleboards if they have a needle shape where the length is much larger than
the width and thickness [45]. Large differences were observed between coarse and fine
chips, as observed using granulometry (Figure 2a,b) and as the variation equations from
the figures specified. Moreover, in Figure 1 it was observed that the width and thickness of
the particles are very close to each other when the dimensions of the sieves decrease, and at
a certain moment (when the sieves are smaller than 1 mm x 1 mm) it is no longer possible
differentiate between width and thickness. Therefore, in the research, a clear separation
was made between the two categories of particles (coarse and fine), as other authors have
specified before [44,45]. Referring to the granulometry analysis, large differences were
observed between coarse and fine particles in terms of participation rate. The participation
rate analysis for particles with diverse geometry is justified by the fact that the particles are
mostly inhomogeneous in terms of size and shape. As a result, two particles going through
the same sieve with the same mesh size may differ in shape [17].

The particleboard vertical profile of density obtained with Recipe 2 differs from the
one with Recipe 1 by the distance of the peak density, which is situated at 2.9 mm from the
surface compared to 1 mm in Recipe 1, which means that the calibration operation requires
the removal of thicker layers to have a good density of faces. It is known that not all this
area should be removed during calibration and only the relaxation area should be removed
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after pressing, about 0.2-0.4 mm. Some authors [63,64] observed that in order to obtain
high strengths the peaks of the density profile must be around 900 kg/m?, a value that can
also be observed from the density profile of the boards in Figure 3. It was also found that
the short pressing time brings the two peaks very close to the board surface, and the high
pressing time sends the two peaks to the central area of the board. From this point of view,
the boards obtained in the research had a high pressing time of 16 min, with the two peaks
of density being slightly away from the surface of the board. More distance was obtained
with Recipe 2. The vertical density profiles are presented in Figure 3. It could be observed
that in case of Recipes 1 and 2, the shapes are quite similar, with low surface densities
of about 400 kg/m?> (Recipe 1) and 370 kg/m?> (Recipe 2), which increased to 750 kg/m?>
and 780 kg/ m? at 1.1 mm and 2.9 mm from the surface. In the core layer, the densities
were reduced to values of about 500 kg/m?> and 595 kg/m?, respectively. The uniform and
nearly flat shape of vertical profile of boards (785 kg/m3 on the faces and 610 kg/m? in
the core) was obtained for Recipe 3. This demonstrates higher mechanical properties that
were obtained in the case of Recipe 3 compared to Recipes 1 and 2. Similar results in the
density profile were obtained by other authors [64]. The addition of glucose to Recipe 3
determined the decrease in the differences between the densities for the core and faces
and also the distance between the peak of maximum density, which leads to more uniform
density along the thickness of a board. The addition of pMDI and glucose as crosslinking
agents improved the internal cohesion of particles [13].

Even if the average board densities of the experimental panels were around 650 kg/m?,
the variation in the values differed from one board to another. This is given by the different
standard deviations of the three values of 4.196, 2.060, and 2.065 (Figure 8), as other authors
have stated before [15]. Other authors [15,18] have established that the optimal density of
particleboard could be 680 kg/m?.

Empirical CDF of Recipe 2, Recipe 1, Recipe 3

Normal
Variable
100 /-d"" Recipe 2
— — — Recipe 1
----- Recipe 3
80 Mean StDev N
651.8 4.196 12
6493 2.060 12
. 60 648.6 2.065 12
]
v
o
=~
&
40
20
0
640 645 650 655 660

Density, kg/m”"3

Figure 8. Empirical CDF for density of experimental particleboard.

The empirical cumulative distribution function (CDR) in Figure 8 shows the statistical
distribution of density values. Moreover, if the confidence interval of 95% is taken into
account, the intervals of density variation were found to be 645-653 kg/m? for Recipe 1,
643-660 kg/m? for Recipe 2, and 644-652 kg/m? for Recipe 3. The intervals calculated
statistically and based on the median and the standard deviation overlapped perfectly with
those visible in Figure 8 in the middle area.
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Table 4 shows the one-way ANOVA statistical analysis for the density of the boards
obtained with Recipes 1 and 2. It was found that, out of the 12 values on the basis of
which the means of the densities of the two different types of boards were determined
as a manufacturing recipe, only 1 value does not match. Moreover, the low values of the
F-value and p-value highlighted the normality of the distribution for 95% confidence and
the correctness of the statistical analysis.

Table 4. Analysis of Variance (ANOVA) for particleboard densities.

Source DF Adj. SS Adj. MS F-Value p-Value
Recipe 1 10 97.83 16.31 0.85 0.0582
Error 1 95.83 19.17
Total 11 193.67

The quality of adhesion was assessed by an internal cohesion test that indicated
the strength of the core region. This is influenced by the core density, particle geometry,
and adhesive quantity and distribution. A lower value of IB (of 0.18 N/mm? and below
0.16 N/mm?) was also obtained by Da Silva et al. [44] in the case of solely using calcium
and magnesium lignosulfonates as adhesives for particleboard manufacturing without
crosslinkers. It is obvious that pMDI and glucose as crosslinkers had a positive influence
on the IB strength of the experimental particleboards. Other studies showed improve-
ments in IB by using a combination of bio-based materials (glyoxalase lignin, ammonium
lignosulphonates, tannin, and soya) or urea-based resin with pMDI [26,48].

Static bending strength is one of the most important mechanical properties of particle-
boards, along with the internal bond [29-31]. Figure 9 shows the graphical empirical CDF
for all three manufacturing board types, which highlights the small variation in values.
This is evidenced by the small standard deviations of 0.09, 0.25, and 0.18 N/ mm? for
Recipes 1, 2, and 3, respectively. Taking into account the 95% confidence interval, the
variation ranges of the MOR of 10.41-10.80 N/mm? for Recipe 1, of 15.43-16.44 N /mm?
for Recipe 2, and of 14.93-15.66 N/mm? for Recipe 3 were obtained, which are the same
as those observable on the CDF chart. The addition of pMDI obviously improved MOE
and MOR values (MOR: 11.1 N/mm?, MOE: 2056 N/mm?) as was also observed by Hem-
mila et al. [65] (MOR: 5 N/mm?, MOE: 2000 N/mm?). Similar results for MOR and lower
values for MOE compared to those obtained with Recipe 1 were found by Bekhta et al. [66]
by replacing a urea-formaldehyde adhesive with 10-20% magnesium lignosulfonate and
by Hemmila et al. [51,65] for boards with particleboards produced with urea-melamine-
formaldehyde. An increase in the content of lignosulfonate solution in the adhesive recipe
can lead to an increase in the moisture content, a greater fragility of the boards, and a
higher content of the steam—gas mixture in the process of pressing, determining in this way
a decrease in the MOE and MOR values [65-67].

Many studies [3,13] have shown a decrease in formaldehyde emissions when using
lignosulfonates in the case of composite boards, such as MDF or plywood, using percent-
ages greater than 20% in order to obtain the E1 emission class [14]. In the research, the
use of 15% lignosulfonate compared to the amount of chips in the particleboard manufac-
turing led to obtain the emission class E0 and even below to that of wood formaldehyde
emission. Moreover, all research using lignosulfonates, whether based on magnesium or
ammonium [25,29,33], has had a beneficial effect on reducing formaldehyde emissions
from composite boards. It was shown in this way that the small differences between the
two lignosulfonates, of percentages of less than 6% of magnesium or ammonium, do not
have an influence on the formaldehyde emissions. The low formaldehyde emissions of
experimental boards with pMDI and glucose participation may be explained by the short
time of adhesive film curing the adhesive on the particle surfaces, which can block the
release of formaldehyde from the surface of wood particles. This theory is supported by
the microscopic images, where a good adhesion between wood particles can be noticed.
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Figure 9. Empirical CDF of modulus of resistance (MOR) for the three types of chipboards.

Several studies [44,50,67] concluded that substances with hydroxyl groups positively
influence the internal bond of the lignocellulosic composites and their low formaldehyde

emission. Thus, D-glucose, which has hydroxyl groups in its composition, can decrease the
emission of formaldehyde. Recent research [54] has shown that magnesium lignosulfonate
(15% by weight of wood particles) can be used in fiberboard manufacturing with good
mechanical and physical properties. Their low formaldehyde emission (1.1 mg/100 g oven

dry panel, super EO class), recommend them for indoor uses.
Figure 10 presents a sketch of the main research activities, putting the stress on raw

materials (lignosulphonate and chips) and the pressing of chip mats.

Lignosulphonate

pre-pressing

Figure 10. Scheme of research activities.
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The images of microscopic analysis (Figure 11) of the particleboard structure show
the interconnections between particles. Larger gaps between the bonded wood particles
and the adhesive agglomeration in some areas in the structures without crosslinkers were
observed (Recipe 1) (Figure 11a). The structures of particleboards with Recipes 2 and 3
(Figure 11b,c) were characterized by small and rare gaps and a more uniform distribution
of adhesive, which led to higher values of MOR, MOE, and IB compared to panels with
Recipe 1.

(b)

(o)

Figure 11. Images with 30 x magnification taken on core of panel: (a) without crosslinker (Recipe 1);
(b) with pDMI (Recipe 2); (c) with pMDI and glucose (Recipe 3).
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5. Conclusions

The use of all three adhesive recipes that were based on the magnesium lignosul-
fonate for particleboard manufacturing had significantly impacts in reducing formalde-
hyde emissions by classifying them in the EO and super EO classes. This demonstrated
that magnesium-lignosulfonate-based bio-adhesives can successfully replace the classic
urea-formaldehyde or phenol-formaldehyde adhesives (with high formaldehyde emission).

The granulometric analysis of the wood particles demonstrated the importance of the
different participation rates of the coarse and fine particles in the structure of the panels.
The participation rates of the two chip fractions led to a good internal cohesion of the
chipboard and resistance to static bending.

The particleboards glued with magnesium lignosulfonate in combination with pMDI
and glucose (Recipe 2 and Recipe 3) had very good strengths. The recorded values of
internal bond, MOR, and MOE exceeded the limit values of the EN 312 standard for P1-
type panels. In this way, it was shown that in addition to magnesium lignosulfonate,
particleboard manufacturing recipes must also contain some crosslinkers, which will
increase the strengths of the boards.

The density profiles of the experimental panels showed a good adhesion of particles
by the higher IB obtained with Recipes 2 and 3, which complied with the general principles
and proved that the parameters of the pressing process are decisive in this direction.

The hydroxyl groups of D-glucose (Recipe 3) might lower the emission of formalde-
hyde to the level of some natural wood species.
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