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Abstract. For the production of wood composite materials, adhesives based on cheap and
affordable, but harmful urea-formaldehyde resins are mainly used. Given the substantial production
volumes of such materials, it is important to find environmental solutions to reduce formaldehyde
emissions during their pressing and subsequent operation. The purpose of the study was to present
the results of a study on the use of magnesium oxide nanoparticles to bind unreacted formaldehyde
in wood composite materials. Analysis of methods for manufacturing metal nanoparticles
allowed determining a priority method that allows obtaining ultrafine structures with a size not
exceeding 100 nm, namely, the method of volumetric electric spark dispersion of metals in a liquid.
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Investigating the morphology of magnesium nanoparticles allowed determining that they have
an almost crystalline form formed from the vapour phase, with an average particle length not
exceeding 100 nm. The results of spectral analysis of the element composition in the nanophase,
specifically magnesium and oxygen, demonstrated that the magnesium content does not exceed
32.2%,while oxygen constitutes 67.78%. This indicates that divalent magnesium oxide does not have
a pronounced metallic phase, which would interfere with the sorption processes of formaldehyde.
The conducted examinations of formaldehyde emission of samples of particle boards with modified
magnesium oxide nanoparticles in concentrations of 2% and 8% glue based on urea-formaldehyde
resin showed mixed results. Compared to the control samples, the formaldehyde level remained
almost unchanged on the second day of follow-up, and for a concentration of 2%, it even increased
by 6%. However, by the sixteenth and ninetieth day, a reduction in the level of free formaldehyde
emissions was observed at 19% and 22% respectively. The results obtained can be used to improve

the production of non-harmful particle boards with improved properties

Keywords: ultrafine structures; metal oxide; production method; samples; harmfuly reduction

Introduction

With the development of nanotechnologies, a
substantial body of findings has been accumu-
lated regarding the usage of metal nanoparti-
cles across various fields, ranging from medi-
cine to agricultural production. The usage of
nanometals as fillers in adhesives contributes
to the enhancement of physical and mechanical
properties of medium-density fiberboard (MDF)
wood composite panels. A. Pizzi et al. (2020)
noted that a special feature of the technology
of manufacturing wood composite materials
is the combination of crushed wood particles
with a binder, followed by pressing under the
influence of elevated temperature. O. Bekhta
& T. Krystofiak (2023) indicated that urea-for-
maldehyde (UF) resins are predominantly used
as binders, which are harmful to human health
both during the manufacturing process of MDF
and particleboard (PB) panels and their subse-
quent use. There is experience in reducing un-
reacted formaldehyde emissions by adsorbing it
with nanoscale metals.

In the nanoscale state, there are a large
number of atoms with uncompensated bonds
on the metal surface, which leads to increased

surface energy and their intense interaction
with the environment (Lopatko et al., 2020;
Murmantsev et al., 2022). The effectiveness
of the use of nanomaterials is associated with
the appropriate form of preparation and the
possibility of long-term storage of chemi-
cal and biological activity (Aftandilyants &
Lopatko, 2019).

Metals such as iron, zinc, and aluminium
are most commonly used. H. Alabduljabbar et
al. (2020) established that iron nanoparticles
are able to bind free formaldehyde and react
with it, with the release of CO,, water on low va-
lence iron. The ability of aluminium to improve
the physical and mechanical properties of UF
resin to adsorb free formaldehyde contributed
to the use of aluminium oxide (Al,0,) in various
thermosetting polymers. According to X. Tian
et al. (2017),Zn0 is quite sensitive to formalde-
hyde molecules and is used as part of analysers
to detect free formaldehyde in the air.

There are several methods for producing
metal nanoparticles: explosion of conductors,
electron beam and gas-thermal, mechanical
or chemical dispersion, and evaporation-con-

Vol. 14, No. 3, 2023

Ukrainian Journal of Forest and Wood Science 79


https://sciprofiles.com/profile/466419
https://sciprofiles.com/profile/315853

Effect of magnesium nanoparticles on formaldehyde emissions...

densation of materials. K.V. Vynarchuk et
al. (2021) proved that the method of volu-
metric electric spark dispersion of metals in
a liquid has an advantage in obtaining an ul-
trafine structure not exceeding one hundred
nanometers with the specified characteristics.
The experience of using this method for pro-
cessing aluminium granules in organic matter
has shown that 92.81% of aluminium nano-
particles with a length of 36.6 nm and a width
of 35 nm were formed. Notably, by reducing
the grains of metallic materials in the nano-
scale range, more effective strengthening of
the particle structure is observed (Aftandily-
ants & Lopatko, 2018). Therewith, the average
temperature of the working fluid may be low,
but in microplasma volumes of short-term
sparks, ultra-high temperatures from 10,000
°C to 12,000 °C occur during 10-100 micro-
seconds. Such flares allow obtaining particles
from materials with substantially different
melting points. High cooling rates in the liq-
uid of dispersed spark-erosion particles lead
to a substantial modification of their struc-
ture and the formation of materials with
unique properties.

Magnesium oxide MgO, which has a high
specific surface area and high absorption ef-
ficiency of toxic heavy metal ions and or-
ganic pollutants, was examined in a study by
Z. Fusheng et al. (2022). Experience of using
MgO nanoparticles for the destruction of or-
ganochlorine compounds, adsorption of large
amounts of SO,, CO, HCI, HBr, and other gas-
es allows expecting the binding of unreacted
formaldehyde in wood composite materials.
This issue could be addressed by incorporating
magnesium nanoparticles obtained through
the electrospark method into the adhesive.

The purpose of the study was to investi-
gate the use of magnesium nanoparticles as
a potential adsorbent of unreacted formalde-
hyde in wood composite materials.

Materials and Methods

For the study, crushed pine wood with a humid-
ity of 6%, an adhesive based on urea-formalde-
hyde resin Unicol RESIN 474 (Italy) were used.
As a filler, magnesium nanoparticles were used,
which were added to the resin solution in the
amount of 2% and 8%. For comparison, control
samples were made without a nanofiller.

A total of 9 samples with a thickness of
10 mm and a diameter of 41 mm were produced.
The Temtop M2000 device (China) was used
to measure free formaldehyde values. Meas-
urements were conducted on the second, six-
teenth, and ninetieth days after the production
of prototypes. To determine the formaldehyde
emission experimentally, obtained as a result of
measurement (mg/m® converted to ppm by the
formula (Villanueva et al., 2021):

Crngm3X2445

G w0 @

ppm =

where C - the concentration of free formal-

dehyde fg expressed in ppm (mIn}; or ax10°);
C,om’ — concentration of free formaldehyde in
mg/m3; M.W. — molecular weight of the pollut-
ant (g/mol); 24.45 — molar volume of any gas or
vapour under normal conditions.

Magnesium nanoparticles were obtained
using the method of volumetric spark dis-
persion (VSD) of metals in liquid (Patent
No. 130939..., 2018). The essence of the VSD
method is as follows: metal magnesium gran-
ules are placed in an aqueous medium in a spe-
cial reaction chamber, where a voltage pulse
passes through a freely enclosed layer of gran-
ules, causing current switching in the electri-
cally conductive layer of granules. As a result
of this process, there is electrical erosion of
the surface of metal granules and the forma-
tion of a nanodispersed fraction of magnesium
through the condensation of the vapour phase.
When all parameters of the discharge circuit
are properly coordinated, this nanodispersed
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fraction constitutes a significant portion of the
erosion products. By adjusting the parameters
of the discharge circuit (charging voltage of the
capacitor and its capacitance), the frequency of
pulse passage, their duration, and the initial re-
sistance of the reaction chamber, it is possible
to obtain suspensions with varying concentra-
tions of magnesium nanoparticles.

A layer of conductive magnesium granules
(5-10 mm) was used in the discharge cham-
ber (Fig. 1) to ensure spark-erosion disper-
sion, made of a dielectric. For the volumetric
electrospark dispersion of metal in liquid,
discharge pulses (DP) were generated with
currents ranging from 1 to 10 kA, which is 5
to 500 times greater than the average current
of the power grid. The electrical resistance

of the granule layer (0.1-1 Ohm) depends on
the voltage and frequency of the discharge
pulses and can stochastically vary within the
range of 0.01-10 Ohms with an increase in dis-
charge current by 1.5-5 times (without sparks
between the granules), or a decrease by 2-100
times (with a corresponding increase in the
duration of the discharge pulses, also without
electrical sparks between the granule layer).
The parameters of the discharge circuit are
subject to changes within the following lim-
its: working capacitor capacity C=25-200 uF,
capacitor charge voltage U, =50-250V, and
the inductance of the discharge circuit L did
not exceed 1 pH. The dispersion process was
conducted in a discharge chamber filled with
deionised water.

Figure 1. Device for producing metal nanoparticles
Note: 1 - electric spark generator; 2 — discharge chambers; 3 — discharge pulse control unit

The morphology of the dispersed phase was
determined using a Zeiss SUPRA 40VP electron
microscope (SEM) (Germany).

A colloidal metal solution dried in a Labex-
pert thermal chamber (Ukraine) and ground to
a powdery form was dispersed in distillate to 2%
and 8% concentrations to examine the effect of
nanomagnum oxide on formaldehyde emission.

Adhesive mass according to recipe of A. Kumar
et al. (2018) was introduced into pre-prepared
chips in a ratio of 1:2, respectively. The adhe-
sive weight was 10% of the wood chip weight.
Tarred chips were pressed in a laborato-
ry press in one cycle for 180 seconds, under
the schedule: temperature t=130°C, pressure
p=2.9 MPA. The compressed samples were left
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under the press to cool to a temperature of

t=40°C. After that, they were kept for 48 hours
in a room at an air temperature of t=20°C and

a relative humidity of ¢ =60% 5% (Fig. 2). The
density of the pressed samples was 780 kg/
m’+10% (Mantau, 2012).

Figure 2. Visualisation of components and accessories for sample production
Note: a — colloidal magnesium solution; b - finished samples using an 8% UF resin-based adhesive modified
with Mg nanoparticles in three repetitions; ¢ - moulds for manufacturing samples with an internal diameter

of d=41 mm

The samples together with the Temtop
M2000 device (China) were placed under a
sealed transparent cap with a volume of 12 litres
and the indicators were taken after 15 minutes
on the second, sixteenth and ninety days to de-
termine the free formaldehyde emission index.

Determination of the formaldehyde emission
value was calculated using formula (1).

Results and Discussion

The result of determining the morphology of
the dispersed phase is shown in Figure 3.

Figure 3. View of magnesium nanoparticles through
a Zeiss SUPRA 40VP electron microscope (SEM)

Source: compiled by the authors

Particles that approach the crystalline
shape were formed from the vapour phase. The
presence of spherical particles in the total mass
is the result of spraying the liquid phase. It was
established that the average particle size in

cross-section does not exceed 10 nm when they
are about 60-100 nm long. Therewith, spectral
measurements of the quantitative composition
of the elements that formed the Nanophase
were performed (Fig. 4).
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Figure 4. Result of spectral studies of the composition of nanophase elements

Source: compiled by the authors

The general structure of metal nanoparti-
cles obtained by electric spark dispersion in wa-
ter implies the presence of an oxide layer on the
surface and ametal core. According to the results
of microrentgenospectral analysis (Table 1), it
can be seen that the amount of magnesium in
the total mass of the particle varies from 14.5%
to 32.2%, the rest is oxygen. Considering the
atomic mass of magnesium and its total amount

in the examined phase, it can be assumed that
almost all magnesium forms a MgO compound,
and magnesium nanoparticles do not have a
pronounced metallic phase. Thus, two-valence
magnesium oxide MgO is mainly involved in
sorption and other processes of interaction
between the Nanophase and the medium.

The results of experimental studies are
shown in Figure 5 and Figure 6.

Table 1. Results of microrentgenospectral analysis of magnesium nanoparticles

Spectrum In stats. Mg Total
Spectrum 1 Yes 85.55 14.45 100
Spectrum 2 Yes 70.73 29.27 100
Spectrum 3 Yes 67.78 32.22 100
Spectrum (o)
Max. 85.55 14.45
Min. 67.78 32.22
Source: compiled by the authors
Vol. 14, No. 3, 2023 Ukrainian Journal of Forest and Wood Science 83
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Figure 5. The level of free formaldehyde emission when using an adhesive based on UF resin
modified with magnesium nanoparticles in various concentrations
Note: a — on the second; b — on the sixteenth day after pressing

Source: compiled by the authors
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Figure 6. Emission of free formaldehyde when using an adhesive based on UF resin modified with
magnesium nanoparticles in various concentrations of 2% and 8% on the ninetieth day

Source: compiled by the authors

On the second day, when using magnesium,
the value of the isolated formaldehyde was on
average 0.263 ppm for samples modified with
a 2% solution and 0.260 ppm for 8%, while the
control indicators were 0.188 ppm. On the six-
teenth day, the control remained at a constant
level of 0.186 ppm, while Mg 2% was 0.189 ppm
and 0.150 ppm for 8%, which is 19% lower than
the control.

On the ninetieth day, repeated measure-
ments were made to understand the effect of
nanoscale magnesium on the formaldehyde
binding process in the long-term use of chip-
board. The following results were obtained: for
samples modified with a 2% colloidal solution

of magnesium nanoparticles — 0.184 ppm, for
8% —0.144 ppm, which is a 22% reduction in the
emission of the test gas relative to the control.
In turn, the level of formaldehyde emission in
samples not modified with a nanofiller fluctu-
ated within the standard error and amounted to
0.185 ppm.

Similar research results were obtained by
G. Paul et al. (2021) when using magnesium
lignosulfonate in the adhesive formulation.
However, an increase in the content of lignosul-
fonate solution in the adhesive formulation, ac-
cording to the authors, can lead to an increase in
moisture and the content of the combined-cy-
cle gas mixture during the pressing process,
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and an increase in the brittleness of the plates
(Hu et al., 2015; Bekhta et al., 2021). Studies by
E. Athanassiadou et. al. (2009), A. Pizzi (2013),
and S. Costa et al. (2019) showed a reduction in
formaldehyde emissions (up to the production
of panel class — E1) when using magnesium
lignosulfonates in the case of wood composite
boards such as MDF or plywood, using a filler
content of more than 20% (Alonso et.al., 2005).

The results obtained show that magnesi-
um has the ability to act as an adsorbent due
to the fact that a strong four-membered ring
involving a carbonyl group (CO) is formed on
its surface links. This results in the weakening
of the carbonyl bond to nearly a single bond.
Nanoscale magnesium can be considered as a
stoichiometric chemical reagent. Its high sur-
face area means that 30-40% of magnesium
fragments are located on the surface, which
allows adsorption reactions to occur in the sto-
ichiometric range, and its electronic structure
involves only s-p electrons.

According to M. Nagpal & R. Kakkar (2020),
there are several ways to adsorb formaldehyde
onto MgO nanostructures. Depending on the
coordination and type of defect site, different
adsorption products are formed, and all reac-
tions are exothermic. Low-coordination mag-
nesium centres have high reactivity and adsorb
the formaldehyde molecule. Oxygen from the
carbonyl group coordinates with the surface
centre of magnesium, which leads to the forma-
tion of a four-coordinate complex, in which the
carbonyl bond is substantially weakened, which
leads to the destruction of formaldehyde.

In the works of researchers P. Cademartori
etal. (2018), W. Gul et al. (2021), it is established
that the experience of using magnesium oxide
for formaldehyde adsorption is still insubstan-
tial, but there is interest in using nanoparticles
of other metals to reduce the toxicity of parti-
cle boards. The positive effect of aluminium,
iron, and zinc oxide nanoparticles on the bind-

ing of free formaldehyde when the latter were
introduced into the UF resin solution was ob-
served in the studies by M. Salem et al. (2013),
S. Dinesh Ram et al. (2022).

Considering the surface feature of mag-
nesium nanoparticles, P. Gabriela et al. (2022),
A.E. Elsayed et al. (2023) consider it appropri-
ate to use them for binding unreacted formal-
dehyde in the manufacture of wood composite
materials, which will contribute to the envi-
ronmental friendliness of both the technolog-
ical process and products during operation.
This modification of wood-composite materi-
als makes it possible to obtain materials with
additional characteristics and added value
(M. Shvets et al., 2020). Moreover, the issue of
reducing the toxicity of finished products made
of wood composite materials is a priority for
the furniture industry (Pinchevska & Smidriak-
ova, 2016).

Conclusions

Analysis of studies on the use of metal nano-
particles — iron, zinc, and aluminium as a mod-
ifier of UF resin to reduce formaldehyde emis-
sions showed the possibility of reducing free
formaldehyde emissions into the air during the
long-term operation of wood composites. The
experience of using magnesium oxide, which
has a high specific surface area and high ab-
sorption efficiency of hamful heavy metal ions
and organic pollutants, allowed determining
the possibility of using nanomagnet as an ad-
sorbent for binding unreacted formaldehyde in
wood composite materials. The scientific origi-
nality lies in the production of magnesium ox-
ide nanoparticles using the electric spark meth-
od, which made it possible to achieve average
particle sizes in the range of 5-60 nm. Experi-
mental studies of the production of magnesium
nanoparticles by the electric spark method and
their subsequent use as a binder filler for the
production of chipboard samples confirmed the
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hypothesis of reducing formaldehyde emission.
Further research is necessary to determine the
optimal concentration of nanometals in the ad-
hesive used for the manufacture of wood com-
posite materials.
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AHoTauis. [I711 BUpOOHUIITBA IepeBHMUX KOMITO3UIIIITHMX MaTepiaiiB epeBaskHO BUKOPUCTOBYIOTh
Kiei Ha OCHOBI [IeIIeBUX Ta JOCTYITHUX, IIPOTE€ TOKCMYHUX KapbamimodopmaibaerigHmux CMOJI.
BpaxoByioun 3HaUHi 06CATY BUPOOHMUIITBA TAKMX MaTepiasliB, aKTyaJbHUM € IOIIYK €KOJOTIUHMUX
pillleHb MO0 3MEHIIeHHs BUKMUIIB (GopMasblerimy Mg dvac ixX IpecyBaHHS Ta TOAJbIIOL
ekcrutyaTariii. MeTolo cTaTTi OGyJl0 TPeACTaBUTM DPe3yIbTaTH MOCTIIKEHHSI 3 BUKOPUCTAHHS
HAHOYACTMHOK OKCUAY MarHilo /i 3B’SI3yBaHHSI HeIpopearoBaHoro ¢opmaibaeriny vy
JIepeBMHOKOMITO3UITIfHNX MaTepianaxX. AHami3 crioco6iB BUTOTOBJIEHHSI HAHOUYACTUMHOK MeETaliB
[TO3BOJIMB BUSHAUYUTY MPiOPUTETHUI METO/, 1110 JO3BOJISIE OTPUMATHU YIIbTPAAUCIIEPCHI CTPYKTYPH,
po3Mmip sikux He nepeBuinye 100 HM, a camMe MeTof, 06’€MHOTO €JIEKTPOiCKPOBOTO IMCIIEPTYBaHHS
MeTaliB y piguHi. BuBueHHST Mopdosorii HaHOYACTMHOK MarHil0 JO3BOJWJIO BU3HAUYUTH, LIO
BOHM MalOTh Maike KpUCTATIYHY GOpM sika yTBOpmiacs 3 mapoBoi (asu, Ta cepemHst TOBXKUHA
YacTMHOK He rnepeBepirye 100 HM. Pe3ynbraTul crieKTpaqbHUX AOCTIIKEHb CKIAy eeMeHTIB Y
HaHoda3si a came MarHiwo i KMCHIO, TTOKa3aJii, 110 KiJIbKiCTh MaTHii0 He nepeBuinye 32,2 %, a 67,78
% 3aiiMmae KuceHb. Lle CBifuMTh Mpo Te, 10 IBOXBAJIEHTHUI OKCUJI, MArHil0 He Ma€ BUPaskeHOI
MeTaneBoi ¢asu, sika 6 3aBaskana rnpoiecaMm copbiii opmanbaerimy. [IpoBeneHi HOCTiIKEHHS
emicii popmasbaeriny 3paskiB 1epeBUHOCTPYKKOBUX TUIUT i3 MOAMGPIKOBAaHMM HaHOYACTMHKAMM
OKCUJIY MarHilo B KOHIIEHTpalisgx 2 % i 8 % kieem Ha ocHOBi KapbamimodopmanbaerigHoi cMonu
MOKa3a HEOAHO3HAYHi pe3ylbTaTu. Y MOPiBHAHHI 3 KOHTPOJIbHUMM 3paskaMy Ha APYyTy H00y
criocTepeskeHHsI piBeHb (OPMasbAeTioy Maike He 3MiHMBCS, a [T KOHIeHTpauii 2 % HaBiTh
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36iMbIIMBCS HA 6 % . IIpoTe, BXKe Ha IIICTHAALSATY i IeB’STHOCTY 100y CIIOCTePirasocs 3HMKEHHS
piBHS BuIineHHS BinbHOTO popmanbaerimy Ha 19 % ta 22 % BimmoBigHo. OTpuMaHi pe3ynbraTu
MOXYTb 6YTM BMKOPUCTaHi Y BAOCKOHAJIEHHI BUPOOGHMUIITBA HETOKCUUHUX T€PEBUHOCTPYKKOBUX
IUTUAT 3 TTIOKPALIEHVMU BJIACTUBOCTSIMMU

KiiouoBi cioBa: yibTpaguCIIEPCHI CTPYKTYpU; OKCUZ, MeTasliB; CIIO0Ci6 OTpMMAaHHS; 3pasKu;
3HMKEHHS TOKCMYHOCTI
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