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Highlights

What are the main findings?

e Particleboards were effectively recycled through acid hydrolysis using ammonium
chloride and oxalic acid, enabling the selective and efficient removal of cured urea-
formaldehyde (UF) adhesive.

e  Oxalic acid showed improved effectiveness, reducing the nitrogen content of the
recycled particles by more than 85%.

What is the implication of the main finding?

e  The recycled particles exhibited good thermal stability, low acid buffer capacity and
no significant impact on the curing temperature or time of UF adhesive.

o  Treatment with a 1% oxalic acid solution for 30-min reaction time produced recycled
particles suitable for manufacturing new particleboards.

Abstract

Acid hydrolysis can be more efficient than water hydrolysis, particularly in breaking
down cured adhesives found in waste panels within a shorter reaction time, which could
benefit large-scale industrial processes. This study evaluates the effects of various acid
hydrolysis conditions on the thermal, physical, and chemical properties of recycled particles
intended for particleboard production. Particleboards were recycled using oxalic acid and
ammonium chloride at different concentrations and reaction times at 122 °C. The thermal
stability of the particles was determined by thermogravimetric analysis. Particle size
distribution, particle morphology, nitrogen content, pH and acid /base buffer capacity were
analyzed. The effect of the recycled particles on the urea-formaldehyde (UF) curing was
assessed using differential scanning calorimetry and the gel time method. The recycled
particles exhibited a higher thermal degradation beyond 200 °C, indicating their thermal
stability for manufacturing new panels. The acid treatments did not damage the anatomical
structure of the particles, preserving the prosenchymatous elements. The nitrogen content
of recycled particles decreased by up to 90% when oxalic acid was used, compared to
raw board particles. Recycled particles exhibited a lower pH, with a maximum reduction
of 44%. They also showed a decreased acid buffer capacity and an increased base buffer
capacity compared to raw board particles. This effect was particularly pronounced in
treatments that included ammonium chloride. The recycled particles did not significantly
affect the peak polymerization temperature of the UF adhesive. However, some treatments
affected the gel time of the adhesive, particularly those using 30% ammonium chloride.
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The results indicate that particleboards can be effectively recycled through acid hydrolysis,
mainly with oxalic acid, which provides better results than hydrolysis using water alone.
Oxalic acid showed increased selectivity in eliminating the cured UF adhesive, resulting in
recycled particles suitable for manufacturing new panels.

Keywords: wood-based panels; post-consumer wood; circular economy; wood waste;
differential scanning calorimetry; gel time; particle morphology; particle size; thermogravi-
metric analysis; urea-formaldehyde removal

1. Introduction

Particleboard production reached record levels in 2021-2022, with global production
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averaging more than 110 million m? per year, an increase of more than 13 million m
the previous year. Asia led particleboard production with an average of 49.5 million m
(44.8%) in 2021-2022, followed by Europe with 46.7 million m? (42.3%), while the Americas
accounted for 11.8 million m? (10.7%) [1]. The global particleboard market is experienc-
ing rapid expansion, driven by increasing demand from the construction and furniture
industries. As an environmentally responsible product, particleboard uses wood residues,
low-value wood, lignocellulosic materials derived from agricultural residues, and an
increasing amount of wood waste from construction, renovation, and demolition [2]. Parti-
cleboard plays a significant role in carbon storage, with a lifespan of 25 to 30 years, which
far outweighs the carbon emissions generated during its manufacturing [3]. At the end of
its life cycle, particleboard is often disposed of through energy recovery (incineration) or
sent to a landfill. This is due to the presence of chemical contaminants, such as adhesives
based on formaldehyde and coatings based on melamine, which necessitate pre-treatment
to enable effective recycling [4]. Most particleboards are bonded with adhesives containing
nitrogen, such as urea-formaldehyde (UF). The incineration and disposal of these materials
in landfills create environmental and health issues. The combustion of particleboard re-
leases toxic substances, including nitrogen oxide (NOx) at levels four times higher than
those from wood, along with formaldehyde, ammonia, isocyanates, and other hazardous
emissions resulting from formaldehyde-based adhesives [5]. When landfilled, particleboard
can release formaldehyde and other volatile organic compounds into the environment, con-
tributing to air pollution. This practice generates greenhouse gases, such as methane and
leachate, that can contaminate soil and groundwater and adversely affect ecosystems [6].
Life cycle assessment (LCA) studies have demonstrated that recycling particleboard waste
to manufacture new panels is the most sustainable option for minimizing its environmen-
tal impact in most LCA categories [4,7], thereby reducing demand for virgin wood and
promoting a circular economy.

The volume of particleboard waste is substantial and is projected to rise in the coming
years [8]. This increase is due to high production rates, which lead to waste from non-
compliant products during manufacturing, as well as waste generated when the panels
reach the end of their lifespan. Europe and Asia are the two main contributors to global
post-consumer wood recycling, accounting for 29.7 million m® (77.7%) and 8.5 million m3
(22.2%), respectively, while recycling in the Americas is negligible [1]. Currently, the use of
post-consumer wood in panel manufacturing is almost exclusively limited to untreated,
unpainted, clean wood waste. Efforts to incorporate particleboard waste into new parti-
cleboard manufacturing processes are limited. This is why it is necessary to find effective
recycling solutions.
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One of the challenges in particleboard recycling is optimizing hydrolysis conditions
while balancing the quality of recovered particles with the effective removal of cured UF ad-
hesive. The goal is to produce recycled material that provides the panel with good physical
and mechanical properties, meeting standard requirements while eliminating UF residue to
keep formaldehyde emissions of the new panels within acceptable levels. Previous research
has indicated that thermal hydrolysis of particleboard waste under specific conditions can
produce new particleboards with properties meeting established standards. Studies by
Fu et al. showed that hydrolysis at 100 °C for 100 min, 120 °C for 60 min, and 140 °C for
20 min using a reactor successfully removed 51.7-65.0% of the cured UF adhesive from
recycled particles. The particleboard made from this recycled material exhibited good
physical and mechanical properties, with formaldehyde emissions comparable to those of
virgin particles. [9]. However, hydrolysis at 140 °C for 20 min increased the gel time of the
UF adhesive, which can impact hot pressing time and production costs [10]. Moreover, the
hydrolysis process involves heating and cooling the reactor, which significantly prolongs
the recycling time. Acid hydrolysis can offer advantages over water hydrolysis, particularly
in terms of efficiency and reaction time. These benefits are mainly due to the enhanced
ability of acidic solutions to break down cured UF resin and even decompose the crystalline
regions of the adhesive [11]. Cured UF resins are more susceptible to hydrolysis under
humid acidic conditions than under neutral or alkaline environments [12]. We hypothesize
that acid hydrolysis could be more effective than other methods in breaking down adhe-
sives present in particleboard waste, requiring a shorter reaction time or lower temperature,
which could be advantageous for large-scale industrial processes. While managing the
acids and effluents requires additional precautions, the overall cost may be lower due to
the process’s speed and efficiency. While some investigations have focused on the acid
hydrolysis of particleboard and medium-density fiberboard waste [11,13,14], uncertainty
remains regarding the optimal conditions, including the type of acid, its concentration, and
reaction time, to achieve high-quality recycled particles while also ensuring satisfactory
removal of cured UF adhesive. The present study will address these issues, demonstrating
its originality and contribution to the field.

In this context, this study aims to evaluate the effects of various acid hydrolysis treat-
ments on the thermal, physical, and chemical properties of recycled particles intended for
particleboard production. The research includes (1) thermogravimetric analyses (TGA)
to assess the thermal stability of recycled particles subjected to different types of acids
and conditions to minimize thermal degradation and improve the quality of the recycled
particles for future studies; (2) analysis of particle size distribution and microscopic char-
acteristics of recycled particles; and (3) examination of the chemical characteristics of the
recycled particles, including nitrogen content, pH levels, and acid /base buffer capacities,
as well as their influence on UF adhesive curing behavior, evaluated through differential
scanning calorimetry (DSC) and the gel time method.

2. Materials and Methods
2.1. Materials

Three-layer raw particleboards without any overlay, such as paper laminates, with a
thickness of 15 mm, and bonded with UF adhesive, were used. The adhesive content of
the raw particleboards was not specified. The panels were cut into specimens measuring
50 mm x 50 mm to be subjected to various hydrolysis conditions according to Fu et al. [10].
Additionally, the raw particleboards were cut and ground for further characterization and
comparison with the recycled particles. The ground material from raw particleboards was
referred to as raw board particles. Virgin particles without UF adhesive were obtained from
Tafisa Canada, Lac-Mégantic, Quebec, Canada. Both virgin and raw board particles were
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used as a reference for thermal and chemical analysis of the recycled particles. The oxalic
acid and ammonium chloride, both at >99% purity, used for the hydrolysis treatments
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fisher Chemical (Ottawa,
ON, Canada), respectively. The choice of acids was based on their effectiveness in removing
cured UF resin, as observed in previous studies on the recycling of MDF [13,14].

2.2. Acid Hydrolysis Treatments

The raw particleboards were recycled in a Scientific Prevacuum Sterilizer, model SV-
120 from STERIS® Amsco® Century™ (Mentor, OH, USA), operating at a chamber pressure
of 124.1 £+ 1 kPa and a maximum temperature of 122 °C. This equipment was selected
for its faster heating rate, reaching the target temperature of 120 °C in 12 min, compared
to 80 min required by a conventional reactor. The pressure applied corresponds to the
only setting used by the equipment throughout the process. A total of 90 & 1 g of raw
particleboard in 50 mm x 50 mm pieces was placed in a 3 L beaker containing 1.5 L of
each acid solution. The panels were hydrolyzed for 30 and 60 min using oxalic acid and
ammonium chloride acid solutions at two concentration levels. The hydrolysis conditions
were established from preliminary tests. Each combination of acid, concentration level,
and reaction time constituted a treatment, with three replicates. Additionally, a treatment
using only water for 60 min was used for comparison. Table 1 presents all the combinations
considered in the hydrolysis treatments. For all treatments, the hydrolysis reaction was
considered complete when the solution reached a temperature of 122 °C. Thermocouples
were used to measure the temperature inside the beakers. At the end of the reaction time,
the particles were filtered using Whatman® grade 1 filter paper and washed three times
with distilled water, 150 mL each time. The particles were oven-dried and stored for further
characterization. The acid hydrolysis treatment used is summarized in Figure 1.

Table 1. Water and acid hydrolysis treatments applied.

Treatment Code Treatment Initial PH of the Acid SO]':lhon Reaction Time (min)
Solution Concentration (%)

W-60 Water 5.55 - 60
0OA1%-30 min Oxalic acid 1.47 1 30
0OA1%-60 min Oxalic acid 1.47 1 60
0OA2%-30 min Oxalic acid 1.21 2 30
0OA2%-60 min Oxalic acid 1.21 2 60
AC25%-30 min Ammonium chloride 3.95 25 30
AC25%-60 min Ammonium chloride 3.95 25 60

AC30%-30 min Ammonium chloride 3.41 30 30
AC30%-60 min Ammonium chloride 341 30 60
[ — 15 —

Acid solution

Sterilizer

Figure 1. Hydrolysis treatment process used for raw particleboard recycling.

Vacuum filtration

RT-TAP

Sieve shaker
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2.3. Characterization of Recycled Particles
2.3.1. Thermal Stability

The thermal stability of the virgin particles, the raw board particles, and the recycled
particles was assessed using a thermogravimetric analyzer model STARe System TGA /DSC
3* from Mettler Toledo (Mississauga, ON, Canada). Approximately 8 mg of ground samples
were analyzed for each treatment in triplicate. The analysis was performed using a heating
rate of 10 °C/min. The measurement range was set between 35 and 500 °C under a
controlled nitrogen atmosphere. Additionally, a set of samples consisting of raw board
particles was analyzed in the presence of oxalic acid and ammonium chloride solutions at
varying concentrations to determine the degradation stages of the panels under different
acidic conditions, using a 1:1 ratio.

2.3.2. Granulometric and Morphological Characterization

For the particle size analysis of the recycled particles, approximately 60 g of oven-dried
material from each hydrolysis condition was placed in an RO-TAP RX-29 sieve shaker
(Mentor, OH, USA). The particle size distribution was classified using 12-, 20-, 35-, and
48-mesh screens. The samples were shaken for 15 min to obtain different size fractions,
whose weights were expressed as percentages representing the particle size distribution of
the sample. The particle size distribution of each treatment was evaluated in triplicate.

The microstructure and morphology of the recycled particles obtained from acid hy-
drolysis were examined using a scanning electron microscope (SEM) from JEOL JSM-6360LV
(Saint-Hubert, QC, Canada), operating at 25 kV. Samples were placed on an aluminum disk
with double-sided conductive carbon tape, and then gold sputtered in an EMS 950x sputter
coater (Hatfield, PA, USA).

2.3.3. Nitrogen Content

The nitrogen content of the virgin particles, the raw board particles, and the recycled
particles was determined using a Perkin Elmer 2410 Series II Nitrogen Analyzer (Shelton,
CT, USA). Before testing, the samples were ground to an appropriate particle size using
a Retsch ZM100 ultra-centrifugal grinder mill (Haan, Germany), resulting in particles of
<1.05 mm. Approximately 30 mg of sample was used for each evaluation, with analyses
conducted in triplicate for each treatment.

2.3.4. pH and Acid/Base Buffer Capacity

The pH and buffering capacity of the virgin particles, the raw board particles, and the
recycled particles were measured using the extraction procedure proposed by Fu et al. [10].
Approximately 25 g of oven-dried particles were placed in a 500 mL flat-bottom flask with
200 mL of distilled water. The flask was connected to a condenser and heated until reflux
was established in the sample for 20 min. The time measurement started when the water
began to boil. The mixture was then filtered using Whatman® grade 4 filter paper. The
sample was washed twice with 75 mL of distilled water each time. The extracted solution
was diluted to a final volume of 500 mL. The extraction was performed in duplicate for
each treatment. A titration procedure was performed to determine the acid and base buffer
capacities of the extracted solutions. The initial pH before titration corresponded to the
pH of the extracted solution. One hundred mL of the extracted solution was pipetted
into a 200 mL beaker and continuously stirred. A 0.0125 mol/L sulfuric acid (H»SO4)
solution was used to titrate the solution until a pH of 3 was reached to measure the acid
buffer capacity. The same procedure was followed for the base buffer capacity, using a
0.025 mol/L sodium hydroxide (NaOH) solution to titrate the solution until a pH of 11
was achieved. For each treatment, two extractions were performed, and the acid and base
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titration procedures were repeated twice for each extracted solution. Thus, the acid and
base buffer capacity of each treatment represents the average of four measurements.

The pH of each treatment corresponds to the average of eight measurements (2 ex-
tractions x 2 acid buffer capacities x 2 base buffer capacities). The acid and base buffer
capacities, expressed in millimoles (mmol), were determined using the following equations:

1
Acid buf fer capacity (mmol) = 0.0125%0}‘ H,S04 x volume of titrant (1)

Base buf fer capacity (mmol) = O.OZSOmTOIOf NaOH x volume of titrant )

2.3.5. Influence of the Recycled Particles on the UF Curing Behavior and Gel Time

The impact of recycled particles on the curing behavior of UF adhesive, the most
commonly used in panel manufacturing, was investigated. The UF adhesive used had a
pH of 7.9 at 25 °C and a solids content of 70.4%. The polymerization temperature of UF
adhesive in the presence of recycled particles was determined using high-pressure capsules
in a DSC2550 Discovery Series from TA Instruments (New Castle, DE, USA). In total, 5 mg
of each type of recycled particle was used for the analysis, with measurements performed
in triplicate for each condition. A heating rate of 10 °C/min was applied under a controlled
nitrogen atmosphere, spanning a temperature range from 30 °C to 180 °C. The gel time of
UF adhesive in the presence of recycled particles was determined using a Sunshine Gel
Time Meter. In a beaker, 30 g of UF adhesive was mixed with 3.5 g of each oven-dried
recycled particle (particle size retained on a 48-mesh sieve). Additionally, 1% of a 25%
ammonium chloride catalyst was added to the UF adhesive. Approximately 5 g of the
mixture was placed in a 150 mm test tube and tested to determine the gel time at 100 °C.
Measurements were performed in triplicate for each type of recycled particle. The pure UF
adhesive was used as a reference for DSC and gel time analysis.

2.4. Statistical Analysis

To evaluate the effects of the different types of acids, the acid concentrations, and
reaction times on nitrogen content, pH, acid /base buffer capacity, and gel time, a 23 factorial
experiment was designed. The data were analyzed using ANOVA. The model assumptions
for each response variable were assessed and, when necessary, were satisfied through a
transformation using the “boxCox” function from the “car” package in R [15]. Additionally,
a second ANOVA test was conducted to compare the acid hydrolysis treatments with
the W-60 min treatment, virgin particles, and raw board particles. A Tukey test was also
performed to analyze significant differences between all treatments. All statistical analyses
were conducted using the R software version 4.3.2 [16].

3. Results and Discussion
3.1. Thermal Stability

Figure 2A shows the thermal stability of the virgin particles, the raw board particles,
and the recycled particles under different hydrolysis conditions. Thermogravimetric curves
provide information on the particle degradation stage as a function of temperatures. Virgin,
raw board particles, and recycled particles treated with water and oxalic acid exhibit
a single well-defined degradation stage. Degradation begins at approximately 120 °C
in all cases, with a maximum degradation temperature of about 330 °C for W-60 min,
OA1%-60 min, and OA1%-30 min. For virgin particles, raw board particles, OA2%-60 min,
and OA2%-30 min, the maximum degradation temperature was close to 365 °C. At these
temperatures, the degradation of cellulose present in the sample structure is likely to have
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occurred [17]. In wood fibers, hemicelluloses typically begin to degrade at temperatures
ranging from 180 to 350 °C [18]. Cellulose, on the other hand, degrades between 200 and
450 °C [19]. The pyrolysis process notably slowed between 400 and 500 °C, resulting in
minimal mass loss. Within this temperature range, lignin degradation occurs [20].

100 | A ‘ Oxalic acid

80

60
—— Raw board particles

(= \/irgin particles

Weight loss (%)

e \W-60MiN
e OA1%-30min
40 - - OA1%-60min
= OA2%-30min
= OA2%-60min
AC25%-30min
20 AC25%-60min
= AC30%-30min
- AC30%-60min
o]
100 200 300 400 500

Temperature (°C)

80 4

60 +

Weight loss (%)

40 -

Raw board particles-OA1%
Raw board particles-OA2%
Raw board particles-AC25%
Raw board particles-AC30%

20 4

100 200 300 400 500
Temperature (°C)

Figure 2. (A) TGA curves of the virgin, the raw board particles, and the recycled particles (B) TGA

curves of raw board particles in the presence of various acid solutions.

During the panel manufacturing process, it is crucial to carefully select the pressing
conditions to prevent excessive degradation of the wood’s chemical components, which
could negatively impact the panel’s mechanical properties. On the other hand, the recycled
particles obtained using ammonium chloride exhibited two degradation stages. The first
stage of degradation began below 200 °C, with a weight loss primarily attributed to the
decomposition of ammonium chloride [21]. The most significant weight loss occurred
between 300 and 380 °C, which is associated with the thermal decomposition of cellulose
present in the particles. This degradation pattern can also be observed in Figure 2B, where
raw board particle samples were tested in the presence of the different acid solutions. The
samples containing ammonium chloride solution (yellow and purple lines) exhibited two
degradation stages, which align with the TGA curves of the recycled particles (Figure 2A).
This indicates that in AC25%-30 min, AC25%-60 min, AC30%-30 min, and AC30%-60 min,
ammonium chloride residues remain within the particles, despite multiple washings after
the acid hydrolysis treatment. Also, the TGA curves of the raw board particle samples in
the presence of oxalic acid (Figure 2B) exhibit a similar degradation behavior to that of
the particles recycled with this acid (Figure 2A). In general, all recycled particles exhibit
good thermal stability, similar to that observed in the TGA curve of virgin particles used
for particleboard manufacturing. The highest degradation rates occur at temperatures
above 200 °C. As these temperatures are generally higher than those used in the panel
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manufacturing process, particles recycled from all hydrolysis conditions can be used in the
manufacture of new panels.

3.2. Granulometric and Morphological Characterization

The size distribution of the recycled particles is shown in Figure 3. For all hydrol-
ysis conditions, the highest percentage of particles was retained by the 12-mesh sieve,
corresponding to particles >1.68 mm. The retention percentage ranged from 46% to 52%,
with AC25%-60 min and AC30%-60 min exhibiting the highest proportion among the acid
hydrolysis-treated recycled particles (49.8% and 49.4%, respectively). The values observed
for particles recycled using only water were higher, at 51.6%. For the 20-mesh sieve, the
retention percentage ranged from 24% to 26% across all cases, corresponding to particle
sizes between 0.84 mm and 1.68 mm. Between 12% and 15% of the particles were retained
by the 35-mesh sieve, with all acid treatments exhibiting a slightly higher percentage of
particles in this category than W-60 min. A similar trend was observed for the 48-mesh
sieve, where the retention percentage ranged from 6% to 9% in all acid treatments.

60 T
aW-60min
0OA1%-30min
0A1%-60min
B OA2%-30min
B 0OA2%-60min
AC25%-30min
AC25%-60min
BAC30%-30min
BAC30%-60min

Y
(=]
1

Mass of particles (%)
(%] w
(=] [=]

10 +

Bottom (< 0.30) 0.3 0.5 0.84 1.68
Particle size (mm)

Figure 3. Size distribution of recycled particles from various hydrolysis conditions.

Particles smaller than or equal to 0.30 mm were collected at the bottom of the sieve,
and their content never exceeded 5% in any case. All the treatments evaluated showed
a low percentage of fine particles, which is ideal if the aim is to reuse these particles in
the production of new panels. Fine particles have a high specific surface area. Therefore,
an increased proportion of fines would necessitate the use of more adhesive during man-
ufacturing to attain the desired properties of the panels. This is not optimal from a cost
perspective. Additionally, the results showed that using acid solutions in the hydrolysis
process does not significantly alter the dimensions of the recycled particles compared to
those obtained using water alone. No significant macroscopic differences were observed
among the particles obtained. They showed uniform coloration and no noticeable size
variation, as confirmed by visual inspection and granulometric analysis. SEM images of
recycled particles obtained by acid hydrolysis treatments are shown in Figure 4.
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Figure 4. SEM images of recycled particles obtained by acid hydrolysis. (A) OA1%-30 min;
(B) OA1%-60 min; (C) OA2%-30 min; (D) OA2%-60 min; (E) AC25%-30 min; (F) AC25%-60 min;
(G) AC30%-30 min; (H) AC30%-60 min.

The structure of particles obtained through acid hydrolysis is unaffected by the acidic
solutions used; the fibers remain well-defined across all treatments. The images indicate
that recycled particles are composed of a mixture of softwood and hardwood species. The
acid hydrolysis treatment was highly selective toward the adhesive, effectively preserving
the integrity of the prosenchymatous elements. This is evident in the perforation plates of
hardwoods, which can be observed in Figure 4A; bordered pits in the softwood tracheides
shown in Figure 4C-E; as well as in cell walls. Another noteworthy observation is the
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absence of delamination in the longitudinal tracheids in softwoods and fibers in hardwoods.
This serves as a strong indicator that the acid was not sufficiently strong to dissolve the
middle lamella. This conclusion is supported by the fact that no signs of separation were
observed in the cell bundles. Likewise, a clearly defined vessel composed of various
vessel elements can also be distinguished in Figure 4F, as well as the presence of bordered
pits in Figure 4G. In Figure 4H, a tangential section of a softwood particle reveals well-
defined uniseriate rays. The presence of these structures in the samples indicates a high-
quality anatomical integrity of the recycled particles, suggesting their potential as a viable
alternative for producing new particleboards. The high quality of the particles helps to
preserve their cellular structure, particularly the secondary wall, which contains a high
proportion of crystalline cellulose. This preservation contributes to greater thermal stability,
since crystalline cellulose can withstand higher temperatures before decomposing. In
contrast, particles with fractures or structural deterioration degrade more quickly due to
their internal structure being more exposed to heat. Although not thoroughly investigated
in this study, the porosity of the particles may influence the polymerization of UF resin.
A high number of pores could affect diffusion and lead to a shift in the reaction phase
during the curing process. In other words, the mobility of the UF resin could be reduced,
potentially resulting in the formation of separate adhesive droplet clusters on the particle
surface that are not interconnected [22]. This could cause some functional groups to remain
inactive, thereby decreasing the reaction enthalpy. Furthermore, no adhesive residues or
foreign elements were detected in the recycled particles. The TGA analysis revealed the
presence of ammonium chloride in the recovered particles (AC25%-30 min; AC25%-60 min;
AC30%-30 min; and AC30%-60 min). However, no visible crystals or precipitates were
observed in the SEM images (Figure 4E-H). This suggests that the ammonium chloride
may be retained within the cell lumens and void spaces of the particles.

3.3. Nitrogen Content

The nitrogen content found in the virgin particles, the raw board particles, and the
recycled particles is shown in Figure 5. The nitrogen content of raw board particles was
determined as a control sample, yielding a value of 2.48%. This amount contrasts with and
exceeds that obtained in virgin particles, which was 0.31%. Hagel and Saake [23] reported
similar nitrogen contents (0.3%) in neet wood particles from poplar and spruce species.

The high nitrogen content in the raw board particles compared to virgin particles
is due to the presence of cured UF adhesive and the ammonium chloride catalyst, both
used in particleboard manufacturing [10]. Consequently, a decrease in nitrogen content
following hydrolysis is associated with the removal of the cured adhesive from the recycled
particles. After the acidic hydrolysis, the nitrogen content values of recycled particles
were significantly lower than those of the raw board particles. Hydrolysis treatments
using oxalic acid proved to be more effective than those using ammonium chloride. For
oxalic acid treatment, the nitrogen content of recycled particles was reduced by 85% to
90%, depending on concentration and reaction time. The OA1%-60 min treatment exhib-
ited the lowest nitrogen content in absolute terms (0.25%), representing a 90% reduction
in nitrogen content compared to raw board particles. Among the ammonium chloride
treatments, AC25%-30 min yielded the best results in terms of removing cured UF, with
a nitrogen content of 0.92%, representing a 63% reduction compared to raw board fibers.
As previously described, ammonium chloride particles remained in the recycled parti-
cles, which may have contributed to slightly higher nitrogen content values compared
to the oxalic acid treatments. The W-60 min treatment exhibited a nitrogen content of
0.57%, representing a 77% reduction compared to the raw board particles. The W-60 min
remains a better treatment than ammonium chloride under the conditions tested in our
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study. Also, the W-60 min performed better than the treatment reported by Fu et al. [10]
under comparable conditions, specifically at a temperature of 120 °C and a reaction time of
60 min. In their study, the nitrogen content in the recycled particles was found to be 0.95%
(a 58.7% reduction compared to the control samples). The factorial ANOVA reveals a strong
interaction between reaction time, acid type, and its concentration, which significantly
affects the nitrogen content (Table 2). The effect of time depends on the type of acid and its
concentration. When using a lower concentration, the nitrogen content in the ammonium
chloride treatments increased with longer reaction times, whereas at higher concentrations,
it remained constant. In contrast, when using oxalic acid, neither time nor concentration
has an impact on the nitrogen content. In addition, statistical analysis showed that particles
recycled with oxalic acid had the same nitrogen content as virgin particles and a lower
nitrogen content than those recycled at W-60 min, indicating a higher efficiency of oxalic
acid hydrolysis (Figure 5).

3.00 T
2.50 | }
2.00 |
1.50 1
1.00 | ¢
b
ﬂ : a
11 00
] I B o & o P -
5 S o T o8 T o T S

e
@ '{;\6 ’3\° o\ o\ €§\° o\e o\
VAN S ¥ S
OF 08 07 08 & & &

Nitrogen content (%)

0.50 +

e,
)

Figure 5. Nitrogen content of the virgin particles, the raw board particles, and the recycled particles
from various hydrolysis conditions. Means with the same letter are not statistically different by
Tukey’s test.

Table 2. Summary of results of factorial ANOVA for chemical properties with F-values and p-values
obtained for acid type, concentration, reaction time, and their interaction.

Variation Source Nitrogen Content pH Béiep]:lliﬁ?r Gel Time
Type of acid (A) 2732.8 822.9 9180.5 32.6
yp (<2.2 x 10716 %) (<2.2 x 10716 %) (<2.2 x 10716 %) (32 x 1075 %)
Concentration (C) 138.3 4415 1098.1 35
(2.8 x 1077 %) (<2.2 x 10716 %) (<2.2 x 10716 %) (8.1 x 1072)
Reaction time (T) 0.2 56.6 35.6 35
6.7 x 1071 (4.8 x 10710 %) (3.7 x 1076 %) (8.1 x 1072)
(A x O 34.6 101.7 902.5 72.8
(2.3 x 1072 %) (3.4 x 10714 #) (<22 x 10716 %) (24 x 1074 %)
(A % T) 0.3 357.7 35.0 0.9
(6.0 x 1071 (<2.2 x 10716 %) (4.2 x 1076 %) (3.5 x 1071)
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Table 2. Cont.

Variation Source

Base Buffer

Nitrogen Content pH Gel Time

Capacity

(C x T)

(AxXxCxT

9.0 7.5 357.9 10.7
(8.5 x 1073 %) (8.2 x 1073 %) (6.3 x 10716 %) (4.7 x 1073 %)
15.6 27.6 484.7 2.6
(1.1 x 1073 %) (2.4 x 1076 %) (<22 x 10716 %) (12 x 107

Values in parentheses are the p-values. The * represents the significant differences, where the p-value is less
than 0.05.

3.4. pH and Acid/Base Buffer Capacity

Table 3 presents the pH levels of virgin particles, raw board particles, and recycled
particles. The pH of the virgin particles was measured at 5.25, while the raw board particles
had a pH of 5.37. The pH levels of all particles obtained through acid hydrolysis were
lower than these values. Using oxalic acid, the highest recorded pH was in OA1%-60 min,
with a value of 4.14, which represents a 23% reduction compared to the raw board particles.
In contrast, OA2%-30 min showed the most significant reduction in pH, approximately
39%. On the other hand, among the recycled particles treated with ammonium chloride,
AC30%-60 min showed the highest pH reduction, with a 44% decrease, resulting in a pH of
3.00. The pH levels of particles treated with ammonium chloride were lower than those
obtained with oxalic acid. This could be attributed to the presence of small quantities of
residual ammonium chloride in the recycled material.

Table 3. pH levels of virgin particles, raw board particles, and recycled particles from various
hydrolysis conditions.

Virgin Raw Board
Particles Particles

0A1%-30 0A1%-60 0A2%-30 0A2%-60 AC25%-30 AC25%-60 AC30%-30 AC30%-60
min min min min min min min min

W-60 min

5.25h 5.371
(1.09) (1.01)

3.86f 4.148 3.28¢ 3.46¢ 3384 3.17b 3.34¢d 3.002
(3.19) (3.54) (1.50) (1.42) (1.15) (1.59) (1.25) (0.29)

Values in parentheses represent the coefficient of variation (%). Means that share the same letter are not statistically
different according to Tukey’s test.

The pH level of particles is a crucial property for the manufacture of new particleboard,
as it can influence gel time, which in turn impacts pressing time and the final properties of
the panels. Although the polymerization of UF adhesive used in particleboard production
is most effective under acidic conditions, excessively low pH levels can adversely affect the
fabrication of new panels due to the rapid polymerization of the adhesive. Unlike the acid
treatments, the pH of the W-60 min recycled particles was higher (5.89) than that of the
virgin particles and the raw board particles. Using similar conditions, Fu et al. [10] obtained
a pH of 6.57 in recycled particles using water alone. The statistical analysis revealed that
reaction time has a differential effect on pH, depending on the type of acid solution and
its concentration (Table 2). When using oxalic acid, the pH increases over time, whereas
with ammonium chloride, it tends to decrease (Table 3). In this case, notable differences in
the slope of the pH level obtained with oxalic acid and ammonium chloride under both
concentration conditions suggest an interaction between treatment and time. On the other
hand, there are significant differences in pH levels obtained for acid hydrolysis treatments
compared with W-60 min, the virgin particles, and the raw board particles.

The buffer capacity of a solution is a measure of its ability to neutralize strong acids
(acid buffer capacity) or strong bases (base buffer capacity) while maintaining a stable
pH [24]. It indicates the amount of a strong acid (such as H»SOy4) or a strong base (such as
NaOH) that can be added to the solution before a significant increase or decrease in pH
occurs. Table 4 presents the acid /base buffer capacity of the different recycled particles.
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Particles obtained through acid hydrolysis show a lower acid buffer capacity than virgin
and raw board particles. This indicates that these particles will be less effective in resisting
pH changes in the presence of strong acids, leading to a faster pH decrease compared
to virgin and raw board particles. This effect is more pronounced in treatments with
ammonium chloride, reaching its maximum in the case of AC30%-60 min. The W-60 min
treatment exhibits the same acid buffer capacity as virgin particles and is highly similar
to that of raw board particles. Since all the acid buffer capacity values in the AC30%-
60 min treatment were 0, the model assumptions were not met, and an ANOVA could
not be performed on the factorial design to evaluate the influence of the factors. When
comparing the acid hydrolysis treatments, significant differences in acid buffer capacity
were found among the virgin particles, the raw board particles, and the W-60 min treatment.
According to the Tukey test, the treatments with ammonium chloride are statistically
similar. Differences are observed between the oxalic acid treatments at 1% and 2%, but no
significant differences exist between treatments with the same concentration. Finally, virgin
and raw board particles do not differ significantly from each other. The acid buffer capacity
is an important factor to consider when reusing recycled particles to produce new panels.
Wood particles with a high acid buffer capacity can significantly affect the curing process
of the UF adhesive commonly used in particleboard manufacturing [25].

Table 4. Acid/base buffer capacity of virgin particles, raw board particles, and recycled particles
from various hydrolysis conditions.

Buffer Virgin Raw . OA1%-30 OA1%-60 OA2%-30 OA2%-60  AC25%-  AC25%-  AC30%-  AC30%-
. K Board W-60 min . . . . . . . .
Capacity Particles . min min min min 30 min 60 min 30 min 60 min
Particles
Acid 0.223¢ 0.238°¢ 0.2119e 0.158 ¢ 0.171 < 0.083 0.107° 0.0682 0.0552 0.0572 0*
(mmol) (3.2) 0.5) 9.5) (16.6) (19.4) 6.9) (18.4) (16.7) (17.9) (14.6) (0)
Base 0.341° 0.407° 0.1592 0.493¢ 0.550 <4 0.6104 0.550 < 2.266f 1.266© 2.6878 3.236M
(mmol) (7.3) (2.0) (16.6) (11.7) (7.1) (2.0) (7.1) (4.4) (2.0) (1.0) (22)

Values in parentheses are the coefficient of variation (%). Means with the same letter are not statistically different
by Tukey’s test. * Excluded from the analysis because all results were 0.

On the other hand, the base buffer capacity exhibits a different behavior. The base
buffer capacities of virgin particles and raw board particles are similar. However, the
base buffer capacity of the particles recycled by acid hydrolysis increased, with a more
pronounced effect with ammonium chloride, regardless of acid concentration or reaction
time. In particular, the AC30%-60 min treatment exhibited an almost eightfold increase
compared to raw board particles. The base buffer capacity of the particles recycled with
oxalic acid also increased, but to a lesser extent. This increased capacity makes these
particles more stable against disturbances, such as the addition of strong bases. Conversely,
in particles obtained through hydrolysis with water (W-60 min), the base buffer capacity
significantly decreased compared to virgin and raw board particles. The factorial ANOVA
results indicate that the effect of reaction time on the base buffer capacity depends on the
type of acid solution used (Table 2). When using ammonium chloride, the base buffer
capacity decreases at lower acid concentration and increases at a higher concentration. In
contrast, with oxalic acid, the base buffer capacity remains constant as both reaction time
and acid concentration increase.

3.5. Influence of the Recycled Particles on the UF Curing Behavior and Gel Time

The polymerization reactions of UF adhesives are typically exothermic. The adhesive
cures through a polycondensation process, during which water and methanol are released
through an exothermic reaction, as characterized by DSC analysis. Figure 6 shows the
peak temperature for pure UF adhesive and mixed with each type of recycled particles
obtained by hydrolysis with water alone and in acid solutions. This peak temperature
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corresponds to the point at which the reaction reaches its maximum intensity [26] and, in
our case, represents the temperature at which the UF adhesive polymerizes in the presence
of recycled particles. The peak temperature of the pure UF adhesive obtained in our
study was 89.7 °C. Particles treated with oxalic acid showed a slight decrease in peak
temperature during the curing reaction, except for OA1%-60 min. A more pronounced
effect was observed in treatments using a 2% oxalic acid concentration compared to pure
UF adhesive. However, in the OA1%-60 min treatment, the peak temperature was slightly
higher than that of the pure UF adhesive. Conversely, the presence of particles treated
with 25% ammonium chloride resulted in a higher peak temperature compared to pure UF
adhesive. In the cases of AC30%-30 min and AC30%-60 min, the peak temperatures were
marginally lower than those of pure UF adhesive.

- -7 T~ _Peak: 88.7°C
Peak: 89.3 °C
Peak: 90.5 °C
— — AC30%-60min
Peak: 90.4 °C —— AC30%-30min
AC25%-60min
- Peak: 87.0 °C AC25%-30min
_________________________________ - — OA2%-60min
Peak: 85.6 °C —— OA2%-30min
ear: o8- — — OA1%-60min
— - _ Peak:90.4°C —— OA1%-30min
__________ - TN~ _____._ —— W-60min
Peak:888°C T T T 771 ——UF
Peak: 91.2 °C
I I I I
60 80 100 120 140 160

Temperature (°C)

Figure 6. Differential scanning calorimetry curves for the curing of pure UF adhesive and UF adhesive
mixed with the recycled particles.

Therefore, no clear pattern emerges regarding the influence of recycled particles on
the peak temperature. However, their presence subtly affects the peak temperature of the
UF curing reaction. If the recycled particles from our study are used to produce new panels,
the UF adhesive curing reaction would be suitable, as indicated by the DSC results.

The influence of recycled particles on the gel time of UF adhesive is shown in Figure 7.
The gel time of UF adhesive in the presence of recycled particles treated with oxalic acid
does not exhibit significant differences compared to pure UF adhesive. This is a positive
indicator for reusing these particles in producing new panels, as it would not require addi-
tional pressing time or a higher amount of catalyst to accelerate the polymerization reaction
of the adhesive. Additionally, the OA1% treatments differ from the OA2% treatments
regardless of reaction time. On the other hand, the influence of particles obtained with
30% ammonium chloride is primarily reflected in the reduction in the gel time of the UF
adhesive. In treatments AC25%-30 min and AC25%-60 min, the gel time is equal to that
of pure UF adhesive. These results may be attributed to the lower acidity of the recycled
particles compared to the virgin particles. This result aligns with the findings of Xing
et al. [27], who suggested that UF adhesive mixed with lower pH particles requires less
curing time. Additionally, it has been reported that an increase in the acid buffer capacity
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AC30%-60min

AC30%-30min

AC25%-60min

AC25%-30min

0A2%-60min

0A2%-30min

OA1%-60min

0A1%-30min

W-60min

UF

of the wood particles is associated with a longer gel time [28]. In this case, the acid buffer
capacity of the recycled particles is low. Therefore, it can be inferred that the gel time of
the UF adhesive in the presence of these particles would be shorter than that of the UF
adhesive alone.

71— a
——F—— a
—— cd
——— ahc
I ] 1 d
; } i d
) i abc
——1+——ab
} 1 abc
—F— bcd
130 135 140 145 150 155 160 165 170
Gel time (s)

Figure 7. Influence of the recycled particles on the gel time of UF adhesive. Means with the same
letter are not statistically different by Tukey’s test.

The ANOVA revealed a significant interaction between the type of acid used and its
concentration (Table 2). As oxalic acid concentration increases, the gel time also increases.
In contrast, when the ammonium chloride concentration increases, the gel time decreases.
Furthermore, there is a significant interaction between the concentration used and the
hydrolysis reaction time. At lower concentrations, the gel time is longer, reaching 60 min.
However, at higher concentrations, the gel time remains constant regardless of the hydroly-
sis reaction time. When comparing the acid hydrolysis treatments with W-60 min and pure
UF adhesive, significant differences were observed between some treatments.

4. Conclusions

This study demonstrates that recycling particleboards using an acid hydrolysis process
is advantageous due to its efficiency in removing the cured UF adhesive while preserving
the thermal stability and quality of the recycled particles. The TGA shows that the recycled
particles exhibit a higher degradation percentage beyond 200 °C. All recycled particles
exhibit good thermal stability and can be used to manufacture new panels. For hydrolysis
treatments with ammonium chloride, the TGA curves reveal that a small fraction of acid
remained on the particles even after multiple post-treatment washing steps. However, SEM
images did not indicate the presence of crystals or encrustations that might be associated
with ammonium chloride residues.

The anatomical structures of recycled particles remained in excellent condition, and
no delamination occurred between the tracheids or fibers of the wood particles. The
presence of vessels, bordered pits or uniseriate rays in the samples indicates a high-quality
anatomical integrity of the recycled particles. The nitrogen content of recycled particles was
significantly lower than that of raw board particles, particularly for hydrolysis with oxalic
acid. For the latter, the nitrogen content was similar to that of virgin particles. Treatment
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with 1% oxalic acid for 60 min achieved a maximum reduction in nitrogen content of
90%. This demonstrates the efficiency of acid hydrolysis treatments in removing cured UF
adhesive from recycled wood particles, particularly when oxalic acid is used.

In all hydrolysis treatments, the pH of the recycled particles was lower than that of raw
board particles, with a more pronounced effect in the particles obtained from ammonium
chloride hydrolysis. This should be considered when using recycled particles to produce
new panels, as the acidity of the particles affects the curing of the UF adhesive. Additionally,
the base buffer capacity of the recycled particles was higher, while their acid buffer capacity
was lower than that of the raw board particles. The latter is advantageous for producing
new panels using recycled particles, as a high acid buffer capacity could significantly affect
the curing process of the UF adhesive.

The recycled particles had no significant effect on the peak curing temperature of
the UF adhesive. The range of peak temperatures obtained was approximately 86-91 °C,
which is very similar to the curing temperature of pure UF adhesive. On the other hand,
treatments with 30% ammonium chloride for both 30 and 60 min had a significant influence
on the gel time of the UF adhesive, thereby reducing the polymerization reaction time. The
remaining treatments exhibited a gel time similar to pure UF adhesive.

Finally, oxalic acid performed better than ammonium chloride and water alone, demon-
strating higher selectivity in removing the cured UF adhesive found in particleboards.
Additionally, oxalic acid can remove more cured UF in half the time of water hydrolysis.
Based on the results regarding nitrogen content, pH, buffer capacity, and gel time of the
UF adhesive, it is recommended to treat the material with 1% oxalic acid for 30 min. This
approach will yield recycled particles that are suitable for producing new particleboards.
To consolidate these findings and support industrial-scale implementation, future research
will focus on producing new panels using recycled particles treated under the most ef-
fective acid hydrolysis conditions identified in this study. Further studies should also
explore alternative acids to enhance process efficiency, conduct life cycle assessments to
compare the environmental impacts of the proposed methodology to waste incineration,
and evaluate the use of bio-based resins as eco-friendly binders to minimize formalde-
hyde emissions from panels made from recycled particles. This research contributes to
advancing circular economy practices in the panel industry, offering a viable approach to
particleboard recycling.
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