iriried applied
e sciences

Article

Comparison of Methodologies for Acid Buffering
Capacity Determination—Empirical Verification
of Models

Patryk Krol”, Piotr Borysiuk® and Mariusz Maminski *

Warsaw University of Life Sciences—SGGW, Faculty of Wood Technology, 159 Nowoursynowska St.,
02-776 Warsaw, Poland; patryk_krol@sggw.pl (P.K.); piotr_borysiuk@sggw.pl (P.B.)
* Correspondence: mariusz_maminski@sggw.pl; Tel.: +48-22-593-85-27

check for
Received: 18 April 2019; Accepted: 5 June 2019; Published: 7 June 2019 updates

Abstract: Raw materials used in particleboard production may have different chemical properties as
they have different origins, nature, and storage histories. One of the most important factors is the
acidity of the wood which affects the process of bond line formation. Thus, determination of the
acid buffering capacity (ABC) of a raw material helps to adjust the optimal amount of hardener in
the adhesive. In the present study, three methods for pH-metric ABC determination in the presence
of lignocellulosic material were compared. Models that correlate the hardener amount with the
internal bonding of particleboards were built from the ABC results. The approach was tested on
three materials of different acidity—pine, oak, and ammonia-treated oak. The developed models
allowed the prediction of the optimal amount of hardener for the maximized internal bond of the
boards. The experimental verification of the models showed a high convergence of the calculated and
empirical results.

Keywords: wood acidity; buffering capacity; particleboard; internal bond; root-mean-square error
(RMSE) model

1. Introduction

Particleboards produced from raw wood material are highly affected by the properties of the
wood. It has been reported in the literature that changes in the raw material caused by the storage
time, age of tree, location in stem, and origin may have a strong impact on its chemical properties,
and, subsequently, on the mechanical and physical properties of wood-based materials [1-4]. These
phenomena impose adjusting conditions on the process, especially in terms of the adhesive used and
the amount of hardener.

The chemical properties of wood and wood extractives, such as pH value and buffering capacity,
are considered prime factors in bonding [5]. The gel time of a urea—formaldehyde (UF) resin strongly
depends on the acidity of the wood substrate which is associated with the content of the wood
extractives [6,7]. The buffering capacity of a material is the sum of the buffering capacities of each
individual acidic and basic component and the effect of the interactions among them [8].

Buffering capacity () is defined as

Macid
= -, 1
b= At M)
where 1,.; is the number of acid moles that caused a change in the pH of a solution, expressed as ApH.
The buffering capacity value can be applied to woody material used in, for example, the
particleboard industry. This can be the simplest and most accurate approach to describe the influence
of a raw material on the adhesive gelation process without the need for deep insight into the chemical
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properties or the origin of the feedstock. As a result, it is possible to find the most accurate amount of
hardener so that the effects of the basic or acidic components of the wood are balanced. A commonly
used methodology is based on the extraction of chips in boiling water and titration with acid solution
or titration of the acetic acid liberated from the wood [9,10]. Most common protocols found in the
literature are based on the titration of wood aqueous extracts to the end point at pH 3 [11,12] or
pH 4 [13]. These values are the pH at the gel point for UF resins. However, it has been recently
proved that such a protocol for the determination of the acid buffering capacity of wood material is
not reliable [14]—not all compounds present in wood are soluble in hot water [15], although they still
have an influence on the adhesive gelation process. This leads to the hypothesis that the buffering
capacity determination cannot be based on the titration of wood extractives but must include the
titration of a woody material suspension (chips or fibers). Several aspects investigated in a previous
study revealed that the presence of lignocellulosic material in a titrated system was crucial [14]. More
recently, another alternative approach to determine the ABC of woody material has been proposed [16].
A simplified method with a pre-acidification step has been shown to be more resistant to the influence
of the measurement conditions and the operator.

Thus, the main aim of the present study was to compare three different methodologies for the
determination of the acid buffering capacity (ABC) in the presence of woody material in the form
of chips and to evaluate which one best describes the true acid buffering capacity of the wood. The
obtained ABC values were correlated with the internal bond of particleboards, so that a protocol
providing the most reliable results could be indicated.

In this paper, different methods of measuring acid buffering capacity were examined. Basic
statistical methods, including linear regression and root-mean-square error (RMSE), were used to build
and compare the models. Three materials of very different chemical characteristics were chosen for the
experiments—oak, pine, and ammonia-treated oak.

2. Materials and Methods

2.1. Acid Buffering Capacity (ABC)—Methodology

Industrial pine (Pinus silvestris L.) chips were sorted on 0.15, 1.00, 3.00, and 6.00 mm mesh
sieves and stored in a leakproof container at room temperature until the pH and buffering capacity
determination. The overall procedure can be described as (1) chips cutting, (2) drying, (3) sorting, (4)
suspending in water, and (5) titration. The latency time between the addition of water and the titration
was 60 min. The titrant portions were added in one-minute intervals.

According to a previous study, four factors were defined as crucial—the presence of wood in the
system, the chip suspension prepared at room temperature, 0.025 N (0.05 M) H,SOy as a titrant, and
the water-to-raw-material ratio of 200/20 (g/g) [16]. In order to determine the titration end point (pH 3
or 4), complete titrations were carried out to pH 3 (1-3 mm chips size; 60, 300, 1200, 2400, and 3600 s
mixing time). For each series, three models were calculated— for the complete set of data, 34 for the
data from the titration starting point to the boundary of pH 4, and 343 for the data between pH 4 and
pH 3. The resulting values were used to calculate the RMSE and the coefficient of variation for two
models, 3~(>4) and B~(B>4, Ba-3)-

The pH meter (Mettler Toledo SevenEasy), equipped with a glass pH ERH-12 electrode (Hydromet,
Poland), was calibrated with a standardized buffer solution to pH 4.01 (Mettler-Toledo AG). Titrations
to pH 3 or 4 were completed by the addition of 1.0 mL aliquots 0.025 N (0.05 M) H,SO, in one-minute
intervals. The mixing of the suspension was kept continuous (160 rpm) from the addition of 200 g
of distilled water to 20 g of chips until the end of titration (orbital shaker SK-O330-PRO, Scilogex,
LCC. Berlin, CT, USA). The time required to stabilize the pH of the suspension was determined by the
observation of the pH drift for 60 min (continuous stirring without titration).
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2.2. ABC Determination

Three methods for ABC determination were examined. For the first method (M1), 20 g dry chips
were added to 200 g distilled water, stirred for 45 min, then titrated with 0.025 N H,SO, until the end
point at pH 4 [14]. The suspension was continuously mixed (160 rpm). For the second method (M2),
20 g dry chips were added to 250 g water pre-acidified to pH 2.6 with HCI (200 g water plus 50 g
0.05 M HCI), stirred for 45 min, and then the pH of the suspension was measured [16]. For the third
method (M3), 20 g dry wood chips were suspended in 200 g distilled water and mixed (160 rpm) for
45 min. The pH drift was monitored constantly. The final pH was used for the ABC calculations. All
determinations were performed at room temperature.

2.3. Particleboard Preparation

In this study, chips of pine (Pinus silvestris L., pH 5.0), oak (Quercus robur L., acidic, pH 4.10),
and ammonia-treated oak (Quercus robur L., alkaline, pH 8.10) [17] were used as raw materials for
particleboard manufacturing. Each material was cut into chips on a laboratory hammer mill with a
sieve size of 5 mm (round holes). The chips were dried to 3-5% moisture content and manually sorted
on 4 mm and 1 mm mesh sieves. Fractions stopped on the 1 mm sieve were used to prepare 16 mm
thick, one-layer particleboards to the target density of 700 kg/m>. The adhesive system was formulated
as follows: commercial urea—formaldehyde resin (solids 65%, viscosity 230 mPas at 20 °C) and 20%
ammonium chloride solution were used as a binder and hardener, respectively. The hardener was
used in amounts 0, 1.1, 2.2, and 3.3 parts by weight per 50 parts of the UF resin (pbw) for pine; 0, 1.1,
and 2.2 pbw for oak; and 2.2, 3.0, 4.8, and 34.3 pbw for ammonia-treated oak. The adhesive spread on
the chips was 10% based on the solids. Panels of dimensions 300 mm X 300 mm X 16 mm were pressed
at 180 °C under 1.0 MPa for 288 s (press factor: 18 s/mm). After conditioning for 7 days at normal
conditions, the panels were cut into 50 mm x 50 mm samples and subjected to internal bond testing.

2.4. Internal Bond (IB) Tests

The measurement of the IB involves applying a tensile force perpendicular to the plane of the
board. In practice, blocks bonded to the surface of the board enable a specimen to be mounted in
the machine (Figure 1). Material fracture takes place in the core of the sample, most often in a plane
parallel to the surface. The IB was tested on an Instron 3369 universal testing machine (Instron Ltd.,
Norwood, MA, USA).
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Figure 1. Tool for measuring perpendicular tensile strength in accordance with EN 319 (A—bonded
block, S—particleboard specimen, G—glueline, and F—force).

2.5. Amount of Hardener

On the basis of the amount of hardener in the adhesive and the obtained IB values for pine and
oak particleboards, the second-degree linear correlation between these factors was determined. The
approach allowed the optimal amount of hardener to be found, indicated by the highest IB. For each
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of the ABC determination methods (M1-M3), a linear correlation between the hardener amount and
the ABC was established. The efficacy of each method based on these relationships was empirically
verified on the particleboards made of the alkaline material—ammonia-treated oak—where the optimal
amount of hardener was calculated from the models.

2.6. Statistical Analysis

For the theoretical analysis of the models with different titration limits (pH 3 or 4), the RMSE
index was used. The root-mean-square error (RMSE) is a measure of the differences between the values
predicted by a model and the values observed. It is defined by Equation (2):

@

where 7 is the number of observations, j; is the observation value calculated from the model, and y; is
the measured value.

3. Results and Discussion

3.1. ABC Methodology

The titration curves for different mixing times have very similar shapes, excluding the first few
measurement points corresponding to 1-10 milliliters of titrant added. After reaching the boundary of
pH 4, the curves are almost linear (Figure 2). A small displacement was caused by the different pH
at the titration starting point. The data in Figure 2 also show the effect of the different latency time
(suspension mixing prior to titration) that renders slight shifts in the curve position and, subsequently,
may provide slightly different results—the final volume of the titrant added ranged between 70 mL
and 82 mL.

6.5
6" W60 s
5.5 .:. € 300 s
", v 1200 s
5 LS
e ..:g:;;m A 2400 s
4.5 '-.._223;;;5% : » 3600 s
IIII.- v 5;;;.
4 -.l..'.'.zsze.pr
Uy ."10¢;¢0 Erpp -
3.5 "l.uu;32:::”:55;;;,;“,;.
bbdoadii1 111
3 v 11113 TN
0 10 20 30 40 50 60 70 80

Vo.02sn H2SO, [ml]

Figure 2. Pine chip suspension titration curves. Different initial latency times render a different system
response. The curves can be assumed as linear under the boundary of pH 4.

The ABC values can be predicted by two models, B~(f354) and B~(Bs4, B4-3), with a coefficient
of determination as high as R? = 0.99. The RMSE values of 1.27 and 1.32 show differences between
the predicted and observed values. The higher the RMSE value, the less accurate the model is. Thus,
the f~(P4, Pa3) model seems to be slightly inferior, though both can be considered correct [18].
These models confirm that the buffering capacity of chip suspension under the boundary of pH 4
becomes irrelevant for the study. Moreover, the “simplified” 3~(f3-4) model exhibited a slightly smaller
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coefficient of variation equal to 1.60 (Table 1). Hence, titration to pH 4 instead of pH 3 seems sufficient
for a proper determination of the ABC of a woody material.

Table 1. Root-mean-square error (RMSE) and coefficient of variation (less = better) of linear regression
models based on the same data.

Model B~(B>a) B~(B>4, Bas)
RMSE 1.27 1.32
Coefficient of variation (%) 1.60 1.67

As shown in Figure 3 and Table 2, particle size had a strong effect on the titration curves. Fractions
of 0.15-1.0 mm provided an almost linear response, while the curves for 1.0-3.0 mm and 3.0-6.0 mm
fractions became linear after some amount of time as the system required more time for equilibration.
This indicates that the effective surface area of particles has a strong influence on the ABC measurement,
as the equilibration rate is the highest for the smallest chips, as well as on the resultant ABC value. A
high surface area in fine chips can be associated with an increased ABC. Thus, the data in Figure 3
indicate that it is not plausible to compare the ABCs found for different particle sizes. Surprisingly,
the observation is contrary to reports by Pedieu et al. who found that particle size did not impact the
buffering capacity [11]; however, it is coherent with the findings of Elias and Irle who recognized that
particle size had an effect on wood acidity [1]. However, it is noteworthy that the authors used a classic
method based on the analysis of aqueous extracts as described by Johns and Niazi [9].
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Figure 3. The effect of chip size on the pH in suspension (pine chips, 60 min latency time, end point pH 4).

Table 2. Acid buffering capacity (ABC) per gram of woody material.

Chip size (mm) 0.15-1.0 1.0-3.0 3.0-6.0
Initial pH 495 5.10 5.30
ABC per g wood 0.130 0.082 0.076

The data in Table 2 clearly indicate that the observed acid buffering capacity decreases as the
particle size increases. The initial pH of the suspension—after 60 min—reveals that a slower penetration
of water into the particles’ structure causes a slower diffusion of the extractives into water, hindering
acidification. The pH curves for the chip suspensions shown in Figure 4 are quite similar in shape.
After some amount of time all three become almost stable and linear. The changes in pH are dynamic
for the first 10 min and come from the equilibration in the system. This suggests that starting the
titration of the suspension—when mixing for at least 30 min is avoided—leads to serious errors caused
by a significant change in the initial pH which, subsequently, provides an incorrect ApH.
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Figure 4. pH drift of pine chips in water suspension for different chip size.

According to previous investigations [14,16] and results shown in this work, it can be concluded
that measuring the ABC for woody materials is a process susceptible to a number of factors (e.g., wood
presence, chip size, and latency time) that affect the response of the system. None of the factors can be
neglected as they have a significant influence on the measured value. Therefore, it is impossible to
compare the ABC results from different methods as, for instance, different particle sizes give different
ABC values even if the same determination method was used. Moreover, the presented models indicate
that there is no need to titrate the chip suspension to below pH 4 as the difference in the final result is
statistically insignificant. What must be considered, too, is the suspension mixing time as it is critical
for the initial pH; therefore, the latency time to titration has been defined as at least 30 min.

3.2. Developed Protocol for ABC Determination

Regarding all the above, a protocol for ABC determination based on an original methodology
including the presence of woody material (chips) in the titrated system has been defined. The developed
protocol comprises four steps: (1) preparation of material, (2) chip suspension mixing until stabilized
pH, (3) pH-metric titration of chip suspension, and (4) calculations. The presence of chips in the system
and the avoidance of boiling are what makes the difference between the new method and the classic
one involving aqueous extracts [9].

Thus, the procedure can be delineated as follows: 20 g chips of known moisture content and
defined size range as used in a given particleboard production process are added to 200 g distilled
water. (The amount of these can be changed as long as the weight ratio of 1:10 is kept.) The suspension
needs to be mixed (160 rpm) at room temperature for 30 min or until a stabilized pH is reached. Do not
filter the chips prior to titration. Then titrate the suspension with 0.025 N HCI or HySO4 (1.0 mL titrant
per minute) to pH 4. Use Equation (3) for the calculation of the acid buffering capacity per gram:

B An AVXn
m  ApHxm  ApHXm’

Prs = ®)
where f,¢ is the acid buffering capacity per gram, f is the acid buffering capacity, m is the dry chip
mass (g), An is the amount of added acid, ApH is the resulting change in pH, AV is the titrant amount
in 1.0 liter, and #n is the mmol titrant per liter.

After the substitution of the fixed values, m = 20 g, n = 50 mmol/L, Equation (4) can be calculated:

AV Xxn AV

Prs = ApHxm — ApHx25’ @)
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3.3. ABC Effect

The tensile strength perpendicular to the surface of a board is considered a measure of the internal
bond (IB) of the particleboard that is strongly correlated with the strength of the adhesive bond between
the chips in a panel [18-22]. Therefore, the IB was involved in building a correlation with the ABC
of the chips used as the raw material in the particleboard preparation. Boards made of pine and oak
chips, with different amounts of hardener, were prepared. In the case of the pine panels (Table 3), the
thickness of the PO sample was apparently higher, while the structure on the cross-section was rough
and loose. In contrast to PO, the structure in the cross-sections of P1 and P2 was more homogeneous
and compact. In P3, where the hardener amount was beyond the optimum, a loose structure in the
cross-section also occurred. This phenomenon results from the rapid curing of the adhesive with an
excess of acidic hardener and subsequent deterioration of the bond line by acid upon storage [1,5]. In
the case of the oak panels (Table 4), it was difficult to observe any significant differences in the structure
or thickness of the three boards, regardless of the hardener amount. However, the 1B results shown in
Figure 5 clearly indicate that the maximum internal bonding is achieved with a hardener addition as
small as 0.75 pbw. This is in accordance with the observations reported by Roffael and co-workers who
found that highly acidic oak chips can be bonded with UF resins without any hardener at all [23].
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Figure 5. The correlation between the internal bond (IB) and the amount of added hardener in pine
and oak particleboards.

Table 3. Sample appearance of the boards made of pine.

Sample Po P1 P2 P3
Hardener 0 1.1 22 3.3
Species Pinus silvestris L.
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Table 4. Sample appearance of the boards made of oak.

Sample Qo Q1 Q2
Hardener 0 1.1 2.2
Species Quercus robur L.

Surface

Cross-section

As indicated in Figure 5, different amounts of hardener result in different IBs for particleboards.
For both pine and oak particleboards, a second-degree linear correlation (R? > 0.99) between the IB and
the hardener amount were found. Thus, the hardener amount for the highest IB could be predicted.
The correlation of IB = f(hardener amount) calculated for the pine and oak particleboards can be
used to predict the optimal amount of hardener for a material with a totally different chemical nature.
Hence, the optimal hardener amount was calculated for the ammonia-treated oak (Table 5), taking into
account the three different ABC measuring methods (M1-M3).

Table 5. ABC values for different materials, calculated amount of hardener for highest value of IB for
different raw materials.

Pine Oak Ammonia-Treated Oak
Method
ABC Hardener ! [pbw] ABC Hardener ' [pbw] ABC Hardener 2 [pbw]
M1 0.68 0.48 7.23 34.31
M2 0.89 0.73 0.23 1.77 2.82 481
M3 5.00 419 5.97 3.02

! calculated optimal amount—see Figure 5, 2 predicted, ppbw—parts by weight.

Predicted amounts of hardener were used to produce panels from ammonia-treated oak chips
(Table 5). In the case of ammonia-treated oak, the A4 variant, where the amount of hardener was far
beyond the typical values, disintegrated during removal from the press (Table 6). It is worth noting
that the thickness of specimens Al and A2, as well as the quality of the chip bonding in the core, were
clearly better than those in A3. The obtained results were used to calculate the optimal amount of
hardener using a linear correlation of the second degree (Figure 6). It can be seen in Table 5 that the
most accurate prediction was obtained from Method M3, i.e., 3.0 g hardener per 50 g resin against
3.2 g hardener per 50 g resin calculated from the model based on the empirical IBs. The results show
that Methods M1 and M2 provided erroneous data, which proved them to be inapplicable in the
described approach.
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Table 6. Sample appearance of boards made from ammonia-treated oak.

Sample Al A2 A3 A4
Hardener 2.2 3.0 48 343
(pbw)
Species Ammonia-treated Quercus robur L.

. . .

S _ -

35

30 P T =—=——
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= 15 B
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B |ee—— Regression curve

- @ Calculated

0

2.0 2.5 3.0 3.5 4.0 4.5 5.0

Hardener [pbw]
Figure 6. Empirical and predicted IB of particleboards made of ammonia-treated oak.

Regardless of the extremely low IBs observed for the ammonia-treated oak boards (0.012-0.028 N/mm?)
that make such material inapplicable for particleboards at all, the results obtained in this study proved
that the developed procedure for ABC determination based on pH drift in chip suspension (M3) is
reliable and applicable for woody material. It was shown that the methods based on either titration
of the chip suspension (M1) or pre-acidification of the chip suspension (M2) provided less useful
outcomes and, thus, were considered ineffective. It was possible to develop an efficient model based
on the ABC of chips that allows the prediction of the amount of hardener for the maximized IB of
a particleboard.

Keeping in mind that the conditions of raw material storage render changes in the raw material’s
chemical properties (e.g., acidity and extractive content) [1,24-26], a proper ABC determination may
help in order to adjust the amount of hardener in the adhesive system to the acidity of the raw
material (chips, fibers), so that an excessive acidification of the bond line is avoided and the mechanical
properties of the boards are not lowered upon service.
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4. Conclusions

Methodologies of acid buffering capacity determination found in the literature do not take into
account the presence of wood and, thus, provide variable results that seem to be burdened with
error. In this work, it was shown that a newly developed effective method of ABC determination
for wood can be a basis for building mathematical models that correlate the hardener amount with
the internal bonding of a board, so that the optimal amount of hardener can be predicted for the
maximized mechanical properties of the board. Empirical verification of the models revealed that the
method involving the monitoring of the pH drift in the chip suspension until equilibration exhibited a
high convergence of the calculated and empirical results. Future investigations will be aimed at the
verification of the methodology on the fibers used in fiberboard manufacturing as well as the transfer
of the approach to industrial conditions.

Author Contributions: P.K.—design of experiments, investigation, data analysis, and writing—original
draft; P.B.—funding acquisition and resources; M.L.M.—conceptualization, supervision, and writing—review
and editing.

Funding: The presented research was co-financed by The National Centre for Research and Development under
the “Strategic research and development program: environment, agriculture, and forestry”—BIOSTRATEG
agreement No. BIOSTRATEG3/344303/14/NCBR/2018.

Acknowledgments: The authors thank Warsaw University of Life Sciences—WULS for financial support of
the research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Elias, R; Irle, M.A. The acidity of stored Sitka spruce chips. Holz Roh Werkst. 1996, 54, 65—68. [CrossRef]

2. Hernandez, V. Radiata pine pH and buffering capacity: Effect of age and location in the stem. Maderas-Cienc.
Tecnol. 2013, 15, 73-78.

3. Albert, L.; Németh, Z.I1.; Halasz, G.; Koloszar, J.; Varga, S.; Takacs, L. Radial variation of pH and buffer
capacity in the red-heartwooded beech (Fagus silvatica L.) wood. Holz Roh Werkst. 1999, 57, 75-76. [CrossRef]

4.  Passialis, C.; Voulgaridis, E.; Adamopoulos, S.; Matsouka, M. Extractives, acidity, buffering capacity, ash and
inorganic elements of black locustwood and bark of different clones and origin. Holz Roh Werkst. 2008, 66,
395-400. [CrossRef]

5. Roffael, E. Significance of wood extractives for wood bonding. Appl. Microbiol. Biotechnol. 2016, 100,
1589-1596. [CrossRef] [PubMed]

6. Gadhave, R.; Mahanwar, P.; Gadekar, P. Factors affecting gel time/process-ability of urea formaldehyde resin
based wood adhesives. Open J. Polym. Chem. 2017, 7, 33—42. [CrossRef]

7. Albritton, R.O.; Short, P.H. Effects of extractives from pressure-refined, hardwood fibre on the gel time of
urea formaldehyde resin. For. Prod. J. 1979, 29, 40-41.

8.  Salatin, F; Mietton, B.; Gaucheron, F. Buffering capacity of dairy products. Int. Dairy J. 2005, 15, 95-109.
[CrossRef]

9.  Johns, W.E.; Niazi, K.A. Effect of pH and buffering capacity of wood on gelation time of urea formaldehyde
resin. Wood Fiber Sci. 1980, 12, 255-263.

10. Subramanian, R.V.; Sonasekharan, K.N.; Johns, W.E. Acidity of wood. Holzforschung 1983, 37, 117-120.
[CrossRef]

11. Pedieu, R.; Ried], B.; Pichette, A. Measurement of wood and bark particles acidity and their impact on the
curing of urea formaldehyde resin during the hot pressing of mixed panels. Holz Roh Werkst. 2008, 66,
113-117. [CrossRef]

12.  Schmidt, M.; Thonniflen, A.; Knorz, M.; Windeisen, E.; Wegener, G. Relevant wood characteristics for gluing
beech and ash with regard to discoloration. Eur. J. Wood. Prod. 2012, 70, 319-325. [CrossRef]

13. Xing, C.; Zhang, S.Y.; Deng, ]. Effect of wood acidity and catalyst on UF resin gel time. Holzforschung 2004,
58, 408-412. [CrossRef]

14. Krol, P; Toczylowska-Mamiriska, R.; Maminski, M. A critical role for the presence of lignocellulosic material
in the determination of wood buffering capacity. . Wood Chem. Technol. 2017, 37, 478-484. [CrossRef]



Appl. Sci. 2019, 9, 2345 110f11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Balaban, M.; Ugar, G. The correlation of wood acidity to its solubility by hot water and alkali. Holz Roh
Werkst. 2001, 59, 67-70. [CrossRef]

Krol, P.; Maminski, M.; Mazurek, A. Acid buffeting capacity—An alternative methodology. Ann. Wars. Univ.
Life Sci. Sggw. For. Wood Technol. 2018, 101, 162-167.

Parameswaran, N.; Roffael, E. Kenntnisstand und Untersuchungsergebnisse zur Wirkung von Ammoniak
auf Holzspiine. Holz Roh Werkst. 1984, 42, 327-333. [CrossRef]

Watanabe, K.; Korai, H.; Matsushita, Y.; Hayashi, T. Predicting internal bond strength of particleboard under
outdoor exposure based on climate data: Comparison of multiple linear regression and artificial neural
network. J. Wood Sci. 2015, 61, 151-158. [CrossRef]

Haftkhani, A.R.; Arabi, M. Improve regression-based models for prediction of internal-bond strength of
particleboard using Buckingham’s pi-theorem. J. For. Res. 2013, 24, 735-740. [CrossRef]

Suzuki, S.; Miyagawa, H. Effect of element type on the internal bond quality of wood-based panels determined
by three methods. J. Wood Sci. 2003, 49, 513-518. [CrossRef]

Liiri, O.; Kvisto, A.; Tuominen, M.; Aho, M. Determination of the internal bond of particleboard and
fibreboard. Holz Roh Werkst. 1980, 38, 185-193. [CrossRef]

Dobbin Mcnatt, J. Basic engineering properties of particleboard. USDA For. Serv. For. Prod. Lab. 1973, 206,
1-14.

Roffael, E.; Rauch, W.; Bismarck, C. Formaldehydabgabe und Festigkeitsausbildung bei der Verleimung von
Eichenspédnen mit Harnstofformaldehydharzen. Holz Roh Werkst. 1975, 33, 271-275. [CrossRef]

Pan, Z.; Zheng, Y.; Zhang, R.; Jenkins, B.M. Physical properties of thin particleboard made from saline
eucalyptus. Ind. Crops Prod. 2007, 26, 185-194. [CrossRef]

Jumhuri, N.; Hashim, R.; Sulaiman, O.; Wan Noor, A.W.N.; Salleh, K.; Khalid, I.; Saharudin, I.; Razali, M.
Effect of treated particles on the properties of particleboard made from oil palm trunk. Mater. Des. 2014, 64,
769-774. [CrossRef]

Auriga, R. Influence of Raw Material Storage on to Physical and Mechanical Properties of Particleboard.
Ph.D. Thesis, Warsaw University of Life Sciences—SGGW, Warsaw, Poland, 12 July 2017.

@ © 2019 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



