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Abstract. Preparation conditions of ultra-low-density fiberboard (ULDF) were optimized using the
Box—Behnken design and response surface methodology. The effect and interactions of Si-Al molar ratio,
additive amount of Si sol, and additive amount of Si-Al compounds on internal bond strength of ULDF
were investigated. The regression model for ULDF preparation was significant (p < 0.0001), and the
Si-Al molar ratio and the additive amount of Si sol had a significant effect on internal bond strength, whereas
the additive amount of Si-Al compounds did not. Optimum internal bond strength (12.68 4 0.35 KPa) was
achieved at 500 mL Si-Al compounds with Si-Al molar ratio of 2:1 and 20 mL Si sol. Fourier transform
infrared spectra of the ULDF confirmed that some covalent bonds between Si-Al additives and fibers
might be formed, and the thermal conductivity, noise reduction coefficient, and contact angle analysis of

ULDF further confirmed the validity of the optimal preparation conditions.
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INTRODUCTION

Because environmental pollution (Li et al 2011;
Pimentel 2003; Trevors 2010) and petroleum-
based materials release toxic substances, envi-
ronmentally compatible materials have recently
attracted considerable attention. Ultra-low-density
fiberboards (ULDF) are made from plant fibers
and are manufactured by a liquid frothing prin-
ciple (Xie et al 2004, 2008a,b). No heating and
pressing or common adhesives such as phenol—
formaldehyde resin and urea—formaldehyde resin
are used in the preparation process (Niu et al
2014; Xie et al 2011). They are not only econom-
ical and safe for human health but can also serve
in some applications as substitutes for petroleum-
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based polymers. They have many excellent
properties such as ultra-low densities, low ther-
mal conductivities, and good sound absorption.
However, poor mechanical properties that cor-
respond to their ultra-low density have restricted
their application (Niu et al 2014; Xie et al
2011). Therefore, interest has increased in modi-
fying the mechanical properties of ULDF with
a variety of methods. The mechanical proper-
ties of plant-fiber-based materials were improved
significantly by inorganic compounds such as
SiO, (Fu et al 2011; Saka and Ueno 1997),
TiO, (Mahr et al 2012), and water glass (Lin
et al 2013). But, little information is avail-
able on the preparation conditions of ULDF
for obtaining the desired output characteristics.
In addition, previous studies have confirmed that
the treatment conditions of inorganic fillers includ-
ing the additive amount of Si-Al compounds,
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Si-Al molar ratio, and the additive amount
of silicon sol (Si sol) affect the properties of
ULDF significantly. For example, Xie and Liu
(2012) improved the mechanical properties of
ULDF by using the water glass. But the brittle-
ness of materials increased when more water
glasses were added. Niu et al (2014) clarified
the interactions among the amount of Si-Al com-
pounds, which were generated by aluminum
sulfate and sodium silicate and the distribu-
tion and fire properties of ULDF from dif-
ferent raw materials. Also, Si sol was added
to improve the properties of ULDF in Chen
et al (2015). The results indicated that not only
the mechanical properties but also the fire
properties of ULDF improved. However, the
preparation conditions of this process have not
been studied further.

To improve the mechanical properties of ULDF,
response surface methodology (RSM) was designed
to systematically analyze the effects of varieties
of inorganic fillers and their interactions. RSM,
which is an effective experimental design method-
ology, has been used widely in scientific research,
such as on cellulose nanocrystals (Tang et al
2011), soy flour adhesive for plywood (Chen et al
2013), and wood-based panels (Islam et al 2012;
Li et al 2009). Decreasing the number of experi-
mental trials is the main advantage of this method-
ology. It can not only evaluate multiple parameters
and their interactions, but it is also less labori-
ous and time consuming than other approaches
required to optimize a process. And it can explore
the relationship between several explanatory vari-
able parameters and one or more response vari-
able parameters (Brown and Brown 2012;
Mujtaba et al 2014; Sahu et al 2010; Singh et al
2013; Zhong and Wang 2010). Box—Behnken
design (BBD), which is one RSM, has only
three levels and needs fewer experiments. It is
more efficient and easier to arrange and inter-
pret experiments compared with others, and it
is widely used by many researchers (Chen et al
2012; Ferreira et al 2007; Tang et al 2011). To
the authors’ knowledge, few studies have been
conducted on optimizing the preparation con-
ditions of ULDF using the RSM approach.
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In this study, the Si-Al compounds with differ-
ent Si-Al molar ratio were prepared and they
were then used to make ULDF. To obtain opti-
mal preparation conditions corresponding to
good internal bond strength of ULDF, BBD,
one of the standard RSM designs, was used to
optimize their preparation conditions, including
Si-Al molar ratio, additive amount of Si sol, and
additive amount of Si-Al compounds.

MATERIALS AND METHODS
Preparation of Si-Al Compound Solution

The Si-Al compound solution with different Si-Al
molar ratios (1:1, 2:1, and 3:1) was produced
by a reaction between sodium silicate and alumi-
num sulfate, which were purchased from Tianjin
Fu Chen chemical reagents factory (Tianjin,
China). The aluminum sulfate solution was first
added to a 500-mL trineck round-bottom flask
with a magnetic stir bar with vigorous stirring.
Then the fixed sodium silicate solution was
added to the flask slowly to obtain the Si-Al
compound solution.

Preparation of ULDF

ULDFs were manufactured by Kraft pulp (KP,
spruce-pine-fir; Tembec Inc., Montreal, Canada)
and specimens of 200 x 200 x 50 mm® (L x W x
H) were manufactured separately using various
parameters in a demonstration line as described
by Xie et al (2011), with a target bulk density of
50-60 kg/m>. The specimen preparation process
is described in Fig 1. The additives polyacryl-
amide resin, alkyl ketene dimer water repellent,
chlorinated paraffin fire retardant, and sodium
dodecylbenzene sulfonate surfactant were added
at 23.8%, 8.4%, 9.5%, and 3.1% of dry fiber
weight, respectively.

Internal Bond Strength of ULDF

Internal bond strength of each ULDF was tested
in accordance with GB/T 17657 (Standard Press
of China 1999). The size of specimens for inter-
nal bond strength testing was 50 x 50 x 40 mm’®
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(L x W x H). The results were the average of
five replicates.

Experimental Design

The Si-Al molar ratio (X; = 1:1, 2:1, and 3:1),
additive amount of Si sol (purchased from
Jiangyin Saiwei technology trade Co., Ltd.,
Jiangsu, China), (X, = 10, 20, and 30 mL), and
additive amount of Si-Al compounds (X5 = 300,
500, and 700 mL) were chosen as variables; and
internal bond strength was their function. BBD,
which is one of the standard RSM designs, was
applied to study the effects of X1, X, and X5 on Y.
The software Design-Expert (Trial Version 8.0.6,
Stat-Ease, Minneapolis, MN) was used to analyze

o ]

Preparation process of ultra-low-density fiberboards.

Mechanical
frothing

data and build the models. The selection range of
each variable is shown in Table 1, and the BBD
consisted of 17 experiments with 12 experiments
organized in a factorial design and another 5 repli-
cated at the central point of the designed model to
estimate the pure error sum of squares.

Characterization

The functional groups of ULDF (produced
under the control specimen and optimal prepara-
tion conditions) were characterized by Fourier
transform IR (FTIR) spectroscopy. FTIR ana-
lysis of ULDF was performed by means of a
Nicolet 380 FTIR spectrometer (Thermo Fisher
Scientific Instruments, Fitchburg, WI), using the

Table 1. Box—Behnken design and response to internal bond strength.
Coded levels Internal bond strength (MPa)
Si-Al molar Additive amount Additive amount of Si-Al
Run No. ratio (X) of Si sol (X,, mL) compounds (X3, mL) Experimental Predicted
1 —1(1:1) —1(10) 0 (500) 5.70 6.10
2 1(3:1) —1 0 8.24 8.06
3 —1 1 (30) 0 7.49 7.67
4 1 1 0 9.23 8.84
5 —1 0(20) —1(300) 7.81 7.30
6 1 0 -1 9.10 9.16
7 —1 0 1 (700) 8.24 8.18
8 1 0 1 8.93 9.45
9 0(2:1) -1 —1 7.79 7.91
10 0 1 -1 7.62 7.96
11 0 -1 1 7.70 7.37
12 0 1 1 9.79 9.67
13 0 0 0 12.52 12.68
14 0 0 0 13.03 12.68
15 0 0 0 12.41 12.68
16 0 0 0 12.86 12.68
17 0 0 0 12.59 12.68




Chen et al—OPTIMIZING PREPARATION CONDITIONS WITH RESPONSE SURFACE METHODOLOGY

KBr pellet method, taking 32 s for each sample
with a resolution of 4 cm ™', ranging from 4000
to 400 cm ™.

The thermal conductivity was measured on
100- x 100-mm specimens following GB/T
10294-2008/ISO 8032:1991 (CBMIA 2008),
under steady-state conditions using a guarded
hot plate apparatus. The noise reduction coef-
ficient (NRC) was determined as the average
of sound absorption coefficients measured at
250, 500, 1000, and 2000 Hz frequencies. The
sound absorption coefficients for each sample
were determined at four frequencies with a
diameter of 50 mm and a thickness of 30 mm
using the impedance tube method in accor-
dance with GB/T 18696.1-2004 (CAS 2004).
The contact angles of ULDF were determined
with a static contact angle/interfacial tension
meter (JC2000A; Shanghai Zhongchen Digital
Technology Co., Ltd, Shanghai, China). The
water solution was dropped on the specimens’
surface with a special syringe, and static contact
angle was measured. The data presented in this
study were the average values obtained from at
least five measurements.

RESULTS AND DISCUSSIONS
Model Fitting

To determine the effects of the three indepen-
dent variables, the design matrix and the corre-
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sponding results of RSM experiments are shown
in Table 1. A regression analysis (Table 2) was
carried out to fit mathematical models which
represented the internal bond strength of ULDF
against the function of the independent vari-
ables, and the model for the predicted response
Y can be expressed by the following quadratic
polynomial equation in terms of coded values:

Y =12.684+0.78X; + 0.59X 1, 4+ 0.29X3
—0.20X11 X2 — 0.15X 1 X5 + 0.56X,X 3
—2.36X7 —2.66X; — 1.80X3 (1)

where, Y is the internal bond strength of ULDF and

X1, X,, and X5 are the coded variables for Si-Al

molar ratio, additive amount of Si sol, and addi-

tive amount of Si-Al compounds, respectively.

In general, exploration and optimization of a
fitted response surface may produce poor or
misleading results unless the model exhibits
good fitness (Brown and Brown 2012; Mujtaba
et al 2014; Sahu et al 2010; Singh et al 2013;
Tang et al 2011; Zhong and Wang 2010). As
shown in Table 2, the p-value of the model was
less than 0.0001 and the lack-of-fit value was
0.0588. Therefore, it can be concluded that the
model’s fitness was good. A small value of coef-
ficient of determination (R?) called a fitness
degree, which is a ratio of explained variation
to total variation, indicated poor relevance of the
dependent variables in the model. The R? of this

Table 2. Analysis of variance for regression model for internal bond strength.

Source Sum of squares Degrees of freedom Mean square F-value p-Value
Model 84.30 9 9.37 45.87 <0.0001
X, 4.90 1 4.90 23.99 0.0018
X5 2.76 1 2.76 13.52 0.0079
X3 0.68 1 0.68 3.35 0.1098
X1X> 0.16 1 0.16 0.78 0.4054
XX 0.09 1 0.09 0.44 0.5280
XoX3 1.28 1 1.28 6.25 0.0409
X’ 23.47 1 23.47 114.95 <0.0001
X’ 29.70 1 29.70 145.48 <0.0001
X352 13.66 1 13.66 66.89 <0.0001
Residual 1.43 7 0.20
Lack of fit 1.17 3 0.39 5.95 0.0588
Pure error 0.26 4 0.065 — —
Correlation total 85.73 16 — — —

p < 0.01 highly significant; 0.01 < p < 0.05 significant; p > 0.05 insignificant.
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model was 0.9833, which implied that 98.33%
of the variations could be explained by the fitted
model. R* was in reasonable agreement with
Radj2. Radj2 is a correlation degree between
observed and predicted value (Chen et al 2012;
Ferreira et al 2007; Tang et al 2011). The Radj2
was 0.9619. This meant that only 3.81% of the
total variation was not explained by the model.
Therefore, this regression model can explain the
true behavior of the system.

Statistical Analyses

The adequacy of the models was further justified
through analysis of variance (ANOVA). The
ANOVA for the quadratic model for internal
bond strength is shown in Table 2. p-Values
less than 0.05 showed model terms were sig-
nificant, whereas p-values more than 0.05 indi-
cated model terms were insignificant (Amini
et al 2008). Therefore, the F-value (45.87) and
p-values (less than 0.0001) implied that this
model was significant and only a 0.01% chance
could occur because of noise. Conversely, sig-
nificance of the model was also judged by a
lack-of-fit test. As shown in Table 2, F-value
and p-value of the lack of fit were 5.95 and
0.0588, respectively, which implied that it was
not significant and a 5.88% chance could occur
because of noise. In this case, the Si-Al molar
ratio (X), additive amount of Si sol (X»), inter-
action term (X,X3), and three quadratic terms
(X,%, X,%, and X5%) affected the internal bond
strength of ULDF significantly, whereas addi-
tive amount of Si-Al compounds (X3), XX>,
and X;X3 were all insignificant to the response.
This indicates the significant interaction between
the additive amount of Si sol (X,) and additive
amount of Si-Al compounds (X3). X; was the
most important factor, and the next most impor-
tant was the interaction term X,X5.

Analysis of Response Surface

To further analyze the effect of the three factors
on internal bond strength of ULDF, the three-
dimensional (3D) response surface and two-
dimensional (2D) contour plots, which were the
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graphical representations of regression equations,
were presented. They provide a method to visual-
ize the relationship between responses and experi-
mental levels of each variable and the type of
interactions between two test variables (Zhong
and Wang 2010). Here, the relationship between
the parameters and response variable was illus-
trated in a 3D representation of the response sur-
faces, and 2D contour plots were generated by
the model for internal bond strength of ULDF
(Fig 2a, b, and c). Combined with the results
in Table 2, variables X; and X, had a signifi-
cant effect on internal bond strength, whereas
the effect of variable X3 was insignificant. As
shown in Fig 2, internal bond strength improved
initially and then decreased with increases in all
of the variables. The effects of the Si-Al molar
ratio (X;), additive amount of Si sol (X,), and
additive amount of Si-Al compounds (X3) on
internal bond strength had similar trends. But,
compared with the Si-Al molar ratio and addi-
tive amount of Si sol, internal bond strength was
affected only slightly by additive amount of Si-Al
compounds. Interaction between Si-Al molar
ratio (X;) and the other two variables (X5, X3)
did not impact internal bond strength signifi-
cantly, whereas the interaction between additive
amount of Si sol (X,) and additive amount of
Si-Al compounds (X3) was significant.

Figure 2c shows the 3D response surfaces, the
combined effect of additive amount of Si-Al
compounds, and additive amount of Si sol for
internal bond strength of ULDF at constant
Si-Al molar ratio (2:1). Maximum internal bond
strength of ULDF (13.03 KPa) was determined
at constant additive amount of Si-Al compounds
(500 mL).

Optimization of Preparation Conditions

Ranges in optimal preparation conditions for
ULDF were obtained using Eq (1) derived from
the surface response experiments using Design
Expert software (Stat-Ease, Minneapolis, MN).
The predicted optimal conditions for preparing
ULDF were Si-Al molar ratio 2.2:1, additive
amount of Si sol 21.1 mL, and additive amount
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Response surface (left) and contour plots (right) for internal bond strength of ultra-low-density fiberboards

(ULDF). (a) Effects of Si-Al molar ratio and additive amount of Si sol on internal bond strength of ULDF. (b) Effects of
Si-Al molar ratio and additive amount of Si-Al compounds on internal bond strength of ULDF. (c) Effects of additive
amount of Si-Al compounds and additive amount of Si sol on internal bond strength of ULDF.

of Si-Al compounds 518.5 mL. Under these
conditions, the model predicts a maximum inter-
nal bond strength of 12.79 KPa. Taking practical
operating conditions into consideration, some

conditions were modified as follows: 500 mL
Si-Al compounds with Si-Al molar ratio of 2:1
and 20 mL Si sol. Under these conditions, an
average value of 12.68 4 0.35 KPa was obtained,
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Figure 3. Fourier transform infrared profiles of Si-Al com-

pounds, (a) control specimen and (b) specimen with optimal
preparation conditions.

which is close to the model predicted values.
This confirms that the model adequately reflects
the expected optimization and Eq (1) is satisfac-
tory and accurate.

Fourier Transform IR Analysis

The FTIR spectra of the specimens of ULDF
were recorded in the range 4000-400 cm .
Figure 3 shows the IR spectra of the Si-Al com-
pounds, control specimens (which was a group
of specimens without Si-Al compounds and Si
sol), and the specimen with optimal preparation
conditions. The peaks of Si-Al compounds at
3432, 1108, 967, 618, and 479 cm~ ! were attrib-
uted to the -OH stretching line, Si-O-Si, Si-OH,
Al-OH vibrations, and Si-O-Al, respectively.
The IR spectra of A and B showed some simi-
lar peaks at nearly 3447, 2920, 1600, 1373, and
1034 cmfl, which were assigned to the -OH

Table 3.
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stretching line, CH, stretching vibrations, adsorbed
water (which presented abundant hydrophilic
hydroxide radical in the cellulose), C-H asym-
metric deformations, and C-O stretching vibra-
tions, respectively (Alemdar and Sain 2008;
Sun et al 2005). However, the peak of Si-OH
(967 cm ™) was disappearing while the Si-Al
compounds were added in fiberboard. This was
because that the Si-Al compounds were reacted
by the fibers. As seen in Fig 3, the additional
peaks at about 1114, 618, and 479 cm ™! were
found in the IR spectra of B compared with A.
Among these peaks, because of the similar mass
of Al and Si atoms, the broad band in the range
of 1200-1000 cm ™' usually corresponded to the
mixed overlap of Si-O-Si, Al-O-Si, and Si-O-C
bonds (He et al 2014). Therefore, the additional
peaks at about 1114 cm™' might be attributed
to Si-O-Si, Si-O-C, and Si-O-Al. Also, the addi-
tional broad peaks at 618 and 479 cm™' were
attributed to AI-OH vibrations and Si-O-Al,
respectively, which might be explained by the
fact that the Si-Al compounds and Si sol had
left in ULDF and some covalent bonds had
formed between Si-Al inorganic fillers and fibers
or other organic fillers.

Physical Properties

The control specimens had a low thermal con-
ductivity of 0.045 W/mK. This was because
the porous materials contained a large number
of voids. Primary heat transfer is conduction
through the still air trapped within the mate-
rial and natural convection of the air (Xie et al
2011). Thermal conductivity of ULDF with
optimal preparation conditions (0.042 W/mK)
improved indistinctively (Table 3). The NRC

Physical properties of ultra-low-density fiberboards.

Properties

Control specimen Optimal preparation conditions specimen

Thermal conductivity (W/(m-K))
Noise reduction coefficient 250 Hz

500 Hz
1000 Hz
2000 Hz

Contact angle (°)

0.045 0.042
0.303 0.611
0.343 0.827
0.969 0.994
0.976 0.998
141 £ 0.08 127 + 0.67
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of the ULDF with optimal preparation con-
ditions improved. The NRC of the ULDF with
optimal preparation conditions at 250 and 500 Hz
were 0.308 and 0.484, respectively, which was
higher than control specimens. This meant that
the ULDF with optimal preparation conditions
could be used as an efficient and practical sound
absorber at low frequencies. However, the con-
tact angle of the ULDF with optimal prepa-
ration conditions (127°) was lower than the
control specimens (141°), which indicated that
the waterproof property was decreased because
the hydrophilic sodium silicate was added to
improve the mechanical properties of ULDF.
Taking these factors into consideration, the opti-
mal preparation conditions were valid for pre-
paring ULDF.

CONCLUSIONS

Response surface methodology was used to pre-
dict optimal preparation conditions of ULDF.
When 500 mL Si-Al compounds with Si-Al
molar ratio of 2:1 and 20 mL Si sol were added
in preparation process, internal bond strength of
12.68 + 0.35 KPa was obtained. The regression
model for the preparation conditions was satis-
factory and accurate, and could be used to navi-
gate the experimental design space. The Si-Al
molar ratio and additive amount of Si sol had a
significant effect on internal bond strength of
ULDF, whereas the additive amount of Si-Al
compounds did not. FTIR results revealed that
some covalent bonds had formed between Si-Al
inorganic fillers and fibers or other organic
fillers, and thermal conductivity, NRC, and con-
tact angle analysis of the ULDF further con-
firmed that the increase in internal bond strength
was not at the cost of other properties.
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