Optimizing the environmentally
friendly silica-cellulose aerogel
composite for acoustic
insulation material derived
from newspaper and
geothermal solid waste using a
central composite design

by Ferry Hermawan

Submission date: 08-May-2023 11:33AM (UTC+0700)

Submission ID: 2087170593

File name: B-1.1-5_Optimizing_the_environmentally_friendly_silica-cel.pdf (3.02M)
Word count: 10577

Character count: 55171



Journal of Sol-Gel Science and Technology
https://doi.org/10.1007/s10971-022-0583 1-y

ORIGINAL PAPER: SOL-GEL AND HYBRID MATERIALS FOR ENERGY,
ENVIRONMENT AND BUILDING APPLICATIONS "]

Optimizing the environmentally friendly silica-cellulose aerogel
composite for acoustic insulation material derived from newspaper
and geothermal solid waste using a central composite design

S. Silviana(®' + Ferry Hermawan? - Joshua Indracahya’ - Dinda Ajeng Lestari Kusumawardhani' + Febio Dalanta’

Received: 22 December 2021 / Accepted: 26 April 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

This study aims to explore the combination of newspaper waste-derived cellulose and silica from geothermal solid waste to
produce the silica-cellulose (Si-cellulose) aerogel as an enhanced sound insulation composite material. Cellulose was used as
the matrix, while silica was applied as the impregnated particle to improve the characteristics and sound absorption ability of
the composite. Subsequently, two datasets of central composite design (CCD) were used to generate the regression models
the aerogel with the independent variables of cellulose and polyethylene glycol (PEG) concentrations as well as sound
absorption coefficient (SAC) as the response. The generated regression models were evaluated using root-mean-square error
(RMSE), analysis of variance (ANOVA), model adequacy, as well as diagnostics through normal plot of residuals, Cook’s
distance, leverage, and predicted vs. residuals plots. The generated response surface plots suggest that the maximum SAC
will be achieved by maximizing the cellulose composition. Based on several characterizations, it was concluded that the
embedded silica changed the physical, chemical, mechanical, and thermal stability of the fabricated composite evidenced by
the enhanced acoustic insulation performance. Furthermore, the optimum point for Si-cellulose aerogel was found at
cellulose and PEG compositions of 25%-w and 1.78%-w/v, respectively, which produced the predicted maximum SAC of
0.9896 with a desirability score of 0.967. Based on the validation experiment results, the actual SAC was 0.9992 with a
difference from the predicted value of 0.96%, indicating that the generated model can precisely predict the actual SAC value
for utilizing Si-cellulose as an acoustic insulation material.
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Highlights

e Silicacellulose aerogel derived from newspaper and geothermal solid waste was successfully synthesized as the acoustic

insulation material.

Optimization of the formulation was evaluated using central composite design.
The impregnated silica was significantly enhanced the sound absorption ability and thermal stability of the composite.

1 Introduction

Noise has been considered for decades to be one of the big
challenges on environmental activities and become the least
maintained type of pollution. Continuous noise pollution
can cause several health problems such as loss of hearing, as
well as increasing psychological stress and blood pressure
[1-3]. Meanwhile, acoustic insulations have been used to
reduce noise pollution and the component material selection
must be based on the quantity of sound transmitted,
reflected, and absorbed [4, 5]. Several materials have been
investigated for the preparation of acoustic insulators, such
as ceramic, mineral wood, fiberglass, graphite, poly-
propylene, and polyester [6—8]. However, their high cost
became the major obstacle to industrial-scale development
[9, 10]. Different studies have been conducted on utilizing
wastes as raw materials to synthesize acoustic insulation
composites, including chicken feathers [11], sheep wool
[12], silica aerogel [13], and cellulose [14].

One of the promising material sources is cellulose due to
its proven ability to generate excellent acoustic insulation
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and widespread abundance. Moreover, it was found to have
low density 0.017-0.029 g/cm,? high porosity 98.2-98.9%,
and a large specific surface area 296412 mlf’g, suggesting a
promising future acoustic insulator property [15]. Agri-
cultural and forestry products have become well-known
sources of cellulose [16—18]. However, the use of these
resources contradicts environmental protection efforts.
Various environmental problems might arise when cellulose
is utilized excessively. Material flow analysis and life cycle
assessment showed that cellulose fibers consumption in
form of paper contributes significantly to climate change
and urban air pollution [19]. These environmental impli-
cations are not only associated with paper consumption, but
also with the production. Material processing, transport,
filament manufacture, and byproducts disposal might con-
tribute to environmental pollution as well as resource con-
sumption such as freshwater and fossil fuels [20]. Dye-
containing wastewater and noise pollution from paper and
textile production also pose a risk of environmental damage,
specifically to water and air (sound). Previous studies
attempted to minimize this impact by degrading the
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dye-containing wastewater [21-23] and reducing noise
pollution [24, 25] using modified materials.

Cellulose can be generated from waste such as paper-
related waste, for example, newspapers have a high cellu-
lose content up to 45-55% after oxidizing and washing to
remove the ink. However, the synthesis from recycled fibers
has a lower mechanical strength than those made from new
fibers. An improvement to the mechanical strength of cel-
lulose from paper-related waste must be made [26]. One of
the potential solutions is the impregnation with an inorganic
material such as silica.

Silica has been widely used in many fields of application,
such as zeolite synthesis, coating, slow-release fertilizer,
drug delivery, catalysis, adsorbents, etc [27]. Its sources
include rice husks, bamboo leaf [28, 29], straw, bagasse,
com cobs, [30], and geothermal solid waste [31-33] which
has a high content up to 88.29% before purification and
reaches 97% after acid leaching [34], but this potential has
not been fully utilized [35]. The geothermal solid waste was
used in this study as the silica source similar to that pre-
viously utilized in various applications [28, 36—40]. Several
studies reported that silica has exquisite properties as a sound
insulation material, including low thermal conductivity of
0.0010-0.050 W/mK, low bulk density 0.001-2.00g/cc,
large surface area 8.1-160 m%g, and high porosity 70-99%
[31, 41-43], but it is also highly brittle and fragile [13].
Cellulose has been shown as a flexible and compressible
material but has a relatively higher thermal conductivity than
silica [44, 45]. Therefore, the idea of combining silica and
cellulose to become silica-cellulose (Si-cellulose) aerogel as
the sound insulation composite 1s promising and has gained
significant attention [6, 13, 14, 46].

This study explores the combination of cellulose derived
from newspaper and silica from geothermal solid waste to
produce the Si-cellulose aerogel as an improved sound
insulation composite material. Cellulose is used as the matrix
of the composite, while silica will function as the impreg-
nated particle to improve the mechanical strength, thermal
stability, and sound absorption ability. Silica was impreg-
nated with cellulose through the sol-gel method using sodium
silicate and hydrochloric acid, then solidified using a freeze
dryer to form Si-cellulose aerogel. This technique was used
due to its cost-effectiveness rather than previously reported
methods such as CCly cold-plasma and methoxy trimethyl
silane (MTMS) modification which needs plenty amount of
chemicals and a longer processing time [13, 47]. In addition,
two datasets of central composite design (CCD) with 13 runs
were performed to comprehensively investigate the best
formulation and evaluate the effect of variables on the fab-
ricated cellulose and Si-cellulose aerogel.

Based on the literature, the investigation of Si-cellulose
aerogel derived from newspaper and geothermal solid
wastes as an acoustic insulation material using CCD

experimental design has not been explored. Two datasets of
CCD were used to generate the regression models of cel-
lulose and Si-cellulose aerogel with the independent vari-
ables of cellulose and polyethylene glycol (PEG)
concentrations, as well as sound absorption coefficient
(SAC) as the response variable. The generated regression
models were evaluated using analysis of variance
(ANOVA), model adequacy, and diagnostics. They were
used to generate the response surface plots for the optimi-
zation to predict the optimum point, while the validation
experiment was conducted to validate the optimization
results. Furthermore, several characterizations were applied
to further evaluate the effect of the impregnated silica on Si-
cellulose aerogels, including X-ray fluorescence (XRF) and
energy dispersive X-ray (EDX) to reveal the silica content in
the composites, scanning electron microscopy (SEM) to
show the surface morphology of the composites, Brunauer-
Emmet-Teller analysis (BET) for measuring the surface area
and adsorption ability of the composites, Fourier-transform
infrared (FTIR) analysis to inform the functional groups of
the composites, as well as thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to pro-
vide the thermal characteristics. This study aims to synthe-
size Si-cellulose composite that is environmentally friendly
and has promising acoustic insulation material ability from
newspaper and geothermal solid wastes.

2 Materials and methods
2.1 Materials

Silica was directly supplied from the solid waste section of
the geothermal powerplant owned by PT. Geo Dipa Energi,
Wonosobo, Indonesia, while newspaper wastes as the source
of cellulose were obtained from the waste center of the
Department of Chemical Engineering, Diponegoro Uni-
versity, Semarang, Indonesia. Sulfuric acid (H,SO,, 98%),
sodium hydroxide (NaOH, 98%), polyethylene glycol (PEG
400, 99%), ethanol (C;HsOH, 96%), ammonium hydroxide
(NH4OH, 25%), and hydrogen peroxide (H,O,, 32%) were
purchased from Merck, Germany, while hydrochloric acid
(HC1, 37%) was supplied by Mallinckrodt, Germany. All
solutions were made using distilled (DI) water.

2.2 Methods

2.2.1 Preparation of purified silica from geothermal solid
waste

The geothermal solid waste must be treated before the

application as the silica source due to the high content of
impurities, specifically the metal oxides. A total of 250 g

@ Springer
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Table 1 The experimental

results and the prediction values Run Cellulose (%e-w) PEG (%w/v) Y, (Prediction) Y, (Actual) MSE
1 15.00 1.17 0.9341 0.9532 4.0900E-04
2 15.00 2.03 0.9697 0.9737 1.6209E-05
3 29.14 1.17 0.9879 0.9921 1.8035E-05
4 25.00 0.56 0.9824 0.9781 1.8137E-05
5 5.00 0.56 0.8348 0.8306 1.7412E-05
6 15.00 1.17 0.9341 0.9369 7.9072E-06
7 25.00 1.78 0.9886 0.9842 1.9519E-05
8 5.00 1.78 0.9430 0.9383 2.2391E-05
9 15.00 1.17 0.9341 0.9151 3.0010E-04
10 15.00 0.30 0.9653 0.9698 2.0647E-05
11 .86 1.17 0.8264 0.8302 1.4661E-05
12 15.00 1.17 0.9341 0.9308 1.O811E-05
13 15.00 1.17 0.9341 0.9345 1.69T0E-07
RMSE 3. 4000E-04

geothermal solid waste was carefully dried using oven at
110 °C until constant weight, then it was crushed into a finer
powder. Furthermore, the leaching treatment was conducted
to remove the metal oxides from the sample. This was
carried out using previously reported methods with some
modifications [48]. A total of 125 g geothermal solid waste
was immersed and constantly mixed in 500 mL of 20%
H>S0y4 at 110°C for 105 min. Subsequently; the mixture
was repeatedly washed and rinsed using DI water until a
neutral pH was achieved. It was then filtered using filter
paper to get the solid from the mixture using a vacuum
filter, then the solid was dried using oven at 110 °C until
constant weight.

2.2.2 Preparation of sodium silicate

The next step in the purification process was the preparation
of sodium silicate which referred to previously reported
methods [48]. A total of 100 g purified silica was constantly
mixed in 600 mL of 2N NaOH solution at 95 °C for 1 h.
The silica was gradually dissolved in NaOH solution leav-
ing the impurities in the solid form. Subsequently, the
generated solution was filtered, and the filtrate was carefully
collected and denoted as sodium silicate.

2.2.3 Preparation of cellulose fiber solution

This procedure was applied to get the cellulose fiber from
the newspaper waste by referring to the previous study
with several modifications [49]. A total of 100 g news-
paper waste was cut into pieces as small as possible and
then constantly mixed into a solution containing 5%
NaOH for 3h and was left overnight. Furthermore, the
mixture was filtered, while the solid was further mixed in a
solution containing 32% H>0, and heated at 50 °C for 2h.

@ Springer

The mixture was separated using a vacuum filter followed
by repeated washing and rinsing until a neutral pH was
achieved. The solid product from filtration was the cellu-
lose fiber, and it was carefully collected. Subsequently, the
cellulose fiber solutions were made by dispersing with DI
water in 10 mL on a basis using an ultrasonic homogenizer
with cellulose variations of 0.86; 5.00; 15.00; 25.00; and
29.14%-w.

2.2.4 Preparation of cellulose aerogel

This procedure was conducted by applying CCD with 13
runs using Design-Expert software v.8.0.6 based on pre-
viously reported methods [50]. The experimental design is
summarized in Table 1, at the beginning, the prepared
cellulose fiber variations of 0.86; 5.00; 15.00; 25.00; and
29.14%-w was added into the solution containing 10%
NaOH and PEG 400 that varied with 0.3; 0.56; 1.17; 1.78;
2.03%-w/v. The mixtures were constantly stirred for 5h at
room temperature, then 2N of HCl was added and was
filtered to separate the solid which was immersed in DI
water and ethanol respectively for 6 h. This procedure was
repeated three times, and re-filtered, then the solid was dried
in a freeze dryer to form the cellulose aerogel.

2.2.5 Preparation of Si-cellulose aerogel

This procedure was conducted based on a previously reported
method [47] by applying a CCD with 13 runs using Design-
Expert software v.8.0.6. The experimental design is sum-
marized in Table 4, it was conducted to investigate the effect
of impregnated cellulose aerogel with silica on acoustic
insulation ability. The cellulose aerogel obtained from the
freeze-drying process was immersed in the sodium silicate
solution and constantly mixed for 6 h at room temperature.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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The mixture was added with 2N HCI dropwise until pH =2
was achieved, then NH4OH was added and left for 3 days for
the aging process. The product formed was proceeded
through a freeze dryer to get the Si-cellulose aerogel.

2.2.6 Determination of acoustic insulation ability through
sound absorption coefficient (SAC)

The acoustic insulation ability of cellulose and Si-cellulose
aerogel were conducted by measuring their SAC. A sound
generator with certain intensity was used to produce the
signal, and a sound meter (Sound Level Meter, Lutron SL-
4011, Taiwan) was used to measure the absorption coeffi-
cients. SAC is represented by Eq. 1 [51]:
I
oa=1-— f
Where a is SAC, Ig is absorbed and/or reflected sound
(Wf’ml), and I is the radiated sound (Wf’ml), SAC values
vary, ranging from 0 to 1, a value of 0 indicates no
absorption, while 1 indicates perfect sound absorption. In
the case of @ =0, sound completely passed through the
material, while @=1 indicates that it is almost com-

(1)

pletely absorbed and only a little amount is reflected by
the material.

2.2.7 Product characterizations

The morphology and the surface elemental composition of
Si-cellulose aerogel were observed using scanning electron
microscopy coupled with an energy dispersive x-ray (SEM-
EDX, Thermo Fischer Scientific, USA). Moreover, the
chemical composition was investigated using x-ray fluores-
cence (XRF, Shimadzu, Japan), while the functional groups
were observed using a Fourier-transform infrared (FTIR,
IRPrestige21 Shimadzu, Japan). The thermal behavior of Si-
cellulose was analyzed using a thermogravimetric analysis
(TGA) coupled with differential scanning calorimetry (DSC)

Content courtesy of Springer Nature,
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(TGA/DSC, Linseis STA 1600 Premium Series, USA),
while the specific surface area was determined using a
Brunauer-Emmet-Teller analysis (BET, Quantachrome

Instruments, Switzerland).

3 Results and discussion

3.1 Statistical study of cellulose aerogel as the
acoustic insulation material

3.1.1 Model development

The developed empirical model was used to explain the
interaction between the independent variables namely cel-
lulose and PEG as well as their effects on the response
variable. Meanwhile, it is important to check the standard
error of design (SED) to evaluate the prediction precision,
which was CCD with 13 experimental muns. Figure 1 shows
the contour and surface plots of the SED that is being
evaluated. The darker shading represents a higher emor,
while the lighter shading depicts the lower error in the
design space. Based on the figure, the measured SEDs are
relatively low, with values ranging from 0.5 to 0.7. There-
fore, this particular design can be used to promote an
accurate prediction model [52].

The experimental results and their comparison with the
prediction value are listed in Table 1. The experimental result
was also statistically evaluated using the regression equation as
the developed equation is mathematically expressed in Eq. (2).

SAC = 0.9431 + 0.0571A + 0.00168 + 0.0255A8 + 0.01354>
+0.01668> + 0.0271A%B — 0.0088AR>

(2)

Where SAC represents the sound absorption coefficient,
while A and B represent the cellulose (%-w) and PEG
content (%-w/v), respectively.

@ Springer
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Table 2 Summary of ANOVA result and model adequacy indicators for the effects of cellulose and PEG concentrations upon the SAC

Source Sum of squares Degree of freedom  Mean square F-value p-value Results
Model 0.0320 7 0.0046 25.42 0.0013 significant
A- Cellulose  0.0130 1 0.0130 72.47 0.0004 significant
B- PEG 9.741E-06 1 9.741E-06 0.0541 0.8253 not significant
AB 0.0026 1 0.0026 14.50 0.0125 significant
A2 0.0013 1 0.0013 7.04 0.0453 significant
B? 0.0019 1 0.0019 10.73 0.0221 significant
A?B 0.0015 1 0.0015 8.17 0.0354 significant
AB? 0.0002 1 0.0002 0.8685 0.3942 not significant
Residual 0.0009 5 0.0002
Lack of fit 0.0002 1 0.0002 0.8090 0.4193 not significant
Pure error 0.0007 4 0.0002
Cor total 0.0329 12
Fit statistics
R? Adjusted R* Predicted R* Adequate Precision Std. Deviation ~ Mean C.V.%
0.9727 0.9344 0.6732 15.47 0.0134 0.9360 1.43

The developed regression equation follows a cubic
model which was evaluated by calculating the mean square
error (MSE) and the root-mean-square error (RMSE)
between the predicted and actual values, as completely
summanzed in Table 1. Based on the results, the emors
between the predicted and actual experiment values are
relatively low, indicating that the model can precisely pre-
dict the response. The calculated RMSE for this result was
3.40E-04, the lower value, the higher the precision of the
developed model in predicting the response.

3.1.2 Study of analysis of variance (ANOVA), model
adequacy indicators, and diagnostics

ANOVA was used to evaluate the significance of the
developed model either in single or interactive terms.
Table 2 shows the summary of ANOVA and the model
adequacy indicators for the effects of cellulose and PEG
concentrations on SAC. The significance of the parameters
was determined using the F and p-value. The result is
significant when the F-value is higher and the p-value is
lower than 0.05 at 95% level of confidence [53]. Based on
the ANOVA result, the cubic model performed a significant
prediction with a p-value of 0.0013, while the single
interaction of cellulose in the composite produced a sig-
nificant effect with a p-value of 0.0004. In contrast, single
interaction of PEG showed an insignificant effect in the
composite with a p-value of 0.8253. The interaction
between cellulose and PEG (AB) indicated a significant
effect along with other interactions of AZ, BZ, and AZB,
while the AB? effect was insignificant with a p-value of
0.3942. The developed model also had an insignificant lack

@ Springer

of fit demonstrated by the p-value of 0.4193. Hence, from
this ANOVA analysis, almost all of the interactions
showing significant effects had insignificant lack of fit
values, signaling that the model is acceptable.

The developed model was also evaluated through the
coefficient of determination (Rz), adj-Rl, pred-Rl, adequate
precision, standard deviation, mean, and CV%. The result
of the coefficient determination was desirable with a value
of 0.9727 indicating a good fit for the model. Both the adj-
R’ (0.9344) and pred-R1 (0.6732) were also in high preci-
sion of fit, meaning the quality and significance of the
model. To verify the quality of the model in the actual
experimental data, the adequacy precision was found to be
15.47, which is acceptable because it is above the minimum
value of 4. Additionally, the standard deviation of the model
was measured to be 0.0134, which is relatively low and
acceptable. The mean value was found to be 0.9360, while
CV9% was 1.43% which represents high data reliability. The
ANOVA and adequacy parameter authenticates the devel-
oped SAC model with cellulose aerogel as the material and
suggests further diagnostics.

The diagnostics were analyzed to check whether the
errors of the developed model are independently or iden-
tically distributed. This was carried out using the normal
plot of residuals, cook’s distance, leverage plot, and resi-
duals vs. predicted plot, as shown in Fig. 2. Furthermore,
Fig. 2a shows that the externally studentized residuals
were well fitted on the normal plotline suggesting that the
model is adequate. The Cook’s distance represents the
effect of a single run on the developed model that mea-
sures the changes in model parameters after replacing a
particular Figure 2b shows that two

actual run.
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experimental runs fall outside Cook’s line, which is
probably the spot of the insignificant parameters. Figure
2c, d present the leverage and residuals vs. predicted plots
that show the uniform distribution of the data on the
developed response model. This uniform distribution
indicates the good adequacy of the model to predict the
response in the design space. Therefore, it can be rea-
sonably stated that the model is adequate and can be used
to navigate the response data.

3.1.3 Response surface analysis and optimization

The influences of cellulose and PEG on SAC values can be
estimated by assessing the response surface plot generated
from the regression equation. Figure 3a shows the contour
plot, and Fig. 3b depicts the response surface plot repre-
senting the influence of cellulose and PEG concentration on
the SAC. The SAC values varied, ranging from 0.8302 to
0.9921. Based on these figures, it can be seen the blue
region represents the lower SAC, whereas the red region
represents the higher SAC. The higher SAC was established
in a higher concentration of cellulose and PEG, while the
lower SAC presented in a lower concentration of cellulose
and PEG. The changing concentration of cellulose and PEG

have significantly influenced the sound absorption of the
composite. However, it can also be seen that cellulose plays
a more dominant role in sound absorption to result in a
higher SAC. At a lower concentration of PEG, the cellulose
alone can still generate a higher SAC value, but at a lower
concentration of cellulose, the measured SAC values were
low. Therefore, it is obviously clear that cellulose plays a
key role in sound absorption.

The information from response surface plots is essential
to perform an optimization. The primary goal was to find
the formulation that generated the highest SAC value,
hence, the optimization was targeted to (i) maximize the
SAC value, (ii) maximize the utilization of cellulose, and
(i) select the PEG concentration. Furthermore, the opti-
mization was conducted by applying the desirability para-
meter, which considers all targets into a single desirability
score. Figure 4a shows the contour plot, Fig. 4b represents
the surface plot of the SAC predicted value from optimi-
zation, while 4(c) shows the contour plot. Figure 4d pre-
sents the surface plot of the desirability score, while Fig. 4e
represents the Ramp’s diagrams of the optimization result
showing that at 25%-w of cellulose and 1.78%-w/v of PEG,
a SAC value of 0.9886 can be achieved with a desirability
score of 0.9891.

@ Springer
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Fig. 3 Plotting of response
surface from the regression
equation. a Contour plot and

b surface plot 3D for the effects
of cellulose and PEG on

the SAC

Fig. 4 Plotting of the
optimization result for the
cellulose aerogel. a Contour plot
of predicted SAC, b surface plot
of predicted SAC, ¢ contour plot
of estimated desirability,

d surface plot of estimated
desirability, and ¢ Ramp
diagram
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Table 3 RMSE estimation of the

developed model Run Si-Cellulose (%ow) PEG (%w/v) Y, (Prediction) Y, (Actual) MSE
1 15.00 1.17 0.9473 0.9614 3.0340E-04
2 15.00 2.03 0.9974 0.9991 3.0207E-06
3 29.14 1.17 0.9910 0.9931 1. 1866E-06
4 25.00 0.56 0.9808 0.9787 7.2867E-06
5 5.00 0.56 0.8695 0.8676 3.697TE-06
6 15.00 1.17 0.9473 0.9350 B.O853E-05
7 25.00 1.78 0.9896 0.9875 2.9307E-05
8 5.00 1.78 0.9432 0.9408 2.3808E-05
9 15.00 1.17 0.9473 0.9396 5.8966E-05
10 15.00 0.30 0.9457 0.9479 6.0021E-04
11 0.86 1.17 0.8493 0.8511 3.3059E-06
12 15.00 1.17 0.9473 0.9512 1.5373E-05
13 15.00 1.17 0.9473 0.9487 2.0189E-06
RMSE 4. 2000E-05

Table 4 Summary of ANOVA result and model adequacy indicators for the effects of Si-cellulose and PEG concentrations on the SAC

Source Sum of squares Degree of freedom Mean square F-value p-value Results
Model 0.0230 7 0.0033 35.61 0.0006 significant

A- 5i-Cellulose 0.0100 1 0.0100 108.89 0.0001 significant

B- PEG 0.0013 1 0.0013 14.41 0.0127 significant
AB 0.0011 1 0.0011 11.43 0.0196 significant

A2 0.0013 1 0.0013 13.88 0.0136 significant

B? 0.0010 1 0.0010 11.07 0.0209 significant
A?B 0.0000 1 0.0000 0.1273 0.7358 not significant
ARB? 0.0002 1 0.0002 2.50 0.1750 not significant
Residual 0.0005 5 0.0001

Lack of fit 0.0000 1 0.0000 0.3270 0.5981 not significant
Pure error 0.0004 4 0.0001

Cor total 0.0235 12

Fit statistics

R’ Adjusted R? Predicted R* Adequate Precision Std. Deviation ~ Mean CV.%
0.9803 0.9528 0.8775 19.65 0.0096 0.9463 1.01

3.2 Statistical study of cellulose aerogel

impregnated with silica as the acoustic

insulation material

A statistical study was conducted on further modification of

cellulose aerogel with silica impregnation (Si-cellulose) to
enhance the sound absorption performance. Meanwhile, a
similar method of investigation with the previous discussion
was performed to show the comparison between cellulose
and Si-cellulose aerogel for acoustic insulation material.

Content courtesy of Springer Nature,

3.2.1 Model development

CCD with 13 experimental runs was employed to statisti-

cally assessed the effect of silica impregnated cellulose and
PEG concentration on SAC to find the optimum formula-

tion. The experimental result was evaluated using a
regression equation shown in Eq. (3).

SAC =0.9473 + 0.0501A + 0.0182B + 0.01624B + 0.01364°
+0.0121B8% + 0.0024A%B — 0.0107AR?

terms of use apply. Rights reserved.

(3)
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Where SAC, A and B represent the sound absorption
coefficient, Si-cellulose (%w) and PEG content (%ow/v),
respectively.

This generated model follows a cubic model, while the
experimental results and their comparison with the predic-
tion value are summarized in Table 3. To evaluate this
model, the errors were determined by calculating MSE and
RMSE between the predicted and actual values. Table 3
shows that the MSEs were relatively small, the lowest
namely 1.1866E-06 was found with 29.14%-w of Si-
cellulose and 1.17%-w/v of PEG, showing 0.991 and
0.9931 of the predicted and actual SAC. In comparison, the
highest namely 6.0021E-04 was found with 15%-w and
0.3%-wi/v, showing 0.9457 and 0.9479 of the predicted and
actual SAC, respectively. It was also found that the RMSE
was 4.200E-05, this was lower than the cellulose and
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PEG model, which was 3.400E-04. This implies that the
Si-cellulose and PEG model provides a better prediction of
SAC than cellulose and PEG.

3.2.2 Study of analysis of variance (ANOVA), model
adequacy indicators, and diagnostics

ANOVA was employed to assess the significance of the
model and its terms, Table 4 shows the results and the model
adequacy indicators for the effects of Sicellulose and PEG
concentrations on SAC. Based on the ANOVA result, the
regression model had a significant effect with a p-value of
0.0006. Both single interactions of Si-cellulose and PEG had
significant impacts with p-values of 0.0001 as well as 0.0127
for cellulose and PEG, respectively. In previous results (Table
2), a single effect of PEG was found to be insignificant with
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Fig. 5 Plotting for diagnostics of the developed model for Si-cellulose and PEG on SAC. a Normal plot of externally studentized residuals,
b Cook’s distance, ¢ leverage plot vs. run, and d residuals vs. predicted plot
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p-value = 0.8253. However, in the present result, the single
effect of PEG became significant, this might be due to the
effect of impregnated silica in the body of cellulose that
produced a significant interaction with PEG. Moreover, sev-
eral interactions between Si-cellulose and PEG were found to
be significant with p-values of AB = 0.0196, Alz(),()l36,
and Blz(),()Z()‘J, while insignificant effects were found in
A2B =0.7358 and AB>=0.1750. The lack of fit was also
insignificant with p-value =0.5891, suggesting that the
developed model can be reasonably accepted.

The R? of the developed model was extremely well fitted
with a value of 0.9803, which is higher than the response on
the cellulose and PEG model. It was also found that both adj-
R’ (0.9528) and pred-R1 (0.8775) were in high precision of fit.
The difference between both was 0.0753 which 1s below 0.2,
suggesting that this model is adequate. To verify the quality of
the model with the actual experimental data, the adequacy
precision was found to be 19.65, which is acceptable because
it is above the minimum value of 4. Additionally, the standard
deviation of the model was measured to be 0.0096, which is
relatively low and is acceptable, while the mean value was
found to be 0.9463, and the CV% was 1.01%, indicating high
data reliability. The ANOVA and adequacy parameter
authenticates the developed SAC model with Si-cellulose and
PEG as the material and suggests the model diagnostics.

The model diagnostics were evaluated to check whether
errors of the developed model were either independently or
identically distributed. The diagnostics analyses were
employed using the normal plot of residuals, cook’s dis-
tance, leverage plot, and residuals vs. predicted plot, as
shown in Fig. 5. Based on Fig. 5a, the externally stu-
dentized residuals were well fitted on the normal plotline
suggesting that the model is adequate. Furthermore, Fig. 5b
shows the Cook’s distance representing the effect of indi-
vidual run that measures the changes in model parameters
after replacing a particular actual run. Based on the results
of cellulose and PEG in Fig. 2b, two experimental runs fell
outside Cook’s distance, while in the Si-cellulose and PEG
sample, no experimental run fell outside the boundary. This
shows that the accuracy of prediction for the Si-cellulose
and PEG model is better than for cellulose and PEG.
Figure 5c, d present the leverage and residuals vs. predicted
plots that show the uniform distribution of the data on the
developed response model. This indicates the good ade-
quacy of the model to predict the response in the design
space. Therefore, it was concluded that the model is ade-
quate and can be used to navigate the response data.

3.2.3 Effects of impregnated silica on the characteristics of
prepared silica-cellulose aerogel
characterizations

Several were performed to further

understand the physical and chemical characteristics of the
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Fig. 6 XRF analysis results revealing the silica content of Si-cellulose
aerogel for the additions of cellulose of (.86, 15, and 29.14%w

fabricated silica-cellulose aerogel composite for the
acoustic insulation materials. XRF analysis was carried out
to present the silica (S10,) composition of several selected
composites, ie., the formulation at experimental run
numbers 1, 3, and 11 with the constant composition of PEG
and variation of cellulose concentration of 15, 29.14, and
0.86%w, respectively. Figure 6 represents the silica con-
tents of different introduction amounts of cellulose. Initi-
ally, the silica content was increased with rising cellulose
concentration up to a maximum value of 15%-w.
At cellulose additions of (.86, 15, and 29.14%-w, the silica
contents were found to be 16, 86.7, and 9.7%, respectively.
After achieving a maximum value at 15%, the trend of
silica content decreased with an increase in cellulose con-
centration. This is presumably due to the increment in
solution viscosity and density at higher concentrations of
cellulose during the impregnation of silica using sodium
silicate [54]. Hence, the penetration of silica to be
embedded into the body of cellulose is reduced. The
microstructure of the fabricated Si-cellulose aerogels can
be further discussed with SEM results.

SEM analysis was performed to reveal the surface
microstructure of the fabricated Si-cellulose aerogel com-
posites. In addition, the EDX analysis was also performed
to clearly show the chemical composition of the generated
SEM images. Figure 7a, b shows the SEM images and
EDX results for the prepared Si-cellulose aerogel with
cellulose addition of 15%-w and 0.86%-w, respectively.
Based on the results, the generated composite with 15%-w
of cellulose had a more compact structure than 0.86%. The
micromorphology of the Si-cellulose composite with
0.86%w cellulose showed a highly porous structure that is
not desirable for sound insulation due to its poor perfor-
mance. The compact structure is presumably due to the

@ Springer
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Fig. 7 SEM image for certain
cellulose concentration in the
product. a 15%-w with EDX
result (Si-cellulose aerogel),

b (.86 %-w with EDX result (Si-
cellulose aerogel), ¢ cellulose
aerogel, and d Si-cellulose

383
11.52
2146
08 59

Comection

influence of cellulose concentration. A higher concentra-
tion can cause the formation of a denser layer in the body
of the Si-cellulose composite [47]. According to the EDX
results, the fabricated Si-cellulose aerogel with cellulose
addition of 15%-w had a higher composition of silica
namely 21.46% compared to cellulose addition of 0.86%-
w which had 6.79%. The higher silica content in the
composite is desirable because it can enhance the ability of
sound absorption. Figure 7c, d show the comparisons of
the cellulose and Si-cellulose aerogel micromorphology.
As demonstrated in Fig. 7c, the cellulose surface is uni-
formly smooth, while (d) shows that the silica particles are
stuck on the surface and held together due to the fiber
structures of the cellulose to generate a compact composite

@ Springer

structure signaling that the synthesis of Si-cellulose was
successful.

Moreover, the BET analysis was carried out to show
the physical pore properties of the fabricated Si-cellulose
composites. It was found that the addition of 0.86%-w
cellulose produced a surface area of 38.9320 mlfg, which
is higher than the Si-cellulose composite with the addi-
tion of 15%-w of cellulose namely 35,66]0|n1f’g, The
adsorbed volume range of Si-cellulose with the addition
of 0.86%-w cellulose was also higher than the addition of
15%w. This is because the porous structure of
Si-cellulose with the addition of 0.86%-w cellulose pro-
duced more contact area which led to a higher surface
area and adsorbed volume in agreement with the SEM
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results. However, a composite with a porous structure is
not desirable for sound insulation purposes. Therefore,
the Si-composite with a compact structure shows a higher
sound absorption ability.

To further analyze the chemical characteristics of the
composites, the FTIR analysis was performed. Figure 8
shows the FTIR spectra for cellulose and Si-cellulose aero-
gel. Based on the results, the vibrations of O-H groups were
found at a wavenumber of 3608 cm ™!, showing a broad peak
which indicates the O-H groups of polysaccharides [55],
while the sharp peak around 2876 cm ™! indicates the strain
vibrations of C-H bonds in polysaccharides [55]. Further-
more, typical bands of cellulose were detected at a wave-
number of 1800-1000 cm ™', Several peaks at 1763, 1346,
and 1029cm™! that corresponds to C=C bonds, C-H

—Cellulose aemgel H H
— Cellulose aemgel Impregnated ;

with silica H

Absorbance (a.u.)

™ T T - ——
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 8 FTIR spectra of cellulose aerogel (upper line) and Si-cellulose
(bottom line) aerogel

Fig. 9 Formation mechanism of Si-cellulose aerogel

stretch, and C = O bonds were also found [55]. The typical
peaks of silica were recorded at a wavenumber of
800450 cm !, while a tiny peak at 796 cm ! was found for
the Si-cellulose aerogel indicating stretching vibrations of Si-
O-Si groups [56]. These FTIR results confirmed that the
composite is a cellulose material and the impregnation of silica
was successful. Based on the results, the proposed formation
mechanism of Si-cellulose aerogel is represented in Fig. 9. Itis
similar to a previous study which applied sodium silicate
precursor for Si-cellulose synthesis [57].

To evaluate the thermal properties of the fabricated Si-
cellulose composites, TGA and DSC analyses were per-
formed. TGA analysis confirmed the weight loss
characteristics at applied temperatures of 30-800°C.
Figure 10a—c show the TGA thermograms of Si-cellulose
composite with the cellulose additon of (.86, 15, and
29.14%w. The total weight losses of all three samples were
75.03, 45.89, and 91.23% respectively. Furthermore, the
thermal behavior was highly influenced by the silica content
in the composite. As stated earlier, based on XRF results,
the silica contents were 16, 86.7, and 9.7% for Si-cellulose
composites with cellulose addition of 0.86, 15, and 29.14%
w, respectively. The thermal stability of the composite
increased with higher silica content. This is presumably due
to the high amount of silica that contributes to increasing
the performance of the Si-composite. As shown in Fig. 10d,
the DSC analysis shows that the first change in the thermal
behavior was detected at temperatures of 47, 95, and 151 °c
for the Si-cellulose composite with cellulose addition of
0.86, 15, and 29.14%-w, respectively. The cellulose addi-
tion of 29.14%-w and 15%-w produced the lowest and
highest thermal stability, respectively. This shows that the
thermal behavior of the prepared Si-cellulose composite is
highly influenced by the silica content, the higher the

+ Na—-©CI

+ H,0

H /i

o N\oH H/ 1
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Fig. 10 TGA analysis results of
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content, the higher the thermal stability. These results are in
agreement with the TGA data previously discussed. Based
on the analyses, it was concluded that the impregnation of
silica into the cellulose was successful. The process pro-
duced a desirable structure, high sound absorption perfor-
mance, as well as has high thermal stability that is suitable
for the acoustic insulation material.

3.2.4 Response surface analysis and optimization
The impacts of Si-cellulose and PEG on SAC values were

evaluated by analyzing the response generated from the

regression equation as demonstrated by the contour

@ Springer

2500

15.00
1000 A Cellulose (%w)
056 500

15.00 20,00 25.00
A: Cellulose (%w)

(Fig. 1la) and surface plot (Fig. 11b). The SAC values
ranged from 0.8511 to 0.9991, the lower the concentrations
of Si-cellulose and PEG, the lower the SAC value and vice
versa as shown in Fig. 11. The changing concentrations of
Sicellulose and PEG significantly influenced the sound
absorption ability of the fabricated composite. The results
showed that both played the same dominant role. This was
quite different from the response surface of cellulose and
PEG, where cellulose plays a more dominant role in gen-
erating the sound absorption ability of the composite.

The information from response surface plots is essential
to perform an optimization. The primary goal was to find
the formulation that generated the highest SAC value.
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Fig. 12 Plotting of the
optimization result for the Si- 178
cellulose aerogel. a Contour plot

of predicted SAC, b surface plot

of predicted SAC, ¢ contour plot 147
of estimated desirability,

d surface plot of estimated
desirability, and ¢ Ramp
diagram
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08511 0.9991 Solution 1 out of 15
SAC = 0.989601
Table 5 The optimization Component Optimized composition Predicted SAC Observed SAC Ditference (%)
summary of the formulation of P P
Si-cellulose aerogel Cellulose (%-w) 25 0.9806 0.9992 0.96
PEG (%-wiv) 1.78
Desirability 0967

Hence, the optimization was targeted to (i) maximize the  considered all targets into a single desirability score.
SAC value, (ii) maximize the utilization of Si-cellulose,  Figure 12a shows the contour plot, while Fig. 12b repre-
and (iii) select the PEG concentration in range. It was sents the surface plot of the predicted SAC value produced
conducted by applying the desirability parameter, which by the optimization. Furthermore, Fig. 12¢ presents the
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contour plot, 12(d) shows the surface plot of the desir-
ability score, while Fig. 12e demonstrates the Ramp’s
diagrams of the optimization result showing that at 25%-w
of cellulose and 1.78%-w/v of PEG, a SAC value of 0.9896
was obtained with a desirability score of 0.967. This result
is similar to the previous optimization on cellulose and
PEG, but the prediction of SAC value on Si-cellulose and
PEG was slightly higher. The summary of optimization is
shown in Table 5. Based on the validation experiment, the
observed SAC for the optimized formulation was (0.9992,
with a difference in the percentage of 0.96%, suggesting
the extraordinary precision of the model. Therefore, the Si-
cellulose aerogel composite is a prominent material for
acoustic insulation purposes.

4 Conclusion

This study explores the combination of cellulose derived
from newspaper waste and silica from geothermal solid
waste to produce the Si-cellulose aerogel as an enhanced
sound insulation composite material. Cellulose was utilized
as the matrix, while silica was applied as the impregnated
particle to improve the mechanical strength, thermal stabi-
lity, and sound absorption ability of the composite. Silica
was impregnated to cellulose through the sol-gel method
using sodium silicate with hydrochloric acid and then
solidified using a freeze dryer to form Si-cellulose aerogel.
To comprehensively investigate the best formulation and to
evaluate the effect of variables on the fabricated aerogel,
two datasets of central composite experimental design
(CCD) with 13 muns were performed to generate the
regression models with the independent variables of cellu-
lose and polyethylene glycol (PEG) concentrations as well
as sound absorption coefficient (SAC) as the response
variable. The generated regression models were evaluated
using RMSE, ANOVA, model adequacy, and diagnostics
with the normal plot of residuals, Cook’s distance, leverage,
and predicted vs. residuals plot. The generated response
surface plots suggest that the maximum SAC will be
achieved by maximizing the cellulose composition. Based
on XRF, EDX, SEM, BET, FTIR, TGA, and DSC, it was
concluded that the embedded silica changed the physical,
chemical, mechanical, and thermal stability of the fabricated
composite to enhance the acoustic insulation performance.
Furthermore, the optimum point for the aerogel namely at
cellulose and PEG compositions of 25%-w and 1.78%-w/v
produced the predicted maximum SAC of 0.9896 with a
desirability score of 0.967. Based on the validation
experiment result, the actual SAC was 0.9992 with a dif-
ference of 0.96%, indicating that the generated model can
precisely predict the actual SAC value for utilizing Si-
cellulose as an acoustic insulation material.
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