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Coconut coir is an abundant lignocellulosic agro-industrial residue that can
be processed into fibrous pulp for exploratory bio-based insulation panels.
This study used a complete three-level, three-factor (343) factorial design
to examine the effects of phosphoric-acid pretreatment concentration,
sodium-hydroxide cooking concentration, and bleaching chlorometric
degree on gravimetric pulp yield and apparent thermal conductivity.
Second-order regression equations and coefficient-magnitude (Pareto)
rankings were used as exploratory tools to describe treatment effects, and
a genetic algorithm was used to identify a candidate compromise within
the tested factor bounds. Observed pulp yields ranged from 20.1% to
74.5%, and apparent thermal conductivity ranged from 0.035 to 0.170
W-m-'K-'. The candidate conditions gave model-predicted values of 92.4%
pulp yield and 0.041 W m~'K-! apparent thermal conductivity; these values
were not independently confirmed experimentally. Because compositional
analysis of the recovered solid was not performed, the material is
described as treated fibrous pulp rather than purified cellulose. The results
provide an exploratory basis for further optimization, which should include
composition, moisture, and independent confirmation measurements
before practical insulation performance is claimed.
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INTRODUCTION

The demand for bio-based insulation has stimulated interest in lignocellulosic
residues, including coconut coir, as locally available raw materials (Raza et al. 2024). Raw
coconut coir itself has been investigated as an insulation-board feedstock (Panyakaew and
Fotios 2011); its direct use can reduce processing requirements, but the suitability of a
panel depends on density, fibre architecture, moisture uptake, biological durability, fire
behaviour, and the intended application. The present work does not experimentally
compare raw-coir panels with treated-pulp panels and therefore does not claim superiority
OVer raw Coir.

The present study evaluates how an acid pretreatment-soda cooking-bleaching
sequence affects gravimetric pulp yield and apparent thermal conductivity. The gravimetric
yield is the mass fraction of dried treated pulp relative to the starting dry coir; it is not a
measurement of cellulose content or cellulose recovery. The work is intended as an
exploratory material-processing study for non-structural building-envelope applications,
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such as roof/ceiling cavities or internal wall systems. Further assessments of moisture
sensitivity, biological durability, fire behaviour, mechanical integrity, and regulatory
compliance are required before construction use can be proposed.

Sodium-hydroxide pulping, commonly termed soda pulping when sodium
hydroxide is the principal cooking chemical, can remove part of the lignin and
hemicellulose while preserving a fibrous pulp fraction. Its outcome depends jointly on
alkali concentration, temperature, residence time, liquor-to-solid ratio, and the severity of
any preceding treatment. Increased alkaline severity can improve delignification but lower
pulp yield through carbohydrate degradation (Brdnnvall 2017) Bleaching can further
modify residual lignin and chromophoric structures, but its chemical demand and potential
effect on fibre properties must be considered. These trade-offs motivate the simultaneous
exploratory assessment of the three treatment variables in this study.

Thermal
insulation
panel

Acid Alkaline Bleaching

pretreatment cooking

Fig. 1. Conceptual diagram of the process of transforming coconut fiber into thermal insulation
panels

This study used a complete 33 factorial design to explore the effects of acid
pretreatment concentration, alkaline cooking concentration, and bleaching chlorometric
degree on gravimetric pulp yield and apparent thermal conductivity of coconut-coir-
derived panels (Fig. 1). Regression equations and coefficient-magnitude rankings were
used to describe the experimental trends, and a genetic algorithm was used to identify a
candidate compromise within the tested factor bounds. The study does not establish
cellulose purity, demonstrate superiority over raw coir, or validate an industrial insulation
product.

EXPERIMENTAL

Materials
Plant material and reagents

Coconut husk fibers (Bourre de coco) were used as a raw lignocellulosic material.
Prior to chemical treatment, the husks were mechanically ground using a rotary screw mill
to produce a homogeneous fibrous mass with individualized fibers. The following reagents
were used: orthophosphoric acid (HsPOs, 85%) for acid pretreatment, caustic soda (NaOH,
99%) for alkaline cooking, and sodium hypochlorite solution (NaClO) at variable
chlorometric degree for bleaching. Distilled water was used as the solvent throughout
(Chandra et al. 2016).
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Equipment

Mass measurements were performed on an electronic balance (Sartorius, 0.01 g
precision, 3.1 kg capacity). Thermal treatments were conducted in a ventilated oven
(Memmert), and reactions were maintained under stirring using a magnetic stirrer
(RSLAB-1C). The pH was monitored with a Hanna HI 8424 pH meter, and temperature
was measured with mercury and laser thermometers. Solid—liquid separation was
performed on a Biichner filtration apparatus, and the fibrous material was sieved through
a 500 um mesh prior to treatment. Standard laboratory glassware (500 mL round-bottom
flasks, 250 mL Erlenmeyer flasks) was used throughout. Insulation panels were formed
using a 500 mL beaker, a mold, and a hydraulic press (1000 daN capacity).

Methods
Cellulose extraction procedure

A treated fibrous pulp was produced from coconut husk fibres through an acid
pretreatment, soda cooking, and bleaching sequence (Cardoso and Gongalez 2016).

Acid pretreatment

An acid pretreatment step, rather than an alkaline one, was selected upstream of
alkaline cooking, since the hemicelluloses solubilized during acid hydrolysis retain
potential value for downstream bioethanol production, whereas alkaline pretreatment
degrades hemicelluloses into non-fermentable compounds (Zhang et al. 2024). A 15 g
sample of ground fibrous material was combined with orthophosphoric acid (HsPO.)
solution at concentrations ranging from 0.05 to 0.15 M, using a fibrous-material-to-solution
ratio of 3% to 6% (w/v). The mixture was heated at 100 to 150 °C for 30 to 40 min under
mild agitation (250 rpm). The pre-hydrolyzed mixture was then vacuum filtered on a
Biichner funnel, and the recovered solid residue was carried forward to alkaline extraction.

Alkaline extraction

The acid-pretreated residue was dispersed in a 500 mL round-bottom flask
containing an excess of NaOH solution, at a solid-to-liquid ratio of 10% to 5% (w/v) and
NaOH concentrations ranging from 10 to 100 g/L. The mixture was heated under reflux at
110 to 170 °C for 1 to 3 h under agitation (500 rpm). Following cooking, the mixture was
vacuum-filtered, and the residue was washed three times with hot water (60 to 100 °C) to
remove water-soluble impurities. The washed residue was then subjected to bleaching.

Bleaching

The alkaline-cooked residue was immersed in a NaClO (sodium hypochlorite)
solution at chlorometric degrees ranging from 1 to 5 degrees Chl, using a solid-to-liquid
ratio of 10% to 15% (w/v), and left to react for 12 to 22 h at pH 9 to 11 (Martin-Sampedro
et al. 2015). The bleached residue was vacuum-filtered, washed three times with cold
water, pressed, and oven-dried at 60 degrees C for 3 h. No compositional analysis of
cellulose, lignin, hemicellulose, ash, or moisture content was performed. Accordingly, the
dried solid is designated treated fibrous pulp, not purified cellulose (Dollie 2019).

Pulp yield was calculated as 100 x (dry mass of treated fibrous pulp / initial dry
mass of ground coconut coir),

Rdt = £ % 100 (1)

Myaw
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where the numerator is the dry mass of treated fibrous pulp and the denominator is the
initial dry mass of ground coconut coir. This gravimetric response does not quantify
cellulose content or cellulose recovery.

Experimental design

A complete three-level, three-factor factorial design (3*) was used to evaluate the
effects of process parameters on extraction yield and thermal conductivity (Yates 1937,
Vaillé¢ and Goupy 2008; Mishra and Jalan 2021; Dhairiyasamy et al. 2025). The three
independent factors and their coded levels are given below (Table 1).

Table 1. Factors and Level (Low, Medium, High)

Factor Low Medium High

Acid concentration (M) : X; 0.05 0.10 0.15

Alkaline (NaOH) concentration (g/L) : X2 10 50 100
Bleaching chlorometric degree (°Chl): X3 1 3 5

e Acid concentration (X3, M): 0.05 (low) - 0.10 (medium) - 0.15 (high)
e Alkaline (NaOH) concentration (X3, g/L): 10 (low) - 50 (medium) - 100 (high)
e Bleaching chlorometric degree (X3, °Chl): 1 (low) - 3 (medium) - 5 (high)

The two response variables were pulp yield (Y1, %) and apparent thermal
conductivity (Y2, W-m'K'). The full factorial matrix comprised 27 treatment
combinations. No yield measurements were available for replicated centre-point
experiments; therefore, no pure-error estimate or hypothesis test based on centre-point
replication was used for pulp yield (Table 2).

Table 2. Table of Experiments

Run X1 (M) Xz2(g/L) X3(°)
1 0.05 10 1
2 0.10 10 1
3 0.15 10 1
4 0.05 50 1
5 0.10 50 1
6 0.15 50 1
7 0.05 100 1
8 0.10 100 1
9 0.15 100 1
10 0.05 10 3
11 0.10 10 3
12 0.15 10 3
13 0.05 50 3
14 0.10 50 3
15 0.15 50 3
16 0.05 100 3
17 0.10 100 3
18 0.15 100 3
19 0.05 10 5
20 0.10 10 5
21 0.15 10 5
22 0.05 50 5
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Run X1 (M) Xz (gl/L) X (°)
23 0.10 50 5
24 0.15 50 5
25 0.05 100 5
26 0.10 100 5
27 0.15 100 5

Statistical Modeling
For each response variable, a second-order polynomial model of the following
general form was fitted:

Y =A4,+ A1 X] + A, X5 + Az X5 + A X1 Xy + A3 X1 X3 + Az X X5 +
A123X1 X, X3 + A1 XT + Ao X7 + Az X3 (2)

In Eq. 2, Y is the response (yield or thermal conductivity), X;, X,, and X5 are the coded
factors, and A; are the regression coefficients. Coefficients were estimated by multiple
linear regression using the Data Analysis add-in in Microsoft Excel.

Significance testing

Because the factorial treatment combinations were not replicated for pulp yield,
coefficient ranking was not interpreted as formal statistical significance testing. Absolute
coefficient magnitudes and the Pareto ranking were used only as exploratory indicators of
relative influence within the fitted equations (Sampath 2013; Rheem et al. 2017; Fadjare
Frempong et al. 2021; Onwuakor and Ngene 2026).

Model reduction

The reduced equations retained terms selected by the exploratory coefficient-
magnitude ranking. They should be interpreted as descriptive approximations to the data,
not as inferentially validated predictive models.

Model validation

Model fit was assessed by comparing fitted and observed responses at the same
factorial design points. This is an in-sample descriptive comparison, not an independent
validation. The reported coefficients of determination were 43.97% for pulp yield and
54.59% for apparent thermal conductivity; thus, substantial response variation remained
unexplained (Mayer and Butler 1993; Saunders ef al. 2012; Camirand Lemyre ef al. 2022).

Multi-objective optimization

A genetic algorithm implemented in Scilab was used to search the fitted response
equations within the coded factor bounds for a candidate compromise between higher pulp
yield and lower apparent thermal conductivity. The procedure was exploratory because no
independent confirmation experiment was performed at the candidate conditions. It
therefore does not establish an experimentally verified optimum (Sivanandam and Deepa
2008; Correa et al. 2024).

Fabrication of thermal insulation material

The treated fibrous pulp was combined with water at a mass ratio of 3 g pulp to 2
g water and compacted with a hydraulic press to form circular panels. For the 29 fabricated
panels, thickness and pressing force were recorded. Pressing conditions were not
experimental design factors and their effects were not separately modelled. Apparent
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thermal conductivity was estimated by a custom heated-plate procedure under room
conditions maintained at 20 degrees C and 50% relative humidity. One face of a circular
specimen was heated and the opposite-face temperature was measured with a laser
thermometer after a 900 s test period. The heated circular contact diameter was 0.03775 m.
Using a transferred energy Q of 200 J, specimen thickness e (m), temperature difference
Delta T (K), test time ¢ = 900 s, and contact area A = pi d**, the apparent thermal
conductivity was calculated as lambda _app = Qe/(4 AT ¢). This non-standard procedure
did not include a correction for heat losses or an equilibrium-moisture measurement; the
resulting values are therefore reported as apparent thermal conductivity rather than
standardized material thermal conductivity.

To contextualize this non-standard procedure, no recognized standard test method
for building-insulation thermal conductivity (e.g., ASTM C518 or ISO 8301 guarded hot-
plate/heat-flow-meter methods) was applied in this exploratory study; such methods
require calibrated reference specimens and controlled steady-state heat flow that were
outside the scope of the present low-cost screening approach. One specimen was tested per
experimental run, with the exception of the centre-point condition, for which three panels
(the design replicate and two additional panels) were tested under identical conditions (20
°C, 50% relative humidity) to provide a preliminary indication of measurement
repeatability, yielding apparent thermal-conductivity values of 0.0730, 0.0439, and 0.0500
W-m™*-K™! (Table 3). No reference material of known thermal conductivity was tested
alongside the panels to independently verify instrument accuracy. Standardized thermal-
conductivity testing following ASTM C518 or ISO 8301, with appropriate specimen
conditioning and heat-loss correction, is identified as a priority for confirmation of the
present exploratory results.

RESULTS AND DISCUSSION

Extraction Yield and Thermal Conductivity Across the Experimental Design

Across the 27 factorial treatment combinations, gravimetric pulp yield ranged from
20.1% to 74.5%, with the highest yield in run 12 and the lowest in run 13. Apparent thermal
conductivity of the corresponding samples ranged from 0.0354 to 0.1708 W-m™'K!; the
lowest observed value was obtained in run 4. Two additional centre-point panels were
available for apparent thermal-conductivity repeatability only. Together with run 14, they
gave 0.0730, 0.0439, and 0.0500 W-m™'K"! (mean 0.0556; standard deviation 0.0153 W-m"
K1) (Fig. 2).
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Fig. 2. Graphic representation of yields and thermal conductivity by run

Table 3. Gravimetric Pulp Yields and Apparent Thermal Conductivity

Measurements
Run (i) | Pulp Yield (%) | Apparent Thermal Conductivity (W-m 1K)
Run 1 50.93% 0.1708
Run 2 61.07% 0.0951
Run 3 39.53% 0.0605
Run 4 57.07% 0.0354
Run 5 59.40% 0.0981
Run 6 34.33% 0.0641
Run 7 63.00% 0.0502
Run 8 35.07% 0.0642
Run 9 30.67% 0.0866
Run 10 30.93% 0.0444
Run 11 60.27% 0.1214
Run 12 74.47% 0.0778
Run 13 20.07% 0.0656
Run 14 55.80% 0.0730
Run 15 67.87% 0.0721
Run 16 58.73% 0.0668
Run 17 60.53% 0.0777
Run 18 54.20% 0.0491
Run 19 66.13% 0.0413
Run 20 67.33% 0.0511
Run 21 66.60% 0.0791
Run 22 50.67% 0.0505
Run 23 59.00% 0.0507

Run 24
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Run (i) | Pulp Yield (%) | Apparent Thermal Conductivity (W-m 1K)
Run 24 64.67% 0.0628
Run 25 50.00% 0.0520
Run 26 53.27% 0.0550
Run 27 54.20% 0.1022

Regression Coefficients and Factor Significance
Extraction yield

Multiple linear regression produced the following coefficients for the full second-
order model: constant - 0.555; acid concentration (X;) - 0.0217; alkaline concentration
(X3), -0.0320; chlorometric degree (X3) - 0.0560; X;X,, -0.0544; X, X5, -0.0165; X; X5 -
0.0709; X; X, X5 - 0.0308; X2, -0.0497; X% - 0.0218; X2, -0.00156.

The coefficient-magnitude ranking identified chlorometric degree and the acid
concentration x chlorometric degree interaction among the largest terms in the fitted pulp-
yield equation (Table 4). In the absence of replicated pulp-yield observations, these

rankings are descriptive and are not reported as formal statistical significance tests.

The Pareto ranking of absolute coefficients is retained as an exploratory
visualization of the fitted pulp-yield equation. It does not provide p-values or independent
evidence of factor significance (Fig. 3).

Table 4. Factors and their Regression Coefficients

Factors Coefficients
Constant 0.555
X4 0.0217
X, -0.0320
X; 0.0560
XX, -0.0544
X, X; -0.0165
X1X; 0.0709
X:1X,X5 0.0308
X2 -0.0497
X2 0.0218
X2 -0.00156
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Fig. 3. Pareto chart of factors

Thermal Conductivity

Regression on the thermal conductivity response produced the following
coefficients: constant, 0.0698; X1, 0.00429; X2, —0.00765; X3, —0.0100; X1.X2, 0.00900; XX,
0.0136; X1.X5, 0.0121; Xi.X2X5, —0.0168; Xi2, —0.00785; X2, 0.0111; X532, —0.00146.

For apparent thermal conductivity, the coefficient-magnitude ranking identified
higher-order and interaction terms among the largest fitted coefficients. Given the limited
model fit and the observed centre-point variability, these findings are interpreted as
exploratory patterns rather than definitive factor effects (Table 5; Fig. 4).
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Factors Coefficients
Constant 0.0698
X; 0.00429
X, -0.00765
X; -0.0100
XX, 0.00900
X,X3 0.0136
X1X;5 0.0121
X1X,X5 -0.0168
X2 -0.00785
X2 0.0111
X2 -0.00146
0.018 100%
0.016 90%
0.014 80%
0.012 0% 8
- 60% §
£ 0.01 .g
=] o, [i°}
s 50% =2
= 0.008 £
40% §
o
0.006 0% S
0.004 20%
0.002 l 10%
0 I
X2X3 X22 X1X2 X2 X32
X1X2X3 X1X3 X3 X12 X1

Factors

Fig. 4. Pareto chart of coefficients for thermal conductivity

Effect of Individual Process Steps on Extraction Yield
Pivot-table analysis of mean yield as a function of each processing step showed the
following: (Figs. 5-8).
e Acid pretreatment (X1): Mean yield increased from 49.7% (0.05 M) to 56.9% (0.10
M), followed by a decrease to 54.1% (0.15 M). The overall influence of this factor
on yield was 12.6%.
e Alkaline cooking (X2): Mean yield was 57.5% at 10 g/L, 52.1% at 50 g/L, and
51.1% at 100 g/L (overall mean, 53.6%). The overall influence of this factor on
yield was 11.4%.
e Bleaching (X3): Mean yield increased from 47.9% (1 °Chl) to 53.6% (3 °Chl) to
59.1% (5 °Chl) (overall mean, 53.6%). The overall influence of this factor on yield
was 19.0%, the highest among the three process steps.
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Reduced Model Equations

Based on the exploratory coefficient ranking, reduced polynomial equations were
fitted for pulp yield and apparent thermal conductivity. The equations summarize the
present data but are not independently validated predictive models (Tables 6 and 7).

Rdt = 0.555111 — 0.032000X, + 0.056000X5 — 0.054389X, X,
+0.070944X, X5 — 0.049667X, + 0.030533X,X,X; 3)
Cdrnerm = 0.06919858 — 0.01679547X, X, X5 + 0.01359255X, X5
+0.01213538X, X5 + 0.01114733X2 — 0.01000952X
+0.00899806X, X, (4)

In these expressions, Rdt is the pulp extraction yield, Cdtperrm, 1 the thermal conductivity
of the insulation material (W/m-K), Xi is acid concentration, X> is alkaline concentration,
and X is bleaching chlorometric degree (coded values).
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The following tables report descriptive regression summaries. The quantities
previously labelled as formal validation or lack-of-fit statistics should not be interpreted as
such because replicated response data were not available for pulp yield.

Table 6. Descriptive Regression Summary for Pulp Yield

Regression Statistics
Multiple regression correlation coefficient 66.31%
Coefficient of determination, R? 43.97%
Lack-of-fit test Not estimated
Standard error 12.86%
Runs 27

Table 7. Descriptive Regression Summary for Apparent Thermal Conductivity

Regression Statistics

Multiple regression correlation coefficient 73.89%
Coefficient of determination, R? 54.59%
Lack-of-fit test Not estimated
Standard error 2.45%
Runs 27

Fig. 9. Photographs of the samples of thermal insulation materials obtained

Genetic Algorithm Optimization

The genetic-algorithm search identified a candidate point at coded levels X1 = -
0.966319, X2 =-0.827685, and X3 =0.985896. The fitted equations predicted a pulp yield
of 92.4% and apparent thermal conductivity of 0.041 W-m'K"! at this point. These are
model-based exploratory predictions, not experimentally confirmed optimum values
(Pavlovi¢ et al. 2023; Sevindik et al. 2024; Wang et al. 2025). Notably, the lowest observed
apparent thermal conductivity in the factorial runs was 0.0354 W-m 'K,

Kone et al. (2026). “Coir thermal insulation panels,” BioResources 21(4), 11351-11366. 11362



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Thermal Insulation Panel Fabrication

Treated fibrous pulp obtained under the experimental conditions was processed into
pressed circular panels. The present work demonstrates fabrication feasibility only; it does
not establish product durability, moisture resistance, fire performance, mechanical
performance, or suitability for a specific construction use (Fig. 9).

Overall process performance

The candidate point identified by the genetic algorithm was located near the lower
acid and alkali bounds and the upper bleaching bound. The predicted 92.4% pulp yield was
higher than the observed range and was not confirmed experimentally. It should therefore
not be compared as a demonstrated improvement over conventional pulping yields or
industrial benchmarks.

Mechanistic interpretation of factor effects

The observed mean pulp-yield trend with acid concentration increased from 49.7%
at 0.05 M to 56.9% at 0.10 M and then decreased to 54.1% at 0.15 M. This pattern is
consistent with the possibility that moderate acid pretreatment changes hemicellulose
accessibility; however, because composition was not measured, the data cannot quantify
hemicellulose removal or cellulose preservation (Zhang et al. 2024).

The observed mean pulp yield decreased as NaOH concentration increased across
the tested levels. This pattern is compatible with more severe alkaline treatment causing
greater mass loss, including possible carbohydrate degradation, but compositional
measurements would be needed to determine which constituents were removed (Testova
etal. 2014; Li et al. 2017).

The mean gravimetric pulp yield increased with chlorometric degree in the tested
dataset. Since no lignin, brightness, colour, or cellulose-composition measurements were
performed, this observation cannot establish bleaching efficiency, pulp purity, or an
appearance-related benefit. Here, chlorometric degree is treated only as a bleaching-
intensity variable.

Interaction effects and model structure

The fitted equations contain interaction terms, suggesting that the experimental
responses may depend on combinations of pretreatment, cooking, and bleaching
conditions. Because the models explain only part of the response variability and were not
independently validated, these interaction patterns should be regarded as hypotheses for
confirmation experiments rather than definitive mechanisms.

Comparison with the optimization objectives

The candidate point lies near the boundaries of the tested factor domain. This
position, together with the lack of an independent confirmation run, limits confidence in
the predicted response values. Future work should experimentally test the candidate point
and, if warranted, extend the design space using replicated observations.

Limitations

Several limitations constrain the interpretation of these findings. First, gravimetric
pulp yield does not establish cellulose content, purity, or cellulose recovery because no
compositional analysis was performed. Second, no independent confirmation experiment
was conducted at the genetic-algorithm candidate point. Third, the fitted equations had
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modest in-sample R? values and cannot be regarded as validated predictive models. Fourth,
apparent thermal conductivity was estimated by a custom heated-plate method at 20
degrees C and 50% relative humidity without heat-loss correction, specimen equilibrium-
moisture measurement, or standardized conditioning. Fifth, no direct raw-coir-panel
comparison, mechanical testing, dimensional-stability testing, biological-durability
testing, or fire testing was performed. Finally, pressing conditions were recorded but not
controlled as experimental factors.

These limitations mean that the reported candidate conditions and thermal results

should guide future confirmation experiments rather than be interpreted as a verified
process optimum or a construction-ready product claim.

CONCLUSIONS

1.

Coconut coir was processed through an acid pretreatment-soda cooking-bleaching
sequence and formed into exploratory bio-based insulation panels. A complete 33
factorial design related gravimetric pulp yield and apparent thermal conductivity to
acid concentration, NaOH concentration, and bleaching chlorometric degree.

Second-order regression equations and coefficient-magnitude rankings were used to
describe the observed factorial data. Their modest in-sample fit and the absence of
independent confirmation mean that they should not be interpreted as validated
predictive models.

The genetic algorithm identified a boundary-adjacent candidate with model-predicted
values of 92.38% pulp yield and 0.041 W-m™'K™! apparent thermal conductivity. These
values were not experimentally confirmed and do not demonstrate cellulose recovery,
a validated optimum, or superiority to raw coconut coir or conventional industrial

pulping.

The work demonstrates the feasibility of preparing treated-pulp panels from coconut
coir and identifies conditions for future confirmation studies. Compositional analysis,
replicated yield measurements, standardized thermal testing under defined moisture
conditions, raw-coir comparison, and durability, fire, and mechanical evaluations are
required before practical insulation claims can be made.
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