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AbstractPolylactide acid (PLA) is a biocompatible sustainable material with notable characteristics due to its good
mechanical properties and low environmental impact. The present study investigated the effects of PLA-based green
membranes on gas separation and identified the best factor condition for the membrane. Prepared membranes were
tested to determine oxygen (O2) and carbon dioxide (CO2) gas permeability properties. Oxygen gas permeability of the
PLA/PEG/HA membrane obtained by drying for two days was increased from 100 kPa to 400 kPa; the permeability
value of this membrane increased by 15%. On the other hand, the oxygen permeability value of the membrane pre-
pared by dry for three days under the same pressure conditions and ambient temperature increased by 5%. This result
indicates that the permeabilities of prepared membranes for O2 gas increase with increasing feed pressures. On the
other hand, it was observed that the CO2 permeability decreased by 38.83% with the increase in pressure and drying
time due to the plasticizing and swelling effect of carbon dioxide on the membrane. A factorial design was also con-
structed from experimental data and applied to determine the interactions of experimental parameters. All of the
parameter interactions were of statistical significance for permeability. It is further argued that molecular weight has a
significant positive effect on permeability, while dry time and pressure have just a slight negative effect. This study
could contribute to further studies by reducing the number of tests necessary to understand the characteristics and gas
separation performance of green materials.
Keywords: Sustainable, Biodegradable, Greenhouse Gas, Gas Separation, Membrane, Experimental Design

INTRODUCTION

Increased consumption of petroleum-based products has resulted
in significant petroleum crises due to the finite nature of fossil
resources, the production of greenhouse gases, and the consider-
able waste of resources that has been rising rapidly [1-3]. Not only
does that lead to a massive increase in the volume of waste, but
this also contributes to the annual emission of millions of tons of
CO2 due to burning fossil resources. Therefore, biodegradable and
biocompatible polymers are gaining popularity since they are envi-
ronmentally friendly and can potentially substitute conventional com-
posites generated from petroleum, commonly utilized in many fields
[4-8]. Among biodegradable plastics, polylactide acid is the most
widely used and fabricated by polymer stem from renewable sources
in the literature because of its excellent attributes. such as good clar-
ity, ease of manufacture, high tensile strength, biocompatibility, non-
toxicity [9]. It also offers notable benefits, including low energy use
and a decrease in the release of greenhouse gases into the atmo-
sphere during manufacture [10,11]. However, PLA is still confined
in application due to its poor mechanical characteristics and fragil-
ity, slow resorption period, low free surface energy, and hydropho-
bic surface trigger its usefulness in practice [12,13]. Considerable

efforts have been made to prevent its usage restrictions and signifi-
cantly improve mechanical properties. Studies have revealed that
this issue can be achieved by combining PLA with the addition of
ceramic nanomaterials. The fact that these substances increase bio-
activity and have good stability under physical conditions makes it
possible to achieve desired mechanical properties with the incor-
poration of PLA polymer gaining interest significantly. Persson et
al. [14] studied the incorporation of hydroxyapatite (HA) particles
and PLA to evaluate the effects of HA density on the vinculin in
MC3T3-E1 surface. The presence of HA improved cell spreading
and the structure of the fiber, suggesting PLA/HA composites have
the potential to use bone as biomaterials. Laput et al. [15] manu-
factured polylactic acid/hydroxyapatite composite polymers in a
70/30 ratio by using plasma treatment to investigate the physico-
chemical properties of the surface. The characteristics of the poly-
mer showed decreased water and improved free surface energy.
Zimina et al. [16] fabricated a composite polymer, adding hydroxyap-
atite into polylactide acid polymer by solvent casting method. Com-
pared to pure PLA scaffolds, HA-containing PLA demonstrated a
less significant inflammatory response after two weeks of implan-
tation. These findings indicate that PLA/HA composites have much
potential for different fields. From previous research, Poly(ethylene
glycol)monomethyl ether (mPEG) has been studied widely as an
alternative polymer used in the preparation of polymer-protein con-
jugates because of its polymer biocompatibility and controlled bio-
degradability [17]. PEG has uncharged, soluble, nontoxic, and non-
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immunogenic properties and is an ideal material to protect active
biomolecules due to its excellent properties [18]. Hence, adding
mPEG into PLA/HA composite is predicted to enhance the char-
acteristics of the composite, making it more suitable for mem-
brane applications.

It is essential considering how different variables interact to affect
the performance of a material structure. Design of experiments
(DOE) is frequently used to investigate empirical relationships be-
tween one or more measured responses and a number of variables
or factors [19]. In general, it helps organize the experimental docu-
mentation of a process by linking its independent variables (inputs)
to the related responses. The design of the experiment, which mini-
mizes the number of tests, costs, and time involved in performing
the experiments, has been used by many researchers in their work
[20,21]. A DOE has been employed in a number of engineering
disciplines for optimization, including membrane technology. Moo-
Tun et al. [22] used a full factorial design 23 to examine the impact
of PLA, cellulose microfibers (CEL), and calcium carbonate (CaCO3)
on the equilibrium moisture content (EMC), density, and flexural
mechanical characteristics of starch-based bio-foams. In another
study, Watcharaprapapong et al. [23] reported PLA blends as a bio-
composite material with 5-15% HA powder. The specimens were
created via hot compression molding, and the experiment used a
center point design with 23 full factorials to investigate the best condi-
tions for creating the specimens.

To our best knowledge, the study of the incorporation of HA
and PEG into PLA to manufacture environmentally friendly green
composites and analyze their gas separation using an experimen-
tal factorial design has not been reported yet. In the present work,
green biocomposites were developed and evaluated as substitutes
for conventional composites. For this purpose, PLA/PEG/HA com-
posites were prepared to achieve desired mechanical properties and
examine the potential for gas separation. To produce PLA/PEG/
HA composite, hydroxyapatite ceramic material and PEG included
in PLA were produced by the sol-gel method, and composite mate-
rials were prepared by the solution casting method. The PEG and
HA grafted onto PLA were confirmed by the results of surface infra-
red spectroscopy (FT-IR), scanning electron microscope (SEM),
thermal gravimetric analysis (TGA), and differential scanning cal-

Fig. 1. Schematic procedures for the preparation of PLA/PEG/HA biocomposite.

orimetry (DSC). Gas separation measurements of manufactured
composites were performed for CO2 and O2 gases. A full factorial
model was implemented using statistical experiment design prin-
ciples to study the impact of various parameters on gas separation.

MATERIALS AND METHODS

1. Sample Preparation
HA was synthesized by sol-gel method in the following order as

mentioned in previous studies [24]. 100 mL of 0.6 M H3PO4 aque-
ous solution and 100 mL of 1 M Ca(OH)2 ethanol solution were
vigorously stirred at 60 oC for 4 hours. The mixed solutions were
kept for 18 hours, and the phosphorus solution was added to the
calcium hydroxide solution with a Ca/P ratio of 1.67 maintained
by the stoichiometric ratio [25-27] and stirred for one more hour
at 50 oC. The sample was heated in a muffle furnace at a rate of 5 oC/
min up to 800 oC, kept there for 0-2 hours, and then put into air to
cool to room temperature to obtain HA powder.

PLA, PEG, and HA powders were used to produce the biocom-
posite at weights of 86.96%, 10.87%, and 2.17%, respectively. The
materials forming the biocomposite were mixed in solution (Fig.
1). The details for biocomposite synthesis are described elsewhere.
Briefly, PLA and PEG powders were dispersed in chloroform for
almost 1 hour, followed by adding the corresponding amount of
HA powders, then stirred for approximately 24 hours at 120 rpm
until it completely dissolved. Afterward, 10 ml of the mixture was
cast onto the glass surface (Petri dishes), and the solvent was left to
evaporate at room temperature for two days and three days. Mem-
branes used in gas separation experiments have 100m thickness.
2. Samples Characterization

Characterization properties of synthesized PLA/PEG/HA com-
posite films and produced hydroxyapatite were determined previ-
ously following the standard methods. Measurements were made
in the wavelength range of 400-4,000 cm1 using the Perkin Elmer,
Spectrum Two, USA brand FT-IR/ATR device to determine the
prepared membranes’ chemical structures and obtain information
about the bond structures. The thermal stability and thermal behav-
ior of the prepared composite films were performed using a Shi-
madzu DTG-60 instrument. The film sample was coated with
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alumina, and the measurement was taken by heating it from 25 oC
to 500 oC at a heating rate of 10 oC/min in N2 environment. Dif-
ferential scanning calorimetry (DSC) analyses were carried out
under a 10 oC/min heating rate between 30 oC and 300 oC to deter-
mine the thermal properties of the films such as glass transition
temperature (Tg), crystallization temperature (Tc), melting point
temperature (Tm), crystallization enthalpy (vHc), melting enthalpy
(Hm) and percentage of crystallization (Xc). The morphologies
of the samples were investigated using a JSM- 7001F field emis-
sion scanning electron microscope.
3. Gas Separation Experiment

Gas permeation performance involved using the variable pres-
sure-constant volume method. The experimental setup consisted
of a pressure indicator, pressure transducer, vacuum pump, com-
puter, gas tank, and stainless steel gas separation unit presented in
Fig. 2. Detailed information about the experimental design was
reported in the literature [28]. The test cell’s typical membrane area
and permeate side volume were 49.2 cm2 and 30.2 mL, respectively.
By feeding at different pressures from the upper part of the mem-
brane assembly, the pressure change of the gas passing to the bot-
tom with the help of the pressure transducer was measured against

Fig. 2. Gas permeation unit.

Table 1. Factors and levels used in the 23 factorial experimental design

Factor Symbol Low level
(1)

High level
(+1)

Dry time (day) A 002 003
Pressure (kPa) B 100 400
Molecular weight (g) C 032 044

Fig. 3. Cube plots for permeability.

time. Single gas permeability throughout the membranes was deter-
mined for O2 and CO2 gases at different pressures (100 and 400
kPa). All measurements were performed at room temperature.

The gas permeability (P) was calculated by the slope of the curve
of permeate pressure vs. time (dp/dt) using the Daynes-Barrier time
lag equation as follows [29].

where P is the permeability coefficient, barrer (1 barrer=1×1010

cm3 cm/cm2 s cmHg), dp/dt is slope of the line obtained in the
permeability test, V is downstream volume (cm3), P is pressure
difference between membrane surfaces (cmHg), A is membrane area
(cm2), L is membrane thickness (cm), T is room temperature (K),
T0 is standard temperature (K), P0 is standard pressure (cmHg).
The ratio of the permeation rates of pure gases A and B is known
as the ideal separation factor of pure gas A over B (AB).
4. Factorial Experimental Design

The experimental design is important to ensure the interaction
and relationships between independent and dependent variables, a
scientific and systemic approach. For finding parameters, a rank
of interaction and effects was applied to the statistical software
MINITAB 21. To investigate the gas permeability of PLA/PEG/HA
composite through the O2 and CO2, an experimental design 23
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was carried out to study the influence of certain parameters. To
evaluate the diffusion of O2 and CO2 gases from PLA/PEG/HA com-
posite films, molecular weights, dry time, and pressure were selected
as variables.

The 23 factorial experiments were applied on two levels, high and
low. The factors and their two levels are given in Table 1.

The low and high levels of the factors were determined by con-
sidering some preliminary experiments [30]. The cubical diagram
for high and low three independent variables (dry time, pressure,
and molecular weight) is given in Fig. 3.

RESULTS AND DISCUSSION

1. Material Characterization
The peaks obtained from the FT-IR spectra of PLA, HA, PEG,

Fig. 4. FTIR analysis of PLA, HA, PEG, PLA/PEG, and PLA/PEG/HA.

Fig. 5. (a) SEM images of Hydroxyapatite, (b) SEM images ofPLA/PEG/HA.

and PLA/PEG/HA composites are shown in Fig. 4. The FT-IR
spectra for the samples in the study were obtained in the region
600-4,000 cm1, and the spectrum showed three main regions. The
absorption peaks at ~2,886 cm1 are assigned to the CH stretch-
ing. The C=O stretching is observed as a large band at ~1,750 cm1,
CH3 band is observed at ~1,454 cm1. In the region of 1,300 cm1

to 1,000 cm1, it is possible to observe the C-O stretching modes
(~1,277, ~1,183, ~1,084), the ester groups at ~1,277 cm1 and the
nO-C asymmetric mode at ~1,084 cm1 and -OH bending have
the band at ~1,047 cm1. Between 1,000 cm1 and 800 cm1, peaks
can be observed at ~962cm1 and ~843cm1, which can be attributed
to the characteristic vibrations of the helical backbone with CH3

rocking modes [31,32]. It is clear that the intensity for PLA/PEG is
lower than PLA. The PLA/PEG combination shows less intensity
in terms of C=O peaks, while HA does not contain the C=O peak.
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Thus, because PEG has a higher density than PLA, the density of
the composite PLA/PEG film is likewise lower. PEG, in a sense,
reduces the composite film’s peak intensity. The peaks specific to
pure PLA were also seen in the PLA/PEG structure when compar-
ing the FTIR data of PLA and PLA/PEG. This can be explained by
the fact that the peak intensity of one compound can be reduced
or completely hidden by the stronger absorption of another com-
pound. This result is consistent with the literature [33].

Fig. 5(a) exhibits that the HA has a surface appearance with a
cluster-like and porous structure, which this same formation has
been seen in numerous research in the literature [24]. The perfor-
mance of the gas separation can be influenced by the PLA/PEG/
HA membrane’s surface morphology. For this reason, the distribu-
tion and compatibility of HA in the polymer matrix were observed
using the SEM images of the top surface composite membrane
(Fig. 5(b)). As can be observed in Fig. 5(b), PLA shows a very clean
and smooth fracture surface due to its brittle behavior at room
temperature. After the addition of HA, there are clear and evenly
distributed structures on the PLA/PEG film’s surface. Obviously,
HA particles were uniformly dispersed in the composite mem-
brane, and the distribution of HA in that film structure was in the
form of regional clusters.

The results of thermal gravimetric analyses (TGA) of samples
are given in Fig. 6. Pure PLA exhibits a two-stage weight loss in its
composition. The first weight loss of 6.65% was due to the loss of
guest molecules (solvent and adsorbed water) in the PLA structure

Fig. 6. TGA analysis of PLA, PLA/PEG, and PLA/PEG/HA.

Table 2. DSC results of PLA, PLA/PEG, and PLA/PEG/HA
Tg (oC) Tc (oC) Tm (oC) Hm (J/g) Xc (%)

PLA 59.40 123.56 149.48 16.27 17.38
PLA/PEG - 075.33 147.14 25.81 34.47
PLA/PEG/HA 56.16 090.35 152.80 27.86 34,18

between 88-138 oC. The second weight loss was observed between
316-374 oC, and pure PLA left a residue that was equal to zero.
Because the PLA structure degrades in this temperature range, the
initial value of this step (316 oC) determines the thermal stability
of the structure. The weight loss values obtained at the first and
second stages of the curve are consistent with the values reported
in the literature [34]. The degradation of PLA/PEG is a two-step
degradation process. It started at 234 oC and ended abruptly at
318 oC due to the removal of water and solvent molecules in its
composition. The second step was associated with the degrada-
tion of PLA/PEG. The second weight loss occurred between 386-
416 oC, and the mass loss at this stage was due to organic decom-
position [35]. The thermal analysis curves show a three-stage weight
loss in the case of PLA/PEG/HA membrane. First weight loss (about
5%) occurred before 200 oC, which can be ascribed to adsorbed
water evaporation. The second weight loss (about 76%) occurred
between 270 oC and 362 oC, and complete decomposition occurred
between 364 oC and 410 oC. This represents the amount of char
residue, 3.35 wt%, resulting from the formation of a carbonaceous
char layer from the burning of hydroxyapatite incorporated in the
composite [36]. The TGA curve of PLA/PEG/HA evidenced that
the presence of HA had shown the potential to improve the ther-
mal stability and resistance to the thermal degradation of a poly-
mer [37].

The thermal properties of the samples are given in Table 2. With
the addition of PEG and HA into PLA PLA/PEG/HA, the glass tran-
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sition temperature (Tg) decreased and the melting point tempera-
ture increased by about 3 oC compared to pure PLA membrane.
In addition, the crystallization temperature (Tc) decreased by 36.75%
when it formed PLA/PEG/HA structure. In DSC analysis, the per-
centage of crystallization in PLA/PEG/HA composites increased
by 96.67% compared to PLA. This result indicates that the increase
in the crystal structure in polymers decreases the mobility in the
polymer chain in the presence of HA, which is consistent with pre-
vious studies [38].
2. PLA/PEG/HA Biodegradable Composite for O2/CO2 Sepa-
ration

Separation of single gas (CO2 and O2) was investigated for PLA/
PEG/HA Composite Films at different gas feed pressures (100 and
400 kPa). The permeability-selectivity results were summarized in
Table 3 and discussed the effects of feed pressure (P) and dry
time of the membrane.

Oxygen permeability of the PLA/PEG/HA membrane was cal-
culated as 0.280 and 0.317 barrer at pressures of 100 and 400 kPa
for two days of drying and 0.416 and 0.418 barrer at the same
pressures for three days drying, suggesting permeability increased
with increasing drying time and pressure. Prepared membranes
were also tested to determine the permeability properties of CO2

gas. However, it was observed that the CO2 permeability decreased
from 2.488 barrer to 1.522 barrer with the increase in pressure and
drying time due to the plasticizing and swelling effect of carbon
dioxide on the membrane. This result is explained in the literature
by the plasticizing effect of CO2. Carbon dioxide has the potential
to plasticize or swell the membranes, which reduces their separa-
tion effectiveness and results in a significant loss in selectivity under
high feed pressures [39-41]. For instance, introducing CO2 alters
the viscosity of the polymer by plasticizing the molecules’ move-
ment through polymer swelling [42]. The crystallization kinetics
was subsequently changed as a result [43,44]. Additionally, it has
been demonstrated that the CO2’s plasticizing impact caused the
crystallization temperature (Tc) and the glass transition tempera-
ture (Tg) to decrease as the dissolved CO2 level increased. Previ-
ous research has mainly concentrated on how CO2 affects the glass
transition temperature (Tg), which has been demonstrated to de-
crease with increased pressure [45,46]. The effects of various gas pres-
sures on the fluctuations in Tc of the polypropylene were investi-
gated by Naguib et al. [47], who demonstrated that the Tc of poly-
propylene was reduced due to CO2’s plasticizing impact. Table 3
also indicates ideal O2/CO2 selectivities as a function of feed pres-

sure and dry time. As the pressure and drying time increased, the
ideal selectivity up to 0.275.
3. Factorial Design Study

In this study, factorial design experiments were applied to ana-
lyze the gas permeability of PLA/PEG/HA composite films against
the O2 and CO2. The effective factors on the gas permeability of
PLA/PEG/HA composite films are the dry time, pressure, and molec-
ular weight. Three different input independent variables of values
and the responses of the process with 23 full factorial design were
given in Table 4.

The results of experimental data were analyzed with the MINITAB
21 software. The effect, regression coefficients (coef), standards errors
(SE coef), T, and p-value are given in Table 5.

The T-value indicates the size of the difference in relation to the
variability in the sampled data and also stands for the simply cal-
culated difference expressed in standard error units. The p-value
represents the probability that the results derived from the sample
data are the result of chance. p-values range from 0% to 100% and
are typically expressed as decimal numbers (For instance, a p value
of 5% is 0.05) and can have any value between 0 and 1 because it
is a probability. Values that are close to 0 show that it is improba-
ble that the observed difference is the result of chance.

An empirical model using the regression coefficients was given
for permeability in Eq. (1). It was observed that the linear effect of
all factors and the interaction effect between these factors are sig-
nificant.

Table 3. Gas permeation and separation performances of PLA/PEG/
HA

PLA/PEG/HA
Permeability, P

*(Barrer) Selectivity, 

Dry time Pressure (kPa) PO2 PCO2  O2/CO2

2 days 100 0.280 2.488 0.113
400 0.317 2.164 0.146

3 days 100 0.416 2.148 0.194
400 0.418 1.522 0.275

Table 4. Experimental design matrix and the results of the 23 full
factorial design

Run
No.

Factor Permeability (Barrer)

A B C
Replicate

Average
I II

1 1 1 1 0.280 0.284 0.282
2 +1 1 1 0.416 0.415 0.416
3 1 +1 1 0.317 0.317 0.317
4 +1 +1 1 0.418 0.420 0.419
5 1 1 +1 2.488 2.490 2.489
6 +1 1 +1 2.148 2.150 2.149
7 1 +1 +1 2.164 2.165 2.165
8 +1 +1 +1 1.522 1.519 1.521

Table 5. Estimated effects and coefficients for permeability
Term Effect Coef SE Coef T p
Constant 1.2196 0.000390 3124.58 <0.001
A 0.1871 0.0936 0.000390 239.71 0.000
B 0.2286 0.1143 0.000390 292.87 0.000
C 1.7224 0.8612 0.000390 0.000390 0.000
A*B 0.0839 0.0419 0.000390 107.45 0.000
A*C 0.3049 0.1524 0.000390 390.55 0.000
B*C 0.2479 0.1239 0.000390 317.53 0.000
A*B*C 0.0681 0.0341 0.000390 87.27 0.000

S=0.00156127R-Sq=100.00% R-Sq(pred)=100.00%R-Sq(adj)=100.00%
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qe=1.21960.0936A0.1143B+0.8612C0.0419AB
qe=0.1524AC0.1239BC0.0341ABC (1)

The positive values of these effects reveal that the increase of these
independent variables increased permeability. Conversely, negative
values of the effects decreased the permeability.

The main effects represent the deviation of the mean values
between the low and high levels. These graphs were generated to
describe the results of the regression analysis. When the effect of a
factor is positive, permeability increases as the factor changes from

low to high levels. In contrast, if the effects are negative, a reduc-
tion in permeability occurs for a high level of the same factor [48].
As stated in Fig. 7, whereas dry time and pressure have a very weak
negative effect on permeability, molecular weight has a strong pos-
itive influence on permeability. Maximum permeability occurred
at the high molecular weight.

An interaction plot is a powerful graphical tool that the interac-
tion between the components is not possible if the lines on the inter-
action plot are parallel. The probability of an interaction between
the lines increases if they intersect [48,49]. Interaction effects graphs

Fig. 7. Main effect graphs for permeability.

Fig. 8. Interaction effects graphs for permeability.
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for permeability are shown in Fig. 8. It reveals that all the interac-
tions of the factors were statistically significant in determining per-
meability. The permeability decreased by 10.45% with the increase
in pressure from 100 kPa to 400 kPa during two days of drying,
whereas the permeability decreased by 24.37% with the same pres-
sure increase in three days of drying time. This indicated that per-
meability in two day-dry time has a greater effect positively. When
analyzing the interaction plot of pressure and molecular weight,
the result indicated that pressure and molecular weight are in interac-
tion with each other. At 100 kPa pressure, 84.13% increase in per-
meability is observed when from low molecular weight to high
molecular weight, while the increase in this value is 81.07% at 400
kPa pressure. Similary, the dry time and molecular weight interac-
tion plot illustrates that permeability increase by 87.13% the during
two days of drying from lower molecular weight to higher molec-
ular weight, and also during three days of dry time led to a rise in

permeability by 83.68% under same conditions. It could be seen
that there is an interaction between dry time and molecular weight.

Table 6 presents the sum of squares used to estimate the factor
effects and F-rations. p values   i ndicate that the effects are statisti-
cally significant. The significance of the regression coefficients was
determined by applying the Student’s t-test. All effects were signifi-
cant, with a 95% confidence level. In addition, the coefficients of
the model, interaction and main effect, probability, and standard
deviation of each coefficient for the 23 factorial design are presented
Table 6.

The normal probability graph of standardized effects is given in
Fig. 9. In this graph the statistically significant effects are character-
ized by square signs situated away from the center line; however,
the circle signs representing the insignificant effects tend to follow
a normal distribution. According to Fig. 9, a sign close to a line fit-
ted to the middle group of points represents those estimated fac-

Table 6. Analysis of variance for permeability
Source Degree of freedom Sum of squares (SS) Mean squares (SS) F p
Main effects 03 12.2154 04.0718 1670487.96 0.000
A 01 00.1401 00.1401 57461.77 0.000
B 01 00.2091 00.2091 85775.41 0.000
C 01 11.8663 11.8663 4868226.69 0.000
2-Way Interactions 03 00.6457 00.6457 88301.29 0.000
AB 03 00.0281 00.2152 88301.29 0.000
AC 01 00.3718 00.0281 11544.64 0.000
BC 01 00.2458 00.3718 152531.31 0.000
3-Way interactions 01 00.0186 00.0186 7616.03 0.000
ABC 01 00.0186 00.0186 7616.03 0.000
Residual error 08 00.0000 00.0000
Pure error 08 00.0186 00.0000
Total 15 12.8797

Fig. 9. Normal probability graph of standardized effects for permeability.
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tors that do not demonstrate any significant effect on the response
variables. Points far away from the line represent the “real’ factor
effects [30].

The molecular weight and their interaction are very far from
the straight line and therefore considered “real”. Because A, B, AC,
BC, and AB lie to the left of the line, their contribution has a nega-
tive effect, and C represents molecular weight on the right had a
positive effect, as seen in Fig. 9. A three-dimensional surface plot
of Molecular weight (g) vs. Dry time (day) vs Pressure (kPa) is illus-
trated in Fig. 10.

This graph is used to visualize and understand the relationships
between these three variables. It is a type of graph in which each
variable is placed on the axis, and the surfaces of the graph are
formed by the combination of these variables [50]. Also, it can be
used to understand how the relationships between the variables
molecular weight (g), drying time (days), and pressure (kPa) change
and how they interact with each other. For example, it can be
understood how drying time is affected as molecular weight in-
creases or how pressure change affects molecular weight and dry-
ing time. It allows a specific value (e.g., the value of pressure and
drying time at which the maximum molecular weight is reached)
to be visually identified on the graph. As revealed formerly, increas-
ing pressure from 100 to 400 kPa and molecular weight from 32 to
44 g enhances membrane permeability significantly.

CONCLUSION

Bio-membrane from renewable sources used for gas separation
is a substantial research field regarding the issue of increasing green-
house gas and petroleum-based waste. PLA is the most widely used
and manufactured biodegradable polymer because of its excellent
attributes over petroleum-based membrane. In this study, PLA
was combined with HA and PEG to improve mechanical charac-
teristics and biocompatibility. First, the effect of PLA/PEG/HA on
morphological, mechanical performance, and gas separation per-
formance was investigated. The effective incorporation of HA and
PEG into the PLA structure was confirmed by FTIR studies of the
composite. Because PLA has a higher density than PEG, the den-

sity of the composite PLA/PEG film is likewise lower. PEG reduces
the composite film’s peak intensity. The intensity of PLA was found
to be higher than PLA/PEG because PEG decreased the peak inten-
sity of the membrane.

HA particles were uniformly dispersed in the composite mem-
brane, and the distribution of HA in that film structure was in the
form of regional clusters. The PLA/PEG/HA TGA curve demon-
strated that adding HA could potentially increase a membrane’s
thermal stability and resistance to thermal degradation. The PLA/
PEG/HA membrane’s oxygen permeability was calculated to be
0.280 and 0.317 barrer at pressures of 100 and 400 kPa that were
conducted for two days and 0.416 and 0.418 barrer at the same
pressures for three days, respectively. This suggests that permeability
increases with both drying time and pressure. A prepared mem-
brane’s ability to permeabilize CO2 gas was found that the plasti-
cizing effects of carbon dioxide on the membrane caused the CO
permeability to decrease from 2.488 barrer to 1.522 barrer with the
rise in pressure and drying time. This result supports that the mem-
branes may plasticize in response to carbon dioxide, which lessens
their separation efficiency. The factorial design methodology has
been applied successfully to determine the interactions of experi-
mental parameters on gas permeability. Analysis showed that the
interaction of dry time, molecular weight and pressure was statisti-
cally significant. The normal probability graph of standardized effects
indicated that a positive effect can be seen by molecular weight. A
higher permeability was found to be two days dry time, 100 kaPa
pressure, and carbon dioxide gas with a molecular weight of 44 g/
mol. The maximum permeability value was achieved by 87.13% at
two days of drying and higher molecular weight. In brief, this
study could help future research to understand the properties and
gas separation performance of green materials and to determine
the interactions of experimental parameters by minimizing the num-
ber of experiments.
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