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Abstract. Gas separation processes through membrane permeation have attracted the attention of
researchers recently due to their promising applications. In this study, we modified the cellulose
acetate (CA) membrane to improve the membrane performance of CO,/CH4 gas separation. The CA
membrane was modified by adding polyethylene glycol (PEG) 400 as the carrier and N, N*-
methylenebisacrylamide (MBA) as the cross-linking agent. Gamma-ray from cobalt 60 was used as
a reaction initiator with variation in irradiation doses. The membrane characterization tests were
conducted using scanning electron micrograph (SEM), Fourier transforms infrared (FTIR), and
instron tensile strength tester. The permeability and selectivity of the membranes were tested
against the single gases CO; and CH4. The SEM analysis showed the morphology change in the
membrane surface by gamma irradiation and a crosslinking agent. The spectra of FTIR showed a
change in peak intensity on several polymer functional groups in the presence of gamma-ray
irradiation. The tensile strength test showed that membranes with MBA have a higher mechanical
strength than those without MBA. Based on the membrane permeability and selectivity tests, CO-
gas permeability was affected by pressure. The ideal selectivity of CO,/CH4 shows that the irradiated
membrane has a higher selectivity than that of the non-irradiated membrane.

Keywords: Cellulose acetate membrane; Fixed carrier membrane; Gamma irradiation; Gas
separation; Polyethylene glycol

1. Introduction

Various types of technologies that can be applied for CO2 gas separation have been
investigated by many researchers, one of which is membrane technology (Kartohardjono
et al, 2017; Kusrini et al., 2018; Yulia et al., 2019). Membrane separation technology was
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reported to have advantages, such as being environmentally friendly, having relatively low
operating costs and low mobility, only requiring a compact space, and ease of maintenance
and operation (Bandehali et al., 2020). The cellulose acetate (CA) membrane is one of the
most widely used polymeric membranes for gas separation, including CO2 and CH4 gases.
Paketal. (2016) have investigated the use of the hollow fiber CA membrane to separate CO2
and CHa.

However, unmodified CA membranes tend to have a lower permeability to CO2. Some
researchers have reported that modified CA membranes could enhance CO2 permeability
(Sanaeepur et al.,, 2019). One of the compounds that can help increase the permeability of
the CA membrane to CO: is polyethylene glycol (PEG) (Wu et al.,, 2015). CO2 has a good
solubility in PEG, so the addition of PEG can increase CO2 permeability (Hu et al.,, 2006).

In this study, the modification of CA with PEG was carried out by adding N,N"-
methylenebisacrylamide (MBA) as a cross-linking agent and performing gamma-ray
irradiation (Suhartini et al., 2020). The aim of using the crosslinking agent was to improve
the mechanical stability of the membrane at the time of application (Zhang et al,, 2017;
Pryhazhayeva et al., 2021).

The aim of this study was to examine the characteristics of the irradiated polymer
membrane used for CO2 gas separation. Gamma-ray irradiation increases the bond between
CA, MBA, and PEG to form a copolymer that functions as a fixed carrier membrane (FCM)
with the PEG molecule as the carrier. Ghobashy (2018) reported that the advantages of
copolymerization irradiation are simple and safe methods. This method can accelerate the
formation of polymer radicals so that it is easier for the copolymerization reaction to occur
and to form a copolymer chain (Rahmawati et al., 2015). The aim of this study is to improve
the performance of CA membranes with modifications using PEG as a carrier, MBA as a
cross-linking agent, and gamma-ray irradiation as an accelerator for the bonding between
CA, MBA, and PEG. Membrane casting was performed using the phase inversion method
(Febriasari et al, 2021). The formed membrane was then characterized based on the
Fourier transform infrared (FTIR) analysis, scanning electron micrograph (SEM), and
tensile strength. The permeability and selectivity tests were conducted using single gases
CO2 and CHa4 to observe the membrane’s performance.

2. Methods

2.1. Materials

The materials used in the experiment include cellulose acetate (M» 30000) purchased
from Sigma Aldrich Singapore. N,N’-methylenebisacrylamide, polyethylene glycol (Mw 400),
acetone 99%, and formamide were purchased from Merck Indonesia.

2.2. Membrane Preparation

Cellulose acetate (CA) was dissolved into acetone and formamide with CA, acetone, and
formamide mass ratios 1:2:1, respectively. The solution was stirred for 1 h until the CA was
completely dissolved. Then, polyethylene glycol (PEG) was added in a ratio of 1:10 from the
mass of CA. N-N'-methylenebisacrylamide (MBA) as a cross-linker agent was added with
variations of 0 and 1% by weight of CA. The solution was again stirred until the PEG and
MBA were completely dissolved for 1 h. The mixed solution was allowed to stand for one
night to remove the bubbles then given gamma-ray irradiation using Cobalt-60 in a non-
vacuum condition with a dose variation of 0 kGy, 5 kGy, 10 kGy, 15 kGy, and 25 kGy.

Membrane casting was executed by pouring the solution onto a glass plate and then
printing it using a dr. Knife (casting membrane tool), and the thickness was set to 200 um.
The dope solution on the glass plate was allowed to stand at room temperature for 1 h and
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was then put in a coagulation bath filled with demineralized water until a flat sheet
membrane was formed. The flat sheet membrane was annealed using water with a
temperature of 70°C for 10 min. The resulting membrane was then stored in a box
containing demineralized water.

2.3. Membrane Characterization

Membrane characterization was conducted using a copolymerization degree analysis,
functional group analysis, morphology test, crystallinity, thermal study, and mechanical
properties. The copolymerization degree was measured to determine the percentage of
PEG that binds to CA. The analysis was performed by comparing the membrane weight
before and after the reflux process. The membrane sample was cut into a diameter of 1 cm
and then wrapped in a stainless filter. The membranes were dried at 50°C for 1 h. Reflux
was carried out using water for 48 h.

The FTIR analysis (Shimadzu, IR Prestidge-21) was performed to identify functional
group changes as irradiation doses were increasingly administered to the membrane
composite. FTIR spectra were observed at wave number 400-4000 cm-1. The morphological
analysis was performed to observe changes in the membrane surface structure due to the
influence of irradiation doses and cross-linking agents. The membrane surface morphology
test was performed using a scanning electron micrograph (SEM, JSM-6510LA, JEOL) with a
magnification of 2000 times and a voltage of 30kV.

A tensile strength test was carried out to observe the mechanical properties of the
membrane. The tensile test was conducted using the Universal Pull Machine. The value of
the tensile strength was obtained using the following formula (Liu et al., 2013):

o= (1)
where o, F, and Ao are tensile strength, loads during measurement, and surface area,
respectively.

2.4. Permeability and Selectivity
The permeability and selectivity values of the membrane were measured using a set of
membrane permeation test equipment with a membrane diameter of 5.1 cm. Single gas CO2
and CH4 flow with operational pressure variations from 0 to 50 Psi through the membrane
permeation cell and the volume of the gas from the permeate were measured using a flow
meter containing isopropanol. In this case, the distance and flow time of isopropanol were
recorded for each pressure variation. Membrane permeability was observed by calculating
the permeance using the following formula (Deng and Hagg 2010):
P/ = ( Q% )x 106 2)

A X Ap;

P/l is permeance with GPU units, where 1 GPU = 1x10-¢ cm3 (STP)/(cm? s cmHg). Qi is the
permeate flow rate for gas i in cm3(STP)/s. A is the effective surface area of the membrane
(cm?), and dan Ap: is the operational pressure (cmHg). The selectivity value (o) of the
membrane was calculated using a comparison between the gas permeance values of CO2
and CH4 as in the following formula (Li et al., 2004):

Pcoz/l

- PCH4_/l

(3)

The scheme of the membrane performance test method is shown in Figure 1.
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Figure 1 Scheme of the permeability test method

3. Results and Discussion

3.1. FTIR Spectra

Changes in membrane FTIR spectra due to an increase in irradiation doses and the
effect of the cross-linking agent can be observed in Figure 2. The FTIR spectra show several
peaks that identify polymer functional groups.
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Figure 2 FTIR spectra of membranes. (a), (b), (c), (d), (e); CA-PEG with 0, 5, 10, 15, and 25 kGy
irradiation doses, respectively. (f), (g), (h), (i), and (j); CA-MBA-PEG with 0, 5, 10, 15, and 25 kGy,
respectively

Peaks that appear at the same wavenumber on each membrane indicate the existence
of functional groups in the membrane sample. There was a change in the intensity and
shape of the peak at some wave numbers. The CA-PEG membrane spectra were observed
to change according to a variation in the irradiation dose. The reduced intensity at the 1627
cm1 peak indicates the degradation of the C=0 carbonyl bond in the carboxyl group. Due to
the opening of the C=0 double bond, itis predicted to become a single radical bond, allowing
CA to bind with PEG. The peak at wave number 3435 cm! also experienced an intensity
decrease in the irradiation dose from 5 to 15 kGy but increased again and was wider on the
CA-PEG membrane with an irradiation dose of 25 kGy. The widening of the -OH bond peak
indicates that more PEG binds to CA on the membrane with a dose of 25 kGy. The CA-MBA-
PEG membrane spectra showed some peak shifts due to the CA-MBA interaction. The peak
that appears at the wave number 3500 cm-! indicates an interaction of -OH groups with -
NH from MBA (Waheed et al., 2014). The peak in the wavenumber of 1782 cm-! on the CA-
MBA-PEG membrane with an irradiation dose of 5 and 25 kGy was noticeably sharper,
indicating the addition of C=0 carbonyl groups from MBA.
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3.2. Membrane Morphology

The membrane surface morphology is presented in Figure 3. The SEM image shows
changes in the membrane surface morphology due to the influence of irradiation and the
effect of cross-linking agents on the membrane.

a b

» Agglomeration

Figure 3 SEM image: (a) CA-PEG with 0 kGy irradiation dose; (b) CA-PEG with 10 kGy irradiation
dose; (c) CA-PEG with 15 kGy irradiation dose; and (d) CA-MBA-PEG with 10 kGy irradiation dose

Figures 3a, 3b, and 3c show the effect of irradiation doses on the CA-PEG membrane
without MBA. In contrast, Figure 2d shows the effect of the cross-linking agent on the
irradiation treated membrane. CA and PEG 400 bind to each other at low doses of
irradiation, resulting in molecular density. It causes a slight widening of the pores during
the non-solvent induced phase inversion process, which was observed in the SEM results
of irradiated CA-PEG membranes (Figures 3b and 3c) (Bedar et al,, 2019).

The mixture of CA-PEG with the crosslinking agent MBA in the irradiated CA-MBA-PEG-
10 kGy membrane allows the remaining PEG not to bind to CA so that agglomeration occurs
on the membrane surface (Bedar et al., 2020). In this case, the CA and MBA molecules have
pre-formed stable crosslinks. This makes it difficult for some PEG molecules to bond with
CA and MBA so that agglomerations form on the membrane surface.

3.3. Tensile Strength
The results of the mechanical stability test obtained from the tensile strength analysis
are presented in Figure 3.
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Figure 4 The membrane tensile strength as a function of the irradiation dose
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One of the objectives of this experiment is to improve the mechanical stability of the
membrane so that in addition to producing membranes with optimal affinities for COz gas,
this experiment also produced a membrane with a better mechanical strength. MBA is
added in the membrane formation process as a crosslinking agent to increase the tensile
strength (Kang et al,, 2016). The experimental results shown in Figure 4 indicate the
crosslinking agent’s success in improving the membrane’s mechanical properties.

Figure 3 also shows that the maximum tensile strength obtained on the CA-MBA-PEG
membrane at a dose of 5 kGy. After decreasing the irradiation doses of 10 and 15 kGy, the
tensile strength of the membrane then increased at a dose of 25 kGy. Meanwhile, the
minimum tensile strength was observed in the CA-PEG membrane at a dose of 25 kGy.
According to Shukla et al. (2016), the presence of a crosslinking agent reduces the
crystallinity of a polymer membrane so that the tensile strength value is higher (Shukla et
al,, 2016).

The decrease in tensile strength on the membrane indicates that the crystallinity of the
membrane is increasing. It may occur because the bond between CA and PEG in gamma-ray
irradiation causes molecular density. This is in line with the results shown by the SEM
analysis. The lower tensile strength of CA-MBA-PEG than CA-PEG for a 15 kGy irradiation
dose was predicted to be due to the unstable bond between CA and MBA. At a certain dose
of irradiation, there is a possibility of the homopolymerization of MBA, thus inhibiting its
binding to CA.

3.4. Permeability and Selectivity

The results of the measurements and calculations of membrane permeability and ideal
selectivity of CO2 and CH4 are shown in Figure 5. The gas permeation unit (GPU) describes
how much CO:z gas can penetrate the membrane and release into the permeate phase. In
other words, it indicates the permeability of COz gas to the membrane (Tocci et al., 2014;
Wangetal., 2018). COz2 gas permeability is affected by the solubility of CO2 to the membrane.
In this case, the copolymerization of CA with PEG is expected to increase the solubility of
CO2z to the membrane so that the membrane permeability increases (Reijerkerk etal.,, 2011).
Gamma-ray irradiation and the presence of a crosslinking agent in this case help stabilize
the bond between PEG and CA so that at certain irradiations, a more stable CA-MBA-PEG
bond is formed.

The experimental results showed that the permeability of CO2z is higher (0.36 to 13
GPU) than that of CH4 (0.06 to 3.5 GPU). This proves the prediction that the presence of PEG
in the blend membrane increases the permeability of CO2 gas due to the higher solubility of
CO2 gas to PEG (Car et al,, 2008). In the irradiated CA-PEG membrane, CO2 permeance is
higher (0.59 to 5.6 GPU) than that of the non-irradiated CA-PEG membrane (0.36 to 1.65
GPU). This indicates that the application of gamma-ray irradiation to the CA-PEG membrane
causes more PEG molecules to bind to CA molecules. The stable bond between CA and PEG
causes PEG not to be easily separated during the casting process or storage of the
membrane. Compared with other studies that use membranes for CO2 gas separation,
Mubashir et al. (2019) used a mixed matrix membrane with NH2-MIL-53(Al)/CA material
and obtained CO2 permeance values with a range of 1.22 to 2.74 GPU and a CO2/CHas
selectivity range of 19 to 39. Jahan et al. (2018) used membranes with cellulose/PVA
nanocomposite materials and obtained CO2 permeance values with a range of 0.04 to 0.28
GPU and a CO2/CHa selectivity range of 4.2 to 14.4.

A significant increase in CO2 gas permeability at pressures above 20 Psi was
experienced by irradiated CA-PEG, non-irradiated CA-MBA-PEG membranes, and irradiated
CA-MBA-PEG membranes. This is related to the phenomenon of CO2-induced plasticization,
which usually occurs in membranes made from glassy polymers (Zhang et al., 2010). This
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experiment indicated that the addition of MBA and gamma-ray irradiation could reduce this
effect.

Based on the calculation of membrane selectivity, the results show that at the pressure
above 10 Psi, the CA-MBA-PEG and CA-PEG membranes given gamma-ray irradiation have
a higher selectivity to non-irradiated membranes. Although non-irradiated CA-MBA-PEG
has a higher CO2 permeability, its selectivity is lower (3.75 to 24) than an irradiated CA-
MBA-PEG membrane (8.5 to 114). This is due to the non-irradiated CA-MBA-PEG
membrane, which is also has a high value for CH4 gas permeability, so selectivity is low. In
addition, the membrane with the addition of the MBA crosslinking agent has a higher
selectivity compared to the CA-PEG membrane without MBA. These results prove that
gamma-ray irradiation and the presence of crosslinking agents lead to a more stable PEG
bond to the membrane, improving the membrane’s performance.
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Figure 5 Membrane permeability and selectivity profiles against single gases CO; and CH4

4. Conclusions

The copolymerization of CA-PEG and CA-MBA-PEG has been carried out using gamma-
ray irradiation to form FCM. The Fourier transforms infrared (FTIR) results indicate that
the irradiation process opened the carbonyl bonds in the CA molecule and changed the
intensity of some peaks. The SEM analysis showed that gamma ray irradiation has the
potential to widen the membrane pores due to the increase in molecular density caused by
the intermolecular bonding process. The mechanical test results with tensile strength show
that the CA-MBA-PEG membrane has a higher tensile strength value than that of the CA-
PEG membrane. The membrane performance test on single gas CO2 and CH4 showed that
the ideal selectivity of the CA-PEG and CA-MBA-PEG irradiated membranes was higher than
that of the non-irradiated membranes. Ultimately, it can be concluded that this experiment
produces a membrane that is quite selective for COz with good stability against pressure.
For further research, it is necessary to test the efficiency of the membrane against mixed
gases and the stability of the membrane against changes in temperature.
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