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Abstract

Flat thin-film magnesium oxide-chitosan nanocomposite membranes were synthesized with polyethylene terephthalate (PET) and
employed for natural gas dehydration. The water vapor permeation was most pronounced with a nanocomposite membrane doped
with 0.9 g MgO nanoparticles (NP) as a result of a significant upsurge in the permeability of water vapor in the membrane (0.87).
With the increase in MgO NP, large macro-voids are created, substratum pore size, and thickness together with the water vapor
permeation were upsurged. The dehydration of natural gas performance of magnesium oxide-chitosan nanocomposite membranes
synthesized with PET was enhanced with the increase in MgO NP embedded in the membrane. Though water vapor permeation was
restricted by the polyester non-woven material used as a support for the nano composite membranes, as the three membranes
did not reach the permeation coefficient of 1. However, the permeation coefficient increased with an increased MgO NP, with three
mambrane samples (M1, M2 and M3) having permeation coefficient of 0.763, 0.77 and 0.87 respectively. The gas reduced with an
increase MgO NP, with M1, M2 and M3 having 3.46 x 1072, 3.17 x 1072 and 3.88 x 1073 kg/m? respectively. From the adsorption study,
the discrepancy observed between CH, and vapor with isotherm models was ascribed to the different adsorption behavior of CH, and
vapor on the membrane-active area. The cost of making the membrane cannot be considered as a terminal criterion because most of
the cost-effective option is not always the optimum one. The membranes confirmed their suitability for the dehydration of natural gas.
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1 Introduction

As the country's petroleum industry moves steadily from
mostly exploring and producing crude oil to exploring and
producing oil and gas, more concentration is being assigned
to natural gas engineering projects [1]. The resources of
energy like coal gas, natural gas and landfill gas (meth-
ane, cthane and ethylene, etc.) are typically found diluted
with nitrogen gas and/or carbon dioxide [2]. Usually, nat-
ural gas comprises of a substantial quantity of water vapor.
Alterations in temperature and pressure condense this water
vapor, thereby changing the physical state from gas to lig-
uid and then to solid. There must be a process to remove
this water for the purpose of protecting the system from cor-
rosion and hydrate development [3]. Hence, all natural gas

must be dried before it goes into the national distribution
pipelines, for the purpose of controlling corrosion and avert-
ing the development of solid hydrocarbon/water hydrates [4].

The dehydration of natural gas is a subject that one can-
not in any way ignore in processing the gas to consumer
specifications. Presently, glycol dehydration (which is the
traditional dehydration technique employed in Nigeria) pos-
sess some related problem; such as the venting of pollutants
like methane, volatile organic compounds (VOCs) such as
toluene, benzene, ethylbenzene, and xylenes (BTEX), from
the raw natural gas streams, and hazardous air pollutants
(HAPs) [1]. Particularly, benzene is known to be a carcin-
ogen. For instance, a usual glycol-based unit dehydrating
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a 55795.34 Nm’/h natural gas stream will discharge more
than 40 tons per year of various organic pollutants, of
which about half comprises BTEX [5]. Based on the lat-
est estimates by EIA, 45.312 billion m? of dry natural gas
is being produced in Nigeria, in 2019 [6]. It is envisaged
that the emissions of organic pollutants from dehydrators in
Nigeria will run into thousands of tons. Hence, controlling
the emissions of these organic pollutants to have clean air
in a country like Nigeria is one of the major environmental
challenges confronting the natural gas industry in the coun-
try. All these glitches institute an environmental menace
together with the loss of treasured gas that could be sold to
make income [1]. Another disadvantage of glycol dehydra-
tion is the complex system operation that needs solvent stor-
age, replacement and disposal [4].

Membrane technology is an interesting substitute for
the dehydration of natural gas. Where feed or recycle com-
pression is employed, the membrane system removes water
as a liquid with basically zero air emissions contrasted to
the glycol absorption which removes water as a vapor [7].
Usually, membrane systems are compact with a slight foot-
print, passive devoid of moving parts, and dependable devoid
of the necessity for continuous consideration when func-
tioning in secluded areas [4]. Membranes have been com-
monly adopted as a processing unit in gas separations for
over 30 years. The application of membranes for natural gas
dehydration began ten years ago, and these systems remain
in the early stages of commercialization. Hence, there seem
to be a few membrane natural gas dehydration systems cur-
rently accessible and there is not much in the literation for
dehydration of natural gas using membrane technology.

Nanocomposite membranes synthesis is for the conser-
vation of the advantages polymeric membranes possessed.
This is done for the purpose of attaining a remarkably pre-
dicted outcome for membrane advancement via the incor-
poration of engineered nanoscale materials in membranes
made from polymer [8]. Lin et al. [4] examined the meth-
odological viability of membrane technology for the dehy-
dration of natural gas. With specific emphasis, they focused
on the laboratory-scale tests of composite membranes made
from Hydrophilic microphase-separated block copoly-
mers (Pebax®). They observed that increase in sweep gas
flow rate on the permeate side of the membrane resulted in
a decrease in the whole membrane transport resistance to
water vapor, in consequence, upsurging water vapor perme-
ance (1.5 x 1072 cm*/m? x s x MPa). Lin et al. [9] presented
a field test of Pebax®-based membranes at a natural gas
processing plant and the membrane process was designed
to exploit the membrane separation efficacy. The water flux

attained close to 80% of the value computed with the pro-
cess simulation software for a perfect sweep/counter-cur-
rent module, confirming the appropriateness of the spi-
ral-wound modules with counter-current configuration for
natural gas dehydration. Hafani et al. [10] recently prepared
polyethylene terephthalate (PET)-based membranes by
employing poly (ethylene glycol) (PEG) average Mn 6000
as a polymeric additive. Based on the results attained, the
dehydration performance of PET membranes was improved
by PEG addition. Here, PET bottles were made into flat
thin-film membranes doped with magnesium oxide/chi-
tosan for dehydration of natural gas. The morphology and
water permeation across the synthesized PET membranes
doped magnesium oxide/chitosan were investigated.

What informed the choice of the materials used for syn-
thesizing PET membranes doped with magnesium oxide/
chitosan are (1) recycling PET waste into valuable re-
sources will aid in reducing its environmental impact on
the planet; hence, the use of plastic bottles (2) Magnesium
oxide nanoparticle was used because of its superior surface
reactivity, chemical and thermal stability [11] and (3) chi-
tosan has been found to regulate permeation enhancement
to a greater extent [12]. Different researchers have exam-
ined the effect of different additives on the morphological
structure of membranes for their performances. The hydro-
philic structure of membrane has been attained by the addi-
tion of additives like poly ethylene oxide, glicerol and zinc
chloride [13]. Polyvinylpyrrolidone (PVP) is the most
commonly used additive for membrane modification [14].
Different additives serve different roles in membrane prepa-
ration; however, PEG possess the same role as PVP in mem-
brane formation [15], PEG acts as a macrovoid formation
barrier and increases membrane hydrophilicity [16].

2 Materials and methods

Materials used for the study are deionized water, magne-
sium nitrate hexahydrate (MgNO, x 6H,0), sodium hydrox-
ide (NaOH), trifluroacetic acid (TFA), dichloromethane
(DCM), poly(ethyleneglycol) (PEG), chitosan powder, PET
bottles, polyester non-woven material, ethanol, natural gas
in a compressed natural gas cylinder. All reagents used for
this study are analytical grade reagents and are suitable for
a variety of analytical techniques.

2.1 Synthesis of magnesium oxide nanoparticle

Magnesium oxide nanoparticles were synthesized by sol-
gel procedure by employing magnesium nitrate as a pre-
cursor [17]. 0.2 M magnesium nitrate was prepared by dis-
solving 2.97 g of solid magnesium nitrate in 100 mL of



deionized water and 0.5 M of sodium hydroxide NaOH
was prepared by dissolving 2 g in 100 mL of deionized
water. 90 mL of the 0.2 M of magnesium nitrate was mea-
sured and poured into a beaker and 10 mL of the 0.5 M of
sodium hydroxide NaOH was measured and added drop-
wise (10 drops/2 min) to the already measured solution of
magnesium nitrate at an interval 2 min while the mixture
was still being stirred with a magnetic stirrer. The stirring
was carried out for 30 min and afterward, a pH of 9 was
attained. The supernatant was decanted off and the precip-
itate was poured into a crucible and placed in an oven for
180 min at 300 °C. The resulting dried white powder sam-
ples were scrapped into a sample bottle and weighed.

2.2 Preparation of PET

Used PET bottles were rinsed with distilled water to
remove dirt and then cut with scissors into shreds readily
available for recycling. The shredded material was melted
to molten and then crushed into sizable beads by means
of an electrical crusher. The sizable PET beads were pro-
cessed to powdery nano-size polymer using a mechanical
grinder. An industrial sieve shaker was employed for siev-
ing crushed material off the desired particle size of 100 um.

2.3 Synthesis of chitosan doped magnesium oxide
nanocomposite membranes

Three membrane samples were synthesized according to
De Silva [18]. 7 g of crushed waste PET, 2 g PEG, chitosan
powder in the range of 0.1 to 0.7 g and MgO nanoparticle
in the range of 0.3 to 0.9 g were weighed and placed in
an Erlenmeyer flask. 20 mL of TFA and 40 mL of DCM
in a ratio of 1:2 was measured and added into a beaker,
the resulting mixture was stirred on a magnetic stirrer.
At 2 min interval, the polymer and the additives were
added in small quantities into the solvent mixture getting
stirred till it got exhausted for 1 h. The resulting viscous
solution was casted on the casting plate with the use of
a casting knife on a polyester non-woven material. Then
the plate was placed into a bath containing ethanol for
90 secs before it was removed from it and left to evaporate.
The membrane was formed. Other membranes were pre-
pared with the 0.6 g of MgO and 0.9 g of MgO to study the
efficiency of the nanocomposite membranes. The mem-
brane nanocomposite synthesis design is shown in Table 1.

2.4 Dehydration of natural gas procedure

The wet gas stream was obtained from Nigerian Petroleum
Development Company at pressure a pressure 52 Barg and
temperature of 35.63 °C. The composition of the gas is
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Table 1 Membrane nanocomposite synthesis design

Membrane Amountof Amountof Amountof  Amountof
samples PET (g) chitosan (g) PEG(g) MgO NPs(g)
M1 7.0 0.7 2.0 0.3

M2 7.0 0.4 2.0 0.6

M3 7.0 0.1 2.0 0.9

Table 2 Composition of natural gas sample before dehydration

Components Composition (mol%)
CH, 81.2%
CO, 2%
Water vapour 1.1%
CH, 9.76%
C,H, 2.7%
CH, 0.8%
CH, 2.23%
CH, 0.11%
CH, 0.05%
CH, 0.02%
N 0.03%

2

shown in Table 2. The composite membrane was placed
in the membrane cell. The well head gas was in a cylinder
and it was connected to the membrane cell inlet. The ball
valve attached to the equipment inlet was opened to enable
the passage of gas through and into the cell. The schematic
representation of the membrane cell is depicted in Fig. 1.
The flowrate was measured and used to calculate the per-
meation. After 20 min, the retained gas was collected in
a bicycle tube and analyzed with a gas analyzer.

2.5 Characterization

The morphological structure of the MgO nanoparticle
and of the fabricated composite membranes were stud-
ied by employing scanning electron microscopy (SEM)
with Energy Dispersive Spectroscopy (EDS) and X-ray
diffraction (XRD).

Dehydrated Gas:
CH, (Captured in
— .
Bicycle Tyre
Tube)
Wellhead Gas Memb:
) ) embranc
Contains: CH,, Cell Unit
H,O
Permeate,
(H,0)

Fig. 1 Representation illustrating the natural gas dehydration

membrane cell unit
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2.6 Membrane performance

The synthesized nanocomposite membranes were cut into
a disk shape for the gas dehydration cell with a thickness
in the range of 1.9398 x 107 m, 1.9504 x 107 nm and
1.9716 x 107 nm, a 0.005 m strip allowance was allowed on
the edges of the cell for the purpose of achieving the mem-
brane sealing, an active area of 0.009505 m? was attained.
The permeance of water vapor was computed from the fol-
lowing equations. The permeation rate is given by Eq. (1)
and the water vapor permeability of the membranes was
studied using Eq. (2):

Q. =AJ,, (P,X-FY), (D

JWP:A(P%aiPY)’ (2)
a )4

where 0., is the permeation rate (cm?/s) of the water vapor,
J,,» 1s the permeance of water vapor (cm?/m? x s x MPa), 4 is
the effective membrane area for permeation (m?), X and Y are
respectively, the concentrations of feed side water vapor and
permeate side water vapor. The feed and permeate pressures
are represented by P/ and Pp in (Hgmm) [19].

Three different adsorption studies were done to study
the performance of the membranes. Langmuir adsorp-
tion which was primarily designed to describe gas-solid
phase adsorption was used to study the performance of
the membranes by quantifying and contrasting the adsorp-
tive capacity of the gas adsorbents [20]. The Langmuir iso-
therm is given by Eq. (3) [21-23]:

c 1 C
Zeo_ -y 3)
qﬂ que qm

Here, C, is concentration of adsorbate at equilibrium
(mg/g). K, is Langmuir constant related to adsorption
capacity (mg/g), which can be connected with the differ-
ence of the appropriate area and porosity of the adsorbent.
Therefore, adsorption capacity is given by Eq. (4):

q, :(CO_Ct)%’ (4)

where g, is the amount of species adsorbed per gram (or vol-
ume) of an adsorbent at any time ¢, C (mg/L) and C (mg/L)
are adsorbate concentrations at initial and at time #, V' (L)
and W (g) are respectively the volume of the solution and
the weight of the adsorbent. Fowler-Guggenheim isotherm
in Eq. (5) was also studied to take the lateral interaction of
the adsorbed molecules into consideration:

In[m} = InK +%, ®)
0 RT

where K, is Fowler-Guggenheim equilibrium constant
(Lm/g), 6 is fractional coverage, R is universal gas con-
stant (kJ/mol K), T is temperature (°C), and w is interac-
tion energy between adsorbed molecules (kJ/mol). Finally,
the Hill-de Boer (Eq. (6)) isotherm model was used to
describe a moveable adsorption together with lateral inter-
action among adsorbed molecules [24]:
In[w}—i =—Ink, —K—Ze, ©)
0 1-0 RT

where K is Hill-de Boer constant (Lm/g) and K, is the ener-
getic constant of the interaction between adsorbed mole-
cules (kJ/mol). Equilibrium adsorption experiment would
be studied through the plotting of /n[C (1 — 6)/6] — /(1 — 0)
versus 6.

3 Discussion and results

3.1 Scanning electron microscopy characterization

The variation of the morphological profile of membranes
generally depends on the method of its synthesis and the
technique of their exploitation [25]. The SEM micrograph
and EDS of the resulted nanoparticle is shown in Fig. 2.
Fig. 2(a) showed the morphological profile of the synthe-
sized nanoparticle. The morphological profile showed
spherical particles with their explicit borders and agglom-
erated nature and a rough surface. The image shows that
the particles are very compact with tiny pores hence,
exhibited a more porous surface. The medium size of the
particle was measured to be about 2500 nm. This result
corresponds to that found in literature from the works
of Balakrishnan et al. [26]. The EDS analysis was done
to make clear the elemental distribution of the synthe-
sized MgO nanoparticle. Fig. 2(b) shows that the syn-
thesized nanoparticle is mainly composed of magnesium
with an elemental weight of 80.5%, this was as expected
as the precursor compound used was magnesium nitrate.
Oxygen with elemental weight of 10.0% while the elemen-
tal weight of carbon and Silicon are 6.5% and 3.0% respec-
tively. The carbon composition of 6.5 wt% was suspected
to ensue from the calcination process.

The SEM micrographs of the synthesized PET nanocom-
posite membranes doped with chitosan/MgO are shown in
Fig. 3. The influence of the addition of MgO nanoparticles
to the membrane surfaces was studied and it was observed
that different homogeneous fibrous surface patterns were
obtained for the three membranes with knitting views in the
three images. The nanocomposite polymeric membranes
show a volume dilatation. An increase in the nanoparti-
cles added significantly stimulated the development of
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Fig. 2 SEM micrograph of (a) synthesized magnesium oxide nanoparticles; (b) EDS spectra of the synthesized magnesium oxide nanoparticles
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Fig. 3 SEMs micrograph of the synthesized chitosan doped magnesium oxide nanocomposite membranes (a) doped with 0.3 g MgO NP; (b) doped
with 0.6 g MgO NP; (c¢) doped with 0.9 g MgO NP. The scale bars in the images label are 20 micrometer

aggregates of MgO on the membrane surface; which in
turn formed a larger macro-voids and exhibiting finger-like
structures [27-30] as a result of the volume dilatation that
ensued during fabrication. The SEM images also depicted
pore-like structures (nano-porosity) on the membrane sur-
faces; which appeared to be formed in the course of the
membrane synthesis, and it was enhanced with an increase
in MgO nanoparticles (Fig. 3(c)). This means that with an
increase in MgO nanoparticles, the polymer nanocompos-
ite membrane experienced larger strains, which in turn
makes it energetically more favorable to accommodate
volume dilatation via cavitation. In addition, the presence
and stability of cavitation voids that possess sizes on the
nanoscale level are connected with chain scission [31].

3.2 X-ray diffraction analysis

X-ray diffraction (XRD) was used to study the crystal struc-
ture of membranes and to confirm their purity and phase
contents. Fig. 4 shows the characteristic peaks of the syn-
thesized chitosan doped magnesium oxide nanocomposite

membranes. Fig. 4 compares the influence of integrating
chitosan and magnesium oxide in the PET membrane.
The XRD patterns of the composite membranes exhibited
the presence of chitosan with broad peaks of 19.1° at 26,

700
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— doped with 0.9 MgO NP
500
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=
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Fig. 4 X-ray diffraction spectrum of the synthesized chitosan doped

magnesium oxide nanocomposite membranes
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thus revealing that the composite membranes are amor-
phous in nature [32]. The peaks detected at (111), (200),
(220) and (311) diffraction planes depict that the compos-
ite membranes exhibited a cubic phase as a result of the
incorporation of MgO nanoparticles in the composite [33],
at 20 = 35.8°, 41.5°, 61° and 69° respectively. The increase
in peaks in Fig. 4(c) shows that the crystalline structure of
the membranes increased with an increase in MgO com-
position. Hence, the nanocomposite membrane made of
0.9 g of MgO nanoparticle is the most crystalline since it
shows the highest degree of crystallinity, while the mem-
brane that comprises of 0.3 g of MgO is the least crystal-
line in nature (see Fig. 4(a)).

3.3 Analysis of natural gas

The analysis of the natural gas before and after dehydra-
tion of natural gas is depicted in Fig. 5. It is expected that
the amount of water vapor in the residual gas will reduce
and the loss of methane will be observed. Loss of methane
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Fig. 5 Gas analysis of residual gas (a) % H,O vapor, (b) % CH,; of
the synthesized chitosan doped magnesium oxide nanocomposite
membranes (M1) doped with 0.3 MgO NP; (M2) doped with 0.6 MgO
NP; (M3) doped with 0.9 MgO NP

molecules to dehydrating agent occurs during natural gas
dehydration if conditions are not as optimal but the loss can
be curbed. Using 0.3 g MgO-CH nanocomposite membrane,
it is observed that the water vapor content in the residual gas
reduced from 3.88 x 1072 to 3.46 x 1072 kgm® and methane
content reduced from 61.2 to 52%. Using 0.6 g MgO-CH
nanocomposite membrane, it is observed that the water
vapor content in the residual gas reduced from 3.88 x 1072
to 3.17 x 102 kgm?* and methane content reduced from 61.2
to 53%. Using 0.9 g MgO-CH nanocomposite membrane,
it is observed that the water vapour content in the resid-
ual gas reduced from 3.88 x 107 to 3.88 x 10~ kgm™ and
methane content reduced from 61.2 to 58%. This result was
attained as a result of the upsurge in MgO nanoparticles
coupled with the integration of chitosan during the synthe-
sis of the membranes; consequently, there was an upsurge
in permeation of the membrane and the pore size was larger
thereby allowing more molecules of water vapor to pass
through the membrane and reducing the adhesion of car-
bon from carbon-containing compounds hence reducing the
methane loss. These observations can be accredited to the
SEM images obtained in Fig. 3.

In addition, a coupling effect in the permeation of gas
mixtures could be ensued from the interactions between
permeant—permeant and the interactions between per-
meant-polymer [34]. Furthermore, the Fig. 5 also shows
that water vapor was preferentially sorbed into the mem-
brane with an increament of MgO, and the sorption of water
can result in plasticization of the polymer matrix [34].
With regards to this study, the permeation rate of methene
component in the mixture was however improved with
an increase in the addition of chitosan. Nonetheless, the
amount of sorbed water in the membranes restricted the
available pathways of the membrane for methane to dif-
fuse, which tends to reduce the permeation rate of meth-
ane, even with the aid of the [20]. furthermore, as a result
of the strong affinity between water and the hydrophilic
membrane, the presence of other gas (such as methane) in
the mixture is not likely to significantly affect the water
sorption and permeation [20].

3.4 Membrane performance for the dehydration of
natural gas

Fig. 6 shows the water vapor permeability. The water
vapor permeability of the nanocomposite membranes
was seen to upsurge as the content of MgO NP increased.
The result displayed a noteworthy water vapor permeabil-
ity enhancement of 0.87 with nanocomposite membrane
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Fig. 6 Water vapor permeability of the synthesized chitosan doped mag-
nesium oxide nanocomposite membranes (M1) doped with 0.3 MgO NP;
(M2) doped with 0.6 MgO NP; (M3) doped with 0.9 MgO NP

doped with 0.9 g MgO NP. The upsurge in water vapor per-
meability is in accordance with the morphological images
obtained in Fig. 3. Higher content of MgO NP (0.9 g) in
the casting solution resulted in the creation of larger pore
sizes obtained in Fig. 3, which accelerated the transpor-
tation of water vapor across the membrane; subsequently,
an upsurge in the rate of water vapor diffusion throughout
the nanocomposite membrane [10]. Hence, the enhance-
ment of the water vapor permeability from nanocomposite
membrane doped with 0.3 g MgO to NP 0.6 g MgO NP to
0.9 g MgO NP. Furthermore, the upsurge in water vapor
permeability ensued as a result of the upsurged interaction
that takes place amid water molecules and PET agents,
as a result, water solubility and permeability are antici-
pated to upsurge [35]. In addition, the feed water con-
tent showed negligible effect on water permeance as the
permeation coefficients of the membranes are not too far
from 1. Hence, the mixed-gas methane permeance was not
dependent of feed water content [4].

3.5 Study of adsorption isotherms

Recently, many porous materials such as porous mem-
branes have found increasing attention for the study of
adsorption due to their good adsorptive properties such
as the surface area, pore size, pore size distribution, and
porosity, which are imperative for enhancing their use
in the practical applications of nano-membranes based
upon polymer blends [36]. Three adsorption isotherms
were studied for the dehydration of natural gas using
synthesized of PET-Magnesium oxide-chitosan nano-
composite membranes to analyze the experimental equi-
librium adsorption data. The Langmuir isotherm for the
adsorption of methane and vapor on the nanocomposite
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membrane during dehydration is presented in Fig. 7. It was
observed that the adsorbate in Fig. 7(b) got more attached
to the surface of the membrane that was doped with 0.9 g
MgO NP (M3); Hence the higher the quantity of MgO NP
integrated into the membrane, the larger the amount of
methane imprinted to the surface of the membrane. On the
contrary, the higher the quantity of MgO NP integrated
into the membrane, the less the vapor gets attached meth-
ane to the surface of the membrane (Fig. 7(b)). This could
be due to the fact that more restrictions between the vapor
and the membrane occur with the integration of a high
quantity of MgO NP in the polymer matrix.

The Fowler-Guggenheim isotherm for the adsorption
of methane and vapor on the nanocomposite membrane
during dehydration is presented in Fig. 8. This model
describes the lateral interactions between the adsorbed
molecules; this indicates that there is an increase with
the growing amount of CH, on the surface of the mem-
brane integrated with 0.9 g MgO NP. At the same time,
the values of Fowler-Guggenheim isotherm obtained indi-
cate that methane molecules are adsorbed on the surface
of the membrane in an ascending ordered way while water
molecules are adsorbed on the surface of the membrane in
a descending ordered way as the integration of the quan-
tity of MgO increases.
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Fig. 8 The adsorption capacity of (a) vapor and (b) methane, onto
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membranes using Fowler-Guggenheim (F-G) isotherm model

The Hill-de Boer isotherm equation was used to analyze
the lateral adsorbate interactions and multilayer interactions.
For this equation, the K, constant is positive, which indi-
cated interaction amid the adsorbed molecules. The Hill-de
Boer isotherm for the adsorption of methane and vapor on
the nanocomposite membrane during dehydration is pre-
sented in Fig. 9. It was observed that both the mobility of
the adsorbed phase and adsorbate -adsorbent interactions
were pronounced for CH, adsorption on the membrane,
with a high quantity of MgO NP (0.9 g) in the polymer
matrix, having a very high coverage (Fig. 9(b)). However,
both the mobility of the adsorbed phase and adsorbate—
adsorbent interactions seem to be slim with vapor adsorp-
tion on membrane, with high quantity of MgO NP (0.9 g)
in the polymer matrix, at least lower coverage (Fig. 9(a)).

It is important to note that both Figs. 8 and 9 imply
that some molecules of CH, and vapor were bound on the
active area of the membrane as a result of the lateral adsor-
bate interactions and multilayer interactions between them;
hence, this indicates that these models can also be used to
predict the adsorption of gases onto the surface of the mem-
branes. However, this was also at a different rate as a result
of the different quantities of MgO integrated into the poly-
mer matrix. In addition, the discrepancy in adsorption
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Fig. 9 The adsorption capacity of (a) vapor and (b) methane, onto

membranes using Hill-de Boer isotherm model

between CH, and vapor in the three models is due to the
different adsorption behavior of CH, and vapor on the active
site of the membrane. Furthermore, higher adsorption capac-
ity with 0.9 g MgO is due to the higher surface area of the
membrane as a result of the increased quantity of MgO inte-
grated into the membrane matrix. In addition, research has
documented that the high perm selectivity to the permeation
of water vapor is mainly attained from the solubility selec-
tivity [20]. Usually, there is a positive deviation from the
Henry's law with regards to sorption isotherm of vapor in
polymers [20], however, different degrees of deviations was
observed for the three adsorption isotherm studied.

3.6 Economical feasibility of making the membrane
with comparison with other methods

An economic feasibility of the flat thin-film magnesium
oxide-chitosan nanocomposite membrane made from PET
was performed in an effort to see if it is economically fea-
sible for a real scale system, which was also compared
with other methods. The cost of making one membrane
was $38 without any inflation adjustment (see Table 3).
The estimation was compared with the cost of mak-
ing other membranes and other methods for dehydrating



natural gas. Table 4 shows that the flat thin-film magne-
sium oxide-chitosan nanocomposite membrane made
from waste PET was cost effective when compared with
carbon membranes [37-39]. In addition, the capital and the
operating cost of the membrane system did not increase as
there was no requirement of a requirement of a vacuum
pump. The membrane system used the gas cylinder pres-
sure. Following the general rules of thumb, the cost esti-
mate for membrane system are $500/m> membrane area
for a high-pressure membrane skid [40], and $1000/kW for
a vacuum pump [9]. However, it is important to take note
that carbon membrane cost may be higher compared to
polymeric membranes [39]. The use of membrane system
was compared with stripping water vapor from natural gas
flow using triethylene glycol (TEG) in the gas dehydra-
tion process (see Table 5) [41]. It was observed that mem-
brane system for the dehydration of natural gas using dry
natural gas produced was cost effective when compared
with the nitrogen gas in the dehydration package of strip-
ping gas [41]. In Table 3, TFA represents Trifluroacetic
acid, DCM represents Dichloromethane, NaOH is Sodium
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hydroxide and PEG is Polyethylene glycol. In Table 4,
PET-NCM represents Polyethylene terephthalate nano-
composite membranes, w/o and w represent without and
with respectively, while Ref represents the reference.

4 Conclusion

The utilization of flat thin-film magnesium oxide-chitosan
nanocomposite membranes was synthesized with PET and
investigated for the dehydration of natural gas involving
water vapor permeation. The performance of the nano-
composite membranes for gas dehydration was assessed
for the different ratios of MgO nanoparticles and chi-
tosan in the membrane matrix. The permeance of water
vapor across the nanocomposite membranes was found to
upsurge exponentially with an upsurge in MgO nanopar-
ticles embedded in the membrane. The permeation coef-
ficient increased with an upsurge MgO NP, with M1, M2
and M3 have permeation coefficient of 0.763, 0.77 and
0.87 respectively. In addition, the dehydration rate of nat-
ural gas was also found to upsurge exponentially with
an upsurge in MgO nanoparticles to the PET membrane.

Table 3 Cost analysis of fabricated membrane/m?

Amount of raw materials used for
synthesizing one membrane (g)

Raw materials Unit price ($/g)

Cost estimated for synthesizing one
membrane ($)

Magnesium nitrate 0.34
TFA 0.48
DCM 0.50
NaOH 0.057
PEG 1.85
Chitosan 1.315

Nonwoven polyester material -
Waste PET bottle -

Total in dollars -

2.97 1.0098
20 9.6
40 19.88

2 0.114
2 3.7
0.2 0.263
1 3.0662

7 _
- $38

Table 4 Comparison of cost for different fabricated membranes

Types of membranes Cost of making one membrane ($/m?) Ref.
Waste PET-NCM $38 w/o inflation This study
Cellulose membranes $50 w inflation [37]
Carbon membrane $100 w/o inflation [38]
Carbon membrane $30-150 w/o inflation [39]

Table 5 Comparisons between dry natural gas produced and nitrogen gas in the dehydration package as stripping gas in regeneration column [41]

Stripping in regerneration with ~ Stripping in regerneration with

Difference between nitrogen

ftem dry natural gas nitrogen and natural gas
Capital Cost ($) 5,089,310 5, 149, 320 60010 (reduced)
Utility Cost ($) 245,992 249, 424 3432 (reduced)
Purity of TEG (%) 99.7 99.7 Equal
Quantity of stripping gas (kg/h) 200.2 336.1 135.9
Vapour flow (H,O vapour + stripping gas) kg/h 701 700 1
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This upsurge ensued as a result of the interaction amid
the polymer chain and MgO nanoparticles together with
the reduction of polymer compaction. Hence, the integra-
tion of MgO in the matrix of the membrane resulted in the
formation of macro-voids on the surface of the membrane
sub-layer, which in turn aided the upsurge sizes of the
pores, which subsequently resulted in an upsurge in the
membranes' water vapour permeability. 3.88 x 1072 kgm™
gas was initially measured which reduced with an increase
MgO NP, with M1, M2 and M3 having reduced the gas to
3.46 x 1072, 3.17 x 1072 and 3.88 x 1073 kgm 3 respectively.
However, the removal of methane did not follow the same
trend. There was an increase in thickness of the membrane
stratum as a result of an increase in MgO incorporated
into the membrane; hence, high resistance to methane
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