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AbstractThree conventional and abundant municipal wastes (PET bottles, bread, and human hair) were used for
the synthesis of the solid carbon product. The activation of this carbon powder was performed with the aid of KOH
and ZnCl2 chemicals to achieve activated carbons (ACs). The characterization methods, such as SEM, FTIR, N2
adsorption-desorption analysis, BET, and DFT pore size analysis, were applied to characterize the synthesized mixed
matrix membranes (MMMs). The ACs synthesized by PET wastes and human hairs showed the highest and lowest
sorption capacity, BET surface area, and pore volume, respectively. The activation of ACs using KOH showed overall
better effectiveness in CO2/CH4 separation performance of fabricated MMMs compared with using ZnCL2, due to the
presence of hydroxyl groups at the surface of KOH-modified ACs. The developed model for the spiral wound mem-
brane module showed good agreement with experimental data and modeling results of the hollow fiber module in the
literature. The result of the model on the best-performed membrane showed that the increase in module length and
diameter led to a logarithmic increase in the stage cut. It appears that the increase in module diameter is more practi-
cal and beneficial than that in module length. The result of the simulation of a double step with recycling of permeate
(DoSRP) separation system in the Aspen Plus environment shows that the increase in CH4 content of the feed, tem-
perature, and decrease in thickness of membranes all have deteriorative effect on the separation performance of overall
DoSRP configuration separation system. It was also deduced that MMMs with higher CO2 permeance and CO2/CH4
ideal selectivity suffer more from the mentioned changes in simulated manipulated separation parameters compared
with less effective MMMs.
Keywords: Municipal Wastes, Activated Carbon, Polyvinyl Alcohol, Mixed Matrix Membrane, CO2, CH4

INTRODUCTION

The production rate of municipal solid wastes (MSW) has in-
creased dramatically in the recent decade mostly due to the rapid
population growth in cities and the alteration of people’s lifestyles,
especially in developing countries. These wastes are mostly gener-
ated from domestic, industrial, and commercial parts of cities. MSW
mainly includes food waste, plastic waste, and biological waste. In
Iran, about 25 million tons of MSW waste is generated every day
[1] with a composition of 68.4% for organic materials, including
food and biological wastes, and 9.8% for plastic wastes, and 21.8%
for other types of waste [2]. This tremendous amount of gener-
ated MSW has motivated researchers to look for a variety of waste-
managing methods and plans, such as landfilling [3], composting
[4], anaerobic digestion [5], fuel production from wastes [6], and
thermal processes [7]. One of the most promising methods of MSW
management is to convert these wastes to high-tech adsorbents,
such as activated carbons (AC)s, by thermal methods [8]. This
adsorbent can be synthesized from all three main types of MSWs

[9,10] and thermal processes such as combustion and pyrolysis
have been used extensively for this purpose. AC with high surface
area and pore volume, applicable microporosity, and long life span
is one of the more favorite carbon-based materials for the adsorp-
tion of hazardous vapors and gases such as CO2, CO, and H2S [11,
12]. CO2 is known to be the source of many industrial and envi-
ronmental problems. Pipeline corrosion, hydrate formation in nat-
ural gas transmission, and global warming are widely known ones.
The capture of this gas by cost-effective and efficient methods is of
great interest, hence membrane processes are suggested as one of
the most attractive methods of CO2 separation. Investigations on
the various inorganic, polymeric, and mixed matrix membranes
(MMMs) for CO2 separation have been developed to a large extent,
especially in the last twenty years. Multilayer MMMs with a com-
bined thin selective layer and a porous thick sub-layer showed effec-
tiveness in CO2 separation [13,14]. The selection of materials, design
of configurations and modules, and determination of the concen-
tration of solutions to fabricate selective layers are of the utmost
importance in the synthesis of mixed matrix membranes. More-
over, the cost of large-scale synthesis of industrially attractive mem-
branes for gas separation has to be as low as possible, provided that
the gas separation performance of the membrane is not compro-
mised. It is clear that the utilization of laboratory-grade effective car-
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bon-based fillers in the matrix of polymers is a very expensive practice
and their use as precursors for large-scale synthesis of MMMs is
not economically attractive. For instance, any lab-grade graphene,
single-walled and multi-walled carbon nanotube costs more than
$ 50,000/kg [15] or lab-grade AC powder costs more than $ 73/kg
[16]. Therefore, it is important for large-scale production mem-
brane separation plants to find cheap, accessible and effective raw
materials for the fabrication of membranes. Accordingly, to make
our study both an environmentally and economically attractive
work, we decided to utilize wasted food materials as cheap precur-
sors for production of ACs (with estimated cost of about $ 15/kg)
and polyvinyl alcohol (PVA) as the polymeric base of the mem-
brane because it is also a cheap and widely accessible polymer with
excellent film-forming ability, remarkable flexibility, high mechani-
cal stability, and tensile strength. It has also confirmed resistance
against hydrophobic materials but shows susceptibility toward water
and moisture [17]. Remarkable works on the separation performance
of this polymer blended with other polymers, inorganic or organic
fillers have been reported in recent years. Barooah and Mandal
[18] synthesized and examined ZIF-8/PVA/PEG mixed matrix
membrane for the CO2/N2 separation. They reported relatively high
CO2 permeance with significantly enhanced CO2/N2 selectivity.
Torstensen et al. [19] reported the fabrication and performance inves-
tigation of PVA/nanocellulose MMMs for the separation of CO2

from flue gas. In their work, the permeance of CO2 and the CO2/
N2 selectivity of synthesized MMMs showed a slight improvement
compared with pristine PVA membranes. The same material (PVA/
nanocellulose) was tried by Jahan et al. [20] for the preparation of
MMMs. They concluded that PVA/nanocellulose facilitated trans-
port MMMs are notably superior to PVA regarding CO2 perme-
ance and CO2/CH4 selectivity. Guerrero et al. [21] synthesized amino
modified polyhedral oligomeric silsesquioxane (POSS)/PVA MMMs
for CO2/N2 separation. They reported that POSS could not satisfy
the expectation for increase in CO2 permeance due to the undesir-
able interaction of POSS with PVA; however, polypropylene oxide
(PPO)/PVA membrane in their work showed improvement in sepa-
ration performance over PVA membrane.

Therefore, in the experimental part of this study as a new ap-
proach, three types of most common MSW were selected for the
synthesis of ACs. Human hair, bread, and PET plastic wastes, which
are among the most observed and reported MSW in Iran, were
selected as three different precursors for ACs synthesis. The result-
ing AC samples were separately introduced in the matrix of PVA
to yield AC/PVA MMMs. SEM, FTIR, N2 adsorption-desorption
analyses, BET surface area measurement, and density functional
theory (DFT) pore size profile analysis were utilized to character-
ize the prepared AC powder and prepared MMMs. Pure gas per-
meation tests were applied to evaluate the performance of synthesized
MMMs for the separation of CO2 from CH4. The results of per-
meation experiments were used as input for the modeling and sim-
ulation part of the work, which is focused on the presentation of a
permeation model for spiral wound membrane modules that accu-
rately predict the separation performance of membranes and a
sensitivity analysis of evaluation of the effect of different feed prop-
erties and operating parameters on the performance of a double
stage membrane separation system.

EXPERIMENTAL

1. Materials
Human hair, bread (Mazraeh®), and PET bottles were supplied

from domestic waste. Hydrochloric acid (HCl, 36%) and polyvi-
nyl alcohol (PVA) were purchased from Merck Inc. Aqueous solu-
tion of ammonia (30 wt%), deionized water, hexadecyl trimethyl-
ammonium bromide (CTAB, 99.5%), zinc chloride (ZnCl2, 99.90%),
(N, N-Dimethylformamide (DMF, 99.98%) and potassium hydrox-
ide (KOH, 98%) were supplied from Sigma-Aldrich and used with-
out further purification.
2. Synthesis of Carbon Powder and Activation Procedure

2 g of each precursor (hair, bread, and PET wastes) was sepa-
rately stirred with 0.5 mL of aqueous ammonia and 0.06 g of CTAB
for 4 h. The resulting mixture was filtered and then poured into a
Teflon-lined autoclave, which was then placed in an oven for 5 h
at 270 oC. The resulting powder was washed twice with deionized
water and twice with ethanol, and then centrifuged and dried in
air at 50 oC for 12 hours. The resulting powder is arbitrarily called
the “raw carbon particles” and abbreviated with (RCP).

To activate RCPs with ZnCl2, 1 g of resulting RCP was mixed
with ZnCl2 with the mass ratio of RCP/ZnCl2=1/1 and 50 mL of
water. The mixture was stirred at 50 oC for 2 h and then dried for
24 h in the oven at 90 oC. The resulting sample was placed in a fur-
nace adjusted to raise the temperature at a rate of 5 oC/min from
25 oC to 350 oC and then from 350 oC to 800 oC. The temperature
rises halted twice, once at 350 oC and once at 800 oC each for 2 h.

To activate RCPs with KOH, 1 g of RCP was stirred with KOH
with the mass ratio of RCP/KOH=1/1 and 30 mL of water. The rest
of the procedure was exactly similar to the procedure of activation
with ZnCl2 with the only change in the maximum temperature of
calcination from 800 oC to 600 oC.

Finally, both versions of activated samples were completely washed
with an aqueous solution of HCl (1 M) and deionized water, and
then centrifuged and dried at 50 oC for 12 hours. The samples were
placed in a crucible and ground in mortar for 1 h.
3. Synthesis of AC/PVA Mixed Matrix Membrane

To synthesize the casting solution of MMMs, 4 g of PVA was
stirred in 90 ml of deionized water at 60 oC for 4 h. 0.5 g of AC
powder was suspended in 10 ml of deionized water followed by
vigorous stirring for 2 h. The resulting suspension was added to
the PVA solution then successive operations of 15 min of sonica-
tion and 30 min of stirring were applied to the MMM solution (3
cycles). The resulting sample was aged for 2 h for bubble removal.
To achieve a uniform selective layer for a dense membrane, the solu-
tion casting method was applied. A flat rectangle-shaped piece of
glass was selected as casting support. An adjustable casting knife
was used to cast the prepared solution on the surface of the glass.
The gap between the casting knife blades was set to 100m. The
casting procedure was performed as gently and as uniformly as
possible. The glass held its position after casting for 48 h for sol-
vent (water) evaporation. The cast film, which is our targeted MMM,
was removed from the glass and maintained in a clean environ-
ment to be evaluated in permeation experiments. The code names
of the prepared samples in this study along with the preparation
parameters are provided in Table 1.
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4. CO2 and CH4 Permeance Measurements
The permeances of CO2 and CH4 were measured using a flat

PTFE membrane module equipped with a bubble flowmeter. The
CO2 and CH4 gas capsules containing gases with 99.99% purity
were used as the feed of membranes (Fig. 1).

The permeances of CO2 and CH4 were calculated based on the
following formula:

(1)

where Pi is the symbol for permeance (cm3 (STP) s1 cm2 cmHg1)
of gas i, Qi is the volumetric flowrate of gas i in the permeate stream
(cm3 (STP) s1), A is permeable membrane area (cm2), and ppi is
permeate side pressure and pfi is feed side pressures of gas i (cmHg).

Dividing the permeance of more permeable penetrant (A) to
that of less permeable penetrant (B) leads to the definition of the

ideal selectivity A/B by the following formula:

(2)

5. Characterization
To investigate the morphology of the cross-section of mem-

branes in two different levels of magnifications together with the
surface morphology of the membranes, a scanning electron micro-
scope (SEM) (TESCAN-MIRA3) was used. The FT-IR (IRAffin-
ity-1S, Shimadzu) spectra for the identification of new formation
of functional groups at the surface of the fabricated membranes
with an average of eight scans in the range of 400-4,000 cm1 were
applied. The volumetric measurement approach at pressure up to
1 bar and the temperature of 77 K was adapted to determine the
adsorption isotherms for all samples. About 0.15 g of each consid-
ered sample was separated and applied in the determination of
each isotherm at 70 oC for about 120 min of vacuum, which was
exerted on every membrane before the test for the sake of confi-
dence that the pores of the sample were empty. The BET method
was used for the calculation of the BET surface area of membranes
using the obtained data in the range of 0.02<P/P0<0.2 from the
corresponding isotherm. The pore size profile of membranes was
measured following density functional theory using specific soft-
ware provided by the Micromeritics (ASAP 2020). The appropri-
ateness of fit with the adjustment parameter of 0.01 was selected as
a reference point for the simulation. Operation of some characteri-
zation items can refer to the literature [22-25].

MODELING AND SIMULATIONS

The solution-diffusion mechanism, which is an established and
widely trusted model for defining the permeation through the mem-
brane, was regarded as the foundation of the modeling in this study.
If Eq. (1) is expressed with more detail for j numbers of pene-
trants, the resulting equation becomes as follows:

(3)

where xj is the mole fraction of component j in feed or retentate
stream and yj is the mole fraction of component j in permeate stream.

For a two-component feed (e.g. CO2 and CH4) the above equa-
tion can be turned into the following equation using division:

(4)

where  is the CO2/CH4 selectivity of the membrane.
Rearranging Eq. (4) yields a quadratic algebraic equation:

(5)

Solving Eq. (5) gives yCO2 and thereafter the flux through a small
flat sheet module (J). However, due to the limitation of the effec-
tive surface area of a flat membrane module, it is not possible to
use these types of modules for industrial or pilot membrane sys-

Pi  
Qi

A pfi
  ppi

 
------------------------

A/B  
PA

PB
------

Jj  
yjQ
A
--------   Pj pfxj  ppyj 

yCO2

yCH4

---------   
pfxCO2

   ppyCO2

pfxCH4
   ppyCH4

---------------------------------

pp

pf
-----   pf   pp  
 yCO2

2

 xCO2
 1 xCO2

  
pp

pf
-----    pf   pp  

 yCO2
   xCO2

   0

Table 1. The code names of synthesized and modified MMMs with
different waste precursors and activation chemicals

Code names
of membranes

Precursor
for AC

Activator
of RCPs

H-AC/PVA-Z Hair ZnCl2
B-AC/PVA-Z Bread ZnCl2
P-AC/PVA-Z PET ZnCl2
H-AC/PVA-K Hair KOH
B-AC/PVA-K Bread KOH
P-AC/PVA-K PET KOH

PVA - -

Fig. 1. Schematic diagram and image of applied gas permeation
set-up with an embedded image of the utilized membrane
module.
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tems. The solution to this issue is to modulate flat sheet membranes
into a more effective spiral-wound module with a much higher
surface area. To do that, a spiral wound model was developed based
on mass balance over the spaces between membrane sheets (Fig. 2).

As can be observed in this figure, the permeated flux through
the membrane is divided into two parts. One is related to perme-
ates of even spacers and the other is related to odd spacers based
on the following relationships derived from the solution-diffusion
mechanism:

(6)

(7)

where Jn, i is the flux of component i through the membrane in nth

channel (mol m2 s1), Pn, i is the permeance of component i through
the membrane in nth channel (mol m2 s1), pr, (n/2) and pr, (n+1/2) are
retentate side pressure of i component in channels of n/2 and
(n+1)/2, respectively (Pa). Similarly, pp, (n/2+1) and pp, (n+1/2) are per-
meate side pressure of i component in channels of n/2+1 and
(n+1)/2, respectively (Pa). xi and yi are the composition of i com-
ponent in corresponding channels shown by subscribed notation.
A is the area of membrane in each channel (m2) which is calcu-
lated by the following relationship:

(8)

where D0 is the diameter of the central pipe of the module for
integration of permeates (m), ch is the thickness of the spacer
between two adjacent layers of membranes (m) and L is the length
of the membrane (m) inside the module.

The following assumptions were made to derive mass balance
equations for the spiral wound membrane module:

1- Membrane separation properties (permeance and selectivity)

are constant at the pressure and the temperature of the process.
2- There is negligible mass transfer resistance in the gas phase

on either side of the membrane.
3- The membrane’s physical structure maintains its integrity

during the separation process.
4- The system is in steady-state condition.
The flowchart presented in Fig. 3 indicates the incremental cal-

for even n: Jn, i   Pn, i p
r, n

2
---
 
 

x n
2
---
 
  , i

   p
p, n

2
---1 
 

y n
2
---1 
  , i

 
 A

for odd n: Jn, i   Pn, i p
r, n1

2
---------
 
 

x n1
2

---------
 
  , i

   p
p, n1

2
---------
 
 

y n1
2

---------
 
  , i

 
 A

A    D0   2n ch L

Fig. 2. Schematic image of the spiral-wound module with its detailed flows (up) and the image of the utilized spiral-wound module (down).

Fig. 3. Illustration of iterative calculation procedures of the devel-
oped model.
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culations and iterations for the determination of compositions of
CO2 and CH4 in the retentate and permeate side of the module.

As can be seen in this figure, the calculation procedure consists
of three nested loops. Loop 1 reinitializes the trial and error pro-
cess by changing the initial guess for pressure drop across the
membrane. Loop 2 integrates along the length of the membrane
to determine the composition and flow rate of the permeate in
each channel. Loop 3 solves the mass and momentum balances
for each discretized stage iteratively until convergence occurs.

In the first step, a constant pressure drop (p) across the mem-
brane is considered. The value for the pressure drop can be changed
from 10kPa to 50kPa (conventional pressure drop for spiral wound
gas separation membranes) to achieve CO2 composition in the
range of 1% to 20%. The iteration approach was selected to deter-
mine the correct value for (p) by calculation of the flow rate of
each channel. The initial assumed (p) was used to calculate the
initial value for total feed flowrate based on a relationship pre-
sented by Gurreri et al. [26]:

(9)

where W is the width of the membrane (m), is the density of the
feed gas mixture  (mol·m3),  is the viscosity of the feed gas
mixture (Pa·s), ch is the spacer or channel gap (m), and kr is a
subscribed notation for the retentate channel number. Based on
this relationship, the friction factor is introduced as:

(10)

where the density and viscosity of the mixture are calculated as
follows [27]:

(11)

(12)

In which

(13)

p  
12L
ch

 3
W

----------------Qtotkr

   
12L
ch

 3
W

----------------

   xCO2
CO2

   1  xCO2
 CH4

  
xii

k1
C xkik

---------------------

i1

C


ik  
1
8

------ 1 
Mi

Mk
-------

 
 

1/2
1 

i

k
-----

 
 

1/2 Mi

Mk
-------

 
 

1/2 2

Fig. 4. Discretized membrane module into n segments along the length of a retentate channel.

where

(14)

where Mi is the molecular weight of component i, i is the Len-
nard Jones potential parameter for component i, and i is the col-
lision integral of component i.

Therefore, we have:

(15)

Then, the feed flow rate is used to calculate the component flows
in the feed, Qkr, i (mol·s1), with the aid of the known feed compo-
sition, zi, as shown in Eq. (4):

(16)

(17)

The above-calculated flow rates of components in retentate chan-
nels are the initial values of these parameters that have to enter the
inner loop (loop 2) for the integration of flowrates in all channels
and provide an overall flow rate of permeate and retentate. The
next step is to establish mass balance equations to solve for the
change in gas concentration along the length of the membrane,
and in order to do that, the membrane length is divided into a
series of n stages (n is determined based on the length of mem-
brane and the accuracy needed), as indicated in Fig. 4.

Because each permeate channel is fed from its two adjacent reten-
tate channels, an iterative approach is required for the calculation
of the permeate composition in each channel. The first and last
channels are exceptions because they are only fed from one reten-
tate channel. A scheme of how it is modeled is presented in Fig. 5.

For the calculation of permeate composition in each channel at
stage 1, the feed composition is used:

(18)

(19)

Using the first guesses for mole fractions of permeates, the perme-
ate flow rates of CO2 and CH4 are calculated as the sum of the CO2

permeate flows and CH4 permeate flows from the two neighbor-

i   2.6693 105 MiT
i

 2
i

--------------

p  Qtotkr

Qkr, CO2
  zCO2

Qtotkr

Qkr, CH4
  1 zCO2
 Qtotkr

ykp, CO2
   zCO2

ykp, CH4
 1 zCO2
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ing retentate channels:

(20)

(21)

where Qkp, CO2 and Qkp, CH4 are permeate flowrates of CO2 and CH4 in
channel kp, respectively (mol·s1). PCO2 and PCH4 are the permeance
of CO2 and CH4 passing through the membrane, respectively. PH

and PL are high and low pressure across the module which are,
respectively, related to feed and permeate pressures. The subscribed
notations of u and l are related to the upper and lower channels
respected to kp permeate channel, respectively.

ykp values for CO2 and CH4 are updated based on the following
estimating relationship:

(22)

(23)

For the permeate channels at channels adjacent to the inner and
outer walls of the module, the permeate gathers from only one
adjacent retentate channel hence there is a slight modification in
the relationship for the calculation of permeate compositions in
these channels:

(24)

(25)

Eqs. (18)-(25) are repeated until the convergence condition with
the error tolerance of 1e-6 is met. After the completion of the cal-
culations in this loop, the permeate compositions in each channel
are fed back to the middle loop. This data is used for the calcula-
tion of retentate channel compositions and flow rates on a per-
stage basis.

After the calculation of permeate flowrate and composition, the
retentate flowrate of each stage is recalculated based on the revised
information of the two adjacent permeate channels respected to

the retentate channel (upper and lower channels):

(26)

(27)

where y*i, 1 and y*i, u are related to the compositions of CO2 in lower
and upper channels obtained after the convergence of the previ-
ous loop. Lj is the unit segment of the discretized length of the
membrane. As the retentate flow rate updates, the pressure within
the retentate channel at that stage is calculated using the following
relationship:

(28)

These equations are solved together for each stage and then inte-
grated along the length of the membranes. The result of the cur-
rent loop is to go back to loop 1 for checking the convergence
criteria on pressure drop, which is the maximum error tolerance
of 0.001. If the calculation converged loop 1 ends and the final
results for flowrates and compositions of retentate and permeate
channels become available. However, if the calculations do not
converge, they have to reinitialize with updated feed flowrate ob-
tained from immediate values calculated from the previous round
of calculations multiplied by the assigned calculated pressure drops:

(29)

The iterative calculations have been performed using program-
ming with MATLAB® software. Then the result of converged cal-
culations has been transferred to Microsoft Excel to be linked with
the user-defined Aspen Plus subroutine for demonstration of sim-
ulation results. We simulated the investigation of the membrane
configuration system with the aid of Aspen Plus ver. 10 software
using the Soave-Redlich-Kwong (SRK) equation of state as the base
method of calculation. Even though Aspen Plus is a powerful sim-
ulation software for chemical processes its model library lacks a
membrane separation system, hence we designed and programmed
the aforementioned custom membrane model using the “User
Model, User 2 subroutine” set for user-defined models in Aspen
Plus palette of models. The solution-diffusion model formula together
with the data obtained from permeation experiments on different
synthesized membranes was introduced in the Microsoft Excel file
created for the Aspen-Excel interface. Each of the two membrane
blocks has a unique Excel file that is programmed and designed
specifically. The needed variables were defined and entered and
the calculations and resulting values were entered in Aspen plus
created module pages. This data was fed back to the designed Excel
file, then our programmed calculations in that Excel file were exe-
cuted, finally the calculated parameters were reported back to Aspen
model pages as the outcome of the simulation. The mentioned
defined variables are provided in Table 2.

Qkp, CO2
   PCO2, u pH, uxCO2, u   pL, kp

ykp, CO2
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Fig. 5. Illustration of how each permeate channel is fed with its two
adjacent retentate channels.
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Based on the study by Ahmad et al. [28], who completed a
techno-economic analysis on different membrane configurations
for CO2/CH4 separation and concluded that a double step config-
uration with the recycling of permeate ((DoSRP) is the most opti-
mal design, we decided to select (DoSRP) as the configuration of
membrane separation system in Aspen Plus. The process flow dia-
gram of this system is presented in Fig. 6.

The sensitivity analysis was performed in Aspen plus to evalu-
ate the effect of the three most important variables (feed composi-
tion, temperature, and thickness of the membranes) on the permeate
flux of DoSRP configuration.

RESULTS AND DISCUSSION

1. SEM
The SEM images from the as-synthesized AC particles are pre-

sented in Fig. 7.
As it is observable, the particle sizes are mainly in the range of

100-200 nm; however, the particles are not uniform in shape. This
can be related to the fact that these particles are synthesized from
impure and natural precursors with limitations in yield. No refined
precursor is involved in the synthesis procedure, hence the pro-
cessed, hair, bread, or recycled PET materials with different shapes
and ingredients may result in non-uniform AC particle product [29].

The SEM images from the cross sections of all synthesized mixed

Table 2. The defined parameters in Aspen plus user model for sim-
ulation of the membrane separation system

Variables type Variable name Default value

Real

Module area 1.7 m2

Selectivity Depends on MMM
Effective thickness 0.00001 m
p (pressure drop) 2,000-30,000 Pa
CH4 feed composition 0.8-1
ph 405,300 Pa
pl 101,325 Pa
Temperature 298.15 K

Integer Module number 100

Fig. 6. A process flow diagram of a double step membrane system configuration with permeate recycle.

Fig. 7. The SEM images from the synthesized activated carbon par-
ticles.

matrix membrane samples are presented in Fig. 8.
As can be seen in this figure, the compactness of the membranes

is observable in all SEM images. This demonstrates that all of the
mixed matrix membranes are dense with relatively thick selective
layers. The reason for synthesizing thick mixed matrix membranes
is to minimize the probability of the creation of defects in the mem-
brane as a result of the possible agglomeration of AC nanoparti-
cles in the matrix of PVA. There is no observable defect at low
magnification of SEM images, mainly due to the high thickness of
the membrane. The same compactness of the PVA layer can also
be observed in other works on PVA membranes synthesized for
pervaporation [30,31]. However, for gas separation purposes the
defect-freeness of the mixed matrix membrane comprised of par-
ticles larger than 100 nm is more critical than those membranes
fabricated for pervaporation; hence thicker membranes have been
synthesized in this work by increasing the casting blade gap.

The magnified SEM images from the cross-section of the mem-
branes are presented in Fig. 9(a-f).

As can be seen in this figure, there is no significant difference
between the sizes of the particles synthesized by three different pre-
cursors; however, the aggregation and the dispersion of the AC parti-
cles in the matrix of PVA in membranes are different. The sizes of
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the isolated single particles in all of the synthesized samples are
below 300 nm in all of the synthesized samples, which demon-
strates that the adopted approach for the synthesis of particles for
incorporation in MMMs is appropriate. The agglomeration of parti-
cles that leads to the formation of large bulk of particles is clearer
in MMMs synthesized by AC from hair precursors (Fig. 9a and b)
and bread precursors (Fig. 9c and d). The agglomeration in Fig. 9e
and f, which are related to the AC-MMMs synthesized from PET
precursor, is also clear; however, this agglomeration did not result
in the formation of large bulk of particles.

This observation in Fig. 9 is somehow backed up by the magni-
fied SEM images from the surfaces of MMM samples (Fig. 10).

As can be seen in this figure, the aggregation of AC particles at
the surfaces of samples is clear in all subfigures of Fig. 10. This
agglomeration, as was mentioned, is more severe in MMMs syn-
thesized with AC from hair and bread precursors (Fig. 10a, b, c and

d). This is mainly because, in the process of AC synthesis from
these two precursors, the particles have a higher affinity for agglom-
eration and form a large bulk of particles. This is also observed in
similar work on AC synthesis by Cao et al. [32] and Bal Altuntas
et al. [33] in separate research.
2. FTIR

The FTIR spectra of all synthesized MMM samples are provided
in Fig. 11.

As can be seen in this graph, the common peaks in all six IR
spectra are distinguished by dashed blue colored lines, and the IR
peaks specific to KOH-modified and ZnCl2-modified membranes
are presented with dashed red lines, The common spectra of all sam-
ples from the right to left are at wavenumbers of 1,027, 1,515, 1,720,
2,170, 2,855 and 2,926 cm1 which are, respectively, related to the
stretching vibration of C-O in saturated alcohols or the stretching
vibration of C-O-C in furans. The emission of H2O, the stretching

Fig. 8. The wide SEM micrographs from the cross-sections of a) H-AC/PVA-K, b) H-AC/PVA-Z, c) B-AC/PVA-K, d) B-AC/PVA-Z, e) P-AC/
PVA-K and f) P-AC/PVA-Z MMM samples.
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vibration of C=C in the aromatic ring, stretching vibration of C=O
demonstrating the scission of the vinyl external linkages, the sym-
metric stretching vibration of C-H and finally the asymmetric
stretching vibration of C-H, all related to PVA structure. The peak
near around 1,550 cm1 can be related to the hydrates of zinc chlo-
ride on exposure to the H2O molecule in the spectrum which is
clear in d, e, and f IR spectra and cannot be observed in a, b, and c
IR spectra, which demonstrates that the functionalization of ACs
with ZnCl2 was successfully performed (spectra d, e, and f). The
peak near 3,450 cm1 is attributed to the stretching vibration of O-
H that belongs to H-bonded phenolic OH. This peak is most
probably the result of the incorporation of KOH in the functional-
ization of ACs. This is because it can only be observed in spectra
a, b and c, it is absent in spectra d, e, and f. This observation demon-
strates the integrity of the functionalization of ACs with the KOH
agent.

3. N2 Adsorption, BET, DFT
The N2 adsorption-desorption isotherms of MMMs synthesized

with ACs modified by KOH along with the DFT pore size distri-
bution of these samples are presented in Fig. 12(a) and (b).

As can be observed in Fig. 12(a), the isotherms of samples pre-
pared with PET and bread precursors are similar to type I and IV
of isotherms based on the BDDT classification system, while it
resembles type II and IV isotherms for the case of AC samples
synthesized with human hair. This demonstrates that the gas mol-
ecules were adsorbed in pores in micropore and mesopore regimes
and in fact on the external surface of the ACs, respectively.

The variation of the adsorbed N2 at low partial pressures (p/
p0<0.2-0.3) or, in fact, at the isotherm knees shows that the pore
size distribution width in the microporous regime is in this order:
P-AC/PVA-K>B-AC/PVA-K>H-AC/PVA-K. This observation is
in good agreement with similar work published previously [33].

Fig. 9. The SEM micrographs from the magnified cross-sections of a) H-AC/PVA-K, b) H-AC/PVA-Z, c) B-AC/PVA-K, d) B-AC/PVA-Z, e)
P-AC/PVA-K and f) P-AC/PVA-Z MMM samples.
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One of the reasons is that this observation can be related to the
more organic nature of human hair compared to bread and PET.
The hair consists of large protein molecules, which is the process
of calcination, which is removed from the structure of resulted

RCP and leaves a larger void compared with bread and PET. More-
over, as can be seen, the maximum sorption capacity of H-AC/PVA-
K is lower compared with the other two samples. One reason for
this is again related to the relatively lowest numbers of microspores

Fig. 10. The magnified SEM micrographs from the surfaces of a) H-AC/PVA-K, b) H-AC/PVA-Z, c) B-AC/PVA-K, d) B-AC/PVA-Z, e) P-AC/
PVA-K, f) P-AC/PVA-Z and g) PVA membrane samples.
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in the pore structure of AC synthesized from hair. The other is
related to the fact that the aggregation of ACs resulting from hair
is far more severe compared with the other two samples. This aggre-
gation results in larger particles with lower accessible surface areas
and pores for the adsorption of gases, leading to the decline in the
sorption capacity of the final AC product.

The DFT pore size distributions of P-AC/PVA-K, B-AC/PVA-K
and H-AC/PVA-K samples (Fig. 12(b)) are in good agreement with
the N2 adsorption and desorption isotherms. As can be seen, the
majority of the pore volume of MMMs is related to the pores with
sizes below 3.2 nm. This means that the majority of pores in all
three samples are in the microporous or early mesoporous regime;
however, the sample prepared with hair shows generally larger pore
sizes in these regimes compared with the other two samples.

The results of N2 adsorption-desorption analysis and DFT pore
size distribution of samples synthesized with AC modified with
ZnCl2 are presented in Fig. 13.

As can be seen, again the sample prepared with PET shows the

highest sorption capacity, then the sample prepared with bread fol-
lows, and the sample prepared with hair shows the lowest sorp-
tion capacity amount of the three samples. This observation is in
good agreement with the result of N2 adsorption analysis of MMMs
modified with KOH, and it explicitly demonstrates that the type of
precursor in the synthesis of ACs is more effective in the sorption
capacity of MMMs than the type of functionalization agent. One
of the most noticeable and important differences between N2 ad-
sorption isotherms of samples activated with ZnCl2 and KOH (com-
parison of Fig. 12(a) and Fig. 13(a)) is the type of hysteresis that
emerged. As can be seen in Fig. 12(a), the hysteresis of adsorption
isotherms is more similar to type H4, which demonstrates that the
pores in samples modified with ZnCl2 are slit-like for which the
AC-N2 pair yields a type II isotherm. This is because in the pro-
cess of activation, ZnCl2 removes oxygen and hydrogen atoms from
water in the compound of carbon precursor and receives no oxy-
gen from organic precursor, and this causes narrow pore forma-
tion and an increase in carbon content. For the case of activation

Fig. 11. The FTIR spectra of a) P-AC/PVA-K, b) B-AC/PVA-K, c) H-AC/PVA-K, d) P-AC/PVA-Z, e) B-AC/PVA-Z and f) H-AC/PVA-Z
MMM samples.

Fig. 12. (a) N2 adsorption-desorption isotherms and (b) DFT pore size distribution of P-AC/PVA-K, B-AC/PVA-K, H-AC/PVA-K mem-
brane samples.
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with KOH, a more-like H2 type of hysteresis was observed, which
demonstrates the presence of pores with narrow and wide sec-
tions and possible interconnecting channels. This is in good agree-
ment with the results obtained in some previous similar works. It
appears that by activation using KOH, AC with a heterogeneous
porosity in the regions of macro-, meso-, and micropores are pre-
pared.

The result of the DFT pore size distribution (Fig. 13(b)) is in
good agreement with the result of the N2 adsorption analysis. As
can be seen, the majority of the volume of the pores is from pores
sized below 4 nm. This demonstrates the dominance of the micro-
meso pore regime in the pore structure of MMMs with ACs acti-
vated by ZnCl2.

A summary of the textural properties of synthesized MMMs is
provided in Table 3.

As can be seen in Table 3, the BET surface area for MMMs
synthesized by ACs prepared from PET and bread is far superior
to those prepared with human hair. The reason can be related to
the fact that the percentage of mesopores in the pore structure of
H-AC/PVA-K and H-AC/PVA-Z is significantly higher compared
with other types of synthesized MMMs. This causes an increase in
mean pore size and a decrease in the pore volume of the entire
membrane, and finally the BET surface area for adsorption. Also,
the pore size of the membranes synthesized with ACs activated by
ZnCl2 is generally larger compared with those activated with KOH.
This is related to the fact that the ZnCl2 medium consists of the
total volumes of micro- and mesopores which occur during acti-
vation [33], which has not been the case for the KOH medium.

4. Gas Permeation Results
The results of CO2 and CH4 permeation experiments for all of

the synthesized membranes are presented in Fig. 14.
As can be seen, the CO2 permeances of all synthesized MMM

samples are higher than that of pure PVA membranes. Moreover,
the CO2/CH4 ideal selectivity of all samples is higher than that of
the PVA membrane. This indicates that the incorporation of ACs
in the matrix of PVA was remarkably effective in boosting the CO2/
CH4 separation performance of the resultung MMMs. Among all
MMMs, P-AC/PVA-K and P-AC/PVA-Z samples showed superior
CO2/CH4 separation performance. This is mainly because the sorp-
tion capacity of the membrane synthesized from ACs fabricated
from PET is considerably higher than that of two other types of
MMMs. This provides more adsorption sites for CO2, which is a
very condensable and soluble gas in both AC and PVA and boosts
the solubility and consequently the permeance of this gas through
the membrane. For the case of CH4 which is a larger and signifi-
cantly less condensable gas than CO2, the enhanced pore volume
and surface area for sorption do not add a significant advantage
for permeance increase. Therefore, it is observed that the ideal selec-

Fig. 13. (a) N2 adsorption-desorption isotherms and (b) DFT pore size distribution of P-AC/PVA-Z, B-AC/PVA-Z, H-AC/PVA-Z membrane
samples.

Table 3. Some textural properties of all synthesized MMMs extracted
from adsorption analysis

Code names
of membranes

BET
(m2/g)

Pore volume
(ml/g)

Mean pore size
(nm)

H-AC/PVA-Z 0,433 0.397 2.5
B-AC/PVA-Z 1,710 0.855 2.2
P-AC/PVA-Z 1,994 1.022 1.9
H-AC/PVA-K 0,467 0.411 2.4
B-AC/PVA-K 1,823 0.914 2.1
P-AC/PVA-K 2,092 1.140 1.8

Fig. 14. CO2 and CH4 permeances and CO2/CH4 permselectivity
for all synthesized MMMs and pure PVA membrane at the
temperature of 30 oC and pressure of 2 atm.
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tivity for MMMs with higher CO2 permeance is higher. The other
noteworthy point in this figure is that the MMMs with ACs acti-
vated with KOH showed slightly better separation performance
compared with those activated with ZnCl2. The reason for this
observation is that the hydroxyl functional groups on the surfaces
of ACs have a superior affinity for CO2 sorption than that of the
chloride group at the same position and condition. Hence the per-
meance of CO2 increases with the incorporation of basic activat-
ing groups such as KOH.

The results of permeation tests at several different temperatures
can be observed in Table S1 (see the supplementary file, Table S1).
These data were used to calculate the activation energy for the
permeation of CO2 and CH4 through the membrane. The calcu-
lated activation energies were used in the data fitting method using
data sets of Table S1 to determine the fitted values in Table S2 (also
see supplementary file).
5. Modeling Validation and Results
5-1. Model Validation

The proposed model for the determination of flowrates and
compositions of permeate and retentate streams was validated using
the experimental and modeling data of the Pan study in 1986 [34].
The validation of the model is performed by comparing the outlet
permeate mole fraction for CO2 and CH4 concerning the stage cut

Fig. 15. The accuracy of the proposed model in the prediction of experimental permeation results of work by Pan [34] in comparison to the
model proposed by him. for (a) CO2 and (b) CH4.

Table 4. Comparison of current model accuracy with similar pub-
lished works based on the calculated percentage of error in
the prediction of CO2 composition in the permeate stream

Stage
cut

Error %,
Ahamad et al. [28]

Error %,
Ahamad et al. [35]

Error %,
This Work

0.42 4.39 1.69 0.05
0.45 4.44 1.22 0.34
0.47 4.49 1.35 1.06
0.50 6.89 1.39 3.42
0.55 --- 1.20 2.55
0.6 --- 1.76 5.89

Fig. 16. Stage cut versus module length for (P-AC/PVA-K) with different hypothetical CO2 content in the feed.

for each of the tested gases (Fig. 15(a) and (b)).
As can be observed, there is a good agreement between our pro-

posed model with the experimental and modeling data reported
by Pan. The percentage error of our model concerning the experi-
mental data of Pan work for CO2 permeate composition measure-
ment and modeling is compared with the percentage error of two
separate studies by Ahmad et al. [28,35], who proposed an approach
based on the solution-diffusion model for the prediction of the
permeation parameter of hollow fiber membranes in different mem-
brane configurations (Table 4).
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As is observable, the accuracy of our model is significantly bet-
ter than the proposed model by Ahmad et al. [28] and is compa-
rable with the accuracy of the model proposed by Ahmad et al.
[35], which means that this model can also be a proper tool for
evaluation of membrane system configurations.
5-2. Modeling and Simulation Results

The stage cut of best-performed membrane sample (P-AC/PVA-
K) was depicted with respect to the hypothetical module length in
Fig. 16 for three mixed gas feeds with different CO2 content.

As can be seen, with the increase in length of the membrane
module the stage cut increases, mainly due to the increase in total
accessible membrane area for permeation of CO2. The rate of this
increase in lower module length is more significant than in higher
ones, which causes the observation of the nearly logarithmic shape
of the graphs. This is because the percentage of increase of mod-
ule length in lower length is significantly larger than that in higher
length. For instance, an increase in length from 0.5 to 1 m means
100% length increase, while an increase in length from 3.5 to 4 m
means only 14% increase in the length of the module. Also, as the
CO2 content of the feed increases, the stage cut improves, which is
expected because the increase in CO2 permeate flow rate is directly
related to the CO2 content of the feed. The same trend of change
in stage cut with the increase in CO2 content of the feed is also ob-
served in the study of Ahmad et al. [35] on the simulation of gas
separation by hollow fiber membranes.

The increase in module diameter shows a similar effect as mod-
ule length on the stage cut of the module as shown in Fig. 17. This
is because of the increase in total accessible membrane area for
permeation with the increase in module diameter. It is notewor-
thy that if we compare Fig. 16 and Fig. 17 with each other, it can
be seen that the increase in small value in module diameter is as
effective as the increase in large value in module length. This sug-
gests that in order to enhance the stage cut of the whole membrane
separation process, it is more logical to roll more flat sheet mem-
branes over each other than fabricating larger flat sheet membranes.

The influence of the feed composition on both CH4 and CO2

flow rates of permeate for the designed DoSRP configuration is
shown in Fig. 18(a) and (b) for all membranes prepared.

As is observable, with the increase in the CH4 concentration of
the feed, CH4 permeate flow rate increases while the CO2 perme-
ate flow rate decreases. The important point extractable from this
figure is that the rate of decrease in the CO2 flow rate with the
change in the composition of the feed is more noticeable than the
slight increase in CH4 flow rate. It is because all of the membranes
prepared in this work are PVA-based and show a high affinity for
CO2 sorption; therefore, the decrease in the CO2 concentration of
the feed is more sensible for CO2 permeation than CH4 permeation.

On the other hand, the percentage change in the content of
CH4 in the feed is 25% in its maximum value; however, this num-
ber is 100% for the case of CO2 content percentage. This is consid-

Fig. 17. Stage cut versus module diameter for (P-AC/PVA-K) with different hypothetical CO2 content in the feed.

Fig. 18. The effect MMMs feed composition on (a) CO2 permeate flow rate and (b) CH4 permeate flow rate in DoSRP configuration.
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ered to be the second reason for the drastic drop in the CO2 flow
rate of permeate and a slight rise in permeate flow rate of CH4.

Also, with multi-step configurations that have a recycle, especially
having to recycle of permeate when the feed content approaches
close to pure CH4, the recovery of CH4 increases substantially; hence,
for near pure CH4 feed composition the DoSRP is favored. The
reason is related to the amount of CH4 that is recycled back to the
feed, and because the membrane effective area in this work has a
value of 1.7 m2 and the number of hypothetical membrane mod-
ules is not very high (100), the recycle of permeate has a noticeable
effect on CH4 recovery since larger flowrates of CH4 are transferred
back to the feed [36]. Also, from comparing all data samples together
it can be said that the membrane with higher permeance and lower
selectivity is favored as long as the CH4 concentration in the feed
is high and, as it is clear, the highest CH4 permeate flow rates is
related to (P-AC/PVA-K) sample with the highest permeance for
both gases and lowest selectivity.

Fig. 19 shows the effect of temperature on permeate flow rates
of CO2 and CH4 in DoSRP configuration for all of the membranes
synthesized in this work.

As can be seen, the temperature increment causes an increase
in permeate flow rates of CO2 and CH4 for all synthesized MMMs
in the DoSRP configuration. This is because of the notably enhanced
flexibility of vinyl chains of PVA which presents excess fractional
free volume for both gases to diffuse, which increases the perme-

Fig. 19. The simulated effect of temperature on (a) CO2 permeate flow rate and (b) CH4 permeate flow rate in DoSRP configuration.

Fig. 20. The effect of membrane thickness on (a) CO2 and (b) CH4 permeate flow rates in DoSRP configuration.

ance of all MMMs [37]. Besides, as can be observed, the changing
rate of CO2 and CH4 flow with temperature is higher for MMMs
with higher permeance and lower selectivity. This is because the
CO2 and CH4 permeance of MMMs having higher values of Ep is
more dependent on temperature fluctuation. Therefore, it was ob-
served that the MMMs with larger Ep values are more sensible
MMMs to the temperature. Moreover, as can be seen in Eqs. (12)-
(14), the viscosity of the gas mixture is directly related to the tempera-
ture; therefore, the rise in temperature causes a rise in gas viscosity.

It is important to mention that the separation performance of
DoSRP configuration for all MMMs significantly deteriorated with
the temperature rise. In fact, at 373 K, the value of CH4 and CO2

permeate flow rates approached together for the majority of the
MMMs simulated. This means that at 373 K, which is a relatively
high temperature, the performance of membranes and consequently
the DoSRP membrane system declined significantly, leading to the
ineffectiveness of the separation process. The effect of the thick-
ness of the AC/PVA mixed matrix membranes on permeate flow
rates of CO2 and CH4 for simulated DoSRP system is depicted in
Fig. 20(a)-(b) for membranes synthesized.

As can be seen in this figure, when the thickness of MMMs
increases, the CO2 permeate flow rate remarkably drops for all
MMMs in DoSRP system. This is because the increase in the thick-
ness of MMMs leads to a decrease in permeance of all penetrants,
which is logical and also observable; however, because all MMMs
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in this work show a strong affinity for CO2 sorption, the effect of
membrane thickness is more severe on the decline of the perme-
ate flow rate of CO2 than that of CH4. Furthermore, there is a huge
difference between the increase in thickness of membrane in thin
membranes and thick membranes; for instance, a 30m to 90m
increase in thickness means a 200% increase, while 90m to 120
m means only a 33% increase in thickness of membranes. This
percentage drops substantially when the thickness increases slightly;
hence it can be said that the flowrate changes in thinner membranes
are more intense than that in thicker membranes.

As it can be deduced when the membranes are synthesized
with the minimum possible thickness, the membranes with higher
permeance show more effectiveness when the recycling of perme-
ate applies. However, with the increase in the thickness of mem-
branes, the DoSRP configuration favors more selective membranes,
and these types of membranes show better CO2/CH4 separation
performance [28]. From this Aspen Plus sensitivity analysis it can
be deduced that to achieve a remarkable separation performance
in DoSRP configuration, the membrane has to be synthesized as
thin as possible in the condition that the process of synthesis results
in a morphologically defect-free membrane.

CONCLUSION

Among all synthesized AC/PVA MMMs in this work from three
different municipal wastes, the ones prepared with ACs synthe-
sized from PET bottles showed the highest sorption capacity and
smaller pore size. The pore sizes of all synthesized ACs regardless
of the type of precursor used were in micro- to mesopore range.
The result of permeation experiments showed that the MMMs
prepared with ACs synthesized from PET bottles showed the
highest CO2 permeance and CO2/CH4 ideal selectivity. The activa-
tion of ACs using KOH showed more effectiveness in boosting
the CO2/CH4 separation performance of MMMs compared with
that using ZnCl2 due to the presence of CO2-philic hydroxyl group
at the surface of MMMs using KOH activator. Modeling of the
spiral wound membrane module converged in three nested loops
of calculation to produce the predicted permeate and retentate flow
rate values. The validation of the model with previous experimen-
tal and modeling data was successful with a maximum parentage
error of 5.89%. The simulation of the membrane separation sys-
tem with Aspen Plus showed that with the increase in the CH4

content of the feed, the CO2 permeate flow rate significantly drops
while CH4 permeate flow rate slightly increases. The temperature
rise had an increasing effect on the permeances of both gases; how-
ever, with the increase in the thickness of membranes, both CO2

and CH4 permeances dropped drastically.
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Table S1. CO2 and CH4 permeances (GPU) in different MMMs at different temperatures

Temperature
(K)

H-AC/PVA-Z B-AC/PVA-Z P-AC/PVA-Z H-AC/PVA-K B-AC/PVA-K P-AC/PVA-K
CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4

303 60.2 3.8 74 5.1 087 07.3 56.5 2.9 47.5 2.4 45.5 1.69
313 73.0 4.2 88 7.0 115 09.3 58.0 3.7 55.0 2.8 48.0 1.94
323 77.0 5.4 99 8.1 127 11.6 66.0 4.3 59.0 3.4 53.0 2.23

Table S2. Calculated CO2 and CH4 activation energy of permeation for synthesized MMMs
 MMM samples EP (kJ/mol) for CO2 EP (kJ/mol) for CH4

H-AC/PVA-Z 08.36 14.17
B-AC/PVA-Z 11.69 16.09
P-AC/PVA-Z 13.14 17.23
H-AC/PVA-K 07.88 10.99
B-AC/PVA-K 07.05 10.30
P-AC/PVA-K 06.12 09.83


