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Abstract

Mixed matrix membranes (MMMs) are a promising approach for hexavalent chromium Cr(Vl) removal from wastewater. In this
study, asymmetric membranes were synthesized by incorporating calcined eggshell as a bio-fillers in a polymer matrix. MMMs were
synthesized via phase inversion technique at various filler loadings ranging from 5-20% wt.%. Characterizations of synthesised
membranes were performed using scanning electron microscopy, thermogravimetric analysis and permeability studies. The results
showing the highest flux of 3503 + 32 L m™2 h™' and 60.5 + 0.8% Cr(VI) rejection were obtained by a membrane with 20 wt.% filler
loading. Modeling approach was conducted to compare the experimental data with the pore network and continuum models to
predict the transport properties. The pore network model showed the most accurate prediction of membrane transport behavior, with

an average absolute relative error of 15.03% compared to other continuum models. The study thus provided the impact of structural

influences on pressure distribution within membranes, emphasizing the need of including pore size distribution in the analysis.
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1 Introduction

The utilization of membrane technology for water treat-
ment has been extensively employed for the purpose of
generating potable water, recuperating reusable constit-
uents, or refining industrial effluents [1-3]. The technol-
ogy in question has garnered significant interest in recent
times owing to its multifaceted processing capabilities,
superior removal efficiency, eco-friendliness, reduced
pollution levels, simplified operational procedures, mini-
mal maintenance requirements, easy scalability, superior
performance and economically viable nature when com-
pared to conventional separation methods [4—7]. The pri-
mary focus of current research is the improvement and
development of existing membranes through advance-
ments and upgrades in membrane materials, with the aim

of achieving enhanced efficiency and performance [8—13].
Mixed matrix membranes (MMMs) have emerged as a
promising approach to tackle the aforementioned factors
due to their superior performance, fouling resistance, per-
meate quality, and durability [14, 15]. MMMs referred as
heterogeneous membranes, are composed of a continuous
polymer matrix with dispersed porous molecular materi-
als as fillers [16—19]. The immersion precipitation method
is a widely recognized approach for producing asymmet-
ric membranes [20-24]. According to Tian et al., cellu-
lose acetate (CA) is commonly used material to synthesis
nanofiltration and reverse osmosis membranes [25-27].
This polymer is noteworthy due to its attractive prop-
erties such as biodegradability, environmental stability,
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cost-effectiveness and commercial availability [28-31].
In addition, CA is derived from renewable sources and
recognized for its favorable mechanical properties, hydro-
philic nature and transport properties [28, 32—35].

In the development of MMM, the selection of suitable
filler is quite challenging issue due to the textural char-
acteristics, compatibility and interaction with polymer
matrix [16, 36-38]. One of the most practical approach
is to improve the performance of the membranes by the
inclusion of inorganic material like bio-fillers in the poly-
meric matrix. The integration of inorganic materials has
been investigated as a means of enhancing various prop-
erties such as flux, antifouling capability, and thermal
and mechanical properties [33, 39-41]. The utilization
of bio-fillers sourced from natural raw materials is being
extensively explored as a viable alternative to the preva-
lent inorganic fillers due to their cost-effective solutions.
The utilization of waste materials and environmentally
sustainable nature have spurred further advancements in
the production of MMMs. The eggshells have been exten-
sively examined as a common bio-filler in numerous stud-
ies [42—44]. The disposal of eggshells, a solid waste pri-
marily generated by the food industry and households,
can pose significant challenges, including potential risks
to public health, contamination of water sources and envi-
ronmental pollution. According to Lumlong et al. and
Habte et al., a significant rise of approximately 44% in food
waste was observed from 2005 to 2025 [45, 46]. The utili-
zation of waste materials as a precursor for the synthesis of
composites has been identified as a cost-effective, environ-
mentally friendly and sustainable approach [17, 45, 47, 48].
Park et al. observed 99% removal of Cr by using calcined
eggshells as a bio adsorbent [49]. Lovey et al. synthesized
polysulfone-based membranes using the phase inversion
technique. Chromium rejection and the flux of the pristine
membrane, using crossflow filtration unit, are found to
be 64% and 44 L m™ h'!, respectively [50]. Li et al. devel-
oped CA/polyaniline (PANI) composite membrane, that
was doped by phytic acid (PA), and the maximum adsorp-
tion capacities for Cr(VI) achieved is 94.34 mg g' [51].
Previous studies used eggshells for heavy metal removal
in a membrane bioreactor system that proved to be efficient
green adsorbent. The porosity and surface characteristics
of eggshell membrane rendered an effective bio-adsorbent,
capable of extracting heavy metals, phenolic compounds,
dyes, and pesticides from wastewater [52, 53].

Past studies extensively utilized modeling tech-
niques in MMMs as a powerful tool for validation

by employing various membrane models [4, 54-56].
They provide reliability for membrane evaluation, provid-
ing valuable insights regarding various factors that affect
the performance of membranes [56-58].

Pore network modeling (PNM) has gained significant
attention in recent years due to its ability to predict the
transport properties of porous media. It is a powerful tool
for simulating fluid flow, transport and mechanical prop-
erties of porous materials at a pore scale. Several studies
have demonstrated the effectiveness of pore network mod-
eling in understanding the complex fluid-solid interactions
that occur within porous materials [59, 60]. For example,
research has been done on the use of pore network model-
ing in the development of catalysts, oil recovery and mod-
eling energy storage devices [61-64]. The latest research
in pore network modeling includes work done on the opti-
mization of porous media structures for flow enhancement
and modeling of shale gas flow [65]. These studies have
shown that pore network modeling is an important tool
for predicting the transport properties of porous materi-
als, therefore the technique can be effectively utilized to
study transport in MMMs as they represent perfect porous
structure. Moreover, as per authors' knowledge, PNM
technique is not utilized in MMMs although it has signifi-
cant potential in the field of membrane science.

The current study focused on the synthesis of asymmet-
ric cellulose acetate (CA)/calcined eggshell (CES) mem-
branes via immersion precipitation for wastewater treat-
ment. Several characterizations of MMMs were performed
at varying CES filler loadings for evaluating the morpho-
logical, thermal and permeation properties of synthesized
membranes. The experimental findings were evaluated uti-
lizing pore network and continuum modeling novel strat-
egy, not previously used, in MMM s for Cr(VI) removal.

2 Experimental section

2.1 Materials and methods

The CA beads with an acetyl content 53.5-54.5% (molec-
ular-mass 52,000 g mol™) and the solvent, 1-methyl-2-pyr-
rolidinone (NMP) (99.0% analytical purity, boiling
point 202, density 1030 kg m™) was supplied by Sigma-
Aldrich. Eggshells obtained from a local bakery were mod-
ified and utilized as an inorganic filler as per the process
shown in Fig. 1(a). Cr(VI) stock solution of 1000 mg L™
was prepared by dissolving 2.83 g of potassium dichro-
mate in 1 L of distilled water. 200 mg L' working solution
was prepared by diluting 200 mL of the stock solution to a
final volume of 1 L using distilled water.
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2.2 Preparation of calcined eggshell bio-derived
inorganic filler

Chicken eggshells were cleaned several times with tap
water to remove impurities and interfering material like
organics and salts, followed by three rinses with deionized
water. The sample was then placed in an oven and dried at
100 °C for 12 h. The dried sample was crushed followed
by calcination process in a muffle furnace at 600 °C at 4 h.
The fraction with a particle size < 60 um was obtained
through ball milling and sieving via a vibrating sieve
shaker. The sample was rinsed three times with ethanol
to eliminate contaminants prior to filtration. The obtained
fraction accounted for 65% of the total dried sample. After
drying the sample at 78 °C for 2 h, grayish colored CES
filler in powdered form was finally obtained (Fig. 1(a)).
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2.3 Synthesis of asymmetric mixed matrix membranes

A dope solution containing 15 wt.% CA was prepared by
dissolving the polymer in the NMP solvent. The impact of
CES on membrane morphology was examined by adjust-
ing the filler loading between 5-20 wt.% in the dope solu-
tion. The homogenous mixture was obtained by stirring
the dope solution for 24 h at 700 rpm and 25 °C, using a
teflon-lined magnetic stirrer in a borosilicate glass bot-
tle. It was followed by sonication process for 45 min
to ensure the homogenous dispersion of the particles.
The dope solution was also agitated to eliminate air bub-
bles and was left undisturbed for an hour at room tem-
perature. The prepared dope solution was poured on the
clear glass surface for membrane casting using an adjust-
able Elcometer casting knife (Elcometer Instruments
Ltd., Manchester, UK) set to 200 pum, to ensure uni-
form membrane development. The membrane was kept
at ambient conditions (25 °C, relative humidity ~50%) for
30 s to allow partial solvent evaporation. It was followed
by coagulation process by immersion into distilled water
bath. In the phase inversion technique used in this study,
the precipitation of the membrane film was induced by
solvent exchange in a non-solvent (distilled water) pre-
cipitation bath. The developed flat sheet membrane was
subsequently immersed in a separate container filled with
fresh distilled water, in order to eliminate any residual
NMP. The membrane was ready for testing after 24 h

(Fig. 1(b)).

3 Characterizations

3.1 Scanning electron microscopy and
thermogravimetric analysis

of the synthesized MMMs
were carried out using a scanning electron microscope
(VEGA3 TESCAN, TESCAN ORSAY HOLDING, Brno,
Czech Republic), to attain qualitative information for the

Morphological studies

respective surfaces and cross-sections in terms of thick-
ness and microstructures. For cross sections, membranes
were fractured in liquid nitrogen. Thermal stability of the
different compositions of MMMs were analyzed by using
thermogravimetric analyzer (PerkinElmer TGA 4000,
PerkinElmer Inc., Waltham, MA, USA). The TGA profile
of CES was analyzed at a heating rate of 10 °C min™' up
to 900 °C under a nitrogen atmosphere. Subsequently, the
degradation of various compositions of MMMs was eval-
uated using a three-stage decomposition analysis protocol
consisting of moisture evaporation, polymer chain degra-
dation, and decomposition of residual organic constituents
at a constant heating rate of 10 °C min™.
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3.2 Permeation flux and solute rejection performance
The study employed a stainless-steel dead-end filtration
unit (Sterlitech Corporation, Kent, WA, USA) to conduct
the filtration experiments (Fig. 1(c)), having membrane
effective area of 1.2 x 107 m?. 100 mL feed solution was
subjected to nitrogen gas at a predetermined pressure
as it passed through the cell. The permeate sample was
obtained via atmospheric pressure. The feed solution was
agitated at 700 rpm using a teflon-coated magnetic stir-
rer. A 200 mg L' Cr(VI) solution was used as the feed.
For conducting the experiments, feed pressure was main-
tained at 2 bar at ambient conditions (25 °C, relative
humidity ~50%). The volumetric flow rate and residence
time of the feed stream that passed through the membrane
at steady state were recorded.

The permeation flux for each membrane was calculated
from Eq. (1) [8]:

J= 0 s
Axt

()

where J, O, 4 and ¢ represents the permeate flux, volumet-
ric flow rate of the permeate, membrane area and filtration
time, respectively. The Cr (VI) salt rejection R from the
membrane was determined by Eq. (2):

=3
R=|1-—%1{x100, )
c,
where C -and Cp are the solute concentrations in the feed
and permeate, respectively [66]. The minimization of
experimental error was achieved by conducting a min-
imum of five measurements for each type of membrane
at steady state.

The values reported in Table 1 represent the average of
at least five independent measurements conducted under
steady-state conditions, and the associated deviations
correspond to the standard deviation of the experimen-
tal data. The membrane thickness and the mean pore size
were determined from SEM image analysis using ImageJ
software, whereas the conductivity and the pH were mea-
sured using a digital conductivity meter (HI98192, Hanna

Instruments, Woonsocket, RI, USA) and a pH meter
(HI2211, Hanna Instruments, Woonsocket, RI, USA),
respectively. The permeation flux and the Cr(VI) rejection
were obtained from dead-end filtration experiments per-
formed at 2 bar and 25 °C.

4 Modeling mixed matrix membranes
A reliable modeling approach can accurately be utilized to
forecast the performance of the membranes and optimize
the process thereby reducing cost and time. The perfor-
mance evaluation typically involves two key aspects: pre-
dictions of flux and rejection. These are generally conducted
in membrane process, employing a range of models and the-
ories to understand the underlying transport mechanisms.
The transport mechanism determines how membrane per-
formance is modeled in water treatment. Earlier studies
have used several permeation models based on analogies.
This study investigates the performance of the syn-
thesized membranes using two different modeling tech-
niques, namely pore network model and continuum model.
The subsequent section provides a detailed explanation of
the methodology adopted in both modeling techniques.
The comparative analysis and accuracy of each method
are discussed in Section 5.

4.1 Pore network model development

This study focused on developing a porous network model
to simulate the behavior of MMMs under different filler
loadings and its effects on transport properties. Further,
the performance of different modeling techniques was
compared with the obtained experimental data.

The porous networks were generated using the open-
source Python package OpenPNM [67]. The physical
properties of all the porous structures used in the model
are listed in Table 1. The pore network was constructed
as a regular cubic lattice in OpenPNM, where each inter-
nal pore is connected to six nearest neighbors (coordi-
nation number = 6). The topology was kept uniform,
while the geometrical properties of the network includ-
ing pore diameter, throat size and membrane thickness

Table 1 Evaluation of membrane performance through permeation flux and solute rejection

Membrane type* Thickness (pm) Mean pore size (um) Conductivity (uS) pH Permeation flux (L m2h™) Rejection (%)
CA-0 200+ 11 0.360 +0.028 321 3.8 2741 + 83 32402
CA-5 226 +13 0.410 = 0.035 303 3.9 2940 + 70 36 +0.6
CA-10 271 +15 0.243 £ 0.021 181 4.2 3397 £ 67 59.5+£0.9
CA-15 267 +13 0.214 £ 0.018 171 43 3318 £ 15 59.5+0.5
CA-20 274 +12 0.133 £ 0.012 156 6.1 3503 +32 60.5+0.8

* The membrane samples were designated as CA-0, CA-5, CA-10, CA-15, and CA-20, representing cellulose acetate membranes incorporated

with 0, 5, 10, 15, and 20 wt.% calcined eggshell filler loadings, respectively.



were assigned based on SEM-derived experimental data
(mean pore size and membrane thickness). This approach
enabled the incorporation of realistic structural character-
istics while maintaining a simplified and tractable network
representation. The generated porous networks are shown
in Fig. 2. In Fig. 2(a), the thickness of each membrane is
plotted along the x-axis, while the y-axis and z-axis repre-
sent the area of the membrane in two-dimensional space.
This enabled a distinct visualization of the porous network
structure. It indicated the influence of various properties
like pore size and connectivity, on transport characteris-
tics of the mixed matrix membranes.

To quantify the flux across the porous network, mass
conservation was applied to each individual pore using
Eq. (3), where q; represents the volumetric flow rate
between connected pores i and j:

‘Jf;‘:z;l)(gh,ifX(Pf_E):O ®

In the simulation, each pore is identified by an index 7,
and its neighboring pore with index j, while the number of
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Fig. 2 (a) Pore networks of MMMs with different loading. (b) Pore-
throat-pore assembly definition in the pore network model (where D,
and DJ. are the diameters of pore i and pore j; D,/2 and DJ/Z are the pore
radii; D, and L

is the total center-to-center length between pore 7 and pore ;).

are the diameter and length of the pore throat; and ,

throat
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neighboring pores is denoted by n. The net flow through
pore i is represented by g.. g, represents the hydrau-
lic conductivity of the flow between pore i and pore ;.
The pressure in the respective pores is represented
by P, and Pj The length and diameter of pores and throats
are major factors influencing hydraulic conductivity as
represented in Eq. (4).

4
T xDy

=—F%  Ne!P, P, throat;, 4
128x uL, { v } ®

Enn
where D, and L, are the diameter and length of each indi-
vidual conduit segment N, representing the throat #j (diam-
eter D, length L, ) and the half-pores P, and P, (defined
as the conduit segments extending from each pore sphere's
center to the throat junction, with diameters D, D, and
effective lengths equal to their pore radii D/2 and Dj/2, as
depicted in Fig. 2(b)), and i denotes the dynamic fluid vis-
cosity. The study used Eq. (4) to determine the hydraulic
conductivity for individual sections. Finally, the net con-
ductivity for the pore-throat-pore assembly g, Was evalu-
ated using the linear resistor series theory using Eq. (5) [59].

1=1+L+1, ®)

gh,i/' gh,Pi gh,r gh,l?i

where g, , and g, »; Tepresent the hydraulic conductivities
of the half-sections of pore i and pore j, respectively, while
g,,, denotes the hydraulic conductivity of the throat connect-
ing them. To calculate the total flow rate g across the net-
work, Eq. (3) was applied to each pore in the network, which
resulted in a system of linear equations. The pressures at
the boundaries were defined on both faces perpendicular to
the x-axis of the network, which were utilized to solve these
equations. Dirichlet pressure boundary conditions were
applied along the x direction, where the inlet pressure was
fixed at 2 bar (corresponding to the experimental feed pres-
sure) and the outlet pressure was set to 1 bar (atmospheric
pressure). All other faces of the network were treated as
no-flow (Neumann) boundaries, ensuring one-dimensional
transport across the membrane. Once ¢ was determined,
J was calculated using the following expression:

g4 ©6)

q
A

For fluid flow in the z direction, the area of the pore
network A4 perpendicular to the direction of flow was cal-
culated by ZYL{., where Y and Z referred to the number of
pores in the respective dimensions of the network, while
L. is the lattice constant (the distance of one pore-throat-
pore assembly).
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4.2 Continuum model development

In continuum-based modeling approach, models based
upon osmotic pressure model, Hagen—Poiseuille and
Carman—Kozeny equations were considered [68].

Genne et al. [69] proposed a model based on the
Hagen—Poiseuille equation to describe the flow through
pores of a membrane. This model relates the membrane
permeability to its porosity, mean pore diameter, and
membrane thickness. However, Li et al. highlighted that
the transport mechanism in porous membranes were
more complex and dependent on various membrane prop-
erties such as pore size, pore distribution, porosity, and
pore geometry [70, 71].

To account for these characteristics, the Hagen-
Poiscuille equation was modified by incorporating the
porosity and tortuosity of the pores. The resulting Eq. (7)
accounted for the flux through the membrane in terms of
water viscosity, applied pressure AP, pore size D, mem-
brane porosity &, and membrane thickness L [68].

J_E xD* AP

= X — Q)
32xn L

The membrane porosity and tortuosity r were evaluated
using the Smolders—Franken and Mackie—Meares correla-
tions, as expressed in Egs. (8) and (9), respectively [72].
Where p and P ot BTC the densities of the membrane and
the polymer material, respectively.

g:l—/f—m )
o_(2-¢) ©)
&

When analyzing porous membranes, it is import-
ant to recognize that the pores may not always have a
cylindrical or linear geometry. Therefore, an alternative
approach was assumed that the membrane consisted a col-
lection of roughly spherical particles. In such cases, the
Carman—Kozeny equation was utilized to calculate the
flux through the membrane [68, 73]:

g’ AP

- (10)

J= X
Kxnszx(l—S) L

where S is the specific surface area (m*m’), K is a
Carman—Kozeny constant (dependent on the shape of the
pores and tortuosity).

Both aforementioned models are theoretical equations,
based on idealized assumptions. The actual structure of the

membranes diverged from these assumptions. The osmotic
pressure model was commonly used to describe the per-
meation flux, as expressed in Eq. (11) [68, 73]:

L (1)
n,x (Rm +R,, )

where n, is the dynamic viscosity of the permeate, R rep-

resents the intrinsic membrane resistance, and R, , denotes

the total filtration resistance.

The intrinsic membrane resistance could be determined
by applying the Hagen—Poiseuille law Eq. (7) with poros-
ity, correction factor uL (dimensionless), which describes
the meandering of actual pores inside the membrane (typ-
ically 1 x 1072 used), the thickness of the membrane and
the particle diameter.

9 (1 -& )2 uLxL
R =2y 178  HLxL (12)
"4 g’ D’

The total filtration resistance (R, ) was calculated
according to Darcy's law (Eq. (13)) with the permeate vis-
cosity 7, (Pa-s) and the permeate flux J;
AP

Np*xJp

o (13)

To enhance the accuracy of the membrane performance
prediction, it was imperative to account for the fouling
effect during the treatment of actual water samples that
contained foulants. Fouling resistance (Rﬂwl =R, —R)
was thus included in Eq. (13). The present model was rec-
ognized as the hydraulic model of filtration resistance,
referred as the resistance in series model, in academic
research.

As shown in Egs. (14) and (15), the average absolute
relative error (AARE%) was used to determine the dis-
crepancy between the predicted and experimental values.

cal _ yexp
ARE, = o Jex;]" (14)
d.
100> 7 ARE,
AAREY% =—%2i=l ', 1s)

J
where ARE, is the absolute relative error for data point i,
while J¢“ and J % are the theoretically derived and exper-
imentally determined values of the relative permeation
flux of the solution, respectively. i represents the index of
a given data point and d, is the total number of data points.



5 Results and discussion

5.1 Thermal analysis

The thermal stability of the sample was assessed using
TGA analysis. The corresponding TGA and derivative ther-
mogravimetric (DTG) curves are presented in Figs. 3(a)
and 3(b), respectively, at a heating rate of 10 °C min,
with their corresponding derivatives. The degradation of
all the synthesized membranes occurred in three steps.
The initial mass loss (from 50 °C and 270 °C) was primar-
ily attributed to the evaporation of physically adsorbed
moisture and the release of low-molecular-mass volatile
compounds. The second phase (from 270 °C to 395 °C),
represented the depolymerization of the polymeric chains.
The third step (from 395 °C onwards) represented the ther-
mal decomposition of the remaining organic constituents,
leaving behind inorganic residual matter. Interestingly,
distinctive trends were observed particularly after 270 °C,
where the mass loss was reduced with the increase in
filler loadings in the CA matrix. The mass loss ranged
from 69.2%, 69.1%, 65.4%, 63.1%, and 60.5% from 0
to 20 wt.% filler loadings, respectively. The inclusion of
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CES filler in polymer matrix indicated improvement in
thermal stability of the synthesized membranes, which is
consistent with previous research [74, 75].

5.2 Morphological characterization

The membranes exhibited an asymmetric structure with
thin dense top skin layer indicating a selective barrier
(Fig. 4(a)). It is supported by a thicker porous sublayer
with a finger-like macrovoid structure (known as the sup-
port layer) (Fig. 4(b)). The presence of the porous sub-layer
contributes to the mechanical robustness of the material,
while the skin layer exhibits a relatively thin and dense
structure, leading to relatively high resistance and low
flux [76]. The synthesized MMMs possess an increased
porosity as compared to pure polymeric membranes. This
can be due to the presence of uniformly distributed fillers
leading to channeling in the top skin layer of the matrix,
thus creating stronger pore interconnected networks with
increase in filler loading. During the phase inversion pro-
cess the quantity of the solvent decreased while the poly-
mer concentration remained constant, thus the solution
became more viscous, which prevented the membrane
from swelling and consequently affected the MMMs
thicknesses. CES particles inhibit the proximity of poly-
mer chains, thereby producing free volume [77].

5.3 Permeation analysis

As shown in Table 1, the permeation flux increased from
2741 + 83 t0 3503 + 32 L m2 h™! with increasing CES filler
loading (5-20 wt.%), indicating enhanced membrane per-
meability. These findings pointed towards an increase in
the flux across MMMs as compared to the pure CA mem-
brane due to the hydrophilic nature of the inorganic
CES fillers. The observed increase in the permeation flux
of the modified membrane can be attributed to several
factors including the enlargement of the pores size, the
enhancement of the surface hydrophilicity, and an increase
in the effective filtration area. The membrane exhibited a
porous surface that possessed a favorable inner structure,
thereby conferring a distinct advantage. The synergistic
impact of the greater porosity, enhanced pore connectivity
and augmented effective free volume promotes more effi-
cient water transport, resulting in a superior permeation
flux relative to the unmodified membrane. The perme-
ation flux at 20 wt.% filler loading was observed to reach
its highest value of 3503 = 32 L m2 h™! among the other
synthesized CA membranes. This value represented an
increase of approximately 27.8% compared to the intrinsic
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Fig. 4 SEM images of (a) surfaces (b) cross-sections of
the CA/CES membranes

membrane with permeation flux of 2741 + 83 L m™2 h™..
The high permeation fluxes are ascribed to the porous
structures of the membranes under low operating pressure.
The incorporation of bio-derived CES filler enhanced
the Cr(VI) removal performance of the membranes, as
evidenced by the increase in rejection from 32 + 0.2% for
pristine CA membrane to 60.5 £ 0.8% for CA-20 mem-
brane (Table 1). The improved rejection behavior may
be attributed to the interaction of Cr(VI) ions with the
CES-containing membrane structure and the increased
availability of the active sites at higher filler load-
ings. The incorporation of CES fillers into the mem-
branes facilitated Cr(VI) ion removal in acidic con-
ditions via surface adsorption while simultaneously
demonstrating a commendable neutralization capacity.
The amount of Cr(VI) removed from the aqueous solu-
tion showed a linear increase as the dosage of calcined
eggshell was raised. Maximum rejection of 60.5 = 0.8%
was observed for 20 wt.% CES MMM as a result of the
highest sorption sites for Cr(VI) uptake. The remaining
three MMMS showed rejected rate in the following order:
CA/CES 15%> CA/CES 10% > CA/CES 5%. Consequently,
for the CA-20 membrane, the Cr(VI) concentration was
reduced from 200 mg L™ in the feed solution to 79 mg L™
in the permeate stream. By including a membrane system
with these sorbents, fouling can be mitigated [49]. The find-
ings of this study are consistent with prior research, which
suggests that the incorporation of filler particles can
enhance the permeation flux [39]. The moderate rejection
rates achieved are ascribed to the comparatively greater
pore size of the CA/CES membranes, rendering size exclu-
sion, inadequate for the complete removal of Cr(VI) spe-
cies. Moreover, the transport is regulated by a synergy of
convective flow and diffusion, facilitating the selective pas-
sage of ions. The restricted surface charge of the membrane
diminished the electrostatic repulsion towards the nega-
tively charged chromate moieties. At higher filler loadings,
the enhanced pore connection increased the permeability
but restricted further advancements in rejection, leading
to a plateau effect. Table 2 contextualizes this work within
existing literature [50, 78, 79]. Membranes with compa-
rable porosity architectures demonstrate modest rejection
rates, while nanofiltration and reverse osmosis systems,
characterized by dense selective layers and robust electro-
static contacts, produce markedly greater rejection rates.

5.4 Comparison of modeling approaches
Table 3 presents a comparative analysis of the results
obtained from pore network models, continuum models
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Table 2 Performance of previously reported mixed matrix membranes for Cr(VI) removal*

MMMs (different filler loadings) Rejection (%) range Ref.
CA/CES (0-20 wt.%) 32-60.5 Present study
Oxidized MWCNT/PSft ~33-86

Azide/Amide/ MWCNT/PSf ~80-94 [78]
Pristine PSf ~10

PSf/MMT ~71-89 [50]
PSf/mMMT ~ 74-95

PVDF/PVP/ZnO-SG ~62- 85 [79]

* Abbreviations: PSf = polysulfone; MWCNT = multi-walled carbon nanotubes; MMT = montmorillonite; mMMT = modified montmorillonite;
PVDF = polyvinylidene fluoride; PVP = polyvinylpyrrolidone; ZnO—-SG = zinc oxide—sol—gel composite; CA = cellulose acetate; CES = calcined

eggshell.
Table 3 Variation of permeation flux from pore network and continuum models and from the experimental data
Continuum models (analytical approaches)
Filler loading Expe.rjimental Pore net;vork model J, (10%ms")
(Wt.%) (10 o s (lo,f;‘g's,l) Hagen—Poiseuille Carman—Kozney Osmotic pressure
model model model
5 8.169 7.414 0.232 1.32 5.48
10 9.436 7.842 0.075 0.011 0.0429
15 9.218 7.699 5.79 3.79 13.6
20 9.731 8.031 3.99 3.16 9.93
AARE% 15.03 73.13 77.53 20.7
Note: Jexp, J oy and J_ represent the experimentally measured permeation flux, the flux predicted by the pore network model, and the flux calculated

from the continuum models, respectively.
and experimental data. The study compared the perfor-
mance and provided deep insight into their strengths and
limitations. To ensure a fair comparison, continuum and
pore network models were assessed under identical oper-
ating conditions, which encompassed fluid properties,
membrane thickness and applied pressure.

The results are also plotted for different CES load-
ing (Fig. 5(a)). The comparison showed that the pore
network model exhibited the lowest deviation from
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the experimental data, achieving an AARE of 15.03%.
The AARE% calculated for the pore network model was
also lower than for the continuum models. The superior
performance of the pore network model was due to the
structural effects of the porous media including pore size
distributions, porosity, and tortuosity. The other models
rely only on average values of these properties. The impact
of the structural effects on the pressure distribution within
the membrane can be observed in Fig. 5(b). It indicated
that the pressure changes with different pore sizes of the

4

v Pore Pressure (Pa)

10e+05 120000 140000 160000 180000 2.0e+05
| |

<«
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(®)

Fig. 5 Hagen—Poiseuille model: (a) Comparison with experimental data; (b) Pressure distribution for different CES loading in MMMs
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membranes at varying filler loading. This reveals that the
pore size distribution and other structural properties of the
membrane have a significant impact on the transport prop-
erties of MMMs.

Table 3 further summarizes the differences between
the continuum models used in this study. The find-
ings indicated that Hagen—Poiseuille model exhibited
the lowest deviation from the empirical data. The pres-
ent study revealed that the order of deviation, as deter-
mined by the AARE%, is in ascending order: the osmotic
pressure model, the Hagen—Poiseuille model and the
Carman—Kozeny model. However, there are major dis-
crepancies between the computed data of the continuum
model and the experimental results, prompting the need for
a better model. Overall, the pore network model provided
more accurate results than the continuum based model for
predicting the performance of MMMs. It is important to
note that the pore network modeling approach only utilized
Hagen—Poiseuille model for obtaining permeation flux.
Its accuracy and efficiency in osmotic pressure model and
Carman—Kozeny model will be utilized in future studies to
predict performance of MMMs. Future research can con-
centrate on enhancing the utilization of pore network model
to decrease the computational time, while maintaining the
structural heterogeneities of the membrane microstructure.

6 Conclusion

The present work deals with the synthesis of asymmet-
ric MMMs at various CES filler loadings (0-20 wt.%)
in CA matrix for the treatment of Cr(VI) in wastewater.
The synthesized CES and MMMs were characterized by
different techniques. The focus of this systematic study
was to check the potential of different CES loadings on
morphology and permeability of MMMs. The addition
of CES led to increase in porosity and interconnectiv-
ity in MMMs shown by SEM images. The TGA analy-
sis revealed an improvement in thermal stability with the
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