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Mass transfer kinetics of Cr(VI) adsorption on a
green mussel shell-polyethersulfone membrane

Mohamad Ali Fulazzaky, *a Nur Atikah Abdul Salim,bc Mohd Hafiz Puteh,cd

Tiffany Messer,e Mohd Hafiz Dzarfan Othman, d Ahmad Fauzi Ismail,d

Juhana Jaafard and Mukhlis A. Rahmand

Cr(VI) is toxic to human health and aquatic life, requiring removal from contaminated water. Green

mussel shells incorporated into a polyethersulfone (GMSPES) membrane were designed to create a flat

sheet adsorptive membrane crossflow treatment permeator (FSAMCFTP) to remove Cr(VI) from a

synthetic solution (SS). The physicochemical properties of the GMSPES membrane were verified using a

scanning electron microscope, atomic force microscope, and water contact angle goniometer. The

adsorption capacities of GMSPES0.5, GMSPES1.0 and GMSPES1.5 were found to be as high as 13.41,

15.24 and 10.84 mg g�1, respectively. The numerical simulation of data using generalized Fulazzaky

equations enabled the prediction of the mechanisms and kinetics of external, internal and global mass

transfers for the adsorption of Cr(VI) on the GMSPES membrane. Comparison of external and internal

mass transfers facilitated the determination of mass transfer resistance, with the internal mass transfer

rate beginning at 0.16 h, while the external mass transfer rate dominated for 3.00 h of the experiment.

The verification of Cr(VI) adsorption by the GMSPES membrane with different GMS/PES ratios provides a

comprehensive understanding of the FSAMCFTP process, contributing to the advancement of adsorptive

membrane technology.

1. Introduction

The rapid industrialization and economic development of an
area stimulated by the industrial applications of textile, man-
ufactured leather, electropainting, chemical manufacturing,
printing, dyeing, and metallurgy have resulted in the upsurge
of Cr(VI) discharge in water.1 The use of Cr(VI) is essential for
tanning high-quality leather, production of pigments, manu-
facturing of stainless steel, and electroplating.2,3 The presence
of Cr(VI) in water is primarily caused by biomagnification,
which negatively impacts human health through ingestion
via respiratory inhalation, the digestive tract and/or skin con-
tact. Exposure may lead to lung cancer, kidney damage and

dermatitis.4–6 Stringent effluent water quality standards to
regulate the concentrations of Cr(VI) have been put forth by
several countries to allow treated wastewater to be discharged
into water bodies. The Bureau of Indian Industrial Effluent
Standard has set a limit of o3.0 mg L�1 for Cr(VI) in treated
wastewater,7 while the Government of Japan requires the
concentration of Cr(VI) in an effluent to be o0.5 mg L�1.8 The
United States Environmental Protection Agency limits the dis-
charge of Cr(VI) from industrial effluents to a concentration of
0.05 mg L�1.9 According to the European Union Directive, the
permissible Cr(VI) concentration limits are in the range of 0.05–
1.0 mg L�1 for treated industrial wastewater discharged into
oceans, lakes and rivers and o1.0 mg L�1 for releasing into
other aquatic environments.10 The concentration limit for
Cr(VI) enacted by the Malaysian Environmental Laws is recom-
mended to be o0.05 mg L�1 to allow the release of industrial
effluents into surface water.11

Excessive amounts of Cr(VI) in discharged water can be
removed via various methods, including coagulation, electro-
chemical treatment, ion exchange, and adsorption.2 The coa-
gulation method requires expensive chemicals and thus is
often not an economically viable option to remove Cr(VI)
from contaminated water.9 Electrochemical treatment offers
an efficient method for removing Cr(VI) from industrial waste-
water but requires high electricity consumption.12 Using ion
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exchange technique to remove Cr(VI) from contaminated water
is associated with a high operating cost of the electrocoagula-
tion system applied to the treatment of industrial wastewater.6

Therefore, the adsorption process to remove Cr(VI) from con-
taminated water must have the following features: the simpli-
city of design and ease of operation associated with a low cost
and less space requirement.13 Utilizing agricultural waste-
based materials (e.g., rice husk, waste tea, walnut shell) and
aquacultural waste-based materials (e.g., crab shell, oyster
shell, mussel shell) as low-cost natural adsorbents are of
interest to remove the heavy metals from contaminated water.
Using mussel shells wasted in vast quantities in the environ-
ment without an economic value is beneficial for removing dyes
and heavy metals from wastewater.14 However, the application
of adsorption processes suffers drawbacks, such as small
capacity, particle agglomeration and scaling to industrial
wastewater.15 Therefore, applying an adsorptive membrane to
combine the technological advantages of membrane separation
and adsorption by considering the permeability, selectivity,
water flux and rejection rate is of interest in various environ-
mental applications of wastewater treatment technology.16

Classification of the adsorptive membranes is based on the
polymer and adsorbent. Various types of adsorbents, such as
metals and metal oxides, carbon sinks, and natural sources,
have been used to create adsorptive membranes. 3 wt.% nickel–
iron oxide (NiFe2O4) nanoparticles incorporated in the hollow
fiber membrane were used for the adsorption of Pb, Cu, Zn, Cd,
Cr and Ni from aqueous solutions and have the adsorption
capacity of 52, 42, 35, 24, 18, and 17.5 mg g�1, respectively.17

The nano-textured membranes incorporating bio-adsorbents of
soy protein, oats, lignin, sodium alginate, and chitosan have an
adsorption capacity for Pb ranging from 2 to 45 mg g�1,
depending on the type of the biopolymer.18 The incorporation
of biomaterials into adsorptive membranes is a promising
technology of interest to remove heavy metals and dyes because
of the high permeability, antifouling properties, and mechan-
ical reinforcement effect of the adsorptive membrane.19 The
use of chitosan/polyethylene oxide/activated carbon nanofi-
brous membranes for the removal of Cu(II), Zn(II) and Pb(II)
from aqueous solutions also resulted in adsorption capacities
of 195.3, 186.2, and 176.9 mg g�1, respectively.20

The choice of green mussel (Perna viridis) shells (GMS) as a
promising potential natural adsorbent could be due to the
presence of calcium oxide on the surface, which is favorable
for replacing Ca2+ cations by Cr6+ cations, resulting in the
adsorption of Cr(VI) ions from aqueous solutions.21,22 A pre-
vious experiment using the incorporation of GMS with poly-
ethersulfone (PES) called the GMSPES membrane, with the
GMS/PES ratios of 0.0, 2.0 and 2.2, was referred to design a
flat sheet adsorptive membrane crossflow treatment permeator
(FSAMCFTP). This experiment was of interest to study the
removal of Cr(VI) from synthetic solutions (SS), showing that
the adsorption capacity of 3.2 mg g�1 for a GMS/PES ratio of 2.0
was higher compared to 1.45 mg g�1 for a GMS/PES ratio of
2.2.23 Therefore, the application of the GMSPES membranes
with the GMS/PES ratios of below 2.0 for sequestrating Cr(VI)

from SS needs to be verified to gain a comprehensive insight
into the behavioral mechanisms and mass transfer kinetics of
Cr(VI) adsorption. The originality of this study was the creation
of the FSAMCFTP with the GMS/PES ratios of 0.0, 0.5, 1.0 and
1.5 for sequestering Cr(VI) from SS, which was a continuation of
a previous study.23 To our knowledge, there is very limited
literature regarding the use of GMS as an adsorbent for the
development of adsorptive membranes, while the mass transfer
kinetics of Cr(VI) adsorbed into the GMSPES membrane
remains ambiguous. The limitation of this study was that it
only focused on the numerical simulation of data using gen-
eralized Fulazzaky (GF) equations to predict the behavioral
mechanisms and mass transfer kinetics of Cr(VI) adsorption
without comparing it with other kinetic models. Therefore, the
objectives of this study were: (1) to create a GMSPES membrane
designed in the form of FSAMCFTP for removing Cr(VI) from SS
and (2) to numerically simulate the experimental data using a
series of GF equations, which will enable the prediction of the
mechanisms and mass transfer kinetics and permit the deter-
mination of the mass transfer resistance (MTR) for the adsorp-
tion of Cr(VI) into the GMSPES membranes from SS.

2. Materials and methods
2.1. Chemicals and Cr(VI) synthetic solution

This study used the PES of Radal A300 as the main component
of the adsorptive membrane and N-methyl-pyrrolidone (NMP)
as the solvent to synthesize the GMSPES membrane. An inor-
ganic chemical reagent of potassium dichromate (K2Cr2O7) was
used to produce the SS containing Cr(VI) ions. The PES polymer
was obtained from Amoco Chemicals Sdn. Bhd., Pahang,
Malaysia. NMP and K2Cr2O7 were purchased from Merck Sdn.
Bhd., Selangor, Malaysia. All chemicals and reagents used for
this experiment were of analytical grade. SS was prepared by
dissolving 294.19 mg of K2Cr2O7 into 1.0 L of distilled water
(DW), which resulted in a stock solution with 100 mg L�1 of
Cr(VI). Then, 400 mL of stock SS was diluted into 1.0 L of DW to
obtain a Cr(VI) concentration of 40 mg L�1 for the experiments
of the FSAMCFTP process with different GMS/PES ratios of 0.0,
0.5, 1.0 and 1.5.

2.2. Preparation of the GMS adsorbent

For this study, approximately 1.5 kg of the GMS sample, which
was collected from the waste disposal of Kampung Pasir Puteh
at Pasir Gudang of Johor state – Malaysia, was used to prepare
the GMS adsorbent. The GMS sample was cleaned to remove
the impurities by washing several times with tap water (TW)
and then dried in an oven at 30 1C for 24 h to evaporate the
water. The dried GMS sample was crushed by a hammer, which
resulted in a granular GMS material, and then sieved through a
sieve fraction, which resulted in an average size of 0.52 mm.
The granular GMS material as an adsorbent was then incorpo-
rated with PES to synthesize the GMSPES membrane for the
adsorption of Cr(VI) from SS by designing an experiment for the
FSAMCFTP process.
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2.3. Synthesis of the GMSPES membrane

The flat sheet GMSPES membranes were synthesized according
to the phase-inversion method24,25 as part of the FSAMCFTP
process. Firstly, the polymeric GMSPES dope solution was
prepared by mixing GMS with NMP and then stirred with a
magnetic stirrer (model S131435, Barnstead, United States) at
60 1C for 4 h and then PES was added into the dope solution
and then homogenized stirring with a speed of 500 rpm at 60 1C
for 8 h. Finally, the polymeric GMSPES dope solution was
sonicated at 60 1C for 24 h to synthesize a homogenous
GMSPES dope solution. The viscosity of the homogenous
GMSPES dope solution was determined using the DV1 digital
viscometer (Brookfield, United States) for different GMS/PES
ratios (see Table 1).

The procedural fabrication of the GMSPES membrane was
based on four steps: (1) the polymeric dope solution of GMSPES
was evenly cast onto a flat glass plate using a casting glass rod
to form the film with a thickness of around 250 mm, (2)
immersion of the cast film was performed in a container
containing TW at room temperature for 10 min to induce a
phase-inversion, (3) the formed flat sheet GMSPES membrane
was immersed into another container containing TW for 24 h
for removing any residual NMP solvent, and (4) the flat sheet
GMSPES membrane was dried in ambient air for 8 h to
evaporate the moisture content. The composition and viscosity
of the GMSPES membrane with different GMS/PES ratios are
depicted in Table 1.

2.4. Characterization of the GMS adsorbent and GMSPES
membrane

2.4.1. Chemical and physical characterizations of the GMS
adsorbent. Analysis of the oxide compositions (in %) of the
GMS adsorbent was performed using the energy dispersive
X-ray fluorescence (EDXRF) spectrometer (Rigaku, Sendagaya,
Shibuya-Ku, Tokyo, Japan). The determination of the Brunauer,
Emmett and Teller (BET) surface area for the GMS adsorbent
was carried out according to the multiple-point method using
the Surfer Analyzer of the Thermo Scientific Flash 2000 Ele-
mental Analyzer (Thermo Scientific Inc., Milan, Italy).

2.4.2. Physical characterizations of the GMSPES membrane.
The surface and cross-sectional features of the GMSPES mem-
branes were interpreted from the scanning electron microscopy
(SEM) images (model TM3000, Hitachi, Japan). The GMSPES
membrane sample was immersed in liquid nitrogen and then
split using an appropriate spatula to gain a clear cross-sectional
image of the GMSPES membrane. The GMSPES sample was

passed through a sputter coater (Model SC502, Quorum Tech-
nologies, Lewes BN8 6BN, United Kingdom) and a sputter-
platinum film was prepared to allow the electrons to interact
with atoms within the GMSPES membrane.

The GMSPES surface roughness was determined using an
atomic force microscope (AFM, SPA-300HV AFM, Seiko Instru-
ments, Chiba, Japan). All the GMSPES membrane samples had
a square size of 1.0 cm� 1.0 cm and were analyzed using a scan
area of 5 mm � 5 mm to obtain the surface roughness value (Ra).
The water contact angle (WCA) of the GMSPES membrane
sample was analyzed using the contact angle goniometer
(Model OCA15plus, DataPhysics Instruments GmbH, Filder-
stadt, Germany) according to the sessile drop method to gain
insight into the hydrophobic or hydrophilic surface property of
the GMSPES membrane. Therefore, 1.0 mL of deionized water
was injected using the motor-driven micro syringe in nine
different areas on the dry surface of the GMSPES membrane
to obtain the average value of WCA.

The porous GMSPES membrane had an effective area of
25.0 cm2 calculated according to the gravity method rather than
via contact angle measurement26 by submersing it into TW. The
GMSPES membrane sample was weighted before and after
immersion in TW for 24 h. The porosity of the GMSPES
membrane was calculated using the equation:

P ¼ Wa �Wb

Dw � S � L
(1)

P is the porosity of the GMSPES membrane, Wa (g) and
Wb (g) are the weights of the wet and dried membranes,
respectively, Dw (g cm�3) is the water density at room tempera-
ture, S (cm2) is the membrane surface area, and L (cm) is the
wet membrane thickness.

The pure water flux (PWF) of the GMSPES membrane was
calculated using the steady-state measurement from the quan-
tity of water permeated into the flat sheet of the GMSPES
membrane. An effective surface area of 0.00238 m2 at 1.0 bar
for 20 min was determined. The PWF for the GMSPES
membrane sample was calculated using the equation:

J ¼ V

A� t
(2)

J (L m�2 h�1) is the pure water flux in the GMSPES
membrane, V (L) is the volume of the permeate collected during
the experiment at time t of the experiment, A (m2) is the
effective surface area of the GMSPES membrane, and t is the
time of the experiment (h).

2.5. Experimental setup and operational procedure

This study used the laboratory-scale FSAMCFTP process con-
sisting of a 1.0-L feed container, booster pump, pressure gauge,
valve, membrane module with a 5.5-cm inner diameter, and
1.0-L permeate container, as shown in Fig. 1. The cost for the
production of the laboratory-scale FSAMCFTP system consist-
ing of the materials and equipment, preparation, and installa-
tion was 1000 USD. The GMSPES membrane, with an effective
surface area of 0.00238 m2, was placed in a stainless steel

Table 1 Composition and viscosity of the GMSPES membrane

Membrane
GMS/PES
ratio

GMS (g)
(wt%)

PES
(g)

NMP
(g)

Viscosity
(Cp)

GMSPES0.0 0.0 0 20 80 393
GMSPES0.5 0.5 10 20 70 785
GMSPES1.0 1.0 20 20 60 2350
GMSPES1.5 1.5 30 20 50 6925
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membrane module to adsorb Cr(VI) from SS. The feeding of SS
with a Cr(VI) concentration of 40 mg L�1 was performed at a
constant flow rate of 0.096 L h�1 from the feed container
toward the FSAMCFTP, one part passing through the GMSPES
membrane to flow into the permeate container and another
part recycling through the flexible plastic pipe into the feed
container. The operating pressure and temperature of the
FSAMCFTP process were kept constant at 1.0 bar and 25 1C,
respectively, during the 3.5 h experiment to ensure the satura-
tion of the GMS adsorbent. The Cr(VI) concentration was
analyzed using the 1,5-diphenylcarbohydrazide method27 in a
UV-Vis Spectrophotometer (HACH DR 6000, Colorado, United
States). The accumulative volume of the treated SS flowing into
the permeate container was monitored at specific time inter-
vals. The performance of the F SAMCFTP process to remove
Cr(VI) from SS was analyzed by monitoring Cr(VI) concentrations
at the inlet and outlet after passing through the GMSPES
membrane. The dimensions and operating conditions for the
experiments for the FSAMCFTP process are listed in Table 2
and were conducted using four membranes: GMSPES0.0,
GMSPES0.5, GMSPES1.0 and GMSPES1.5, with the GMS/PES
ratios of 0.0, 0.5, 1.0 and 1.5, respectively (see Table 1).

2.6. Numerical simulation

2.6.1. Calculation of the removal efficiency and adsorption
capacity. The performance of the FSAMCFTP process was
calculated based on the Cr(VI) concentrations monitored before

and after passing through the GMSPES membrane for 3.5 h of
the experiment. The removal efficiency of Cr(VI) adsorbed into
the GMSPES membrane was determined using the equation:

E ¼ Co � Cs

Co
� 100% (3)

E is the performance of the FSAMCFTP process to adsorb Cr(VI)
from SS (%), Co is the Cr(VI) concentration in the feed container
(mg L�1), and Cs is the Cr(VI) concentration in the permeate
container (mg L�1).

The adsorption capacity of the GMSPES membrane designed
to form FSAMCFTP for a given Cr(VI) concentration and flow
rate was calculated using the equation:

q ¼ Q� ðCo � CsÞ � t

m
(4)

q is the cumulative amount of Cr(VI) adsorbed into the GMSPES
membrane (mg g�1), Q is the flow rate of SS (L h�1), Co is the
Cr(VI) concentration in the feed container (mg L�1), Cs is the
Cr(VI) concentration in the permeate container (mg L�1), t is
the time of the experiment (h), and m is the mass of GMS
incorporated into the GMSPES membrane (g).

2.6.2. Numerical simulation by the generalized Fulazzaky
equations. The cumulative amount of Cr(VI) adsorbed into the
GMSPES membrane is calculated using the equation:28

q ¼
ðV
0

Co � Csð ÞdV
m

(5)

q is the cumulative amount of Cr(VI) adsorbed into the GMSPES
membrane (mg g�1), Co is the Cr(VI) concentration in the feed
container (mg L�1), Cs is the Cr(VI) concentration in the
permeate container (mg L�1), V is the effective volume of the
treated SS (L), and m is the mass of GMS incorporated into the
GMSPES membrane (g).

The expanding application of the GF equations, which were
empirically developed based on the Fulazzaky equations29,30 to

Fig. 1 Schematic of the FSAMCFTS process used to run the experiment.

Table 2 Dimensions and operating conditions for the FSAMCFTP process

Parameter Unit Value

Size of GMS adsorbent mm 0.52
Internal diameter of the GMSPES membrane cm 5.5
Height of the GMSPES membrane cm 0.3
Hydraulic retention time h 0.07
Flow rate L h�1 0.096
Pressure bar 1.0
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have a wider implication in the determination of mass transfer
processes, enabled the prediction of the behavioral mechan-
isms and mass transfer kinetics of the adsorption, biosorption,
decolorization, and biodegradation. The GF equations were
recently used for the prediction of the behavioral mechanisms
and mass transfer kinetics for the adsorption of p hosphate
onto the waste mussel shell applied in a hybrid plug-flow
column reactor,31 biosorption of organic matter removed from
palm oil mill effluent by developing biomass under anaerobic
environment applied in a stirred cylinder batch reactor,30

decolorization of mixed azo dyes in the presence of magnetic-
activated carbon in the formation of aerobic granular sludge
applied in a sequencing batch reactor,32 and biodegradation of
polyethylene mediated by bacterial-fungal consortium applied
in a rectangular reactor.33 The purpose of this work was to
obtain a comprehensive understanding of the application of
the GF equations to predict the mechanisms and kinetics of the
external, internal and global mass transfers for the adsorption
of Cr(VI) from SS into the GMSPES membrane, following a
previous experiment of the FSAMCFTP process23 by varying
the GMS/PES ratios of 0.0, 0.5, 1.0 and 1.5. The numerical
simulation of data was done using a series of the GF
equations34 below:

ln
Co

Cs

� �
¼ ½kLa�g � e�b�ln qð Þ � t (6)

By deducing eqn (6), the following linear equation34 can be
written:

ln qð Þ ¼ 1

b
� ln tð Þ þ B (7)

with

B ¼
ln ½kLa�g
� �

� ln ln
Co

Cs

� �� �

b
(8)

The correlation of the external (film) mass transfer (EMT)
factor with the global mass transfer (GMT) factor can be written
using the mathematical formula:34

[kLa]f = [kLa]g � e�b�ln(q) (9)

The mathematical equation of correlating internal (porous
diffusion) mass transfer (IMT) factor with the GMT factor and
the EMT factor can be written as:34

[kLa]d = [kLa]g � [kLa]f (10)

Co is the Cr(VI) concentration in the feed container (mg L�1),
Cs is the Cr(VI) concentration in the permeate container
(mg L�1), [kLa]g is the global mass transfer factor (h�1), b is
the Cr(VI)-GMSPES membrane affinity parameter (g h mg�1), q
is the cumulative amount of Cr(VI) adsorbed into the GMSPES
membrane (mg g�1) and t is the time of the experiment (h), B is
the potential mass transfer index related to the driving force of
EMT (mg g�1), [kLa]f is the external mass transfer factor (h�1),
and [kLa]d is the internal mass transfer factor (h�1).

The verification of the parameters b and B was done by
plotting ln(q) versus ln(t) according to eqn (7) to yield the linear
function graph. Further, the computations of [kLa]g accorded to
C0/Cs ratio and [kLa]f accorded to q were made using eqn (8)
and (9), respectively, while [kLa]d was computed using eqn (10).
An analysis of the variations of [kLa]f, [kLa]d or [kLa]g throughout
the time t of the experiment permitted the prediction of the
mechanisms and kinetics of mass transfer for the adsorption of
Cr(VI) into the GMSPES membrane, which enabled the determi-
nation of MTR controlled by either EMT or IMT. The main
concern of this study was the application of the GF equations in
predicting the mass transfer phenomena, which is still rare
and there have been limited studies on the EMT, IMT and
GMT rates.

3. Results and discussion
3.1. Oxide composition and BET surface area of the GMS
adsorbent

The GMS adsorbent (see Table 3) exhibited the oxide composi-
tions of CaO (95.50%), Na2O (1.62%), SrO (0.30%), Al2O3

(0.10%), Fe2O3 (0.02%) and K2O (0.02%) from the EDXRF
analysis. The compositions of major oxides, CaO and Na2O,
and minor oxides, SrO, Al2O3, Fe2O3 and K2O, were verified for
the GMS material. The determination of the specific surface
area of the GMS adsorbent by the multiple-point method using
the Surfer Analyzer of Thermo Scientific Flash 2000 Elemental
Analyzer exhibited a BET surface area of 258.4 m2 g�1.23

3.2. Characteristics of the GMSPES membrane

3.2.1. Analysis of the SEM micrographs. An analysis of the
SEM micrographs enabled the verification of the top surface
and cross-sectional features of the GMSPES membranes with
the magnifications of 1000 and 1500 times, respectively, for
different GMS/PES ratios of 0.0, 0.5, 1.0 and 1.5 (see Fig. 2). The
presence of GMS, which did not appear on the surface of
GMSPES0.0 (see Fig. 2a-i), was clearly observed on the
GMSPES0.5 (see Fig. 2b-i), GMSPES1.0 (see Fig. 2c-i) and
GMSPES1.5 (see Fig. 2d-i) surfaces, as marked by the yellow
circles. This indicated the impregnation of GMS into the PES
matrix. SEM micrographs of the cross-sectional structures of
GMSPES membranes exhibited the neat matrices of GMSPES0.0
(see Fig. 2a-ii) and GMSPES0.5 (see Fig. 2b-ii). The finger-like
pore structure at the middle and narrow macrovoids at the
bottom layer was observed for GMSPES0.0 (see Fig. 2a-ii). The
elongated finger-like pore structure at the middle and broad
macrovoids at the bottom layer was observed for GMSPES0.5
(see Fig. 2b-ii). The SEM micrograph of GMSPES0.5 scanned

Table 3 The EDXRF analysis of oxide compositions of the GMS adsorbent

Chemical composition oxides of GMS material (wt%)

CaO Na2O SrO Al2O3 Fe2O3 K2O P2O5

95.50 1.62 0.30 0.10 0.02 0.02 ND

Note that ND means no detected oxide.
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with 1500 times magnification exhibited a rough surface with
an increased size of the macrovoids and the different shapes of
finger-like pores elongated toward the bottom part of the mixed
matrix membrane with a GMS/PES ratio of 0.5 (see Fig. 2b-ii).
This indicated the role of GMS in increasing the rate of phase
inversion, leading to an increased velocity of water diffused into
the casting solution.35,36 The fairly fast diffusion of water
induced during the phase inversion process by incorporating
a small quantity of the hydrophilic GMS material resulted in
the formation of a finger-like pore structure of the GMSPES0.5
membrane.17 The formation of the sponge-like pore structure
for the GMSPES1.5 membrane (see Fig. 2d-ii) was thicker
compared to the GMSPES1.0 membrane (see Fig. 2c-ii) due to
the ratio of GMS/PES increased by 50% from 1.0 to 1.5 (see
Table 1), which raised the dope solution viscosity and a change
in the structure of GMSPES membrane to slow down the
penetration of water into a mixed matrix membrane. The inflow

of water (nonsolvent) during the phase inversion process
was hindered by incorporating a high quantity of the GMS
material, resulting in less water being captured by the casting
film, leading to a slow precipitation mode, resulting in the
formation of a sponge-like pore structure of the GMSPES1.0
and GMSPES1.5 membranes.37

3.2.2. Analysis of the AFM images. The AFM images
enabled the examination of the surface roughness of the
GMSPES membranes and showed that the value of Ra increased
from 1.24 mm for GMSPES0.0 to 6.96 mm for GMSPES0.5 to
18.81 mm for GMSPES1.0 and to 22.01 mm for GMSPES1.5 (see
Fig. 3), with the amount of GMS incorporated with PES increas-
ing from 0 to 10 to 20 and 30 g, respectively (see Table 1). It has
been reported that the Ra values of 25.2 mm and 28.5 mm for the
GMSPES membranes containing 40 g and 44 g of GMS, respec-
tively, exhibited the impact of increasing the amount of GMS on
the surface roughness of GMSPES membranes.23 It was in

Fig. 2 SEM micrographs of the top surface remarked with (-i) and cross-section marked with (-ii) of the GMSPES membranes with (a) GMSPES0.0,
(b) GMSPES0.5, (c) GMSPES1.0 and (d) GMSPES1.5.
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agreement with a previous study showing that the value
of Ra for the modified-clay/polyethersulfone mixed matrix
membrane increased from 0.284 to 0.312 mm with an increased
amount of modified-clay from 3 to 7 wt%.38 A deviation of the
membrane surface topography for GMSPES0.5, GMSPES1.0 and
GMSPES1.5 from an ideal smooth surface of GMSPES0.0 was
due to the incorporation of GMS into the GMSPES membrane
during the phase inversion process.39,40

3.2.3. Analysis of WCA, PWF and porosity. The hydrophi-
licity of GMSPES characterized by WCA was due to the effect of
GMS on the surface wettability. A decrease in the hydrophilicity
of the GMSPES membrane leads to an increased WCA, which
depends on the amount of GMS incorporated into PES.41 The
incorporation of GMS into the GMSPES membrane increased
from 0 to 10 to 20 and to 30 g, which resulted in an increased
tangent line of WCA from 63.91 to 64.41 to 65.31 and to 66.21
(see Table 4), which reduced the wettability of the GMSPES
surface. The products of GMSPES0.0 without adding GMS and
GMSPES0.5 incorporated with 10 g of GMS resulted in a finger-
like pore structure of cross-section (see Fig. 2a-ii and b-ii) with a

WCAs of 63.91 and 64.41, respectively (see Table 4). The porous
structure of GMSPES0.0 and GMSPES0.5, characterized by a low
degree of WCA, had the potential to easily diffuse the water
molecules, which was indicated by a high wettability.42 The
incorporation of 20 g and 30 g of GMS into the GMSPES
membrane resulted in the WCA degrees of 65.31 for GMSPES1.0
and 66.21 for GMSPES1.5, respectively (see Table 4). This
created the dense structure of the GMSPES membrane with
tightly packed GMS particles, resulting in a sponge-like pore
structure (see Fig. 2c-ii and d-ii), which hindered the diffusion
of water molecules, indicating a low wettability.43 On the
contrary, when the incorporation of GMS increased from 0 g
for the pure PES membrane to 40 and 44 g for the GMSPES
membranes with the GMS/PES ratios of 2.0 and 2.2, respec-
tively, the WCA degree decreased from 63.91 for GMSPES0.0 to
62.31 for GMSPES2.0 and to 60.51 for GMSPES2.2 because the
formation of a rough surface increased with the increasing
fraction of GMS incorporated into the GMSPES membrane.23

The incorporation of salicylate-alumoxane nanoparticles (SAN)
into the SAN mixed matrix polysulfone membrane decreased
the degree of WCA and the wettability compared with neat
polysulfone membrane.44

The value of PWF decreased from 15.25 L m�2 h
for GMSPES0.0 to 13.36 L m�2 h�1 for GMSPES0.5 to
11.72 L m�2 h�1 for GMSPES1.0 and to 10.34 L m�2 h�1 for
GMSPES1.5 (see Table 4), which was due to the incorporation of
GMS into the GMSPES membrane increasing from 0 to 10 to 20
and to 30 g (see Table 1). An increase in the amount of GMS
incorporated with PES resulted in the formation of a compact,
thick and dense GMSPES matrix,45,46 which decreased the PWF

Fig. 3 AFM surface images for analyzing the surface roughness of the GMSPES membranes with (a) GMSPES0.0, (b) GMSPES0.5, (c) GMSPES1.0 and
(d) GMSPES1.5.

Table 4 Analysis of WCA, porosity and PWF for the GMSPES membranes

Membrane
GMS/PES
ratio

WCA
(1)

PWF
(L m�2 h�1)

Porosity
(%)

GMSPES0.0 0.0 63.9 15.25 43.13
GMSPES0.5 0.5 64.4 13.36 37.91
GMSPES1.0 1.0 65.3 11.72 36.62
GMSPES1.5 1.5 66.2 10.34 29.83

Note that WCA means water contact angle and PWF means pure water flux
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and porosity of the GMSPES membrane (see Table 4). The
porosity of the GMSPES membrane decreased from 43.13%
for GMSPES0.0 to 37.91% for GMSPES0.5 to 36.62% for
GMSPES1.0 and to 29.83% for GMSPES1.5 (see Table 4). This
exhibited that the increased incorporation of GMS from 0 to 10 to
20 and to 30 g increased the compact and bulk density of the
mixed matrix membrane, decreasing the voids and porosity.47,48

3.3. Analysis of the FSAMCFTP performance

The FSAMCFTP performance was analyzed to determine the
efficiency and adsorption capacity of the FSAMCFTP process by
monitoring the Cr(VI) concentrations before and after passing
through the GMSPES membrane. There is no data on the
efficiency of Cr(VI) removal for GMSPES0.0, i.e., without the
GMS adsorbent. The plot of E versus t exhibited a trend of
decreasing E and that of plotting q versus t exhibited a trend of
increasing q with increasing t throughout the 3.5 h experiment
(see Fig. 4). The performances of the FSAMCFTP process at
0.08 h of the experiment increased from 26.63% for GMSPES0.5

with its total surface area (TSA) of 2584 m2 to 43.78% for
GMSPES1.0 with its TSA of 5168 m2 and to 60.69% of efficiency
for the GMSPES1.5 with its TSA of 7752 m2 (see Fig. 4a–c,
dashed line), which were due to the increasing amount of GMS
from 10 g to 20 g and to 30 g (see Table 1). The surface area and
number of active sites increased with an increased amount of
GMS incorporated with PES, which had the potential to
increase the adsorption affinity of the GMSPES membrane to
attract Cr(VI) ions from SS.13 An increase in the amount of GMS
incorporated into the GMSPES membrane increased the sur-
face area and number of active sites due to the increased
attractive forces between the GMS and Cr(VI) ions.42 The Cr(VI)
removal efficiencies of 16.05% for GMSPES incorporated with
40 g and 10.75% for GMSPES incorporated with 44 g of GMS at
0.08 h of the experiment exhibited that by increasing the
amount of GMS higher than 40 g led to a decreased
efficiency.23 The removal efficiencies of Cr(VI) decreased by
26.51% from 26.63% to 0.12% for GMSPES0.5, by 43.70% from
43.78% to 0.08% for GMSPES1.0 and by 60.59% from 60.69% to
0.10% for GMSPES1.5 were verified from 0.08 h to 3.5 h of
the experiment (see Fig. 4a–c; dashed line). This suggested the
attraction of Cr(VI) affected by continuously occupying the
active sites of CaO and Al2O3 on the surface of GMSPES
membrane resulted in the formation49 of the solid solutions
such as 3CaO�Al2O3�CaCrO4�nH2O leading to decrease the per-
formance of FSAMCFTP process. The best performance of the
GMSPES membrane to remove Cr(VI) from SS ranged from 24.50
to 26.63% for GMSPES0.5, from 34.75 to 43.78% for GMSPES1.0
and from 39.26 to 60.69% for the GMSPES1.5 membrane (see
Fig. 4a–c; dashed line) during 1.0 h at the beginning were
higher compared to that ranging from 15.00 to 16.05% for
GMSPES2.0 and from 10.00 to 10.75% for the GMSPES2.2
membrane at the start of the experiment for 1.5 h.23 This
showed that the removal efficiency of Cr(VI) was decreased by
adding 40 g or higher amounts of GMS incorporated into 20 g
of PES to create the GMSPES membrane. The decreasing trend
of E throughout the time t of the experiment was related to the
active sites of CaO occupied by the Cr(VI) ions, which was
dependent on the amount of GMS incorporated into the
GMSPES membrane (see Fig. 4a–c; dashed line). A decreased
efficiency of Cr(VI) removal was related to an increased occupa-
tion of the interstitial surface area of the voids and pores per
unit mass of the GMS and acceptor sites of different oxides
by the adsorption of Cr(VI) ions, leading to continuously
decreased interaction between the GMS and Cr(VI) during the
experiment.23

The adsorption capacity of GMSPES increased throughout
the 3.5 h of the experiment and was related to the electrostatic
force of attraction (see Fig. 4a–c; solid line). This indicated that
the occupation of the GMS by Cr(VI) ions continuously
increased due to the availability of active sites that still existed
during the adsorption process. The adsorption capacities of
13.4 mg g�1 for GMSPES0.5, 15.2 mg g�1 for GMSPES1.0 and
10.8 mg g�1 for GMSPES1.5 exhibited an entry of Cr(VI) into the
GMSPES membrane (see Fig. 4a–c; solid line). This was sup-
ported by an analysis of the EDX spectra showing the Cr(VI)

Fig. 4 Performance analysis of E versus t and q versus t for the adsorption
of Cr(VI) from SS into the GMSPES membranes with (a) GMSPES0.5, (b) the
GMSPES1.0 and (c) GMSPES1.5.
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element captured by the GMSPES membrane after the adsorp-
tion process (see Fig. 5b), which did not appear before the
adsorption of Cr(VI) ions (see Fig. 5a). The maximum adsorption
capacity of 89.16 mg g�1 was obtained for the removal of Cr(VI)
from wastewater by the composite adsorptive membrane mod-
ified with polyethyleneimine along with fast adsorption
kinetics after 100 min of the experiment.50 The investigation
of the GMSPES membrane for removing Cr(VI) from SS offers an
effort to establish the principles and procedures that can be
extended for the treatment of real wastewater, which contains
organic and inorganic pollutants. The application of the
GMSPES membrane can be extended to remove Cr(VI) from
industrial wastewater by first subjecting it to preliminary treat-
ments, such as the hybrid separation process consisting of a
fixed-bed column to remove impurities.28,31 The incorporation
of GMS with PES to synthesize an adsorptive membrane is a
promising method for removing Cr(VI) from aqueous solutions.

3.4. Analysis of the mass transfer kinetics

3.4.1. Analysis of the linear function. The plot of ln(q) on
the y-axis versus ln(t) on the x-axis, according to eqn (7),
resulted in a linear graph with a slope of 1/b and the y-
intercept of B (see Fig. 6). All graphs of linear function had
excellent correlation between the parameters of b and B with
R2 4 0.9793 (see Table 5). The variations of [kLa]f, [kLa]d and
[kLa]g according to t were calculated using eqn (9), eqn (10) and
eqn (8), respectively. The adsorption of Cr(VI) into the GMSPES
membrane could theoretically include three stages: EMT, IMT
and fixation. However, the fixation of Cr(VI) onto the surface of

GMS was very fast and negligible in determining the MTR
during the adsorption process.29 The incorporation of GMS
with PES had an impact on adsorbing Cr(VI) from SS into the
GMSPES membrane and also on the mechanisms and kinetics
of EMT, IMT and GMT, which was controlled by the driving
force of EMT from bulk SS to the film zone and then by the
diffusion force of IMT within the pores of GMS. The value of b
increased from 1.1855 to 1.2555 and to 1.3432 g h mg�1 (see
Table 5) in accordance with the amount of GMS increasing
from 10 to 20 and to 30 g (see Table 1), contributing to an
increased number of active sites like CaO and Na2O and the
availability of surface area per unit mass of the GMS adsorbent,
affecting the mass transfer kinetics of Cr(VI) removed from SS.51

The B values of 1.8131, 1.9670 and 1.6677 mg g�1 in ln(q) were
related to 6.13, 7.15 and 5.30 g of Cr(VI) adsorbed into
GMSPES0.5, GMSPES1.0 and GMSPES1.5, respectively, during
1.0 h of the experiment (see Table 5), and contributed to the
adsorption capacities of 13.41, 15.24 and 10.84 mg g�1, respec-
tively, for the 3.5 h experiment (see Fig. 4). The electrostatic
force of Cr(VI) attracted by the active sites of CaO and Na2O was
dependent on the rate-limiting steps of EMT and IMT. To have
a comprehensive understanding of Cr(VI) adsorbed into the
GMSPES membrane by the FSAMCFTP process, the behavioral
mechanisms and kinetics of EMT, IMT and GMT were pre-
dicted using the GF equations. For this study, using the
GMSPES membrane with different GMS/PES ratios of 0.0, 0.5,
1.0 and 1.5 enabled the prediction of the variations of [kLa]f,
[kLa]d and [kLa]g, which represented the rates of EMT, IMT and
GMT, respectively, throughout the 3.5 h experiment. MTR was
determined by comparing the rate of EMT to IMT at each

Fig. 5 The EDX spectra analysis of the GMSPES membrane (a) before the
adsorption of Cr(VI) and (b) after the adsorption of Cr(VI).

Fig. 6 Linear regression analysis by plotting ln(q) versus ln(t) to gain the
correlation between the parameters b and B for calculating the variations
of [kLa]g, [kLa]f and [kLa]d throughout the 3.5 h experiment.

Table 5 Verification of the parameters b and B for calculating [kLa]f, [kLa]d
and [kLa]g

Adsorptive
membrane b (g h mg�1) B (mg g�1) R2

GMSPES0.5 1.1855 1.8131 0.9802
GMSPES1.0 1.2555 1.9670 0.9797
GMSPES1.5 1.3432 1.6677 0.9793
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comparative point. The findings of this study, supported by the
previous FSAMCFTP experiment using the GMS/PES ratios of
0.0, 2.0 and 2.2, provide a fairly comprehensive understanding
of the mass transfer kinetic behaviors of Cr(VI) adsorbed into
the GMSPES membrane. The originality of this work is expand-
ing the application of GF equations for the prediction of the
behavioral mass transfer kinetics of Cr(VI) adsorbed into the
GMSPES membrane using the low GMS/PES ratios of 0.0, 0.5,
1.0 and 1.5, which is expected to contribute to the advancement
of adsorptive membrane technology.

3.4.2. Analysis of the kinetics of EMT, IMT and GMT. Using
the GF equations permitted the prediction of the mechanisms
and mass transfer kinetics of Cr(VI) removed from SS by the
FSAMCFTP process, which enabled the analysis of the EMT,
IMT and GMT rates. The variations of [kLa]f, [kLa]d and [kLa]g

throughout the 3.5 h experiment were subject to the rates of
EMT, IMT and GMT, respectively (see Fig. 7). The variations of
[kLa]f, [kLa]d and [kLa]g exhibited an almost similar trend and
increased the amount of GMS incorporated into the GMSPES
membrane and the time of the experiment on the rates of EMT,
IMT and GMT. A decrease in the rate of EMT counterbalanced
by an increased rate of IMT resulted in the rate of GMT as the
sum of EMT and IMT decreased throughout the 3.5 h experi-
ment. The rate of EMT rapidly decreased at the beginning for
0.5 h and then continued to slowly decrease for 3.0 h from 0.5
to 3.5 h of the experiment, which was dependent on the
availability of active sites occupied by the Cr(VI) ions, which
led to a decreased driving force of transporting Cr(VI) from bulk
SS to the film zone near the surface of the GMS adsorbent. The
variation of [kLa]f ranged from 0.5567 to 4.7259 h�1 for
GMSPES0.5, which was lower than that ranging from 0.9388
to 9.3540 h�1 for GMSPES1.0 and from 1.2188 to 15.9045 h�1

for GMSPES1.5 during the initial 0.5 of the experiment (see
Fig. 7a–c; black color). This indicated an increased amount of
GMS incorporated into the GMSPES membrane, which
increased the number of active sites and surface area of the
GMS adsorbent and impacted the rate of EMT. The rapid
movement of Cr(VI) from the bulk water to the film zone at
the beginning of the experiment was due to the availability of
acceptor sites in a large-area open surface, which impacted the
driving force controlling the EMT rate on the attraction of Cr(VI)
with the GMS adsorbent.52,53 The rate-limiting step of mass
transfer for the adsorption of Cr(VI) into the GMSPES
membrane by the FSAMCFTP process was progressively con-
trolled by the rate of EMT, which was dependent on the driving
force of transporting the Cr(VI) ions from the bulk SS to film
zone near the GMS adsorbent surface.

The adsorption kinetic limitation of Cr(VI) diffused in the
GMS matrix is controlled by the IMT rate, which exhibited
all negative values of [kLa]d at 0.08 h of the experiment (see
Fig. 7a–c; red color). Therefore, the [kLa]d value of �2.0686 h�1

for GMSPES0.5 was higher than that of �2.5496 h�1 for
GMSPES1.0, which was higher than that of �7.1344 h�1 for
GMSPES1.5, which depended on the wettability and density of
the GMSPES membrane. This indicated the increased hydro-
philicity of the GMSPES membrane by decreasing the amount

of GMS, causing an increased rate of IMT, which enhanced the
performance of the FSAMCFTP process. An analysis of the
performances of FSAMCFTP influenced by the EMT, IMT and
GMT rates was made by scrutinizing the variations of [kLa]f,
[kLa]d and [kLa]g, respectively, according to t of the experiment.
The variations of [kLa]d increased by 197.15% from �2.0686 to
2.0096 h�1 for GMSPES0.5, by 309.770% from �2.5496 to
5.3465 h�1 for GMSPES1.0 and by 177.22% from �7.1344
to 5.5095 h�1 for GMSPES1.5, which were verified from 0.08
to 0.5 h of the experiment. This indicated that an increased
amount of GMS from 10 to 20 and to 30 g into the GMSPES
membrane impacted the diffusion behavior of Cr(VI) through

Fig. 7 Analysis of the EMT, IMT and GMT rates for the adsorption of Cr(VI)
from SS on the GMSPES membranes using (a) GMSPES0.5, (b) the
GMSPES1.0 and (c) GMSPES1.5.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
0:

44
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01068j


© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 1695–1709 |  1705

the pores. The diffusion of Cr(VI) through the GMS matrix
increased from 0.08 to 0.5 h and then gradually decreased
from 0.5 to 2.5 h for GMSPES0.5 and from 0.5 to 3.25 h for
GMSPES1.0 and GMSPES1.5 and then slowly decreased until
3.5 h of the experiment. The accessibility of the pore structure
for different GMS/PES ratios of the GMSPES membrane was
different in the diffusion of Cr(VI) ions with the pores in spite
of the GMS adsorbent having the same BET surface area of
258.4 m2/g.54 The variations of [kLa]d rapidly increased from
�2.0686 to 2.0096 h�1, from �2.5496 to 5.3465 h�1 and from
�7.1344 to 5.5095 h�1 (see Fig. 7a–c; red color), which were
counterbalanced by a decrease in the variations of [kLa]f from
4.7259 to 0.5567 h�1, from 9.3540 to 0.9388 h�1 and
from 15.9045 to 1.2188 h�1 (see Fig. 7a–c; black color), respec-
tively, resulting in the [kLa]g slowly decreasing from 2.6573 to
2.5663 h�1, from 6.8044 to 6.2853 h�1 and from 8.8801 to
6.7283 h�1 (see Fig. 7a–c; blue color) observed for the adsorp-
tive membranes of GMSPES0.5, GMSPES1.0 and GMSPES1.5,
respectively, from 0.08 to 0.5 h of the experiment. This sug-
gested that the rate-limiting step of Cr(VI) adsorption was firstly
controlled by the IMT rate for 0.17 h from 0.08 to 0.25 h and
then dominantly controlled by the rate of EMT after 0.25 h of
the experiment.

The FSAMCFTP process to remove Cr(VI) from SS was per-
formed with the low GMS/PES ratios of 0.0, 0.5, 1.0 and 1.5. The
GF equations could be useful in investigating the EMT, IMT
and GMT rates for the adsorption of Cr(VI) from SS. An analysis
of the EMT and IMT rates enabled the prediction of MTR to
gain an understanding of the rate-limiting step of Cr(VI)
removed by the FSAMCFTP process. An in-depth understanding
of response mechanisms of the GMSPES membrane is neces-
sary to elucidate the interfacial flow patterns and dynamic
response diffusion mechanisms of Cr(VI) adsorption.55 A
decrease in the rate of EMT counterbalanced with an increased
rate of IMT led to a decrease in the GMT rate for 0.42 h from
0.08 to 0.5 h of the experiment. It was due to an increased
occupation of the GMS surface, which decreased the driving
force of EMT and increased the diffusion force of Cr(VI) moving
within the pores on the adsorption kinetics of GMT. The
precipitation of concentrated Cr(VI) after passing through a
film zone at the GMS surface had the driving force decreased,
as shown by the [kLa]f, which is decreased by 88.22% from
4.7259 to 0.5567 h�1 for GMSPES0.5, by 89.96% from 9.3540 to
0.9388 h�1 for GMSPES1.0 and by 92.34% from 15.9045 to
1.2188 h�1 for GMSPES1.5 from 0.08 to 0.5 h of the experiment
(see Fig. 7a–c; black color). The rate of driving force reduction
was dependent on the distribution of active sites and the
surface area of the GMS incorporated into the GMSPES
membrane.56 The findings of this study provided insight into
the GMT rate controlled by the IMT rate for 0.08 h and
then dominated by the EMT rate for 3.0 h of the experiment.
This study contributes to enriching our understanding of
Cr(VI) adsorption by the GMSPES membrane applied in the
FSAMCFTP process and advancing the applications of adsorp-
tive membrane technology in the treatment of Cr(VI)-
contaminated water.

3.5. Correlation between E and [kLa]d

The scientific concern of this study was to build a support
knowledge base in designing the FSAMCFTP process with
chemical-less and environmentally friendly separation meth-
ods from the analysis of GMT rates. This enabled the develop-
ment of rapid and effective adsorption of Cr(VI) from SS.57 The
dependence of Cr(VI) removal efficiency on the GMT rate was
analyzed by plotting the graph of E versus [kLa]g, as shown in
Fig. 8, which was based on the fact that the rate of GMT
regularly decreased throughout the 3.5 h experiment (see
Fig. 7a–c; blue color). This exhibited that the adsorption of
Cr(VI) evenly decreased over time and still continued through-
out the 3.5 h experiment. The rate of EMT rapidly decreased at
the beginning for 0.08 h from 0.08 to 0.16 h and then slowly for
3.0 h from 0.25 to 3.25 h of the experiment, which resulted in
the rate of GMS as the sum of EMT and IMT regularly decreas-
ing throughout the 3.5 h experiment. The efficiency of Cr(VI)
removal for all GMSPES membranes linearly increased with
increasing GMT rate (see Fig. 8). The maximum Cr(VI) removal
efficiencies of 26.63, 43.78 and 60.69% obtained at the [kLa]g

values of 2.6573, 6.8044 and 8.7701 h�1 for GMSPES0.5,
GMSPES1.0 and GMSPES1.5, respectively, had a significant
impact of increasing the number of active sites and surface
area of GMS and subsequently on the adsorption capacity. The
rate of GMT decreased throughout the 3.5 h adsorption process
was dependent on the mass transfer kinetics of Cr(VI) removal,
which can be optimized by simultaneously increasing the
number of active sites and surface area of GMS before incor-
porating into the GMSPES membrane.

The removal efficiencies of Cr(VI) ranged from 11.23 to
26.63% with [kLa]g ranging from 1.0216 to 2.6573 h�1 for
GMSPES0.5 during 2.25 h, from 12.00 to 43.78% with [kLa]g

ranging from 1.1506 to 6.8044 h�1 for GMSPES1.0 during 2.5 h
and from 12.24 to 60.69% with [kLa]g ranging from 1.2265 to
8.7701 h�1 for GMSPES1.5 during 2.75 h of the experiment.
This was due to an increased number of CaO, Na2O, SrO and
Al2O3 by increasing the amount of GMS incorporated with PES,
which resulted in an increased performance of the FSAMCFTP
process.58 The plot (Fig. 8) of E versus [kLa]g provided a linear
equation in the form: E = [kLa]g + b with R2 4 0.9862 (see Table 6),

Fig. 8 Analysis of the correlation between E and [kLa]g for evaluating the
effect of the GMT rate on the efficiency of Cr(VI) removal.
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where a is the slope and b is the y-intercept. Using this linear
equation enabled the prediction of an upper ceiling of 100%
efficiency by conditioning an increased rate of GMT in the
FSAMCFTP process at the [kLa]g values of 9.8661 h�1 for
GMSPES0.5, 15.5675 h�1 for GMSPES1.0 and 14.1106 h�1 for
GMSPES1.5. Efforts to increase the rate of GMT related to the
number of active sites and porosity of the GMS adsorbent can
be suggested by the physical and chemical activation methods
to increase the distribution of active sites and to expand the
surface area of GMS before incorporating with PES to synthe-
size the GMSPES membrane.

4. Conclusions

Applying the GF equations permitted the prediction of the
adsorption kinetics of Cr(VI) by the GMSPES membrane in the
FSAMCFTP process. Removal efficiencies of 26.63, 43.78 and
60.69% and adsorption capacities of 13.4, 15.2, and 10.8 mg g�1

were obtained for the adsorption of Cr(VI) by the GMSPES0.5,
GMSPES1.0 and GMSPES1.5 membranes, respectively. The
behavioral adsorption kinetics of Cr(VI) subjected to the EMT,
IMT and GMT rates were different, even though a similar trend
in the variations of [kLa]f, [kLa]d and [kLa]g was verified due to
the different amounts of GMS incorporated into the GMSPES
membrane. By comparing the EMT with the IMT rates of Cr(VI)
transport from SS toward the acceptor sites of GMS, the
prediction of MTR was enabled, which was dependent on the
IMT rate at the beginning for 0.08 h and then dominantly
controlled by the EMT rate for 3.0 h of the experiment. An
analysis of the correlation between E and [kLa]g provides insight
into the advancement of the FSAMCFTP process, enriching the
field of adsorptive membrane technology and optimizing the
Cr(VI) removal efficiency.
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