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treatment
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This research introduced a cost-efficient and eco-friendly sustainable geopolymer-zeolite composite
membrane produced using a non-hydrothermal technique optimized for treating textile wastewater.
A new geopolymer-zeolite composite membrane for microfiltration (macroporosity) was generated

by activating metakaolin with sodium hydroxide and silica fume. The design of the experiment
methodology (full factorial and response surface methodology) was used to identify the most effective
parameters and optimize membrane separation performance. The optimum membrane showed the
maximum normalized permeability and turbidity reduction of 0.57 and 97.98%, respectively, at 1.2 bar
pressure, 59.6 °C feed temperature, and 1.73 L/min. Fouling analysis utilizing resistance-in-series
indicated that membrane resistance (57.04%) and cake layer resistance (26.5%) were the primary
contributors to overall filtration resistance. Among the four analyzed fouling models (Hermia models),
the cake filtration model is the most appropriate for calculating the permeate flux of real wastewater
filtration. Removal of the cake layer and backwashing with distilled water effectively regenerated the
membrane, restoring over 97.4% of the initial flux and around 99.5% of turbidity reduction across four
successive cycles. Scanning electron microscopy (SEM) and elemental mapping validated the structural
integrity and cleanability of the membrane, while performance remained consistent across repeated
filtration-regeneration cycles. In comparison to traditional ceramic membranes, the engineered
geopolymer-zeolite composite exhibited comparable separation efficiency, easy fabrication free of
sintering, and significant potential for industrial wastewater recovery applications.

Keywords Geopolymer-zeolite composite, Microfiltration, Membrane performance, Fouling, Recovery,
Textile wastewater

List of symbols

C Wastewater concentration (a.u.)

Jo Initial permeate flow values in Eq. (6) (units depend on the fouling mechanism)
} Volumetric permeate flux (m>/m?. S)

K Constant in Eq. (6) (units depend on the parameter n in Eq. (6))

nL Constant in Eq. (5) (units depend on the fouling mechanism)

P Feed pressure (Pa)

Q Feed flow rate (L/min)

Regression coeflicient

Cake layer resistance (m™!)

Irreversible membrane resistance (m™!)
Membrane resistance (m!)
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R, Reversible membrane resistance (m™!)
R Total resistance (m™!)

t
R, Turbidity reduction
S Filtrate surface area (m?)
T Filtration time (s)
T Curing temperature ('C)
T; Feed temperature ('C)
Toed Turbidity of feed
T, Turbidity of permeate

ermeate

v Permeate volume (m?)
Greek letters

p  Permeate density (kg/m?)
pu  Permeate viscosity (pure water: 0.001 Pa.s; permeate: 0.00114 Pa.s)

Abbreviations

CCD Central composite design

MF Microfiltration

MK Metakaolin

NF Nanofiltration

RO Reverse osmosis

RSM Response surface methodology
R-sq R-squared

R-sq (adj) Adjusted R-squared
R-sq (pred)  Predicted R-squared
SF Silica fume

UF Ultrafiltration

It is essential to human well-being and survival to have access to water, and many industries depend on it.
Various economic and human activities put pressure on water resources'. One part of developing and managing
water resources is wastewater reclamation and reuse, which offers a creative and different choice for agriculture,
municipalities, and industries?. Water recycling was considered a superior solution for water shortages due
to cheaper costs and on-site wastewater treatment’. Due to increased wastewater reuse studies, membrane
separation processes have advanced dramatically in recent years*. Microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) are the four categories of pressure-driven membrane processes
that are available, depending on the size of particles rejected by the porous membranes®4.

Compared to polymeric membranes, ceramic membranes have exhibited better performance, longer-lasting
service, stronger mechanics, and more heat and chemical resistance. However, ceramic membranes have a higher
production cost than common polymeric ones’.

The capabilities of the ceramic membrane make it possible to use ceramic MF as a pretreatment process
before NF and RO!*!!. The performance of NF decreases over time due to concentration polarization and
fouling, posing significant problems for continuous operation and increasing costs'2. The presence of fouling is a
serious hindrance to the common use of nanofiltration technology; however, it could be reduced by using MF as
a pretreatment, which decreases bacteria, colloids, and turbidity levels. Furthermore, MF prevents a long-term
decline in NF flux, significantly impacting cost!>!3.

It should be noted that MF membranes are highly prone to being fouled by foreign species as a consequence
of physical, biological, and chemical interactions between fouling components and the membrane surface!* in
which the pollutants block membrane pores, reducing water flux and/or quality. Adsorption and precipitation
of the fouling components on the membrane surface and in the membrane pores, totally or partially block
membrane pores, resulting in flux decline and a decrease in the separation factors'>.

The fouling and flux decline in the MF membranes are more considerable than in the other membranes, like
UF or RO, due to the unique morphology and pore character of the MF membranes. Fouling in microfiltration
is unavoidable and is one of the major shortcomings of the microfiltration process that limits the permeate
flux considerably!>. The management of feed pretreatment and operating conditions, selecting membrane
material/surface modification, and cleaning procedures are the strategies that can be employed in MF membrane
filtration processes to reduce the membrane fouling'®. Backwash is one of the most used methods for cleaning
the fouled membranes to extend the membrane’ efficiency in operation time. This mechanical method involves
the periodic reversible passing of permeate through the membrane from the permeate to feed side direction
to remove contaminants that have been built up on the membrane’s surface (mostly as a cake-layer) as well
as within the membrane pores. The benefits of backwash as a fouling control method include the absence of
chemicals for membrane cleaning, the potential for a semi-continuous separation process, and the low cost and
energy consumption'”.

One of the challenges in membrane technology is selecting the best material for membrane fabrication. A
sustainable, environmentally friendly, cost-effective, and energy-efficient membrane technology remains to
be developed!®. Two different strategies have been followed for this issue: application of bio-based polymeric
membranes (BPMs) due to their acceptable performance and longevity within a suitable degradation profile!®
and application of low-cost or waste materials for membrane fabrication as an upcycling strategy'®-2!.

In this regard, geopolymers have been considered as a membrane material due to their sustainability, low-
cost precursors, high strength, free-sintering, and easy manufacture?? using an alkali-soluble aluminosilicate
precursor such as metakaolin (MK), fly ash, and pozzolan, and an alkali activator®.

Scientific Reports |

(2025) 15:35463 | https://doi.org/10.1038/s41598-025-19349-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Furthermore, numerous recent studies have employed geopolymer-zeolite composites as membranes?4-26,

Geopolymer-zeolite composites are prepared via different methods including hydrothermal processes at 180
°C?**25, using circulating fluidized bed fly ash (CFBFA) as a precursor with hydrothermal treatment to separate
Cr(VI) ions from water solutions?*, hydrothermal method using alkali-activated fly ash to form a combination
of crystalline analcime (ANA) zeolite and amorphous geopolymer?® and using the zeolite particles as seeds?®
however, most of mesoporous and microporous membranes have been fabricated using hydrothermal and zeolite
seeding methods?*-2°. Aside from the aforementioned methods for preparing geopolymer zeolite composites,
an alternative approach exists that allows for the simultaneous production of zeolites and geopolymer without
needing a hydrothermal process. This method functions at temperatures under 100°C and is affected by the
Si0,/AL O, molar ratio, curing temperature, and alkali concentration®”. In our previous work, the geopolymer
and geopolymer-zeolite composite filters were prepared using MK as a precursor, activated by a mixture of SF
and sodium hydroxide?’. Silica fume (SF), as an inexpensive silica source, was used for the geopolymerization
process and can act as a reinforcing agent in the geopolymer matrix, improving compressive strength and
modifying pore size?.

In continuing our research on geopolymer membranes, in the current study, the membrane performance of
geopolymer-zeolite composites was investigated through screening and response surface methodology design
(RSM). The full factorial design determines the most effective variables among feed pressure, feed temperature,
wastewater concentration, and feed flow rate on real textile industry wastewater permeability and turbidity
reduction. The identified variables on membrane performance are optimized by applying central composite
design (CCD) for RSM. For investigating the fouling of the fabricated membranes, a general fouling study is
performed on the fabricated membranes, including determination of pure water flux, followed by membrane
filtration of the desired wastewater and measuring the stable permeate flux, followed by a cleaning procedure
(physical cake removal followed by back-washing), and finally measuring the pure water flux for the regenerated
geopolymer-zeolite composites membrane. The procedure allowed us to determine the different fouling
resistance formed for the fabricated membrane by the wastewater filtration. Best of our knowledge, this is the
first study in which the fabrication of geopolymer-zeolite composite, application for filtration of real wastewater,
and analysis of the fouling are performed.

Materials and experimental analysis

Materials

Silica fume (micro-silica) containing a specific 18 m?/g surface area, comprising 96.12 wt.% SiO2 was procured
from Ferroalloy Company in Lorestan, Iran, and utilized as a silica source. MK, an aluminosilicate precursor,
was obtained by calcinating kaolin from Zettlitz, Czech Republic, at 700 °C for 3 h. The XRF analysis of MK is
given in Table S1. Dr. Mojallali Company (Tehran, Iran) supplied sodium hydroxide (NaOH) with a purity of
95%.

A sample of textile wastewater, with the initial turbidity of 155 NTU, containing many basic colors employed
for coloring acrylic fibers, was donated by a textile company located in Tehran, Iran. The characteristics of
textile wastewater are shown in Table S2. In Fig. SI, the particle size distribution of wastewater is presented. The
distribution suggests that particles measuring 2.054 um represent 10% of the total, particles measuring 9.679 um
for 50%, and particles measuring 87.725 um for 90%. A small amount of the real textile wastewater was dried
in an oven at 100°C to eliminate water, and the resulting powder was subsequently calcinated in a furnace at
700°C for three hours. The wastewater lacks organic matter, and only minerals remain after heating at 700°C.
The outcomes of the X-ray fluorescence (XRF) analysis of the resulting particle (after calcination) are displayed
in Table S3. Also, the loss of ignition (LOI) was 37%.

Preparation of geopolymer and geopolymer-zeolite composite membrane
First, an alkali activator was made by adding SF to the sodium hydroxide solution, and after 8 h at room
temperature, a sodium silicate solution was obtained.

The prior publication?” indicates that variations in geopolymer preparation parameters, including the Na,O/
ALO, molar ratio, the proportion of SF content, and the curing temperature, influence the phase structures,
resulting in the formation of distinct phases (geopolymer and geopolymer-zeolite composite). These phase
structures, therefore, affect the compressive strength and permeability of pure water. This paper examined
the performance of five membranes selected based on criteria (compressive strength >20 MPa and pure water
permeability >50 L/m2.h.bar) previously reported. The preparation parameters, phase structure (geopolymers
and geopolymer-zeolite composite membrane), average pore size, and porosity of five membranes, as detailed
in the previous article, are presented in Table 1. Table 1 shows that five membrane samples were designated as
GP (or GPZ)-aS-bN-cT, where a, b, and c represent the Na,O/Al,O, molar ratios, SF/MK ratios, and curing
temperature, respectively. GP denoted the geopolymers, while the geopolymer-zeolite composite membrane was
demonstrated by GPZ.

The Geopolymer paste was created by combining MK and an alkali activator; thereafter cast in a circular
Teflon mold measuring 2.5 cm in diameter and 5 mm in height. Air bubbles were released from the samples by
vibrating them. The membrane samples were subsequently stored in a humid chamber with a relative humidity
of greater than 95% for three hours at 60 °C. Finally, a 24-h hydrothermal cure at 60 °C was applied after the
samples were demolded.

Characterization methods

The membrane surfaces were examined using a scanning electron microscope (FESEM, Tescan Mira3, Czech
Republic). Also, the chemical composition of the membrane samples was detected using energy-dispersive
spectroscopy (EDS) and elemental mapping analysis. The Fourier transform infrared spectroscopy (FTIR) of

Scientific Reports |

(2025) 15:35463 | https://doi.org/10.1038/s41598-025-19349-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Preparation parameters q
Porosity

Run | Code S (wt.%) | N (molar ratio) | T (°C) | Average pore size (nm) | (%)

1 GPZ1-85-1N-60T 8 1 60 449.22 37.51
2 GPZ2-10S-1N-60T | 10 1 60 400.07 34.12
3 GP3-15S-1N-60T 15 1 60 327.64 33.50
4 GP4-1558-0.8N-70T | 15 0.8 70 356.95 35.38
5 GP5-15S-1N-80T 15 1 80 356.92 35.35

Table 1. The specification of membrane samples.
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Fig. 1. A schematic of the applied microfiltration setup.

samples was conducted using Spectrum One from PerkinElmer, USA, implementing the KBr pellet method
throughout the wave number range of 400-4000 cm™!. X-ray diffraction (XRD) with CuKa radiation in the 26
range of 5-80° and a step size of 0.01 was used for assessing the crystal structure of samples using a Bruker D8
Advance from Germany. The turbidity of wastewater is assessed utilizing Digimed (HDM-TU).

Membrane performance evaluation

Figure 1 depicts filtration experiments to investigate membrane performance using a microfiltration pilot in
crossflow filtration mode at pressures ranging from 1.2 to 2 bar and a feed tank containing 4L of textile effluent.
A PID-controlled electrical heater with a Pt-100 temperature sensing element was applied to control the feed
tank temperature at the desired set point.

The feed pressure was governed by a diaphragm pump (Soft water YT-2000, Taiwan), and the feed flow
rate before the membrane module was quantified using a rotameter (Shllj, China) and modified by a precision
regulating needle valve. The membranes with a 4 mm effective thickness and a 25 mm diameter were installed
in a module and sealed with an O-ring. To regulate the upstream membrane pressure, the rejection was directed
via a back-pressure regulator (Parker Hannifin, USA).

Equation 1 was used to calculate the permeate flux ] (L/h. m?), and the permeability L (L/h. m2.bar) was
derived by measuring the change of water flux with transmembrane pressure (Eq. 2) %.

J:th )
J
Lo = AP @

The permeate volume (m?), the filtration time (h), and the filtration surface area (m?) are represented by the
symbols V; t, and S.
Equation 3 was used to compute the turbidity reduction (R;)*.
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Rr=1- L’;me“w 3)
feed

where T represents the permeate turbidity, and T, _, represents the feed turbidity of the wastewater
permeate feed
samples.
The Darcy and Hagen-Poiseuille for parallel cylindrical pores are the governing equations for the fabricated
MF membranes®!. The resistances-in-series model could be applied to determine the resistance against

permeation (membrane and fouling resistances)?. The permeate flux is calculated by Eq. 4 **.

AP

Jy =
Ry

(4)

where ] , AP, u, and R, represent the volumetric permeate flux (m*.ms™"), feed pressure (Pa), permeate viscosity
(Pa.s), and total hydraulic resistance to permeation (m), respectively.

Design of experiment (DOE)
Screening designs were used to determine which parameter impacts the separation membrane performance. A
2X factorial design was used to evaluate the impact of parameters on the final responses and their interactions.
The feed pressure, feed temperature, feed flow rate, and feed concentration were considered effective parameters
in the two levels. The study examined two responses: R , which represents the normalized permeability measured
by dividing the steady-state wastewater permeability by the pure water permeability, and R,, which represents
the reduction in turbidity. When the membrane was exposed to wastewater, there was a significant decrease
in flux at the beginning of each experiment, which could be attributed to the accumulation of particles on the
membrane surface, fouling or blocking the membrane pore, until it reached a nearly steady-state flux (WWP,)
after several minutes of operation. Minitab Software v.17 was used to design the experiments and analyze the
results statistically. Thirty-two runs included 2* full factorials with two replications suggested by the software.
After identifying the most influential variables on responses, a central composite design (CCD) was utilized
to optimize the responses using Minitab Software version 17. The parameters and their levels are shown in Table
S4.

Fouling investigation

The resistance-in-series model indicates that the overall hydraulic resistance contains four resistances, as in Eq. 5
32

Rt:Rm+RC+Rr+RiT (5)

where R _,R, Rr‘ and R, denote the membrane resistance, cake layer resistance, reversible fouling resistance, and
irreversible fouling resistance, respectively. The deposited cake that develops on the membrane surface is linked
to R_. The backwashing process opens blocked membrane pores, which causes R . R occurs when particles are
trapped or adsorb into membrane pores and cannot be opened after backwashing. Membrane resistance was
obtained by determining the pure water flux at the desired pressure and temperature. Four main parameters
must be considered when estimating resistance: steady-state pure water flux in the clean membrane, permeate
flux in the wastewater, pure water flux after cake removal, and pure water flux after backwashing”.

Hermia introduced four fouling models for porous membranes: complete pore blocking, intermediate
blocking, standard blocking, and cake formation. Equation 6 is the general Hermia equation for predicting the
time-dependent permeate flux at constant pressure filtration®2.

d*t dt
avz K( av ) ©
where V is the cumulative permeate volume, K and n denote the fouling mechanism constant coefficients (n=2
for complete blocking, 1 for intermediate blocking, 3/2 for standard blocking, and 0 for cake formation)*2. The
slope and intercept of the linear form of the cumulative volume of permeate) vs. time can be used to calculate
the model’s parameters. The regression coefficient (R?) was used to find the best match between experimental
data and the model predictions®*3°,

The hydraulic resistance values (Eq. 5) were calculated under the optimum conditions obtained in CCD, and
the fouling mechanism (Egs. 6) of the geopolymer-zeolite composite membranes was identified.

Results and discussion
Investigation of the performance of five membranes
In this section, the geopolymer and geopolymer-zeolite composite membranes with the specifications of Table 1
were prepared, and their performance was compared. Figure 2 displays the pure water permeability, wastewater
permeability, permeation decline, and turbidity reduction of the five prepared membranes in Table 1. The
highest pure water permeability was recorded for GPZ1-8S-1N-60 T (180 L/m?hbar), followed by GPZ2-10S-
IN-60 T (144 L/m*hbar), which are geopolymer-zeolite composites. The minimum pure water permeability (110
L/m?hbar) was obtained for GP3-15S-1N-60 T.

Zeolite could form during the geopolymerization reaction at temperatures between 60 and 80 “C. The nano
nucleus could grow into large, extremely developed zeolite crystals through the geopolymer’s three-dimensional
network structure®’. Therefore, the pore size was increased in the geopolymer-zeolite composite, and increased
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Fig. 2. The investigation of membrane performance for five membranes.
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Fig. 3. Cumulative permeate volume for different geopolymer membranes at a pressure of 1.2 bar, feed flow
rate of 1 L/min, and feed temperature of 25 °C.

pure water permeability. The study conducted by Shao et al.?> found that analcime zeolite in the geopolymer
structure leads to larger channels or cavities. These channels had critical pore diameters ranging from 30-150 nm
and 1-2 um. This is believed to be advantageous as it helps to decrease membrane resistance and enhance water
flux. The geopolymer-zeolite composite membrane (GPZ2-10S-1N-60T) comprises amorphous geopolymer and
crystalline zeolite A. With an average pore size of 400 nm, this membrane acted as a microfilter without requiring
hydrothermal treatment?’. The membrane described in the Shao et al. %> paper was specifically designed for
nanofiltration and needed hydrothermal treatment.

The five membranes were utilized for treating textile wastewater at a pressure of 1.2 bar and a feed flow rate
of 1 L/min at ambient temperature in a crossflow setup, and steady-state wastewater permeability is illustrated in
Fig. 2. The highest observed steady-state wastewater permeability of 77 L/m?hbar was seen in GPZ2-10S-1N-60 T,
while the lowest permeability of 55 L/m*hbar was recorded in GP5-15S-1N-80 T membrane. Microcracks
developed as the curing temperature was elevated from 60 to 80 °C in 15 wt.% SF?%. The microcracks were
blocked by wastewater particles, resulting in fouling and decreased wastewater permeability.

For the five membranes shown in Fig. 2, the corresponding permeation decline was calculated by dividing
the difference between the final and initial wastewater permeability by the initial wastewater permeability. The
decline in the permeation value indicates the impact of membrane fouling on the membrane flux. The membrane
GP3-155-1N-60 T showed the lowest flux decline of 9%, possibly attributed to its smallest diameter values of 327
nm?’, which reduced internal pore blockage.

For five membranes, the turbidity reduction was found using Eq. 2 after 2 h of operation (at 1.2 bar, 1 L/min
feed flow rate, and 25 °C feed temperature). The geopolymer-zeolite composite membrane of GPZ2-10S-1N-60 T
achieved a maximum turbidity reduction of 95.5%. To understand the performance of these five membranes in
membrane filtration of real wastewater, the cumulative volume of the permeate for each membrane is measured
and reported in Fig. 3.

A linear increase in the cumulative volume was observed for all membranes. The maximum and the
minimum values for the cumulative permeate volume were observed for GPZ2-10S-1N-60 T and GP4-15S-
0.8N-70 T membranes, respectively. Consequently, the GPZ2-10S-1N-60 T membrane that was chosen for its
superior performance has a pure water permeability of 144 L/m?hbar, a wastewater permeability of 77 L/m?hbar,

Scientific Reports |

(2025)15:35463 | https://doi.org/10.1038/s41598-025-19349-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a turbidity reduction of 95.5%, and a permeation decline of 44%. The geopolymer-zeolite composite exhibited
superior membrane performance due to the geopolymer and zeolite’s concurrent features.

Characterization of the prepared GPZ2-10S-1N-60 T membrane
The membrane GPZ2-10S-1N-60 T was characterized due to its superior performance, but detailed
characterizations of other membranes can be found in our previous publications®”.

Fig. S2 demonstrates the XRD pattern of MK and the GPZ2-10S-1N-60 T membrane. A broad peak in the 20
range between 20 and 40° can be seen in the precursor metakaolin, which denotes the amorphous phase. This
broad peak lies between 20 and 30° in the GPZ2-10S-1N-60 T membrane. The transition of the broad peak in the
synthesized samples indicates the emergence of a new amorphous phase known as a geopolymer*®. During the
polycondensation phase of geopolymer production, an amorphous sodium-alumino-silicate-hydrated (N-A-
S-H) was produced. Therefore, the shift of the broad peak in the XRD pattern of the synthesized GPZ2-10S-
IN-60 T membrane is due to the formation of a new amorphous phase of N-A-S-H>’.

Additionally, the XRD analysis of the GPZ2-10S-1N-60 T membrane demonstrated zeolite A (Card No.
01-083-2151) and amorphous phases, which are named a geopolymer-zeolite composite. The zeolite phase was
formed rather than an amorphous geopolymer when the molar ratio of $i0,/Al,0,<3 and Na,0/AL,0,>1.
Under this condition, Na* ions were more likely to participate closely in the zeolite charge-balancing process
when SiO 4 and AlO , were linked®’. Therefore, the synthesized sample tends to form zeolite rather than
amorphous phases. Wan et al.!! prepared a geopolymer from MK as an aluminosilicate precursor and SF in
alkali activator as a silica corrector and found through the XRD analysis that zeolite A has been formed at a SiO,/
Al,O,=2and Na,0/Al,0,=1. An incomplete calcination of the kaolin is represented by the K phase in the XRD
pattern with card numbers 78-21102. It should be noted that the quartz impurity in the MK precursor with card
number 065-0466 does not participate in geopolymerization reactions, so the peak associated with the quartz
phase can also be observed in the XRD pattern of the GPZ2-10S-1N-60 T membrane®*.

Based on Fig. S2, the intensity of the peaks related to quartz in the GPZ2-10S-1N-60 T membrane was
lower than that of metakaolin, which can be explained by quartz’ low solubility in sodium hydroxide. The
crystallization intensity in XRD patterns decreased as some quartz dissolved in sodium hydroxide, resulting in
geopolymerization reactions on the quartz sample*!.

The FTIR spectra of the GPZ2-10S-1N-60 T membrane and MK as a precursor are depicted in Fig. S3. It
can be observed in the MK spectrum that the 480 and 800 cm™ bands are related to the T-O bending vibration
tetrahedral TO, (T=Al or Si tetrahedral) and Al-O in octahedral AlO,, respectively®>. A broken structure of
metakaolin occurs during geopolymerization in the GPZ2-10S-1N-60 T membrane, resulting in the decreased
intensity of both bands, especially the 800 cm™ band*°. The absorption band in GPZ2-10S-1N-60 T membrane
at around 724 cm! is related to the symmetric and asymmetric vibration of Si-O-Al and Si-O-Si, which creates
a connection between AlO4 and SiO4 in the geopolymer structure?®. The broadband at 850-1350 cm™! indicates
the symmetric stretching vibration of Si-O-T (T=Si or Al) in the GPZ2-10S-1N-60 T membrane sample
after polycondensation or geopolymerization. Additionally, GPZ2-10S-1N-60 T membrane shows absorption
bands at 850-1350 and 2900-3800 cm!, indicating aluminosilicate gel formation?®. The band at 560 cm!,
corresponding to the exterior connecting vibrations of the TO, (T = Al or Si) tetrahedra in the double rings of
zeolite A, occurred in the synthesized sample and was verified by the XRD results?’.

In the GPZ2-10S-1N-60 T membrane, the absorption band at 1440 cm™! is associated with the O-C-O
asymmetric stretch mode, which is not observed in the MK spectrum®®. The change in the position of the
asymmetric Si-O-T stretching band in metakaolin from 1092 to 1000 cm™! indicates the formation of geopolymer
or zeolite in the synthesized sample*. Hydroxyl stretching vibrations and H-OH bonds are observed at 1651 and
3440 cm'!, which are related to hydroxyl (OH-) and water adsorbed in the gel*.

Fig. S4 displays the synthesized GPZ2-10S-1N-60 T membrane’s pore size and volume distribution curves
measured by MIP. According to the results of this study, the average pore diameter, porosity percentage, total
cumulative volume, and specific surface area of this membrane are 400.07 nm, 34.12%, 265.62 mm?/ g,and 13.84
m?/g, respectively, which are located in the MF range. The pore size is in the mesopore range when metakaolin-
based geopolymer is activated by sodium silicate®®. A self-supporting membrane with silicate sodium and a
H,0/ Na,O molar ratio of 18 had a 60 nm average pore size®". According to Nmiri. et al.>? and Oshani. et al.%,
the average pore size of metakaolin-based geopolymer with silica fume instead of silicate sodium was 220 nm (6
wt.% SF) and 327 nm (15 wt.% SF), respectively. This paper demonstrated that forming zeolite in the geopolymer
matrix resulted in a bigger size (400 nm) than the geopolymer structure alone.

Fig. S5 shows the SEM images of the cross-section of the GPZ2-10S-1N-60 T membrane. Particles with a
cubic shape, marked by arrows, are uniformly and regularly distributed on the surface of geopolymers. A cubic
structure of zeolite A was observed in SEM in the GPZ2-10S-1N-60 T membrane. The cubic structure matched
zeolite A, as the EDS analysis indicated in our previous study?®.

The FTIR and XRD (Fig. S2 and Fig. S3) investigations validate that the integration of zeolite A into the
geopolymer matrix alters the chemical structure and enhances the membrane’s microstructure, hence facilitating
permeation and optimizing microfiltration performance. The zeolite crystals function as spacers within the
geopolymer matrix, interrupting the dense network? as observed in SEM and creating supplementary transport
routes. Turbidity can be decreased by the size-exclusion-based separation process, which retains the suspended
particles from real wastewater larger than the membrane pore size.

Result of screening design
This section examined the screening design of the GPZ2-10S-1N-60 T membrane. The experiment array and
the levels of parameters are shown in Table 2. Only two levels were considered for the parameters. There are two
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Run | P (bar) | T,(C) [C [Q/min) [R, [R,(%)
1|2 25 02505 022 | 87.0
2 |12 25 025 | 1.75 053 | 96.0
3 |2 25 1 |75 06 |928
4 |12 60 02505 022|874
5 |2 25 E 0.19 | 86.5
6 |2 25 025 | 1.75 0.62 | 92.7
7 |2 60 1 |15 07 |917
8 |12 60 1 |75 0.67 | 94.5
9 |12 60 I 02 |880
10 |2 25 025|175 0.6 |93.0
n |2 60 EE 03 |855
12 |12 25 025 | 1.75 052 | 96.0
13 2 25 1 1.75 0.59 | 92.5
14 |2 60 025 | 1.75 0.74 | 92.0
15 |12 60 1 |15 0.66 | 94.6
16 1.2 25 0.25 | 0.5 0.12 | 89.0
17 |2 60 1 |75 0.7 |91.7
18 |2 60 025 | 0.5 032 | 86.0
19 |2 60 1 o5 031 | 855
20 |12 25 1 |os 0.1 |89.4
21 |12 25 1 o5 0.11 | 895
2 |12 60 025 | 1.75 0.64 | 94.7
23 |12 60 1 |os 021 | 88.1
24 |12 60 025 | 0.5 021 | 875
25 |2 60 025 | 1.75 073 | 921
26 |2 25 1 |os 02 |867
27 |12 25 1 |75 0.55 | 95.6
28 |2 25 025 | 0.5 02 |871
29 1.2 25 1 1.75 0.56 | 95.6
30 |12 60 025 | 1.75 0.65 | 94.8
31 |2 60 025 | 05 033 | 86.0
2 |12 25 025 | 0.5 0.11 | 89.0

Table 2. Screening design for geopolymer-zeolite composite membrane.

wastewater concentration levels (C), one of which is the initial concentration (C,), which has a value of 1, and
the other is 0.25 C, which has a value of 0.25.

The steady permeability of the wastewater was the first design response; however, as the membrane has
different permeability under different operating conditions, the dimensionless permeability (steady state
wastewater/pure water permeability) was defined and used as the first response (R,), and turbidity reduction
as the second response (R,), as shown in Table 2. The R-squared values for R, and R, were 0.999 and 0.9995,
respectively, which are excellent.

Table 3 displays the ANOVA (Analysis of Variance). results for R, and R,. The impact of operational
parameters (P, Q, T, and C) on membrane performance (two responses) was statistically assessed in this study
using ANOVA. The proposed model is significant with 95% confidence since its p-value is less than 0.05%.
Also, the p-values of the lack of fit for R, and R, were 0.336 and 0.428, respectively, which are above 0.05 and
insignificant™.

It is generally assumed that factors and interactions with p-values less than 0.05 are significant, and the lower
the p-value, the greater the effect on the responses®®. Table 3 shows that feed pressure, temperature, and feed
flow rate have a greater impact on the responses than feed concentration. However, their contributions to the
final responses, calculated from the SS of each factor divided by the total SS of all parameters, were considerably
different.

The results showed that the feed flow rate had the largest impact on the responses, with contributions of
90.03% and 83.12% to R, and R, respectively. Feed Pressure (P) and Temperature (T) had statistically significant
impacts (p <0.05); however, their contributions were considerably reduced. The smallest contributions were
observed for feed concentration, with the contributions of 0.02% and 0.03% to R, and R, respectively. Therefore,
the feed concentration factor was nullified in the optimization design (the next design). The lack-of-fit test for
both models yielded p-values of 0.336 (R;) and 0.428 (R;), signifying no significant lack of fit, hence affirming the
models’ adequacy. The interaction PQ (Pressure x Flow Rate) exerted a moderate influence on both responses,
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Source DoF | Sum of Squares (SS) | Mean Square (MS) | F-value | p-value | Contribution (%)

R, |8 1.56 0.19 2770.37 0.00 -
Model

R, 110 389.79 38.98 4131.56 0.00 -

R, 14 1.55 0.39 5521.02 0.00 -
Linear

R, |4 385.85 96.47 10,224.48 | 0.00 -
P R |1 0.05 0.057 737.46 0.00 333

R, |1 50.16 50.17 5317.36 0.00 13.44
- R |1 0.09 0.09 1388.38 0.00 6.27

R, |1 10.11 10.11 1071.55 0.00 2.71
c R |1 0.0003 0.0004 5.36 3x1072 | 0.02

R, |1 0.118 0.11 12.53 2x107 | 0.03
Q R |1 1.40 1.40 19,952.88 | 0.00 90.03

R, |1 310.28 310.29 32,888.64 | 0.00 83.14

RI 3 0.005 0.001 22.03 0.00 -
2-Way Interactions

R, |5 2.04 0.40 43.40 0.00 -

R |- |- - - - -
PT

Rz 1 0.23 0.23 24.96- 0.00 0.06

R, |- - - - - -
TQ

R, |1 0.14 0.14 15.44 1x1073 | 0.04
cQ Rz 1 0.0004 0.0004 5.36 3x1072 |0.02

R, |1 0.20 0.20 21.53 0.000 0.05
pC R |1 0.001 0.001 23.44 0.000 0.10

R, |1 0.48 0.480 50.83 0.000 0.13
PQ R |1 0.002 0.00263 37.27 0.000 0.168

R, |1 0.93 0.932 98.82 0.000 0.25

R |1 0.0009 0.00090 12.81 2x1073 | -
3-Way Interactions

R, |1 0.53 0.529 56.03 0.000 -

R |1 0.0009 0.00099 12.81 2x1073 | 0.06
P*C*Q

R, |1 0.53 0.529 56.03 0.000 -

R] 23 0.002 0.00007 - - -
Error

R, |20 0.19 0.009 -

R, 17 0.0005 0.0008 1.24 0.336 -
Lack-of-Fit

Rz 5 0.05 0.010 1.04 0.428 -

R, |16 0.001 0.0007 - - -
Pure Error

R, |15 0.14 0.009 - - -

R, |31 |156 - - - -
Total

R, 130 389.982 - - - -

Table 3. Analysis of variance (ANOVA) for R, and R,

with a contribution of about 0.17-0.25%. The three-way interaction P x Cx Q exhibited statistical significance
(p<0.005), suggesting possible synergy among the variables within particular operational ranges.

The mean responses for R, and R, are shown in Fig. S6. According to the result, R; was highest at 2 bar, while
R, was highest at 1.2 bar. Due to a higher driving force, higher feed pressure can increase R 3. However, the
turbidity reduction decreased by increasing pressure, which means a lower separation ability of the membrane at
higher pressures. It could be attributed to higher concentration polarization at the membrane surface at higher
pressures™. Increasing the feed temperature to 60 °C raises R, and decreases R,. Temperature rise reduces feed
solution viscosity and expands membrane pores, leading to higher permeability and reduced turbidity®”. A
significant change in R, was observed with an increase in the feed flow rate. The higher feed flow rates enhance
the liquid stream and shear forces on the surface of the membrane, reducing the concentration polarization and
limiting the particle deposition and, consequently, cake formation on the membrane surface, enhancing both
R, and R *%.

Pore size and pore size distribution significantly affect MF membranes’ permeability and rejection
capabilities®®. The GPZ2-10S-1N-60 T membrane is constructed with an average pore size of 400 nm (0.4 um),
which is smaller than the particle size of the solute (as indicated in Table 1). Consequently, this membrane
effectively retains solute particles larger than 0.4 um, demonstrating commendable performance. The feed flow
rate is the most effective parameter in R, and R,, as indicated by the screening design results.

The feed flow rate range is crucial for assessing between 0.5 and 1.75 1/min, compared to other parameters.
It appears that R| and R, are affected by hydrodynamic conditions rather than feed concentration, rendering the
impact of feed concentration negligible.
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Optimization of the operating condition

In this section, the membrane performance was modified using CCD for the GPZ2-10S-1N-60 T membrane,
taking into consideration three parameters: Pressure, Temperature, and feed flow rate, which all have a significant
impact on the responses in the screening design. For optimization of the operating condition, 20 runs with six
replications were proposed by the CCD design, where the experimental condition, actual measured responses
(R, and R,), and predicted responses are shown in Table 4.

The responses and design matrix were obtained through experimental design for the geopolymer-zeolite
composite membrane. The quadratic models fit the experimental data very well, as illustrated by the R-sq values
of 0.9984 and 0.9786 for dimensionless permeability and turbidity reduction, respectively. The adjusted R-sq
values for these two models are 0.9982 and 0.9687, confirming the quadratic models’ accuracy. R, (normalized
permeability) and R, (turbidity reduction) are defined as Egs. 7 and 8.

Normalized permeability = —0.9699 + 0.19364 P + 0.0041337T + 1.2958 Q — 0.3929 Q> (7)
Turbidity reduction = 124.15 — 33.81 P— 0.2279T + 0.01Q + 9.22 P> + 0.0022507> + 2.564 (8)

The ANOVA results, presented in Table 5, were conducted to investigate the influence of feed pressure, feed
temperature, and feed flow rate on R, and R,. The model exhibited great significance (p-value=0) for R, and
R,. It was concluded that P, T, Q, and Q? were the most significant model terms for R;BTQ Q?, P%, and T?
were significant for R, with p-values less than 0.05. The feed flow rate (Q) was the most influential term, with
F=7902.71 for R, and F=448.07 for R,. The p-values for lack of fit were 0.189 and 0.536 for R, and R,, which
were insignificant.

The residual plots for R and R, are shown in Fig. S7. A normal probability plot (Fig. S7a, b) resembles a
straight line, demonstrating a normal distribution of residues. Additionally, the residual versus the fit plot (Fig.
S7¢, d) and the residuals versus the ordered plot (Fig. S7e, f) show that residuals are independent because they
are randomly distributed on both sides of the zero line®.

The effects of operating parameters, including pressure, temperature, and feed flow rate, on R, and R, are
shown in Fig. 4. At a fixed temperature of 42.5 °C (center point), pressure and feed flow rate were investigated
on R and R, (Fig. 4a, ). The relationship between feed pressure and flow rate exhibited a curve, indicating that
feed pressure and flow rate variations substantially influence R,. R, increased with feed pressure above 1.6 bars
and flow rate above 1.2 I/min, reaching more than 0.85 (Fig. 4 b). On the other hand, R, comes higher than 96%
when the pressure is below 1.5 bar (near minimum), and the flow rate is above 1.4 I/min (Fig. 4d). Maximum
feed flow and pressure inhibit concentration polarization and cake formation, increasing R1. However, Increases
in these two values simultaneously decreased separation ability and turbidity reduction (R,).

Pressure and temperature variations had a linear relationship, so a variation in feed pressure and temperature
has a smaller impact on R, in Fig. 4e than a variation in feed pressure and flow rate (Fig. 4a). The maximum
R, was observed at temperatures above 50 °C and pressures above 1.9 bar, as shown in Fig. 4f. In contrast, feed

R, (normalized R, (turbidity

permeation) reduction) (%)
Run | P (bar) | T('C) | Q (L/min) | Actual | Predicted | Actual | Predicted
1 1.90 32.00 | 1.50 0.59 0.59 94.0 94.0
2 1.40 32.00 |0.75 0.18 0.18 92.0 91.3
3 1.90 32.00 |0.75 0.28 0.28 90.0 89.6
4 1.40 32.00 | 1.50 0.47 0.49 96.0 95.7
5 1.90 53.00 |1.50 0.67 0.67 93.5 93.2
6 1.40 53.00 | 1.50 0.57 0.58 95.0 94.9
7 1.40 53.00 |0.75 0.27 0.27 91.0 90.6
8 1.60 42.50 |1.12 0.48 0.47 90.8 91.3
9 1.90 53.00 |0.75 0.37 0.37 89.0 88.9
10 1.60 4250 |1.12 0.48 0.47 91.4 91.3
11 1.60 42.50 |1.12 0.5 0.47 91.5 91.3
12 1.60 4250 |1.12 0.48 0.47 90.8 91.3
13 1.60 4250 |1.12 0.49 0.47 91.0 91.3
14 2.10 42.50 |1.12 0.56 0.57 91.0 91.4
15 1.60 42.50 |1.12 0.49 0.47 91.5 91.3
16 1.60 25.00 |1.12 0.42 0.40 92.0 92.6
17 1.60 42.50 |0.50 0.08 0.06 88.0 88.7
18 1.20 42.50 |1.12 0.4 0.40 94.0 94.5
19 1.60 59.60 |1.12 0.56 0.54 91.0 91.3
20 1.60 4250 |1.73 0.6 0.58 95.6 95.7

Table 4. CCD design and results (actual and predicted responses).

Scientific Reports |

(2025) 15:35463 | https://doi.org/10.1038/s41598-025-19349-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Source DoF | Sum of Squares (SS) | Mean Square (MS) | F-value | p-value
Model R |4 0.41 0.10 2594.50 | 0.00
ode
R, |6 83.09 13.84 98.98 0.00
L R |3 0.37 0.12 3122.19 | 0.00
inear
R, |3 76.19 25.39 181.53 | 0.00
P R |1 0.033 0.03 839.85 | 0.00
R2 1 11.53 11.53 82.41 0.00
- R |1 0.02 0.02 624.00 | 0.00
R, |1 1.97 1.97 14.12 0.00
Q R |1 0.31 0.31 7902.71 | 0.00
R, |1 62.68 62.68 448.07 | 0.00
s R1 1 0.04 0.04 1011.44 | 0.00
uare
q R, |5 2.04 0.40 43.40 0.00
@ R1 1 0.04 0.04070 1011.44 | 0.00
R2 1 1.71 1.71 12.27 4x1073
p2 Ry _ _ _ _
R2 1 5.12 5.12 36.65 0
T? Rl . - . .
R, |1 0.81 0.81 5.81 3x1072
E R1 15 0.0006 0.00004 - -
rror
R, |13 1.81 0.13
R, |11 0.0005 0.00004 2.56 0.189
Lack-of-Fit
R, |9 1.26 0.14 1.02 0.536
R, |4 0.00007 0.00001 - -
Pure Error
R, |4 0.14 0.009 - -
R [19 |0.55 0.13 - -
Total
R, [ 190 |84.90 - - -

Table 5. Analysis of variance (ANOVA) of CCD for R1 and R2.

pressure and temperature significantly impacted R, because their relationship was a curve. As depicted in Fig.
S5 h, the temperature and pressure must be at their lowest values for R, to attain its maximum value (>94%).

In Fig. 4i, k, R1 was enhanced by elevating the flow rate and temperature values; however, the temperature
changes had a low effect on R,. As shown in Fig. 4j, the maximum of R| (more than 0.6) was observed at the
highest feed flow rate (>1.2 L/min) and highest temperature (> 45 °C). However, the maximum of R, (94-96%)
was exhibited at all temperatures and highest feed flow rates (about 1.4 -16 L/min); therefore, temperature
variations have little effect on R, (Fig. 41).

For R}, the optimum operating conditions that offer minimum fouling effects are P=2 bar, T=59.6 °C, and
Q=1.73 L/min. Under these optimum conditions, the dimensionless permeability=0.74, and the turbidity
reduction was 90.40. The optimum operating condition for attaining the highest turbidity reduction is
P=1.2 bar, T=25.3 °C, Q=1.73 L/min, which results in nearly 100% turbidity reduction and dimensionless
permeability =0.33 Optimizing the MF process to simultaneously maximize steady-state wastewater permeability
/pure water permeability and turbidity reduction results in dimensionless permeability=0.57 and turbidity
reduction of 97.87% with desirability equal to 1.00, which was found as 1.2 bar as feed pressure, 59.6 °C as feed
temperature, and 1.73 L/min as feed flow rate.

The membrane filtration was performed at the predicted condition using the real wastewater to validate the
model’s predicted optimum conditions, and the responses R, and R, were determined. The experimental R,
and R, were measured as 0.58 and 96.2%, respectively, which showed an error of 1.75% and 1.7% for R, and R,,
respectively, revealing excellent agreement with the model-predicted values.

Fouling study

This section examined the membrane resistance of the GPZ2-10S-1N-60T membrane under the optimal
operating conditions of the CCD. The particular contribution of membrane resistance is provided in Table 6. The
results revealed that more than 57% of the total resistance was attributed to membrane resistance (R ), followed
by cake formation (26.5%) and reversible pore blockage (15.03%). The reversible pore-blocking resistance,
mainly due to the adsorption of particles on the pore wall, contributed to only 1.43% of the total resistance,
which is negligible.

These results corroborate the findings reported in a previous study by Moravia et al.°* and Pertile et al.®' on
the fouling of ME, indicating that R  had the largest resistance, more than 50% of R.. It is natural for the ceramic
and geopolymer membranes because they are very thick (in the order of several millimeters) compared to the
polymeric membranes, which are very thin (in the order of a few hundred micrometers). The large R, and R,
show that the feed wastewater contained solid particles larger than the membranes pore diameter, and they
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Fig. 4. The 3D response surface plots and the 2D contour plots for (a, b) an interaction between feed pressure
and feed flow rate for R P (¢, d) an interaction between pressure and feed flow rate for R, (e, f) an interaction
between pressure and temperature for R}, (g, h) an interaction between pressure and temperature for R, (i, j)
an interaction between feed flow rate and temperature for R , (k, I) an interaction between feed flow rate and
temperature for R,.(use color in print).

formed a cake layer on the membrane surface or blocked the pore’s entrance. However, they could be reduced by
the increase in the feed crossflow velocity, as explained before®. Elevated feed pressures may raise R_and R by
forcing solutes and solid particles to gather on the membrane surface, forming a denser cake layer.

These agree with the optimization results, in which low feed pressure and high feed flow rate have been
introduced as the optimum operating parameters.

An ideal membrane for application in the industry should have high permeability, low flux decline, low fouling
tendency, high solute rejection, and high flux recovery’. In this regard, cyclic filtration and the regeneration
of the fouled membrane operations were investigated using a geopolymer-zeolite composite membrane as the
optimum membrane and under optimum operating conditions obtained in the previous step, and real wastewater
as the feed. Table 7 presents the results of the steady-state wastewater permeability and the resistance values for
four 1h cyclic runs. The results showed negligible permeability decline (2.66%) and turbidity reduction after
four cycles, so it could be considered constant. Either steady-state wastewater permeability or the resistances
remained nearly unchanged, and it could be concluded that backwashing is completely effective in permeability
recovery, which is very common in commercial inorganic membranes practice.

To find a model for fouling the geopolymer membrane, four fouling models (Hermia models) were examined.
The results of fitting the models with the experimental data, taken by an optimum membrane at optimum
operating conditions, are presented in Fig. 5. The results of the regression of the models show that the cake
filtration model is the most suitable model for estimating the filtration of real wastewater permeate flux. The
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Fig. 4. (continued)

Resistant type | Resistance x 10'> (m™!) | Contribution (%)
Rm 2.39 57.04

R, L1 26.50

Rr 0.63 15.03

R, 0.06 143

R, 419 100

Table 6. Different resistance values of the geopolymer-zeolite composite membrane at 1.2 bar applied pressure,
59.6 °C temperature, and 1.73 L/min feed flow rate in the MF experiment with textile wastewater.

cake filtration model had the highest predictive capability for flux drop in the microfiltration of oil-in-water
emulsions utilizing ceramic membranes, corroborated by similar findings from Vasanth et al.®%.

Figures 6 and 7 show SEM images and elemental analysis of the clean, fouled (cake-contained), surface cleaned
(cake-removed), and backwashed membrane surfaces. Figure 6a shows the clean surface of the membrane,
which is porous. The elemental analysis (Fig. 7a) reveals a uniform distribution of Si, Al, Na, O, and a minor
amount of C from silica fume impurity. The EDS line scan of the cleaned produced geopolymer membrane (Fig.
$8) indicated the C was less than 10wt.%.
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Resistance x 10'2 (m™)

Turbidity reduction (%) |R, (R, |R, |R, |R | Steady-state permeability (L/m*hbar) | Cycle No
1 2.39 | 1.11 | 0.63 | 0.06 | 4.19 | 112.5 96.2

2 24 |1.10 [0.65 |0.05 |42 |110.1 96

3 24 |1.12 |0.62 | 0.06 | 0.62 | 109.8 96

4 2.38 | 1.13 | 0.64 | 0.06 | 0.64 | 109.5 96

Table 7. Membrane resistance assessment during cyclic filtration-regeneration operation at 1.2 bar, 59.6°C,
and 1.73 L/min feed condition.
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Fig. 5. Examination of the Hermia models for the microfiltration of textile wastewater at a pressure of 1.2 bar,
a temperature of 59.6 °C, and a feed rate of 1.73L/min, (a) the Complete Blocking Model (CBM), (b) the
Intermediate Blocking Model (IBM), (c) the Standard Blocking Model (SBM), and (d) the Cake Formation
Model (CFM).

Figure 6b shows a fouled membrane after microfiltration of textile wastewater. This image reveals that a thick
layer of suspended particles has been applied to the membrane surface. It could be observed that the porosity of
the cake layer was significantly lower than that of the clean membrane. According to Fig. 7b, the layer contains
much more carbon material than the clean membrane because of the organic compounds of the dyes. Fig. S8
shows an increase in C content of the membrane surface with the cake layer due to organic particle deposition.

The membrane surface was examined by removing the cake with soft tissue fabric, and some pores were
found to be opened, confirming pore-blocking during filtration (Fig. 6¢). Carbon tracking on the membrane
surface (Fig. 7c) shows a smaller C content than Fig. 7b. In Fig. S8, the EDS line of the surface membrane after
removing the cake layer shows a lower C content than the surface membrane with the cake layer; however, it was
still more than 10 wt.%, which indicates some pores are still blocked.

Following the backwashing with distilled water, the membrane surface became clean, and nearly all blocked
pores were opened. No significant pore-blocking on the cleaned membrane confirms the effectiveness of
backwashing (Fig. 6d). Based on Fig. S8, the C content of the membrane surface after backwashing was the
lowest among all samples (less than 5 wt.%), nearly equal to the pristine membrane. Hence, the applied strategy
for the regeneration of the fouled membrane was able to regenerate the membrane completely.

Table 8 illustrates the features of geopolymer-zeolite composite membranes with ceramic and geopolymer
membranes for treating industrial textile wastewater. The performance of ceramic membranes with two layers is
greater; however, the fabrication of geopolymer membranes is simpler and needs no calcination. The majority of
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Fig. 6. SEM images of the membrane surfaces during each step of the process: (a) clean membrane surface, (b)
membrane surface with cake layer, (c) membrane surface after cake removal, and (d) membrane surface after
backwashing.

the geopolymer-zeolite composite membranes that have been published are for nanofiltration. However, in this
study, MF was prepared without hydrothermal methods and with changes in the preparation parameters. Zeolite
in the geopolymer matrix has the potential to alter the microstructure of the membrane, thereby enhancing its
performance.

Cost analysis

Table 9 displays the cost of raw materials used in the fabrication of the GPZ2-10S-1N-60 T membrane, which
is then compared to the kaolin ceramic membrane to facilitate a more accurate cost comparison. Kaolin-based
ceramic membranes are typically priced at $150 to $300 per m? ref>6. The primary reason for this high cost
is the extensive energy requirements for sintering, which usually happens at temperatures between 1000 and
1200 °C%. Additionally, the necessity of specialized equipment, including extruders, cast shaping systems, and
high-temperature calcination furnaces, contributes to the cost™'.

On the other hand, the geopolymer-zeolite composite membrane (GPZ2-10S-1N-60 T) that was developed
in this study is fabricated at temperatures that do not exceed 60 °C and requires no sintering, extrusion, or
molding equipment, or other costly high-temperature processing facilities®. The cost advantage of geopolymer-
based membranes is substantial as a consequence of this distinction. The total estimated production cost for
the geopolymer-zeolite membranes is approximately $50 to $70 per m?, accounting for both raw materials
and processing costs. The fabrication costs of geopolymer-zeolite composite membranes can be reduced by a
minimum of 60 to 80 percent when compared to conventional ceramic membranes.

The geopolymer synthesis process, which employs basic, low-energy apparatus such as mixers, molds, and
curing chambers, is highly adaptable to large-scale production in terms of scalability. This process involves alkali
activation followed by mild curing. The procedure is especially appropriate for use in wastewater treatment
equipment, as it does not necessitate modern facilities. Additionally, the membrane regeneration process, which
is entirely dependent on easy backwashing techniques, as illustrated in Table 7 and Section "Optimization of the
operating condition", offers effective long-term reuse and significantly reduces operational expenses in practical
applications.

Scientific Reports |

(2025)15:35463 | https://doi.org/10.1038/s41598-025-19349-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

No. C (0] Na Al Si

Fig. 7. Elemental mapping analysis of the membrane surfaces during each step of the process: (a) clean
membrane surface, (b) membrane surface with cake layer, (c) membrane surface after cake removal, and (d)
membrane surface after backwashing.
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Pore diameter WWP, (L/ | Rejection
No | Membrane type PWP (LMHB) | (nm) Porosity (%) | m*hbar) | (%) Ref
1 | Two-layer ceramic membrane (coal fly ash) 475 250 51 100 - 63
2 Ceramic membrane (Moroccan clays) 850 2840 40 83.83% o4
3 Ceramic membrane (natural phosphate and kaolinite 1045 350 413 98.99 65
4 Nanofiltration memb{ane (Defective Analcime/ 1.27 nm . 34-44 97% methylene blue | 5
Geopolymer Composite)

. . This

5 | Geopolymer-zeolite composite 168 400 34.12 165 96 work

Table 8. Comparison of the optimized geopolymer-zeolite composite membranes with other ceramic and
geopolymer membranes for treatment of industrial textile wastewater.

Material Price (USD/kg) | Quantity (kg/ m?) | Cost (USD/ m?)
Silica Fume 0.25 8.48 2.12
Metakaolin (calcined kaolin) | 0.40 73.33 29.33
Sodium hydroxide 0.50 20.24 10.12
Total - - 41.57

Table 9. Price analysis of GPZ2-10S-1N-60 T membrane (Sourced from Alibaba.com, July 2025).

Conclusion

The development of a cost-effective and sustainable geopolymer-zeolite composite membrane for textile
wastewater microfiltration is demonstrated in this research, which offers significant value-added contributions.
This membrane requires no hydrothermal treatment or high-temperature sintering. The fabricated membrane
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maintains outstanding turbidity reduction (>96%) and fouling resistance through simple backwashing, exhibits
high permeability (165 L/ m?h.bar), and is constructed using low-cost metakaolin and silica fume.

A full factorial screening design was examined on the geopolymer-zeolite composite membrane for the effect
of operating variables such as applied pressure, feed temperature, wastewater concentration, and feed flow rate
on the normalized permeability and turbidity reduction. The results showed that the feed concentration (in
the considered range) had little effect on the responses, so it was deleted from the list of effective parameters
for optimization. According to the CCD-RSM design, the optimal conditions for achieving normalized
permeability=0.57 and turbidity reduction =97.87% were 1.2 bar of feed pressure, 59.6 °C of feed temperature,
and 1.73 L/min of feed flow rate, with a desirability. The resistance-in-series model revealed that the primary
fouling mechanism was cake formation, and Hermia model fitting confirmed cake layer deposition as the
dominant flux decline mechanism. Backwashing proved highly effective, recovering more than 97% of the initial
flux over four cycles. The membrane’s potential as a viable pretreatment option for industrial wastewater reuse
has been demonstrated by its consistent performance, low cost, and sustainable fabrication process. This is
especially applicable in textile applications, where NF membranes necessitate low turbidity input.
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Data will be available upon request by the corresponding author.
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