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Abstract 

This study reports the development and optimization of a low-cost ultrafiltration (UF) 

membrane fabricated from purified pyrophyllite clay for the removal of organic dyes from 

wastewater. The raw clay, sourced from Morocco, underwent sequential sedimentation, 

carbonate removal, and organic matter elimination. The purification reduced average particle 

size from 11.70 to 1.14 µm and minimized loss on ignition from 4.25 to 0.07 wt%. The 

optimized membrane produced following clay purification, was sintered at temperatures 

between 1000 and 1100 °C. Among these conditions, SC1050 membrane (sedimentation and 

carbonate removal, sintered at 1050 °C) exhibited the best trade-off between permeability and 

selectivity. It achieved a water permeability of 86 L m−2 h−1 bar−1 and a direct red 80 dye 

rejection of 91.4%. The membrane also rejected 92.9% of methylene blue (cationic) and 81.4% 

of Congo red (anionic), indicating performance governed mainly by electrostatic interactions. 

Fouling tests showed a flux recovery ratio of 89.9% and a low irreversible fouling ratio of 
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10.1%. Cost analysis estimated the total membrane production cost at USD 14.3 m−2, 

substantially lower than commercial ceramic membranes (USD 500–1000 m−2). These findings 

indicate that purified pyrophyllite is a promising geomaterial for cost-effective and high-

performance UF membranes, offering a potentially scalable and sustainable solution for textile 

wastewater treatment. 

Keywords: Pyrophyllite; Geomaterials; Purification; Ceramic membrane; Ultrafiltration; 

Fouling; Dyes. 

1. Introduction 

The rapid growth of the global population has driven the expansion of the textile industry, 

leading to the generation of large volumes of textile wastewater. This wastewater poses a 

serious environmental threat as it often contains toxic, mutagenic, and carcinogenic compounds 

[1]. A major concern is the presence of high concentrations of synthetic dyes, which are 

typically non-biodegradable and disrupt aquatic ecosystems by inhibiting photosynthesis [2]. 

From both environmental and sustainability perspectives, it is essential to develop efficient dye 

separation and wastewater treatment processes that enable resource recovery while minimizing 

ecological damage [3,4]. Thus, appropriately dealing with this issue can improve water quality 

and contribute to a more sustainable textile production cycle. 

Membrane technology has recently gained increasing importance in the treatment of textile 

wastewater due to its high separation efficiency, operational simplicity, and scalability [5,6]. 

Among available options, ceramic membranes have drawn considerable attention for their low 

fouling tendency, robust mechanical resistance, superior thermal and chemical stability, and 

long service life. However, their widespread adoption is hindered by high production costs, 

primarily due to the use of expensive industrial oxides such as alumina, silica, zirconia, and 

titania [7–10]. Additionally, ceramic membrane fabrication typically requires high sintering 

temperatures (above 1600 °C), which substantially increases energy consumption [11]. 
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Therefore, identifying alternative, cost-effective raw materials is crucial for developing 

economically viable membranes to meet the growing demand for efficient water treatment 

solutions [12,13]. 

Ongoing research focuses on reducing the cost of both the porous support and the selective 

layer of ceramic membranes [9], with particular attention to the use of inexpensive raw 

materials, including geomaterials. Various studies have highlighted the potential of 

geomaterials, such as clays, kaolinite, perlite, peridotite, pyrophyllite, and others, for 

fabricating low-cost ceramic membranes [14]. For example, El Ouaddari et al. successfully 

employed a pozzolan support to develop an ultrafiltration (UF) membrane layer using purified 

clay [15]. The membrane achieved 99.0% rejection of direct red 80 (DR80) dye while 

maintaining high permeate flux. Similarly, Boulkrinat et al. fabricated a low-cost UF membrane 

supported by quartz sand and calcite, which demonstrated excellent protein rejection rates of 

up to 97.8% [16]. In another work, Ben Ali et al. utilized Tunisian kaolino-illitic clay to prepare 

a ceramic UF membrane [17]. The resulting membrane demonstrates high permeability for both 

gas and water, further highlighting the potential of geomaterials in the fabrication of low-cost 

ceramic membrane. 

Among these materials, pyrophyllite has gained attention due to its natural abundance, layered 

silicate structure, thermal stability, and relatively low sintering temperature, making it a 

promising candidate for ceramic membranes. Membranes fabricated with pyrophyllite clay 

show some advantages compared to polymeric membranes, since the former can withstand 

harsher conditions by offering better chemical resistance and reduced fouling, while ensuring 

low-cost production. Furthermore, they are suitable for membrane anaerobic bioreactor 

systems, providing an efficient and eco-friendly alternative for the treatment of wastewater 

[18,19]. However, like many natural clays, raw pyrophyllite contains impurities such as quartz, 

amorphous silicates, carbonates, and organic matter that can adversely affect membrane 
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performance if not properly removed. These impurities may degrade the membrane mechanical 

strength and pore structure, thus impairing the separation performance of the membrane [16]. 

Although carbonates and organic matter in raw clay can enhance porosity and permeability, 

their excess can lead to oversized pores and cracking, especially in thin layers that are sensitive 

to thermal processing [15]. In contrast, amorphous silicates may vitrify at low sintering 

temperatures, closing pores and reducing membrane permeability [20]. Thus, impurities in 

natural clays can hinder membrane performance, making the adequate purification of clay a 

critical step in the fabrication of high-performance membranes [15]. 

This work proposes an UF ceramic membrane made with purified pyrophyllite for the treatment 

of dye-contaminated water. The raw pyrophyllite underwent a series of physicochemical 

purification steps, including sedimentation, carbonate removal, and elimination of organic 

matter, to optimize the process and improve its suitability for membrane production. The 

properties of the purified pyrophyllite are thus presented to evaluate its potential as a membrane 

precursor. Membranes were fabricated using pyrophyllite at various stages of purification to 

investigate how each treatment step influences membrane performance. Sintering was 

performed at temperatures between 1000 and 1100 °C to refine the structural and functional 

attributes of the membrane. The resulting membrane properties are discussed in terms of 

permeability, dye rejection, and fouling resistance. Furthermore, a preliminary cost analysis is 

presented out to evaluate the economic feasibility of the optimized membrane. 

2. Materials and methods 

2.1. Materials 

Natural pyrophyllite was extracted from the Gunfouda Region of Morocco. Polyvinyl alcohol 

granular powder (PVA, Bulk density: 610-650 Kg m-3) was provided by Alquera. Methylene 

blue (MB, ≥ 95 wt%)) was purchased from Loba Chemie. Direct red 80 (DR80, ≥ 25 wt%) was 

sourced from Alfa Aesar. Congo red (CR, ≥ 35 wt%) and hydrochloric acid (HCl, 37 wt%) 
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were purchased from Sigma-Aldrich. Additional characteristics of the dyes are listed in Table 

1. Hydrogen peroxide (H2O2, 35%) was provided by Riedel-de Haën. Distilled water was used 

for solution preparation and filtration experiments. The flat ceramic support was prepared using 

raw pyrophyllite through a dry pressing method and sintered at 1150 °C. Its detailed 

characteristics are given in Table 2 [5]. 

Jo
ur

na
l P

re
-p

ro
of



 

6 

 

Table 1. Main characteristics of DR80, CR and MB dyes. 

Dye 

Molecular 

formula 

Molecul

ar 

weight 

(g mol−1) 

Char

ge 

pK 

Waveleng

th λmax 

(nm) 

Chemical structure 

DR8

0 

C45H26N10Na6O2

1S6 

1373.09 

anioni

c 

- 528 

 

CR 

C32H22N6Na2O6

S2 

696.63 

anioni

c 

3.5

- 

5.5 

497 

 

MB C16H18ClN3S 319.85 

cation

ic 

2.6

- 

11.

2 

663 
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Table 2. Main characteristics of the flat pyrophyllite support. 

Parameter Value 

Porosity (%) 21.7 

Average pore size (µm) 0.80 

Flexural strength (MPa) 17.7 

Permeability (L m−2 h−1 bar−1) 154 

Diameter (mm) 40 

Thickness (mm) 2 

2.2. Purification of the pyrophyllite 

The pyrophyllite clay was purified by adopting a series of physicochemical treatments, which 

included sedimentation, removal of carbonates, and removal of organic matter. The purification 

procedure is schematically depicted in Fig. 1. 

 

Fig. 1. Scheme of the purification process of pyrophyllite clay. 

2.2.1. Sedimentation 

The raw pyrophyllite was ground and sieved through a 63 µm mesh to obtain a uniform powder. 

The powder was then mixed with water and continuously stirred for 2 h. To recover the 

pyrophyllite phase, the suspension was placed into a glass tube, allowing heavy particles to 

settle for 1 h. The remaining suspension was then centrifuged at 3000 rpm for 20 min, and the 

obtained solid phase was collected and dried at 100 °C. 

2.2.2. Removal of carbonates 

Jo
ur

na
l P

re
-p

ro
of



 

8 

 

To remove carbonates, a sub-sample of the pyrophyllite clay was dispersed in water, followed 

by the gradual addition of a 0.1 M HCl solution, while maintaining the pH at 4.5 to preserve 

the integrity of the clay minerals. The slurry was stirred slowly for 2 h to ensure complete 

decomposition of carbonates. Afterward, the sample was rinsed with water and centrifuged until 

the supernatant was clear and free of chloride [15]. 

2.2.3. Removal of organic matter 

Organic matter was removed by oxidation on one of the samples following the removal of 

carbonates. In detail, 35% H₂O₂ was added to the sample to oxidize and decompose the organic 

matter into CO₂ and water-soluble byproducts, without affecting the pyrophyllite clay. The 

slurry was stirred and heated in the presence of H₂O₂ at 75 °C for 4 h. Afterwards, the solid 

phase was separated by centrifugation, rinsed with water, and dried at 100 °C for 24 h. 

2.3. Preparation of purified pyrophyllite membrane 

Various membranes were prepared deploying different pyrophyllite clays, each pre-treated 

through a specific purification sequence and then deposited on a flat pyrophyllite support 

(Table 3). Firstly, a suspension containing 3 wt% of purified pyrophyllite, 0.6 wt% of PVA, 

and water was prepared and mixed under continuous stirring. The flat pyrophyllite support was 

then coated with the suspension by applying vacuum filtration process. Subsequently, the 

membrane was dried overnight at room temperature. Thereafter, the membrane was heated to 

plateau temperature of 300 °C for 2 h to eliminate the entrapped PVA. Finally, it was sintered 

for 2 h at different sintering temperatures ranging from 1000 to 1100 °C. 

Table 3. Experimental conditions of the purified pyrophyllite membranes. 

Membranes Purification steps 

Sintering temperature 

(°C) 

S1050 Sedimentation (S) 1050 

SC1050 Sedimentation- Removal of carbonates (SC) 1050 

Jo
ur

na
l P

re
-p

ro
of



 

9 

 

SCO1050 

Sedimentation- Removal of carbonates - Removal of organic 

matter (SCO) 

1050 

SC1000 Sedimentation- Removal of carbonates (SC) 1000 

SC1100 Sedimentation- Removal of carbonates (SC) 1100 

2.4. Filtration experiment 

Cross-flow filtration tests were carried out using a stainless steel UF setup detailed elsewhere 

[15]. The membrane was inserted into the membrane housing with an effective surface area of 

5.30 cm2, and a pump was used to circulate the feed solution in the filtration system. The water 

permeability, Lp (L m−2 h−1 bar−1), of the membrane sample was determined by measuring the 

permeate flux, Jw (L m−2 h−1), as a function of transmembrane pressure, ΔP (bar), which was 

adjusted from 0 to 3 bar using an expansion valve. Eqs. (1–2) were used to calculate flux and 

permeability, respectively. 

𝐽𝑊 =  
𝑉

𝐴×𝑡
     (1) 

𝐿𝑃 =  
𝐽𝑊

∆𝑃
     (2) 

where A (m2) is the effective membrane area, t (h) is the filtration time, and V (L) is the volume 

of permeate collected at each respective time. Filtration of DR80 (50 ppm, pH = 5.47), MB (50 

ppm, pH = 4.56), and CR (50 ppm, pH = 7.11) using the optimized membrane was performed 

at a transmembrane pressure of 3 bar for 2 h. The rejection (%) of the dye was calculated 

according to Eq. (3). 

𝑅 =  
𝐶𝑓−𝐶𝑃

𝐶𝑓
× 100     (3) 

Where Cp and Cf represent the dye concentration in the permeate and feed solutions, 

respectively. 

2.5. Fouling tests 

The fouling behavior of the optimized membrane was assessed as described by Essate et al. [4]. 

Briefly, water was filtered through a virgin membrane to measure the initial water flux, Jw0, and 
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then a DR80 solution (50 ppm) was filtered to measure the flux in the presence of the dye, Jdye. 

Following this step, the membrane was removed from its housing, cleaned for 30 min in an 

ultrasonic bath, and then again employed for water filtration to determine the water flux upon 

cleaning, Jw1. Four fouling parameters, namely, the flux recovery ratio (FRR), total flux decline 

ratio (TFR), reversible flux decline ratio (RFR), and irreversible flux decline ratio (IFR), were 

calculated using Eqs. (4–7): 

𝐹𝑅𝑅 =  
𝐽𝑊1

𝐽𝑊0
× 100     (4) 

𝑇𝐹𝑅 = (1 −
𝐽𝑑𝑦𝑒

𝐽𝑊0
 ) × 100     (5) 

𝑅𝐹𝑅 = (
𝐽𝑊1−𝐽𝑑𝑦𝑒

𝐽𝑊0
) × 100     (6) 

𝐼𝐹𝑅 = (
𝐽𝑊0−𝐽𝑊1

𝐽𝑊0
) × 100     (7) 

2.6. Characterizations of the materials 

The pyrophyllite clay chemical composition was analyzed using X-ray fluorescence (XRF) 

(Axios-Panalytical). Free carbonates were obtained based on Bernard calcimeter method. Free 

carbonates were determined using the Bernard calcimeter method. In this method, the 

carbonates in the sample react with HCl, and the CO₂ evolved from carbonate decomposition 

was measured, allowing for the quantification of the carbonate content in the sample. 

Crystalline phases were identified using a Panalytical X'Pert PRO X-ray diffractometer with 

CuKα radiation (1.5418 Å). Fourier transform infrared spectroscopy (FTIR) was performed 

from 4000 to 400 cm−1 using a Bruker spectrometer (Vertex 70) to analyze the molecular 

structure of the materials. A 20 kV Quattro S FEI scanning electron microscope (SEM) was 

used to visualize the morphology of the membrane. ImageJ software (v.1.53a) was used to 

calculate the average particle size of the membrane based on SEM images and analyzing >100 

particles [21]. The zeta potential analyzer, Litesizer 500, was used to determine the charge of 

the purified pyrophyllite membrane as a function of pH using water. The average pore size (d) 
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of the membrane active layer was estimated according to the extended Hagen–Poiseuille (Eq. 

(8)) [22]. 

d = 2 √8Jw ×  ×



×

ΔX

ΔP
     (8) 

where Jw is the water flux (m s-1),  is water viscosity (8.9×10−4 Pa s), τ is the tortuosity factor, 

ΔX is the thickness of the membrane layer (m), ΔP is the transmembrane pressure (Pa), while 

 presents the membrane porosity (%). The concentration of dyes was determined using a 

JASCO V-730 spectrophotometer and the wavelength of peak light absorption is indicated in 

Table 1. 

3. Results and discussion 

3.1. Characteristics of the pyrophyllite clay 

3.1.1. Chemical composition 

Table 4 reports the chemical composition of the raw pyrophyllite and purified pyrophyllite. 

The raw pyrophyllite predominantly consisted of 63.13 wt% SiO2 and 26.94 wt% Al2O3, 

alongside small amount of K2O (3.40 wt%). The SiO2/Al2O3 mass ratio, approximately 2.4, 

indicates a substantial presence of quartz and/or amorphous silica [5]. Moreover, the main 

oxides, SiO2 and Al2O3, were structurally associated with quartz and muscovite, which 

commonly exist in natural pyrophyllite [5]. The loss on ignition (LOI) at 1000 °C can be 

attributed to the decomposition of carbonates and organic matter, and to a lesser extent to the 

dihydroxylation of clayey minerals. These phenomena were confirmed with the Bernard 

calcimeter method, revealing a value of 4.16 wt% of carbonate content in the raw pyrophyllite 

[15]. On the other hand, the purified pyrophyllite exhibited significant changes in its oxide 

composition, with a reduction in SiO2 and an increase in Al2O3 contents. This was confirmed 

by the decrease of SiO2/Al2O3 ratio to approximatively 2, indicating the reduction of SiO2 in 

the purified simples. The LOI of purified pyrophyllite insignificant, which suggests that the 

high LOI of raw pyrophyllite may be primarily attributed to decomposition of carbonates. 
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Table 4. Chemical composition of raw and purified pyrophyllite obtained at different 

purification steps. 

Oxides 

SiO

2 

Al2

O3 

K2

O 

Ti

O2 

P2

O5 

SO

3 

Sr

O 

Fe2

O3 

Na2

O 

Ca

O 

Ba

O 

Mg

O 

LO

I* 

Raw 

pyrophyl

lite 

(wt%) 

63.

13 

26.9

4 

3.4

0 

0.3

9 

0.4

0 

0.0

7 

0.2

8 

0.31 0.11 

0.1

8 

0.1

7 

0.2

7 

4.25 

S (wt%) 

62.

02 

31.5

8 

3.1

5 

0.0

3 

0.7

7 

0.0

6 

1.0

1 

0.33 0.23 

0.1

0 

0.4

6 

0.1

4 

0.11 

SC 

(wt%) 

62.

81 

30.5

2 

3.8

9 

0.0

6 

0.9

2 

0.0

3 

0.9

7 

0.23 0.15 

0.0

7 

0.1

2 

0.1

6 

0.07 

SCO 

(wt%) 

63.

01 

30.1

7 

3.8

3 

0.0

9 

0.4

6 

0.0

4 

0.6

6 

0.27 0.14 

0.0

9 

0.0

8 

0.1

1 

0.03 

*Loss of ignition at 1000 °C. 
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3.1.2. Crystalline structure of the pyrophyllite clay 

XRD patterns of both raw and purified pyrophyllite at different purification degrees are shown 

in Fig. 2. The raw material predominantly contained pyrophyllite (Al2Si4O10(OH)2), with small 

quantities of quartz (SiO2) and muscovite [K(Al2)(AlSi3O10)(OH)2] [23,24]. It is worth 

mentioning that no crystalline carbonate phase was detected, suggesting that the carbonates 

might exist in trace-level and/or in an amorphous form. After sedimentation and carbonate 

removal, the characteristic peaks of pyrophyllite increased, while those of quartz and muscovite 

slightly reduce, indicating that the purification removed some of the associated minerals, 

resulting in prominent pyrophyllite peaks. Finally, the organic matter removal step further 

intensified the pyrophyllite peaks, suggesting enhanced purity. Overall, the purification process 

effectively enriched pyrophyllite and eliminated impurities [25]. 

 

Fig. 2. XRD patterns of raw and purified pyrophyllite at different purification steps. 

3.1.3. Molecular structure of the clay 

FTIR spectra of raw and purified pyrophyllite at different purification steps are presented in 

Fig. 3. For the raw pyrophyllite, the bands observed at 942 and 3673 cm−1 can be attributed to 

OH vibrations and Al2OH elongation [26]. The bands between 1119 and 986 cm−1 are attributed 

to the Si-O vibrations, characteristic of aluminosilicate, while the band found at 833 is attributed 

to Si-O bond vibrations in quartz phase [27]. Additionally, the bands at 514 and 441 cm−1 

correspond to the deformation vibrations of Si-O and Si-O-Al bonds, which are characteristic 
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of clay minerals [28]. After purification, the band particularly at 3673 cm−1 (OH vibrations) 

became slightly intense. This observation indicates that the purification process removed 

impurities without affecting the core aluminosilicate structure. 

 

Fig. 3.  Normalized FTIR spectra of raw and purified pyrophyllite following different 

purification steps. 

3.1.4. Morphology of the clay 

SEM micrographs of raw and purified pyrophyllite samples are shown in Fig. 4. The raw 

pyrophyllite particles exhibited irregular shapes and non-uniform sizes, with an average size of 

approximately 11.70 µm (Fig. 4a). After the sedimentation step (Fig. 4b), most of the large 

impurities were removed, reducing the particle size to roughly 1.79 µm, thus resulting in 

particles with more uniform shape and smaller size compared to the raw pyrophyllite. After 

decarbonation and organic matter removal, the particles appeared more resolved and 

morphologically differentiated, with their size reducing to approximately 1.35 µm after 

decarbonation and slightly further decreasing to 1.14 μm upon organic matter removal (Fig. 4c 

and Fig. 4d). This observation implies that the purification processes effectively removed 

larger impurities [29], leading to a considerable reduction in particle size and improvement in 

particle uniformity. 
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Fig. 4. SEM micrographs of (a) raw pyrophyllite, and purified pyrophyllite after (b) 

sedimentation, (c) removal of carbonates and (d) removal of organic matter. 

3.2. Effect of purification steps on morphology and performance of the UF membrane 

3.2.1. Membrane morphology 

Fig. 5 presents the top-surface and cross-sectional views of the fabricated purified pyrophyllite 

membrane produced with pyrophyllite subject to different purification steps. The top-surface 

images reveal that membranes were uniformly covered with purified pyrophyllite, with the 

absence of cracks or any other obvious defects. The morphology appears relatively uniform, 

with well distributed pore size. Fig. 5a shows S1050 membrane, which exhibited larger 

particles on the surface, mainly caused imperfect purification. In contrast, Fig. 5b and Fig. 5c 

present SC1050 and SCO1050 membranes, whereby the particles were more uniformly 

distributed, contributing to a smoother surface texture and more consistent pore size [5]. The 

cross-sectional view in Fig. 5d corresponding to SC1050, indicates adequate adhesion between 
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the active layer and the support. This apparently seamless structure may be attributed to the 

embedding of the membrane active layer within the support surface pores and surface features, 

also owing to a suitable surface roughness and to the use of the same material for both active 

and support layers [30]. The membrane active layer had an approximate thickness of 11.80 µm, 

smaller than those typically found in the literature. In summary, suitable purification was 

important to the preparation of membranes with uniform surface structure, such as SC1050 and 

SCO1050, since it guarantees consistent particle distribution and reduces defects. 

 

Fig. 5. SEM micrographs of top surface: S1050 (a), SC1050 (b), SCO1050 (c), and cross-

section of SC1050 (d). 

3.2.2. Membrane pore size 

The pore size of the UF membrane is a crucial factor that affects its separation efficiency. UF-

range pores offer an effective solution for the removal of macromolecules and some dyes from 

wastewater [31]. Indeed, the purification of pyrophyllite could impact the pore size of the 
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resulting membrane [15,29]. Fig. 6a shows the estimated, average pore diameter of the purified 

pyrophyllite membrane obtained with different purification steps. S1050, SC1050 and 

SCO1050 membranes exhibited pore sizes of approximately 69, 44 and 40 nm, respectively. 

These values imply that all membranes fell within the UF range [32,33]. S1050 membrane 

displayed the largest pore size (69 nm), which may be attributed to the predominance of larger 

particles and the insufficient presence of finer particles to enhance compaction of the membrane 

layer during sintering [34]. SC1050 membrane exhibited a reduced pore size; while carbonates 

removal may generate additional voids in the particle structure, it also aid particle packing, 

resulting in a more optimal pore size [35]. Finally, SCO1050 membrane showed the smallest 

pore size (40 nm), consistent with SEM observations that revealed a smoothly packed structure. 

3.2.3. Surface zeta potential 

Fig. 6b illustrates the trend in zeta potential as a function of pH for S1050, SC1050 and 

SCO1050 membranes. All membranes maintained a relatively stable, negative, surface charge 

across the pH range of 2–7, indicating the likely protonation and deprotonation of aluminum 

hydroxyl groups (-Al-OH), forming -Al-O− in basic medium and Al-OH2
+ in acidic [36]. The 

more purified pyrophyllite produce active layers that were characterized by slightly more 

negative values of the zeta potential, especially those produced with pyrophyllite following 

oxidation of organic matter. This observation may be attributed to a smaller amount of material 

interfering with the charges provided by the aluminum hydroxyl groups. Only with S1050 

membrane, a marked drop of the zeta potential to −33.1 mV was observed at pH = 10, a 

phenomenon not observed with the other two membranes obtained with clay subjected to 

decarbonation. Therefore, it is possible that carbonate ions are responsible for the more negative 

value of zeta potential above neutral pH [37]. 

3.2.4. Water flux of the membranes 
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The water flux of the purified pyrophyllite membranes is presented in Fig. 6c. The flux curves 

exhibited a linear behavior, indicating that Darcy’s law was verified [30]. S1050 membrane 

exhibited the highest permeability (113 L m−2 h−1 bar−1), likely due to its larger pore size 

(Section 3.2.2), which facilitated water permeation. SC1050 membrane showed a moderate 

permeability of 86 L m−2 h−1 bar−1, while SCO1050 exhibited a permeability of 73 L m−2 h−1 

bar−1, likely due to the more compact structure following carbonate and organic matter removal, 

which also resulted in smaller surface pores [38]. Notably, all obtained permeability values fell 

within the UF range [39]. It should be mentioned that the fabricated membranes exhibited a 

good flexural strength thanks to the pyrophyllite support (Table 2) that could support hydraulic 

pressures applied UF applications. 

3.2.5. Dye filtration experiment 

The impact of purification steps on membrane filtration performance using DR80 solution is 

illustrated in Fig. 6d. The flux demonstrated a progressive decline after each purification step. 

Specifically, S1050 membrane displayed a flux of approximately 130.1 L m−2 h−1 , which 

decreased to 101.9 L m−2 h−1 for SC1050 membrane, and 96.8 L m−2 h−1 for SCO1050, 

consistent with permeability values and with the structural and pore size characteristics [15]. 

The removal of impurities reduced voids, leading to a more compact and homogeneous 

membrane. Accordingly, the dye rejection of S1050 membrane was the lowest (71.0%), 

improving with purification intensity, reaching 91.4% for SC1050 membrane and further 

increasing to 92.1% for SCO1050 membrane. This enhancement may also be linked to reduced 

pore size. Dye rejection is likely influenced by the electrostatic repulsion, since the membrane 

surface exhibited a negative charge, causing repulsion of the negatively charged DR80 dye [30]. 

The similar rejection rates of SC1050 and SCO1050 suggest that decarbonation played a key 

role in optimizing membrane selectivity, while organic matter removal had a minor influence 

[40]. Based on the results obtained, SC1050 membrane was selected to study the effect of 
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sintering temperature, owing to its improved behavior compared to S1050 membrane. 

However, since SC1050 membrane exhibited similar characteristics to SCO1050 membrane, 

its selection goes in the direction of minimizing the preparation steps and the cost of the 

membrane fabrication. 

 

Fig. 6. The effect of different purification steps of pyrophyllite on (a) Membrane pore size, 

(b) Zeta potential of the membranes as a function of pH, (c) Water flux of the membranes as a 

function of transmembrane pressure, (d) Permeate flux and rejection of DR80. 

3.3. Effect of sintering temperature on morphology and performance of the UF membrane 

Jo
ur

na
l P

re
-p

ro
of



 

20 

 

3.3.1. Membrane morphology  

SEM micrographs of purified pyrophyllite membranes sintered at different temperatures, from 

1000 to 1100 °C, are shown in Fig. 7. SC1000 membrane exhibited relatively large pores and 

loosely bonded particles, indicating insufficient sintering (Fig. 7a), which may compromise the 

filtration performance [5]. As the temperature increased to 1050 °C (Fig. 7b), the particles 

appeared to merge, enhancing grain connectivity and leading to smaller, more uniform pores 

[10]. At 1100 °C (Fig. 7c), SC1100 membrane underwent apparent densification, likely due to 

stronger interparticle cohesion but an increase in pore size [12]. Excessive melting at high 

temperature may induce pore enlargement, which could negatively impact filtration 

performance by decreasing the selectivity [14]. 

 

Fig. 7. SEM images of SC1000 (a), SC1050 (b) and SC1100 (c). 

3.3.2. Membrane pore size 
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The influence of sintering temperature on pore size was investigated to better understand its 

effect on the structural properties of purified pyrophyllite-based membrane. The results indicate 

that sintering temperature played a role in determining pore size. Data summarized in Fig. 8a 

shows that the pore size of SC1000 was 66 nm, which decreased to 44 nm for SC1050. This 

reduction may be attributed to the sintering process itself, which promotes particle bonding and 

densification, resulting in a more compact ceramic structure [10]. However, when the sintering 

temperature was further increased to 1100 °C (SC1100), the pore size increased again to 49 nm, 

likely due to pore restructuring caused by coalescence phenomena [41]. 

3.3.3. Surface zeta potential 

Fig. 8b presents the zeta potential behavior of the purified pyrophyllite membranes. No 

substantial difference in general behavior was observed for the three membranes obtained at 

different sintering temperatures, all characterized by slightly negative zeta potential that 

declines smoothly in alkaline solutions [36]. Note that the sintering process can reduce the 

density of functional groups, such as –OH [42]. Slight differences in the observed potential at 

pH = 10 for the three membranes may thus be attributed to the different nature and extent of 

the sintering process, whereby greater resulting porosity and lower densification level 

somewhat correlates with a potential of larger negative magnitude. 

3.3.4. Water flux of the membranes 

The measured water flux of purified pyrophyllite membranes is summarized in Fig. 8c. The 

permeate flux as a function of transmembrane pressure was again found to be linear. The water 

permeability decreased from 110 to 86 L m−2 h−1 bar−1, when the sintering temperature 

increased from 1000 to 1050 °C. This drop is mainly attributed to the reduction in pore size at 

higher temperatures [42]. The decline in permeability can also be explained with the overall 

densification of the membrane matrix and/or partial vitrification of clay materials that 

contributed to pore closure [10]. The permeability slightly increased to 90 L m−2 h−1 bar−1 for 
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SC1100 membrane, consistent with the morphological and pore size discussions reported in 

Section 3.3.2 [41]. 

3.3.5. Dye filtration experiment 

The effect of sintering temperature on the dye filtration performance of purified pyrophyllite 

membrane is illustrated in Fig. 8d. The flux in the presence of dye decreased from 123.8 to 

101.9 L m−2 h−1, when the sintering temperature increases from 1000 to 1050 °C. This decline 

could be attributed to reduced pores [43]. However, the flux stabilized between 1050 and 1100 

°C, likely because the pore sizes of SC1050 and SC1100 membranes were relatively similar 

[44]. On the other hand, SC1050 membrane showed the highest dye rejection of 91.4%, likely 

due to its improved integrity and pore homogeneity, indicating that sintering at 1050 °C 

optimally balances permeability and selectivity [4]. These findings align well with those 

discussed in Section 3.3.2. 
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Fig. 8. Effect of sintering temperature on (a) membrane pore size, (b) Zeta potential of 

purified pyrophyllite membrane, (c) permeability of purified pyrophyllite membrane and (d) 

permeate flux and rejection of DR80. 

3.4. Separation performance of the optimized purified pyrophyllite membrane 

The performance of SC1050 membrane in terms of flux and selectivity was evaluated by also 

filtering CR and MB dye solutions at a concentration of 50 ppm under a pressure of 3 bar for 2 

h. The results are compared with those obtained with DR80 dye to assess the effect of molecular 

weight and dye charge on membrane performance. Fig. 9a presents the observed flux measured 
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with the three solutions. The fluxes of DR80 and CR remained stable throughout filtration. The 

observed difference in flux between these dyes might be partly attributed to differences in 

molecular size, as the molecular weight of DR80 is twice as high as that of CR and substantially 

higher than that of MB. Consequently, DR80 molecules may accumulate more easily at the 

membrane-solution interface and within the surface pores, thus hindering mass transport. 

Concentration polarization is common in pressure-driven membrane processes and can slightly 

disrupt flux without causing irreversible fouling [45] [4]. Fig. 9b presents the dye rejection 

performance of SC1050 membrane, showing a distinct difference between DR80 (pH = 5.47) 

and CR (pH = 7.11), with rejection rates of 91.4 and 81.4%, respectively. This disparity can be 

attributed to the dye chemical structure and molecular weight. Notably, the membrane exhibited 

a negative surface charge in the studied pH range from 2 to 10 [46]. During DR80 and CR 

filtration, the negative membrane charge likely repelled the anionic dyes, enhancing the 

rejection and suggesting that the rejection of DR80 and CR is at least partly driven by the 

electrostatic mechanisms [47]. The high rejection of DR80 may result from both its higher 

charge density and its larger molecular size. As for MB (pH = 4.56), a cationic dye, the 

membrane achieved an apparent rejection of 92.9%. In this case, the positively charged dye was 

rejected by the negatively charged membrane surface, possibly due to adsorption mechanisms 

in earlier filtration times [30]. Table 5 highlights the filtration parameters of some membranes 

reported in the literature, as well as their separation efficacy in the removal of dyes, providing 

a comparison with the purified pyrophyllite SC1050 membrane. Based on the comparison, 

SC1050 membrane presents balanced pore size compared to carboxylated poly (aryl ether 

nitrile) membrane (7.7 nm) [48], and the coated pyrophyllite (100 nm) characterized by larger 

pores [49]. This balance represents a compromise to reach high dye rejection with suitable 

permeability values. 
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Table 5. Comparison of water permeability and dye rejection of UF membranes, based on 

literature reports. 

Membrane 

Permeability 

(L m−2 h−1 

bar−1) 

Pore 

size 

(nm) 

Dye 

Dye 

concentration 

(ppm) 

Rejection 

(%) 

Reference 

Purified clay 16.40 90 DR80 50 97 [17] 

Polysulfone/ 

polystyrene 

24 - 

DR80 

Methyl orange 

50 

91 

76 

[47] 

Coated 

pyrophyllite 

membrane 

590 100 

MB 

Methyl orange 

- 

92.2 

93.2 

[49] 

Carboxylated 

poly (aryl 

ether nitrile) 

2.9 7.7 

CR 

Evans blue n 

Coomassie 

brilliant blue 

100 

99.6 

99.9 

99.4 

[48] 

Zirconia 36 80 

Acid orange 

74 

50 90 [50] 

SC1050 85.9 44.3 

DR80 

CR 

MB 

50 

91.4 

81.4 

92.9 

This 

work 

3.5. Fouling behavior 

Membranes gradually lose performance, with a decline in flux due to fouling that occurs within 

the membrane surface or within its pores [47]. To better understand this phenomenon, the 

fouling behavior of the SC1050 membrane was preliminarily evaluated by assessing fouling 

parameters during the filtration of a DR80 solution. Fig. 9 presents the flux of DR80 solution, 

as well as water flux before and after dye filtration (Fig. 9c). The resulting fouling parameters, 
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including FRR, TFR, RFR and IFR, are shown in Fig. 9d. After dye filtration, the water flux 

did not fully recover to the initial value. This difference likely resulted from the blockage of 

membrane pores by some of the retained dye molecules [30]. FRR was 89.9%, suggesting that 

SC1050 membrane exhibited adequate fouling behavior in terms of recovery of productivity 

upon cleaning [4]. The TFR was found to be approximately 56.3%, likely due to pore blockage 

and the dye molecules accumulation on the surface of the membrane. This latter mechanism of 

fouling, caused by polarization layer formation, can be quantified by the RFR parameter of 

approximately 46.2%. In contrast, the irreversible fouling associated with pore blockage is 

represented by the IFR parameter, which was only about 10.1% [15]. It is worth noting that the 

membrane could be subjected to chemical cleaning to reduce IFR, as ceramic membranes as 

well as pyrophyllite material exhibit good chemical stability [18,19]. 
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Fig. 9. (a) Permeate flux and (b) rejection of DR80, CR and MB dyes as a function of 

filtration time using SC1050 membrane. (c) Permeate flux observed with DR80 dye solution, 

as well as with water for a pristine membrane and a membrane after dye removal and physical 

cleaning, (d) Resulting fouling parameters of the membrane. 

3.6. Cost estimation 

A preliminary cost estimation of the optimized membrane (SC1050) was performed based only 

on the unit prices of raw materials and energy consumed during fabrication. Details of raw 
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material and energy costs are provided in Table 6, and are calculated, respectively, using Eqs. 

(9-10) [51]. 

Cmaterial =
weight productraw×(Used percentage×Unit Priceraw)   

Unit area
     (9) 

Cenergy =
Operating time×Power×Unit charge

Unit area
     (10) 

The total membrane cost includes the expenses for the ceramic pyrophyllite support and the 

purified pyrophyllite layer. The support fabrication was evaluated at USD 6.14 m−2, which is 

considerably lower than the typical cost of commercial ceramic membranes, estimated to be in 

the range of USD 500–1000 m−2 [9]. The cost of the membrane active layer was estimated to 

be USD 8.13 m−2, bringing the membrane cost to roughly USD 14.3 m−2. 

Table 6. Cost estimation of the optimized UF membrane. 

  Item Unit price Cost estimation (USD m−2) 

Pyrophyllite 

support 

Materials Pyrophyllite 0.08 USD kg−1 0.906 

Energy 

Grinder  

(1250 W) 

0.118 USD kWh−1 0.0278 

Sifter 

(125 W) 

0.118 USD kWh−1 0.0044 

Furnace 

(3000 W) 

0.118 USD kWh−1 5.20 

Total cost USD 6.14 m−2 

Membrane 

active layer 

Materials 

Pyrophyllite 0.08 USD kg−1 0.0136 

PVA 21.90 USD kg−1 3.72 

HCl 32 USD kg−1 0.110 

Energy 

Furnace 

(3000 W) 

0.118 USD kWh−1 4.28 

Stirring 

(550 W) 

0.118 USD kWh−1 0.0137 

Total cost USD 8.13m−2 
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Total cost of 

membrane 

USD 14.3 m−2 

 

4. Conclusion 

This study indicates the effectiveness of ceramic membrane based on purified pyrophyllite as 

an efficient and potentially cost-effective solution for wastewater treatment. Suitable 

pyrophyllite purification improved membrane performance by enhancing surface uniformity 

and removing impurities, enhancing membrane selectivity in terms of dye rejection. The 

microstructure of the membrane was also affected by the sintering temperature, which had a 

major impact on performance. Increasing the temperature from 1000 to 1050 °C improved dye 

rejection while slightly reducing flux, due to active layer densification. Balance between 

permeability and selectivity was achieved at 1050 °C. The most promising SC1050 membrane 

exhibited excellent water permeability (86 L m−2 h−1 bar−1), fouling behavior, and a rejection 

rate exceeding 92% for different dyes with molecular weight between roughly 300 and 1400 g 

mol−1, underscoring its suitability for industrial applications. The economic viability of this 

membrane, with an estimated fabrication cost of USD 14.3 m−2, suggests that this ceramic 

membrane may be a promising alternative for applications requiring scalable, environmentally-

friendly solutions. To strengthen the practical relevance of this work, future studies shall focus 

on evaluating the mechanical and chemical stability of the membrane, as well as its durability. 

A promising avenue for future development is also the integration of pyrophyllite-based 

membranes with advanced fabrication techniques, such as additive manufacturing (e.g., 3D 

printing). These methods could enable more precise control over membrane geometry, pore 

architecture, and layer thickness. Further research is warranted to explore the practical aspects 

of scaling up membrane fabrication and to systematically evaluate the benefits and challenges, 

both economic and technological, associated with the proposed membrane. 
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Highlights 

• A low-cost purified pyrophyllite ultrafiltration membrane was fabricated. 

•  The influence of purification level on membrane features was investigated. 

• Membrane permeability reached 86 L m⁻² h⁻¹ bar⁻¹ with 91.4% DR80 dye rejection. 

• The cost of pyrophyllite-based membrane was estimated at USD 14.3 m-2. 
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