Hybrid membranes based on clay-polymer for removing methylene blue from water
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Abstract: 
Water pollution is a serious environmental problem. Methylene blue is among the dyes that may exist in waste water. Adsorption is an effective process to remove dyes from contaminated water. Hybrid membranes based on clay-polymer; namely kaolin and polystyrene were prepared to absorb the present methylene blue in aqueous solution. These membranes were fired at 1000 oC to degrade polystyrene leaving cavities in the clay matrix with an expanded surface area and porous structure. The membranes were characterized via X-ray diffraction and Infrared spectroscopy. The morphological structure was investigated by using scanning electron microscopy. In this work, we are focusing on facile means represented in UV-vis spectroscopy, to monitor the adsorption efficiency of the prepared membranes other than adsorption isotherms and kinetic evaluations. From the results, the membrane loaded with 20 % polystyrene by weight showed the optimum performance in adsorbing methylene blue from water.
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1. Introduction

The demand to obtain fresh water increases rapidly with the progressive population growth. The scarcity of potable water is due to environmental degradation resulting from industrial development and its contaminants. To save human health and the environment, water purification is essential to remove turbidity, offensive smell and taste. Purifying water can be achieved by using various methods including coagulation, flocculation, ozonation, reverse osmosis, and adsorption.1-4 The kind of pollutant contributes in determining the method of removing it. Chemicals are among the major water contaminants. These chemicals participate in various industries like pharmaceutics, printing and textiles. Organic compounds are the major pollutants present in the aforementioned industries; mainly in synthetic dyes. Different azodyes are used in textile industries. However, most of these dyes are highly carcinogenic even if they are present in minute quantities. Methylene blue (MB) as a cationic dye is commonly used for coloring, in addition to microbiology, surgery, diagnostics.5-7 Though MB is not strongly hazardous, it may have some harmful effects. Acute exposure to MB leads to an increase in heart rate, shock, cyanosis, jaundice, and tissue necrosis in humans.8,9 MB may act as an eye irritant to humans and animals. Hence, the treatment of effluents loaded with MB is interesting to avoid the harmful impacts on the carrying waters.10,11 Recently, there is an increasing interest to investigate porous ceramic composite materials. Many products are made of porous ceramic, such as membranes, catalytic substrates and filters. This is due to their notable features such as high temperature stability, high permeability, excellent catalytic activity and low bulk density.

Clays and organic polymers are among the materials that can be employed individually or after mixing to form composites that can be used in adsorption, heavy metal removal, and paper fillings.12-14 Clay minerals contribute in various domains such as in preparing polymers nanocomposites and ceramics. The abundance of natural clay minerals of low cost is likely to make them a strong candidate as an adsorbent for the removal of toxic materials from wastewater and other environments. These minerals consist of tetrahedral and octahedral layers. Hence, they are characterized by the ratio of this sheets/layers in the structure. The clay consisting of 2 tetrahedral sheets and 1 octahedral sheet is known as a 2:1 clay type (3 sheets). Meanwhile, those clays which comprise 1 octahedral sheet and 1 tetrahedral sheet are called 1:1 (2 sheets) clay types.15-17 These minerals have an important role in trapping contaminants from water in soil. The commonly used clays include montmorillonite, smectite, kaolinite and illite. They are present in almost all sedimentary rocks. Large ratio of surface area to volume or fine particles gives clay minerals a set of unique adsorption properties for various organic dyes, metals or other environmental pollutants.18-20 Furthermore, adsorption using inexpensive and affordable adsorbent would make removal of different dyes or metal pollutants from wastewater feasible. The abundance of natural clay minerals in a low cost permits them to become a strong candidate as an adsorbent for getting rid of toxins from wastewater. Clay-organic interaction is widely investigated. Association of an organic molecule with a clay particle may take place. The organic molecules may be adsorbed onto the clay minerals by ion-dipole forces or it may complex with a counter ion of the clay mineral or it may undergo a cation or anion exchange with original counter ions. Ceramic is produced by firing a mixture of materials for inorganic and non-metallic oxide; nitride or carbide materials. Many types of additives can be used with the ceramic matrix before or after combustion for enhancing its properties. Ceramic membranes are made from clay and waste materials. They are favored as low cost materials. These substrates attract attention for being employed in water treatment applications. Among these membranes, hydrophobic clay-alumina-based capillary membrane was used in desalination application.20 It was prepared from a green silica-based ceramic hollow fiber membrane from waste rice husk. Upon comparing ceramic membranes to polymeric ones, it was found the latter may face some drawbacks. Sometimes, they are unable to proceed in their required processes at high temperature or severe chemical circumstances. Hence, ceramic membranes possess merits over polymeric membranes. This can be correlated to their non-swelling behavior and thermal stability.17,18 
Used polystyrene exists as a solid municipal waste through the consumed scrap. Expanded polystyrene (EPS) is substrate which is utilized in large amounts in packaging applications or as an insulator. EPS is a tough, foamy material. It is among the major plastic wastes. It possess a low density, chemical and thermal resistances with a low cost.21,22 The augmenting amount of consumed EPS is attracting attention to be recycled.23 The pellet of EPS is nearly spherical. It consists of approximately 2% polystyrene and the rest percentage is air.24 EPS is hydrophobic. Thereafter, it can be used as a light aggregate for reaching a light weight foam concrete.25,26 It can be used producing a walling substrate in construction. Among the disadvantages of EPS is being a non-biodegradable substrate.27 Therefore, inserting it in a wall panel matrix will be beneficial to dispose consumed EPS.
The aim of this work is to prepare hybrid porous membranes based on kaolin and polystyrene to adsorb methylene blue from water. The membranes will possess pores resulting from firing the prepared membranes with degrading the expanded polystyrene. The adsorption changes are proposed to be followed up in an easy and rapid process which is UV-vis spectral analysis for the resulting solutions after MB adsorption. Kinetics and related isotherms for determining the adsorption capacitates are not disused in the current work. 
2. Experimental

2.1. Materials and Instruments
The used raw materials in this study are kaolin and expanded polystyrene. Kaolin was provided from Kalabsha - Egypt. Expanded polystyrene (EPS) pellets with an average diameter 2 mm were obtained by shredding post-consumed polystyrene foam. The polymeric beads were washed with water and dried. Expanded polystyrene has a role in providing cavities in the ceramic matrix as EPS degrades at high temperatures. Methylene blue (MB) powder was purchased from Sigma Aldrich. MB powder was used to prepare an aqueous solution with 250 mg/l concentration at 25 oC. This solution is utilized in carrying out the adsorption investigations. The chemical constituents of the clay were investigated using X-rays Fluorescence equipped by a modern wavelength dispersive spectrometer (Axios PANalytical 2005, Netherlands). 
The densification parameters in terms of bulk density (BD), apparent porosity (A. P.), closed - porosity (CP) and total porosity were determined according to the ASTM : C 20-46. This method is based on boiling the sample in water for 2h. The saturated sample were weighed in air and immersed in water. The weight of each dry sample was obtained after drying the saturated samples overnight at 110 °C. The bulk density as well as apparent porosity were calculated using the following equations:

Bulk density (BD) = Wd / Ws - Wi
(g.cm-3) 

Apparent porosity (A. P.) = ( Ws - Wd / Ws -Wi ) X 100
(%)

where :        Wd   =  weight of the dry sample

                    Ws   = weight of the saturated sample

                    Wi   = weight of the saturated sample immersed in water

The fired samples were characterized using the scanning electron microscopy (SEM) for microstructure investigations with energy-dispersive spectroscopy (EDX; JEOL JXA-840 A, Electron probe micro-analyzer, Japan). Infrared spectra of the obtained membranes were attained using Fourier transformer infrared spectrophotometer (FT-IR) (model FT/IR-6100 Type A, Germany) before and after adsorption process. X-Ray Diffraction (XRD) patterns were also carried out for the obtained membrane before and after adsorption using (XRD, BRUKER, D8 ADVANCE CuO target, Germany), based generator X-ray diffractometer using CuKα radiation. The working conditions of the diffractogram was recorded in a 2θ range from 5-70o.  UV-visible spectra were performed by using Agilent Cary 100 UV/VIS spectrophotometer.
2.2. Methods 
2.2.1. Steps of Preparing the Membrane

1) Batching: It is the process of weighing the clay according to the recipes and preparing them for mixing, weighing different powdered raw materials in different percentages to form the batch composition for different membranes. 2) Milling: It is the process by which the size of the clay turns from large particles to smaller ones. It is generally performed mechanically, including attrition. Milling may involve breaking up cemented material (individual particles retain their shape) or pulverization (grinding the particles themselves to a smaller size). 3) Sieving: It is a process by which un-milled materials are separated from fine powdered forms. 4) Mixing: This step takes place after batching and is performed with ribbon mixer. Kaolin powder was mixed with different percentages of expanded polystyrene (EPS). The amount of expanded polystyrene varied in the five samples in the range of (0, 2.5, 5, 10 & 20 %) with respect to kaolin weight. The symbols referring to the prepared membranes are displayed in Table 1. 5) Membrane preparation: The main components used in producing the ceramic membranes are clay powder, organic polymer and water as solvent. Upon selecting the inorganic powder, important factors have to be considered. They are particle size and distribution, as well as the shape of the particles. They affect the porosity, pore size and pore size distribution of the final product. The five membranes were fabricated by means of using extruder.  Kaolin and expanded polystyrene were mixed properly to ensure homogenous distribution in the whole samples. Water was then added in a fixed amount to the samples. The produced membranes were dried at 110 oC to be ready for adsorption experiments. Figure 1 shows a scheme for the preparation steps of the membranes and evaluating them in adsorbing MB from water. 
Table 1. Composition of the starting materials for preparing the porous ceramic membranes.
	Sample
	Kaolin

(wt. %)
	Expanded Polystyrene (wt. %)

	Blank
	100
	0.0

	A
	97.5
	2.5

	B
	95
	5

	C
	90
	10

	D
	80
	20
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Figure 1. Schematic illustration for the ceramic membrane preparation and using it in adsorbing methylene blue.
3. Results and Discussion 
3.1. Chemical Composition of Kaolin

From the chemical composition of kaolin material; alumina and silica are found to be the major constituents with other minor ones, while the percentage of manganese (II) oxide28 could not be determined. The loss on ignition (LOI) corresponds to water vapor from hydroxide reaction in the kaolin minerals. Moreover, the burning out of organic matter beside the carbonate decomposition in CO2 and oxide of the minerals is shown in Table 2.
Table 2. Chemical composition of Kaolin.
	Kaolin components
	SiO2
	Al2O3
	TiO2
	Fe2O3
	SO3
	MgO
	CaO
	P2O5
	K2O
	Na2O
	LOI

	Composition %
	44.56  
	37.34
	1.98
	1.12
	0.02
	0.39
	0.09
	0.08
	0.02
	0.1
	14.3


3.2. Effect of Polystyrene Content
Expanded polystyrene acts as the pore maker in the prepared membranes and affects the physical properties of kaolin which was fired up to 1000 oC. The influence of EPS content is shown in Figure 2. The prepared samples contain various polystyrene ratios from 0 to 20 % by weight.  Known percentages of water were added to each of these mixes. The apparent porosity (A. P.) of the ceramic membranes increases proportionally as the polystyrene content in the burnt samples increases. This results from the degradation of expanded polystyrene at high temperatures leaving voids like cavities. Meanwhile, the presences of this porosity reduces the bulk density of samples. Sample (D) with 20 % polystyrene shows the optimum percentage for adding this polymer. At higher contents of polystyrene, the ceramic membrane tends to be fragile and inconsistent. After adsorption, sample (D) is more likely to assist in increasing pore volume with decreasing the bulk density. This behavior may be changed due to penetration of the methylene blue dye in closed pores via osmotic pressure through capillary nanopores. 
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Figure 2. Bulk density and apparent porosity of the prepared membranes.
3.3. UV-Vis Spectral Analysis
UV-vis spectroscopy measurements were used to monitor the impact of ceramic membrane in adsorbing methylene blue and removing it from water. The ceramic membranes with different pore contents resulting after firing and losing polystyrene; were soaked in aqueous solutions of methylene blue at 25 oC. UV-vis spectra were recorded at different time intervals from starting the adsorption process. The first obvious change was enrolled after 60 minutes. In Figure 3a, the characteristic peaks of methylene blue appear at 607 and 660 nm. The intensity of the peaks decrease proportionally with increasing the pores amount in the ceramic membranes. This denotes to the increased surface. Upon elapsing the time, it is noticed that the UV-vis peaks of MB decrease as shown in Figure 3b. After 24 hours, the samples were analyzed to see the changes with gradual fading in the blue color. The results illustrate that the characteristic peaks of MB decreased drastically. The  collected eluents from the samples from the tested MB solutions are represented in an inset photograph in Figure 3. They show a gradual decrease in the blue tint of MB. For the membrane sample (D) with 20 % EPS, the membrane adsorbed MB, with almost clear sample of water. This points to the efficiency of the prepared ceramic membrane to remove methylene blue from water after 24 hours at 25 oC. No more samples were analyzed at extra time intervals attempting to detect the estimated time for dye adsorption at certain pore content in the membrane; i.e. to avoid passing or losing the end point as in titration experiments. 
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Figure 3.  UV-vis absorption spectra with photos for the collected eluents form the different membranes immersed in MB aqueous solutions resulting from adsorption reactions: a) after 60 min. and b) after 24 hours.  An inset photograph for the eluents after 24 hours. 
3.4. Morphological Analysis and Spectral Changes Before and After MB Adsorption
SEM micrographs of the ceramic structure, before and after MB adsorption are shown in Figure 4 displaying the cross-sections of ceramic samples fired at 1000 oC. They elucidate an asymmetric morphology, with different size granules of approximately 1 μm (alumina, and silica) and smaller particles (clay) bounded with each other forming the primary vitrified skeletal structure of the alumina-silica with holes or pores. This kind of ceramic granules have many grooves on the surface extending to the core of the ceramic matrix.14,16 Macro-voids in Figures (4a and b) can be seen. These pores have an extended irregular form. The measure of pores in the ceramic samples are in the range of 1 - 1.7 mm. Rough surface for the membrane can be noticed before adsorption. After adsorbing methylene blue, the surface became smoother due to the accumulation of methylene blue on the ceramic top with covering some pores. The micrographs of Figures (4 c and d) represent higher magnification for the corresponding Figure (4 a and b) respectively. They reveal the heterogeneous nature of surface morphology of the fired kaolin sample. They clarify that crystals possess a foliation like morphology for kaolinite. The typical laminated and layered structure in the granules amplified the specific surface area of the ceramic membrane and favored pollutants adsorption into the inner positions of the ceramic body. The augmenting number of pores allows higher adsorption capacity for the dye onto the ceramic surface. The SEM analysis of the MB coated ceramics and uncoated confirmed the results of porosity and density. It can be noticed that expanded polystyrene content 20% in the membrane decreased the bulk density and increased the apparent porosity for sample (D) before and after MB adsorbing MB.
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Figure 4. SEM of the ceramic membrane before and after MB adsorption.
Figure 5 shows the EDX analysis of the ceramic matrix with mullite phase resulting from firing kaolin at 1000 oC. It confirms that mullite does not contain any foreign inclusions.29 The tested sample shows the Al/Si ratio to be ≈ 0.84 as shown in Table 2. It is less than the stoichiometric composition of mullite (Al/Si 3:1).30 However, the surplus silica content may exist as glass. The Al/Si weight ratio confirmed the ratio of the starting materials which was previously determined. 
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Figure 5. The EDX Microanalysis of mullite sample fired at 1000 oC.
FTIR spectra of the fired samples before and after immersion in methylene blue are plotted in Figure 6. The main characteristic bands of the kaolinite are highlighted as follow, the bands at 3770 to 3714 cm-1 which represent the H-O-H stretching free hydroxyl. This result was confirmed by previous work31 where the bands at 3694 and 3619 cm-1 show (OH stretching vibrations).  The membrane sample (before adsorption) shows a broad but weak absorption band in the range 3419 - 3471 cm-1. The band at 3419 cm-1 along with weak band around 1619 and 1637 cm-1 are attributed to the stretching vibrations of the free hydroxyl group these may due to moisture accompanied with the sample.19 FTIR spectra of the two samples show characteristic bands pointing to the formation of metakaolin. A sharp band at 1101 cm–1 is attributed to overlap of the double bond at 883 cm–1 and 840 cm–1 that characterizes Al-O and O-Al-O stretching vibration or corresponding to Si-O-Al bonds. A sharp band with lower intensity is observed at ~ 412 cm–1 that characterizes Si-O bond. Moreover, sharp bands at ~ 582 cm–1, 794, 781 and 643 cm–1 point to Al-O tetrahedral and Al-O octahedral bonds respectively.32       
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Figure 6. FTIR of a) fired kaolin at 1000 oC before adsorption and b) covered with methylene blue after adsorption.
The XRD patterns for the membranes before and after MB adsorption are shown in Figure 7. The main peaks for the clay appear at 2θ = 20.89° and 26.65° as displayed in Figure 7a. They are characteristic bands for quartz SiO2 which is a silica polymorph. It consists of interconnected SiO2 tetrahedral that build up a rigid three-dimensional network. Two peaks appear at 2θ = 27.5 and 60.04°. They may refer to kaolinite clay mineral (Microcline KAlSi3O8). The patterns in Figure 7b for the sample loaded with MB showed slight increase in the intensities at 2θ = 20.6, 25.8. However, a new peak appears at 2θ = 37.22. It can be referred to the adsorption of MB onto the clay particles. It was concluded that during the adsorption process of MB within the clay minerals, MB ions replace alkaline earth cations. This is able to alter the peak intensity of other peaks. MB molecules were absorbed on the basal spacing of the minerals in aqueous conditions. The d-spacing is too large to be recorded by the diffractometer. It did not show quantified basal reflections of some minerals.6
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Fig. 7. XRD patterns of the ceramic membrane before and after MB adsorption.
3.5. Regenerating the Ceramic Membrane

From the previous results, the ceramic membrane loaded with 20 % expanded polystyrene; sample (D) showed to be optimum in adsorbing methylene blue from water.   Figure 8 illustrates the UV-vis spectra for the aqueous solution of MB before and after being adsorption onto the surface of ceramic membrane related to sample (D). In addition, it shows the regeneration of the same membrane for 2 cycles. The regeneration cycles took place by immersing the dried membrane after MB adsorption (in the first run) for extra 24 hours to give the eluent (D-R1). This step was followed by drying the membrane then repeating a new cycle for 24 hours to produce (D-R2) eluent. The inset photos show the vials of membrane D in MB solution after 120 minutes from starting the adsorption process in addition to the resulting eluents after 24 hours and the regeneration cycles (D-R1) and (D-R2). The characteristic peaks of MB show a high energy peak at (π-π* transition) in benzene. Moreover, there is a peak at low energy corresponding to (n-π* transitions) in N atom of C=N bond and S atom on S=C bond.33 This peak is located at 660 nm. It may shift according to the change in the pH of the solution. Adsorbing MB on the ceramic surface led to bounding MB to the surface. Hence, MB vanished from the solution and these peaks did not appear. After the first regeneration cycle, it is noticed that the efficiency of the membrane did not lose its capability of adsorbing MB by providing a spectrum with slightly higher MB content than the first cycle of sample (D). However, the absorption capacity of D decreased drastically in the second cycle of regeneration (D-R2). The eluent showed gradual increase in the blue color after regeneration cycles. This can be correlated to the growing saturation of the free sites in the surface of membrane that started to retard its efficiency towards further adsorption of methylene blue.  
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Figure 8.  UV-vis absorption spectra with inset photos for the collected eluents form D membrane immersed in MB aqueous solutions resulting from adsorption reactions after 120 min., 24 hours and regeneration cycles R1 and R2. 

4. Conclusions

Ceramic membranes based on kaolin and expanded polystyrene have been prepared in different ratios. These membranes have been employed in removing methylene blue dye from water via adsorption. These membranes were fired at 1000 oC to degrade polystyrene leaving cavities in the clay matrix with an expanded surface area and porous structure. The morphological structure of the membranes have been developed to show the resulting changes onto the surface of the ceramic membranes after adsorbing methylene blue. The adsorption process has been tracked by an easy method which is UV-vis spectroscopy to follow up the adsorption capacity of the prepared membranes away from adsorption isotherms and kinetic investigations. From the results, the membrane loaded with 20% polystyrene by weight; namely sample (D) membrane showed the optimum performance in adsorbing methylene blue from water. Regenerating this membrane showed a continuous adsorption capacity for the membrane that decrease due to filling the free sites of the membrane surface after using it more than once in adsorption.   
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