[image: ]
[image: hhhh]




Vol. 1 No. 2 December 2021
[image: ]

Optimized Conditions for Characterizing Zeolite-A synthesized from Kankara Clay
1*Z.M Agbendeh, 2C.E Gimba, 2K.I Omoniyi and 2E.D. Paul
1Department of Chemistry, Joseph Sarwuan Tarka University, Makurdi.
2Department of Chemistry, Ahmadu Bello University, Zaria, Kaduna state, Nigeria
*Correspondence E-mail: drzackagbendeh@gmail.com

Received: 29/08/2021   Accepted: 16/09/2021 Published online: 26/09/2021
Abstract
Zeolite A was synthesized from Kankara clay, following alkaline fusion method which compared favourably with other conventional method of synthesis to obtain a high yield of zeolite A. The raw material was hydrothermally activated with NaOH to synthesized zeolite A. the method used eliminated a lot of challenges, cost and energy of production using conditions which include 3.75Na2O:Al2O3:2.5SiO2:243.7H2O crystallization temperature of 100oC and time of 6 h. This produced zeolite A with a specific surface area of 533.05m2/g. the SEM images demonstrated that the produced zeolites A are highly ordered cubic crystals. The transformation of the starting material into Zeolite A was evaluated using X-Ray diffraction, Scanning electron microscopy and Fourier transformed infra-red spectroscopy to elucidate the crystallization process of Zeolites
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Introduction
Zeolites are framework aluminosilicates which consists of interlocking tetrahedrons of SiO4 and AlO4. It is represented by a structural formula as Mex/n[(Al2O3)x(SiO2)y]. wH2O; where Me- represents the exchangeable cation of valence n, x and y which numbers from 1 to 5 depending on the zeolite structure and type w- number of water molecules [1]. In this case, Zeolite A is represented by (Na12[(AlO2)12(SiO2)12].27H2O) [2]. Zeolites are generally wide spread in nature and have numerous applications in our everyday lives. It’s usage ranges from environmental pollution control [1,3] separation science and technology. Recently, Zeolite A has replaced phosphates in household detergency, because the latter have been the major cause of eutrophication of aquatic systems promoting excessive algae growth and plankton thereby affecting aquatic lives and quality [2]. Zeolites have unique properties which make their applications possible, such properties include; high surface area, large pore volume, uniform micropores and good thermal and hydrothermal stabilities [4]. This research explores the use of cheap raw materials and methods to arrive at zeolite A. In this method, the extensive use of energy during calcination was reduced, however, a low temperature calcination of 600oC was adopted. This may be as a result of the refinement process, which extricated the quartz and associated impurities from the raw kaolin. The refined form is further transformed into an activated form which is resistant to chemical attack and then an amorphous material is formed [4]. The resulting metakaolin is hydrothermally treated prior to alkaline fusion, this enables larger amounts of aluminosilicates to be dissolved employing this method [5,3]. In our contribution, the refinement process increased the yield of zeolites and reduced the interferences thereof. This method has been evaluated which compares with other conventional techniques using high temperature calcination. Also, it is well known that the properties (i.e., purity, particle size and morphology) of the final product depend strongly on the quality of the raw kaolin ores. Although, the supply of quality kaolin is virtually unlimited, proper utilization of low-quality kaolin ores is therefore becoming more and more important and desirous [2]. Synthetic zeolites from this approach have been characterized by X-ray diffraction analysis (XRD), fourier transform infrared spectroscopy (FTIR), scanning electron miscroscopy (SEM) and Brunauer–Emmett–Teller (BET) analysis. This is in order to confirm its crystallinity and end use. This investigation is enhanced by well optimized conditions leading to the synthesis of zeolite A.
This paper presents synthesis and characterization of zeolite A from Kankara kaolin by hydrothermal treatment by adopting well optimized conditions which will make for its suitable application during usage.

Materials and Methods
Materials
The experiment can be carried out using the following materials; Mortar, Pestle, Sieves (British standard; 150- 300 μm), Electric furnace (Nabertherm; 30 - 1400°C), Electric oven (NYC – 101; 30 - 400°C, Nabertherm; 30 - 650°C),Weighing balances (Weda, T18; 0 – 100kg, Metler Toledo; AB204; 0 - 210g) High vacuum pump (Edwards, E2M5), XRD machine model X’pert Pro by Philips. X-ray fluorescence machine (WDXRF model AXIOS, manufactured by PANalytical), High torque stirrer (Trieb, 73 – 660 rpm), Heavy duty laboratory high shear mixer (Silverson, L2R), Brunauer-Emmett-Teller (BET) machine (Quantachrome: Nova 2200e s/area and pore size analyzer), Fourier Transformed Infrared Radiation (FTIR) spectrometer (Perkin Elmer Frontier FTIR Spectrometer), Scanning Electron Microscope (ZEISS EVO50), Micromeritics ASAP 2020 nitrogen gas analyser. Other apparatuses used were Test tubes, watch glasses, polythene bags, crucible, measuring cylinders, spatula, conical flask, volumetric flask and plastic containers.

Methods
Sample collection: Kankara (KNK) kaolin clay was used as the raw material for the synthesis of zeolites, the raw material was sourced from kankara located at Katsina longitudes 7°26E and 7°28E and latitude 11°53N [6]

Processing of the sample.
During processing, 20kg of samples were crushed to smaller particles using pestle and mortar and then were air dried. The debris and unwanted materials present with the Kankara kaolin were removed via a 2mm mesh. The screened Kankara kaolin was packed for future analysis.
Size separation based on differences in particle size and density during the purification process was adopted similar to Kovo’s work [8], a process typified by Stoke’s law.
Metakaolinization
This was achieved by using a crucible (shallow and depth of 20mm) containing 5g of KNK was loaded into a muffle furnace (Nabertherm, Germany) and the temperature of 600oC and a heating rate of 10oC/min for 60 min was used. The product was removed at the end of the metakaolinization time and air cooled for x-ray diffraction analysis.

Synthesis of zeolite A
The aluminosilicate gel used for the synthesis of zeolite A was prepared from reaction mixture with molar composition as described by [7,8,9] with modifications:  
3.75Na2O:Al2O3:2.5SiO2:243.7H2O
The synthesis was carried out using metakaolin produced at 600oC and exposure time of 1 hour. In a typical synthesis process, 6.93g of the calcined kaolin, was mixed with the ground 8.4g NaOH pellet in a raw material/ activator ratio = 1/1.2 in weight and the resultant mixture was fused at 600oC for 1 hour. The alkaline reagent acts as an activating agent during fusion. Some of the inert crystalline phases in the raw materials can fully be reacted. The fused product was ground to break the lump and then dissolved in 120g of water. The aluminosilicate gel was aged for 6hours with continuous stirring at constant temperature. Hydrothermal treatment of the aged mixture was performed using a Teflon lined-autoclave in an oven maintained at crystallization temperature of 100oC and time of 6 hours respectively. The reactors were removed from the oven at the scheduled times and were quenched in cold water to stop the reaction. Then, the reaction mixtures were filtered and washed with distilled water to remove excess alkali (pH≤ 8). Finally, the samples were oven dried at 80 °C overnight. The dried samples were weighed and kept in plastic bags for characterization.
Characterization of the raw materials and as-synthesized zeolite A.
The characterizations of the zeolites were done at the CenTACAT laboratory of the Queen’s University, Belfast, UK. Powder X-ray diffraction patterns of the raw materials and synthesized products were recorded with a Philips PW1710 diffractometer operating in Bragg–Brentano geometry with Cu-Kα radiation (40 kV and 40 mA) and secondary monochromation. Data collection was carried out in the 2θ range 3–50°, with a step size of 0.02°. Characterization of the zeolites included Scanning Electron Microscopy (SEM) to confirm phase purity and structural morphology, Fourier Transform Infra-Red (FTIR) was carried out to determine the structural characterization of the zeolite, and X-ray Diffraction (XRD) to monitor crystallization and purity of the product. The morphological structure of the solid phases was examined by scanning electron microscopy (ZEISS EVO50) and the chemical composition of mineral phases was studied using the EDXS mode, under the following analytical conditions: I probe 1 nA, EHT=20.00 kV, beam current 100 μA, Signal A=SE1, WD=8.0 mm. Fourier transform infrared (FTIR) spectroscopy was carried out using a Mattson Genesis II FTIR spectrometer in the 4000-400 cm−1 region.

Results and Discussion
Characterization of the starting materials.
The Figure 1 presents the XRD pattern of raw Kankara kaolin showing several peaks as a result of the minerals present in material. The result depicts a large composition of the principal mineral (kaolin) at 2Ɵ = 12.335o with a sharp peak and is the main peak that is used to identify kaolin [6,8] (d = 7.15Å), and low intensity of quartz at peak corresponding to 2Ɵ = 26.37o is observed with that of mica remaining negligible.
The Figure also shows the XRD result obtained after these unwanted materials are removed through a process of refinement. Also, a pronounced kaolinite phases are observed which are seen in at Bragg’s angles of 5, 12oand 25° responsible for the kaolinite mineral. These increased in intensities at 500, 800 and 700 counts from the raw sample and decreased from 700 to 150 counts in the case of quartz. This established the fact that the method employed for refinement was effective and exposed all the kaolinites from the parent materials.
Analysis carried out quantitatively using Siroquant software revealed that the level of quartz had reduced significantly after the refinement process occured (Table 1). The software further to determine the percentages of kaolin and quartz in the raw sample as 30.20% and 69.8% respectively. Refining of the raw samples therefore enhanced the production of fine kaolinite product with concentration of 98.7% and 1.3%. 
Figure 1 also shows the XRD pattern of the metakaolin formed with intensities of 180 counts for kaolin and 270 counts for quartz. It is shown that the XRD became amorphous due to disintegration of the kaolinite structure as a result of calcination at 600oC used in this work, similar findings were made by [10] but a calcination of 750oC was used instead. This difference in the calcination temperature could be as a result of the refinement process adopted in this work.


Figure 1: XRD patterns of Raw, Refined Kankara sample and Metakaolin

	Table 1: Analysis of Kaolin Samples using Siroquant Software
____________________________________________________________________________

	Sample                               Kaolin wt%                               Quartz wt%

	Raw Kankara kaolin                     30.2                                         69.8
Refined Kankara kaolin                98.7                                          1.3
Standard kaolin                          95.4                                           4.6 [8]
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Plate I: SEM of Raw Kaolinite Sample; Plate II: SEM of refined sample

SEM Analysis of raw and refined Kankara Sample.
The SEM of the raw KNK sample (plate I) shows predominantly agglomerated particles with stacking booklet and pseudo-hexagonal platelet shape similar to that reported in the literature [11, 12, 13, 14, 15] also the angular orientation depicts the presence of quartz in the sample [11, 8].
The morphology of the refined sample was studied by SEM to confirm that the refinement process took place. However, the image analysis presented in Plate II reveals that though the usual pseudo- hexagonal platelet is still visible as in the raw sample, the rough edges are observed with platelets showing thinness of kaolinite flakes of the kaolin surface. This analysis goes ahead to establish the crystallinity of the kaolin sample. 
This image analysis further confirms that the refined sample showed a visible kaolinite flakes with pseudo- hexagonal platelet. The highly ordered crystalline particles are also depicted. From the image analysis in Plate II, it shows also the considerable level of quartz in the sample. This analysis consolidates the chemical analysis, because further exposure of the materials with impurities in them is noticed.
Synthesis, Properties and Characterisation of Zeolite A.
Effects of ageing
Zeolite A formed from refined Kankara metakaolin did not require any ageing for its nucleation unlike other Zeolite A prepared from other aluminosilicates and other synthetic conditions. However, this may be attributed to the reactivity of the Kankara metakaolin which might be higher than other kaolin. There was an enhanced zeolite formation which was observed because, according to [16], the conversion of metakaolin to zeolites takes place in two main phases. First, there is initial conversion of metakaolin to aluminosilicate gel and this is followed by the fixing of aluminium inside the lattices of the silicate ring to form zeolite framework. Ageing of the synthesis mixture causes silica to dissolve and release silicate ions into the surrounding solution thereby increasing higher crystallization and yield. However, with short ageing silica dissolution was still effective; this is as a result of the reason as earlier mentioned.
The SEM images of the final zeolite products obtained from different aluminosilicate materials are shown in plate IIIA - VID. The image shown in Plate IVB revealed a well crystallized cubic morphology typical of zeolite A as confirmed by [8, 17]. The zeolite was achieved even at zero ageing of the mixture. This corroborates the XRD result (Figure 1) confirming the formation of zeolite A as reported from literature. Ageing is therefore not necessary on the synthesis of zeolite A from kankara kaolin based on the work carried out. This can have an effect on the eventual cost of synthesizing zeolite from KNK because the time expended for the synthesis was significantly reduced.



Effect of crystallization time.
The XRD pattern of zeolite A obtained from the different precursor materials and method is shown in Figure 2. No zeolite was formed in the early crystallization time, this is attributed to the fact that in the initial period of heating and crystallization after mixing the metakaolin and the alkali some time is taken before complete dissolution of the metakaolin is enhanced. Though, it is not clear how long it will take for complete dissolution, but the method of fusion used in this study facilitated the process, however, complete dissolution was achieved at 6h crystallization time, Plate IVB and Figure 2a further establish this. 
Also, the ageing of 6h section promoted some degree of dissolution and influenced quick formation of zeolite A. The gel formed with the Kankara metakaolin without fusion (Plate VID and Figure 2b) remained amorphous because the time for complete dissolution and crystallization was not enough. It perhaps will require more time to arrive at zeolite A. The synthesis with aluminosilicate sourced from the market with fusion method (Plate VC and Figure 2d) also required more time before complete dissolution was effective; this might be as a result of the material which was not reactive prior to crystallization process. 
The SEM image of the samples obtained for the unfused sample (Plate VID) reveals morphology with distorted pseudo-hexagonal platelet of kaolin which in this case can be ascribed to the effect of the metakaolin used. The sourced aluminosilicate used showed zeolite A crystal with poorly defined cubic shape and with no identifiable edges (Plate VC). However complete cubic crystal with sharp and defined edge can be clearly seen when fused kankara clay was used, this is shown in plate IVB. Higher reflectivity as shown by an increase in the intensity of the XRD pattern are also noticed when the material was fused (Figure 2a). This can be attributed to improved opportunity for the alkalinity content of the synthetic gel to cause increased solubilisation of the silicate and aluminate ions leading to more enhanced polycondensation reaction between the polysilicate and aluminate [18]. The crystallization effect further supports the result of analysis by XRD in Figure 2a. This is in contrast with similar report on the synthesis of zeolite A from kaolin in which longer times were used to synthesis zeolite A from kaolin [19,]


Effect of crystallization temperature.
The influence of temperature on zeolite formation has been described by [20]. The crystallization temperature directs the transformation by changing the distribution of silicates, aluminate and the aluminosilicate in the liquid phase, so increasing the concentration of silica and alumina and thereby promoting supersaturation, a necessity for nucleus formation. Crystallization temperature of 100oC was confirmed as the ideal temperature for zeolite A formation from KNK (Figure 2a), this is in agreement with the work reported by [8]. 
The addition of the metakaolin which supplied the silica and alumina to the water/alkali mixture formed the aluminosilicate gel which is strongly inhomogeneous and provide the site for the zeolite nucleation. Either with or without ageing, zeolite A formation takes place as a result of dissolution and depolymerization of the silica and alumina content of the metakaolin, linking together to form the needed nucleus which serves as serves as growth centre for the crystallization.
The synthetic zeolites matched the characteristic peaks of zeolite A at 2θ values of 7.2°, 10°, 12.6°, 16.2°, 21.8°, 24°, 26.2°, 27.2°, 30°, 30.9°, 31.1°, 32.6°, 33.4° and 34.3° that were reported previously by [21]. The differences by the precursor materials can be seen in their intensities, though their diffraction peaks may match with the standard zeolite and those in literature


Figure 2: XRD patterns showing variation of preparation process and aluminosilicate material: a) Zeolite A obtained from fusion process b) Zeolite A without fusion c) Standard Zeolite A used for reference d) Zeolite A from Aesar

SEM analysis of Zeolite A
This section presents a general discussion of the image analysis of Zeolite A owing to the fact that the mention in the previous sections were based on the effect of the conditions employed. Plates 2A- 2D show the various KNK zeolite A prepared from different precursors which included fused kankara metakaolin, fused kaolin sourced from the market and unfused metakaolin with hydrothermal synthesis prior to fusion and or direct synthesis conditions. Interestingly, the zeolites from other aluminosilicate material other than kankara [Plate 2(A), and Plate 2(C)] are irregular and xenomorphic in shape. However, the use of kankara metakaolin [Plate 2(B)] gave uniformly euhedral cubes.  This reveals the presence of crystal morphology which apart from being cubic in shape, has an average diameter of 2 µm. The use of kankara metakaolin without fusion as seen in Plate 2(D) is seen to have some amorphous materials, this could be as a result that zeolite A was not fully formed.
Furthermore, the method adopted in this study indicated a high crystallization degree with the morphology of Zeolite A being distinctively formed. Also, according to experimental results, the observed morphologies are similar to those reported in previous study by [22] in their work on Reactions of kaolinites and metakaolinites with NaOH-comparison of different samples which reflects the analytical methods employed. This vis-a-vis establishes the reason already mentioned that our refinement process was effective and that all the available aluminosilicates sites reacted to form the Zeolites. In summary, the crystallized cubic morphology is as compared to Zeolite A in literature.
The study concludes that the synthesis of zeolite A from KNK can be described as follows: The series of evolution that a synthesis mixture goes through during the process of zeolite crystallization was evident during the preparation of zeolite A from kankara. The addition of the metakaolin which supplied the silica and alumina to the water/alkali mixture formed the aluminosilicate gel which is strongly inhomogeneous and provide the site for the zeolite nucleation. Either with or without ageing, zeolite A formation takes place as a result of dissolution and depolymerization of the silica and alumina content of the metakaolin, linking together to form needed nucleus which serves as serves as growth centre for the crystallization.
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Plate 2: (A) SEM Analysis of Reference Sample B) SEM Analysis of Fused KNK sample (well developed Zeolite A) C)  SEM Analysis of Fused standard Kaolin sample  (D) SEM analysis of Unfused KNK sample (with metakaolin debris  formed)


FTIR analysis of zeolite A.
Figure 3 shows the FTIR analysis on zeolite Na-A, this reveals the absorption bands at frequency of 3443.47cm-1, and 1664.60cm-1which are attributed to the O-H bending in the Zeolite A. These findings are similar to that found in literature except with differences in variation of peaks, this perhaps could be as a result of method of synthesis adopted. The Peaks at 3443.47, 1953.52 and 1664.60 cm -1 are also assigned to the external linkage asymmetrical stretching and internal tetrahedral symmetrical stretching respectively, this is as reported by [23]. Band at 1078.00 cm -1 reflects the Si-O bonds in the SiO4 molecules and Al-OH vibrations. At 709cm -1, however, Si-O symmetric stretching are eminent, this finding is as presented by [24].





Figure 3:  FTIR Spectrum of Zeolite A


Nitrogen adsorption isotherm and BET surface area
Following the Figure 4, it can be seen that primary adsorption occurs at low relative pressures (<0.1) which indicates the formation of a highly microporous material with the possibility of a narrow pore size distribution [25].Therefore, the limiting uptake, in cases like this, is governed by the accessible and available micropore volume rather than the internal surface area [26]. These slightly enhanced uptake of N2 at P/P0 values greater than 0.9 and suggests the presence of a small quantity of macropores (pores larger than 500 Å) as reported by [25]. Zeolite A has isotherm which exhibit small degree of hysteresis, indicating the presence of some mesopores and the possibility of capillary condensation.
The total accessible micropore volume present can be regarded as the adsorption space and the process by which this occurs is micropore filling in accordance with the IUPAC definition which is distinct from surface coverage which takes place on the walls of open macropores or mesopores [26]. The Brunauer-Emmett-Teller (BET) surface areas of zeolites A has been experimentally determined to be 533.04 m2/g; which is significantly larger than those for natural porous materials, such as clay (10-100 m2 g-1), activated graphite (119 m2 g-1) and other types of zeolite and porous carbons [27, 28]. 


Figure 4: Adsorption and Desorption curve of Zeolite A

This sorption isotherm described by Langmuir has it that adsorption is limited to at most one monolayer. However, the t-plot (Figure 5) will be a straight line passing nearly through the origin, the slope gives the surface area, and permits the determination of micropore volume. In principle information about the average pore size is obtained.




Figure 5: BET surface plot for Zeolite A



Conclusion
We have successfully developed and optimized a new refining process that facilitated the synthesis of Zeolite A thereby eliminating huge expenses incurred during preparation which could involve chemicals and other materials like carbon. It is revealed also that alkaline fusion was effective in extracting the silicon and aluminum matrices in the activated kaolinite sample which made synthesis of Zeolite A effective. This however produces a zeolite A with a high surface area which will enhance the numerous application of zeolite A in our daily lives.
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Intensity
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Intensity counts

Quantity Adsorbed (cm³/g STP)	9.5858431154913042E-3	2.0412607652408342E-2	2.8810193025580241E-2	3.7601097936838392E-2	4.3478133373910252E-2	4.9772591969495877E-2	7.1666874552329909E-2	0.10179214658071699	0.12662555326538155	0.15294345259672337	0.17722129852895646	0.20193592854248868	0.22626282243180373	0.25099929111318675	0.27575691622497189	0.30066338525946068	0.34806072324041293	0.39849870790928577	0.4483986728230685	0.49819804048948418	0.5482657989551194	0.59801856095351158	0.64785256016965653	0.6976302802969484	0.7472549455470241	0.79711696180591352	0.84632689478882062	0.89594110246116565	0.9455596363485127	0.9455596363485127	0.89162306111832668	0.83904882980961815	0.78730038075939968	0.75272035030171613	0.70288977302538658	0.65276973919163661	0.6025872573783686	0.552413290564302	0.5022112170382157	0.45643602685329454	0.40216486956745251	0.35139315492420381	0.30394618873691048	0.25190831679359726	0.20141910583993952	0.1560477314202077	0.10143764362081654	4.9648059797012305E-2	145.10512260739134	151.15342082152074	153.90350189312048	156.06056238557028	157.24827832240604	158.36508196639511	161.47696435967896	164.62425578991792	166.68593887981157	168.57465861690412	170.12911041350497	171.57840200107941	172.90350154731235	174.189395905374	175.40195572564639	176.56155146212458	178.68641786788834	180.83811424580739	182.85264554323837	184.77358446145459	186.57865318471383	188.21801331465178	189.69308366510009	191.07356200960831	192.54740285849167	194.23821640727451	196.49642764457931	199.76248170968694	204.40504650897677	204.40504650897677	200.73247395852189	198.12141110018271	196.11972721675235	194.97126846494595	193.54817845220714	192.30307729314686	191.1486056745799	189.98429844189064	188.72567696084116	185.38506736042734	181.29730201378754	178.97433352858658	176.87510740750528	174.39915080376198	171.72285291996874	168.98023113148929	164.82127414988901	158.60387799656417	Relative pressure (P/Po)

Qunatity adsorbed (cm3/g)

Relative Pressure (P/Po)	4.9772591969495843E-2	7.1666874552329909E-2	0.10179214658071692	0.12662555326538161	0.15294345259672318	0.17722129852895646	0.20193592854248857	0.22626282243180373	0.25099929111318675	0.27575691622497173	0.30066338525946046	1/[Q(Po/P - 1)]	3.3075260620977749E-4	4.7808381458730036E-4	6.8840434082737337E-4	8.6980501870943035E-4	1.0710905738056202E-3	1.2660598670518968E-3	1.4747323853865771E-3	1.6912816888715306E-3	1.9238382410995361E-3	2.1707390839290192E-3	2.4349953697653812E-3	Relative pressure (P/Po)

1/[Q(Po/P -1)]
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