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Abstract In an attempt to improve mass-transport limitations, mesopores were created in a series of ZSM-5 catalysts by the carbon-templating procedure. A successful low-cost dry gel synthesis route was developed which almost entirely removed the need for the organic structuredirecting agent (TPA/SiO2 = 0.0033). Both an aqueous colloidal graphite sol and a pyrogenic (carbon black) material were investigated, at addition levels of 16.5–100 wt.%. No major diﬀerences were observed between the two carbon sources. The addition of carbon to the synthesis composition retarded the crystallisation rate and modiﬁed the crystal morphology. The products were characterised by a variety of physical techniques. Additional post-synthesis treatment (alkaline leaching) extended the mesopore system but also tended to reduce crystallinity and micropore volume.  2005 Elsevier Inc. All rights reserved. Keywords: Hydrothermal synthesis; Dry gel synthesis; Carbon-templating; ZSM-5; Acidity



1. Introduction The presence of mesopores in zeolite crystals assists in alleviating mass transfer limitations for reactants and products in catalysis by reducing diﬀusional path lengths [1,2]. In this respect, rendering crystals mesoporous has the same eﬀect as reducing the crystallite size of the sample. The micropore system of zeolites can be extended to a hierarchy of pore sizes in a number of ways. For example, an already porous structure can be ‘‘zeolitised’’ to provide additional micropores [3] or existing microporous crystals can be packed together to generate inter-crystalline mesopores [4]. An alternative to these procedures is to modify the zeolite crystals themselves in order to create larger intra-crystalline voids, usually by a post-synthesis combination of steaming and acid leaching [2]. More recently, a new method has been introduced in which the zeolite crystals *
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are allowed to ingest carbon particles during their growth [5–9]. On calcination of the resulting carbon-aluminosilicate composite, mesopores are left by the removal of the nanosized carbon particles. Such multiporous crystals are of interest for applications in catalysis and sorptive separation processes [3,10–13]. A limitation of the current carbon ‘‘templating’’ procedure appears to be the high quantity of organic structure directing agent (SDA) required for the synthesis, combined with the fairly low aluminium content in the product [3– 9,14]. The objectives of the present work were (a) to compare diﬀerent methods for introducing mesoporosity into high-silica zeolite crystals and (b) to generate a strongly acidic ZSM-5 catalyst with a high framework aluminium content using a minimum of SDA. To achieve the ﬁrst objective, the carbon-templating procedure was compared with that of alkaline leaching [15–17] and also used in combination with it. In addition, a special form of the steam-assisted crystallisation (SAC) method [18–24] was developed to achieve both objectives. In this procedure,
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the reaction mixture is reduced to a dry powder and then heated in contact with saturated water vapour. This technique has proved eﬀective in the synthesis of a variety of zeolites, usually at modest SDA/SiO2 ratios and sometimes in unusual compositional ranges. 2. Experimental 2.1. Standard hydrothermal preparations The starting point for these preparations was a published procedure [25]. This was adapted for the hydrothermal syntheses and extensively modiﬁed for the steam assisted conversions (Section 2.2). 2.1.1. Preparation of reference sample (carbon-free, HT1) A special seeding gel containing no aluminium (4.5Na2O:3.0TPAOH:60SiO2:1200H2O) was used to direct the formation of the ﬁnal product. The seeding gel was prepared by dissolving 0.30 g of NaOH (99%, BDH) in 11.38 g of deionised water followed by adding 2.54 g of TPAOH (1 M aqueous solution, Lancaster Synthesis). Then 7.50 g of Ludox AS-40 silica sol (Aldrich) was introduced into the solution and the mixture was stirred at room temperature for 30 min. This homogeneous gel was then sealed in a polypropylene (PP) bottle and aged at 100 C for 16 h. Using the same reagent sources as above, a feedstock gel (6.5Na2O:2.0Al2O3:60.0SiO2:1916.0H2O) was made by dissolving 0.69 g of sodium aluminate (50.9 wt.% Al2O3:31.2 wt.%Na2O:17.9 wt.%H2O, Fisher Scientiﬁc) in NaOH solution (0.62 g of NaOH in 49.72 g of deionised water) followed by adding 15.53 g of Ludox AS-40 sol. This mixture was stirred for 1 h at room temperature before addition of 3.2 g of seeding gel. The overall gel (6.36Na2O:1.86Al2O3:60.0SiO2:0.21TPAOH:1864.0H 2O) was then stirred for 30 min to obtain homogeneity, transferred to a PTFE-lined autoclave, and heated at 180 C for 42 h. After cooling, the product was isolated by centrifugation, washed with deionised water and dried at 100 C. 2.1.2. Preparation using colloidal silicalite as seed (carbon-free, CS1) In this preparation, colloidal silicalite [26,27] was used to seed the synthesis of ZSM-5. The colloidal silicalite gel composition was 10.8(TPA)2O:60SiO2:1150H2O:240EtOH. The reaction solution was prepared by mixing 14.2 g of TEOS (98%, Aldrich), 25 g of TPAOH solution and 5.9 g of deionised water in a sealed PP bottle and then stirring at room temperature for 3 days to give a homogeneous solution. The solution was then heated at 90 C for 3 days. The colloidal silicalite product was dialysed to give an aqueous sol of pH 8.3 and solids content 4.5 wt.% before being used as a seed. The feedstock gel was identical to that used in the preparation of HT1, colloidal silicalite (5 wt.% with respect to the feedstock gel silica content) then being added as seed.
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The synthesis and the separation of product were carried out as described in HT1. 2.1.3. Preparation with addition of carbon (HT2) An aqueous colloidal graphite sol (Aquadag P, solids content 22 wt.%, average particle size 
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Table 1 Conditions for ZSM-5 syntheses at 180 C Sample



Carbon sourcea



AP1 AP2 AP3 AP4 AP5 BP1 BP2 BP3 BP4



Aquadag Aquadag Aquadag Aquadag Aquadag BP2000 BP2000 BP2000 BP2000



P P P P P



Level of carbon (wt.%)b



SDAc



Heating duration (h)



16.5 33 50 50 50 33 33 50 100



– – – – TPABr – TPABr – –



96 96 96 168 168 168 168 168 504



a Water in Aquadag P was taken into account in calculating the overall reaction composition. b Relative to the weight of the silica used in the overall gel (e.g. 6.2 g of BP2000 was used in the synthesis of BP4 where the quantity of silica was also 6.2 g). c Where indicated the gel composition with added TPABr was 3.5Na2O:6.0TPABr:2.0Al2O3:60.0SiO2:870H2O otherwise only minimal template (derived from the seeding gel) was used (TPA/SiO2 = 0.0033).



2.4. Post-synthesis modiﬁcation—alkaline leaching and ion-exchange Several samples (AP4, BP1, and BP2) were treated with alkali in an attempt to increase pore volume by removing amorphous material as well as potentially developing the mesopores in the zeolite structure. Each calcined sample (660 mg) was dispersed in 20 ml 0.2 M sodium hydroxide solution, sealed in a PP bottle and stirred at 85 C for 30 min. The suspension was then cooled to 0 C and the solid material was isolated, washed and dried. The calcined sodium form of the zeolites (1 g) was ionexchanged with 0.1 M NH4NO3 solution (150 ml) at 60 C under constant agitation for 4 h. The zeolite suspension was then centrifuged and the liquor was replaced by the same quantity of fresh NH4NO3 solution. The treatment was repeated three times (4 exchanges in all) and the zeolite was then washed thoroughly with deionised water following by drying at 100 C. The ammonium forms of the zeolites were calcined again (500 C) to produce the hydrogen form.



2.5.3. Thermal gravimetric analysis A SDT 2960 simultaneous DTA–TGA instrument was used to determine by weight the amount of water, organic template (TPA) and carbon in the prepared zeolites. Typically, a small sample (10 mg) was heated in ﬂowing air (100 ml/min). The temperature programme of the furnace used was composed of four segments. Samples were initially maintained at 25 C for 1 h, then heated to 150 C (5 C/ min) and held for 2 h. The temperature was then increased to 250 C (10 C/min) and held for a further 2 h. Finally the temperature was raised to 800 C (10 C/min) and held for 1 h. 2.5.4. Nitrogen physisorption The powdered sample (0.15 g) was previously degassed under vacuum at 350 C for 16 h and nitrogen adsorption at 196 C was carried out using a Micromeritics ASAP 2010 instrument. 2.5.5. Fourier transform infrared spectroscopy Transmittance FTIR spectra of self-supported zeolite discs (10 mg) were collected using a Nicolet Prote´ge´ 460 spectrometer equipped with an MCT detector by averaging 200 accumulated scans in the 1300–4000 cm 1 region at a resolution of 2 cm 1. The sample discs were activated under vacuum (1.32 mPa) at 450 C for 6 h (the temperature was ramped from ambient temperature at 1 C/min). Acidic properties of the activated samples were evaluated using pyridine (Py) adsorption. Typically, an excess of pyridine was admitted by injection of 0.1 ll aliquots into the transmittance cell at 150 C until no changes were observed in the spectra. Following each adsorption step, the sample was evacuated for 5 min at 150 C to remove weakly bound pyridine, and the FTIR spectrum was collected. The obtained infrared spectra were analysed (including integration, subtraction and determination of peak positions) using specialised Nicolet software, Omnic 4.1. The Brønsted site density was calculated from the pyridine uptake using the Beer–Lambert law [28] with an absorption coeﬃcient of 1.0038 derived by calibration against a standard ZSM-5 (Si/Al = 36, Zeolyst) containing very little extra-framework aluminium.



2.5. Characterisation 3. Results and discussion 2.5.1. X-ray diﬀraction Zeolite samples were characterised by XRD using a Philips PW 1770 diﬀractometer with nickel ﬁltered CuKa radiation scanning in the range of 3–50 (2h) at an angular rate of 0.3/min with a step size of 0.01. 2.5.2. Scanning electron microscopy The microscope images were taken under high vacuum and medium voltage (20 kV) using a FEI Quanta 200 Environmental SEM (Philips). Samples were prepared by evenly dispersing a small amount of powdered zeolite on to a carbon double-sided tape, which was then attached to a round metal stub and sputtered with gold.



3.1. Standard hydrothermal synthesis with and without carbon The strategy adopted has been to select a reliable standard preparation of high-Al ZSM-5 and then to adapt this in various ways for carbon-modiﬁed syntheses. The route chosen was based on that of Lechert and Kleinwort, as described in the IZA collection of veriﬁed syntheses [25]. The method is fundamentally that of an ‘‘inorganic’’ (i.e. non-organic-templated) route [29,30], but modiﬁed by the use of a Na,TPA-based seeding gel in order to encourage the crystallisation of an unusually Al-rich composition.
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Fig. 1. The standard hydrothermal ZSM-5 samples used in this work: (a) HT1 spherical polycrystalline aggregates of particle size 3 lm at low magniﬁcation (·2500), (b) HT1 at high magniﬁcation (·30,000), (c) CS1 (high magniﬁcation: ·102,400).



In the version employed here, the preparation was found to crystallise reproducibly to give a ZSM-5 sample with Si/Al = 23 and the morphology shown in Fig. 1((a) and (b)). The synthesis involving colloidal silicalite as a seed (CS1) was found to have a very diﬀerent morphology from HT1with very small crystallite size (150 nm, Fig. 1(c)). A trial was then carried out to determine whether any carbon could be incorporated by simply adding an aqueous colloidal graphite dispersion (Aquadag P) to the aqueous reaction mixture. Although the black products (HT2) made by this procedure contained up to 18 wt.% carbon (from TGA), optical and electron microscopic examination showed them to be physical mixtures of carbon particles and ZSM-5 particles having the same morphology as the carbon-free reference sample (HT1). The colloidal graphite clearly had only ‘‘bystander’’ status and consequently little or no inﬂuence on the zeolite synthesis. A further proof of this was the observation that the added carbon had no eﬀect on the crystallisation time. 3.2. Steam-assisted conversion with and without carbon Following the exploratory work described above, the standard preparation was modiﬁed to render it suitable for the steam-assisted conversion (SAC) technique [17– 23], principally by a reduction in the base level. At 180 C, the SAC synthesis yielded a well-crystallised sample of ZSM-5 (Si/Al = 20) in 1 day. However, the morphology was quite diﬀerent from that of the normal hydro-



thermal route (Fig. 2). Rather than the polycrystalline aggregates produced by the bulk solution synthesis, the SAC preparation consisted of well-formed single crystals (some intergrown) in the 6–10 lm size range. The SAC method was then used for the incorporation of carbon, utilizing both colloidal (Aquadag P) and nanosized solid (Cabot BP2000) sources. However, the progress of the reaction was now found to be considerably modiﬁed by the presence of the carbon, the overall reaction rate slowing down as the level of carbon was increased. 3.3. Carbon-zeolite composite crystals A range of materials were synthesised with varied levels and type of added carbon. As a further modiﬁcation, TPA cation (as TPABr) was added in pore-ﬁlling quantities (SiO2/TPA = 10) in an attempt to inﬂuence further the product crystal size and morphology. 3.3.1. X-ray diﬀraction All the carbon containing zeolite samples (AP1-5, BP14) were characterised by XRD and some selected patterns are shown in Fig. 3 where SAC1 (no carbon) was found to have reached high crystallinity in 24 h (Fig. 3(a)). The crystallisation rate was found to reduce with increasing carbon quantity (16.5–50 wt.%), leading to incomplete reaction even when 96 h heating time was allowed. However, an extended heating time (168 h) improved crystallinity of AP4 to 80%. The decreasing crystallisation rate
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Fig. 2. Carbon-free ZSM-5 sample (SAC1) synthesised by the steam-assisted conversion (SAC) route (a) low magniﬁcation (·15,000), (b) high magniﬁcation (·60,000).
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Fig. 3. XRD patterns of selected (a) calcined and (b) caustic-leached samples.



was also observed in the BP series, BP4 (100 wt.%) requiring three times longer heating (504 h) to gain approximately the same crystallinity as BP1 (33 wt.%). Moreover, the addition of TPABr caused the lower crystallinity (70%) of BP2 even though the heating time was extended to 168 h and the carbon level was the same as that for BP1. As mentioned, a range of crystallinities were observed for the synthesised zeolites, i.e. these samples contained different levels of amorphous material. Several samples (AP4, BP1 and BP2) were selected for alkaline leaching (0.2 M NaOH, 85 C) and the XRD patterns are shown in Fig. 3(b). It is notable that BP1L shows sharper and more intense diﬀraction peaks after the caustic wash while the others (BP2L and AP4L) have reduced diﬀraction intensities. One possible explanation could be that the caustic solution successfully dissolves the amorphous material in sample BP1 but at the same time extracts some Si from the framework (desilication). However, in AP4 and BP2 the desilication eﬀect was perhaps too severe and consequently led to the partial collapse of the framework. Therefore, it is reasonable to assume that AP4 and BP2 had more open structures (possibly larger mesopores) than BP1,



allowing the caustic solution to attack the framework more eﬀectively under similar conditions. 3.3.2. Crystal sizes and morphologies The SEM images of selected samples are shown in Fig. 4. Whilst the primary particle size remained similar between SAC1 and the majority of the carbon-loaded samples (6–10 lm), there was a marked change in morphology across the AP and BP series. As the carbon content of the synthesis mixture rose, the crystal blocks of the product became increasingly ﬁssured and polycrystalline. Finally, at 100% loading in sample BP4, Fig. 4(h), the original block structure was lost and the product crystals consisted of lath-like strips. This variation of morphology conﬁrmed that the carbon was exerting a deﬁnite eﬀect upon the crystallisation of zeolite. The addition of reagent quantities of TPA to the synthesis composition (samples AP5 and BP2) did not lead to formation of smaller crystals, but again modiﬁed the crystal morphology, Fig. 4(d) and (h). Surprisingly, there was no obvious change in morphology when the nanoparticulate BP2000 replaced Aquadag P as the carbon source in the synthesis, Fig. 4(b) and (e).



Y.H. Chou et al. / Microporous and Mesoporous Materials 89 (2006) 78–87



83



Fig. 4. SEM images of calcined samples (nominal carbon contents of precursors in parentheses): (a) AP1 (16.5%); (b) AP2 (33%), (c) AP4 (50%); (d) AP5 (50%); (e) BP1 (33%); (f) BP3 (50%); (g) BP4 (100%); and (h) BP2 (33%). Samples AP5 (d) and BP2 (h) were synthesised with TPA/SiO2 = 0.10, otherwise TPA/SiO2 = 0.0033.



3.3.3. Thermal analysis The carbon contents in the uncalcined products were determined by TGA. The example TGA and DTG plots of AP4 and AP5 are shown in Fig. 5. The weight losses before 250 C were due to the moisture desorbed from the samples. The only diﬀerence between AP4 and AP5 in the synthesis was the quantity



of TPA used (30 times larger in the latter) and hence the majority of micropores in AP5 were ﬁlled with TPA. As a consequence, AP5 contained less moisture (3% measured weight loss between 25 and 250 C, Fig. 5(b)) compared to AP4 (5.7%). The most prominent weight loss was observed between 250 and 800 C and can be attributed to the removal of carbon with an additional weight loss due to
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Fig. 5. TGA plots of as-made ZSM-5 (a) AP4, (b) AP5 (with the decomposition of TPA clearly visible) and DTG plots (c) AP4, (d) AP5 (with an additional TPA peak). Table 2 Carbon content in the synthesis mixture and the ﬁnal product Sample



AP4 AP5 (TPA) BP1 BP2 (TPA) BP3 BP4 a b



Carbon content (wt.%) Reaction precursora



Reaction productb



33.3 33.3 24.8 24.8 33.3 50.0



15.7 17.6 19.6 17.6 28.8 43.5



From reaction composition. Determined by TGA.



the decomposition of TPA (in AP5 only, Fig. 5(b) and (d)). Table 2 details the carbon levels used in the synthesis and the carbon determined from post-synthesis TGA experiments. The carbon contents determined in the ﬁnal products are between 70% and 90% of the nominal added carbon in the reaction precursor for the BP series. The reason for the apparently much larger discrepancies (50%) with the AP materials is not at present known. 3.3.4. Sorption studies The nitrogen adsorption isotherms of selected zeolite samples are given in Fig. 6. The samples from traditional hydrothermal syntheses (HT1 and CS1) have diﬀerent types of hysteresis loops. The shape of the HT1 curve (Fig. 6(a)) indicates two types of mesopores resulting from the morphology of spherical polycrystalline aggregates (Fig. 1): slit-shaped pores (p/p0 = 0.42–0.9) and more spherical voids (p/p0 = 0.9–1.0). The hysteresis loop of



CS1 appears only at high relative pressure (p/p0 = 0.9– 1.0) and reﬂects inter-crystalline voids in the packing of small crystals (150 nm). Sample SAC1 shows only a very small hysteresis loop which suggests the presence of some slit-like inter-crystalline voids deriving from the packing of block-like crystals (Fig. 2). The nitrogen adsorption isotherms of the carbon-modiﬁed zeolites (AP4, AP5, BP1-4) are shown in Fig. 6(b). The hysteresis loops of the carbon-derived samples are all larger than that of the carbon-free control (SAC1), suggesting an increase in mesopore volume. The relatively low micropore volumes may result either from incomplete crystallisation or partial pore blockage. The hysteresis loops in BP1 and BP3 indicate the presence of both inter-crystalline voids and intra-crystalline slits. However, the latter feature has disappeared from the disaggregated laths of sample BP4 (Fig. 3(h)). The caustic-leached samples (APL4, BPL1 and BPL2) were also characterised by nitrogen adsorption and the resulting isotherms are shown in Fig. 6(c). For comparison purposes the isotherm of leached sample SAC2 (SAC2L) is also included. (This sample was very similar to SAC1 but showed a reduced micropore volume: 80 cm3/g instead of 100 cm3/g). In all cases there is a marked increase in mesopore volume, with BP2 showing the largest eﬀect. The micropore uptake of the carbon-modiﬁed samples was reduced, probably due to partial extraction of silicon from the lattice and structure degradation. However, the micropore uptake of the ‘‘blank’’ SAC2 was slightly increased, perhaps suggesting that the original diﬀerence from the sister-sample SAC1 may have been due to partial pore
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Fig. 6. Adsorption isotherms of (a) reference samples and CS1, (b) carbon-templated samples, (c) caustic-treated samples.



blockage by alkali-soluble amorphous material. This is conﬁrmed by the XRD patterns of the two samples in which SAC2 shows only a slight overall reduction in crystallinity in comparison with SAC1 but where the intensities of the low angle lines around 7–8 (2h) (sensitive to intrapore material) are reduced by 20%. Further analysis of sorption data will form the subject of a future publication. 3.3.5. Acidity (FTIR spectroscopy) FTIR-pyridine was used to determine the true framework Si/Al ratio in some selected products (H-form) and



the spectra of three samples (SAC1, HT1, and CS1) are shown in Fig. 7. Among the three samples, SAC1 has the highest concentration of bridging acid sites (3610 cm 1) and the lowest concentration of extra-framework Al (3660 cm 1) and silanol groups (3745 cm 1). The increased absorption at 3745 cm 1 for HT1 and CS1 derives from the high external surface area (small crystallite size). The absorption peak at 3610 cm 1 was found to have disappeared after several injections of pyridine which suggests that all the bridging acidic sites were accessible. Also, in Fig. 7(b) SAC1 shows the lowest ratio of Lewis acid sites (1450 cm 1) to Brønsted
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Fig. 7. FTIR spectra for SAC1, HT1, and CS1 at (a) high frequency (prior to the titration of pyridine), (b) low frequency (coordinated pyridine bands).



Table 3 Values of Si/Al for selected samples (the Si/Al in the reaction mixture was 15) Sample



HT1 (no carbon) CS1 (no carbon) SAC1 (no carbon) AP4 (50% carbon) AP5 (50% carbon + TPABr) BP1 (33% carbon) BP2 (33% carbon + TPABr)



Si/Al EDAX (bulk analysis)



FTIR (Brønsted site)



11 15 19 16 21 17 22



23 44 20 37 84 28 89



acid sites (1540 cm 1). In other words, SAC1 (L/B = 0.2) synthesised under the dry gel system has fewer structural defects than HT1 (L/B = 0.5) and CS1 (L/B = 0.9) made under traditional hydrothermal conditions. Table 3 details the Si/Al values for the measured samples, all of which are higher than expected (reaction mixture Si/Al = 15). It is notable that AP5 and BP2 with reagent quantities of TPA in the syntheses had much higher Si/Al values than the others. Such reaction compositions crystallise MFI products in the absence of added aluminium. The presence of stoichiometric TPA has thus excluded much of the gel aluminium from the crystalline product. 4. Conclusions This work reports low-cost ZSM-5 syntheses with mesopores incorporated into the product crystals. A series of ZSM-5 catalysts have been successfully synthesised under various conditions using carbon-templating. In terms of heating method, the SAC procedure was found to result in fewer framework defects (FTIR) than conventional hydrothermal synthesis. High aluminium ZSM-5 with a large crystal size (6–10 lm) was obtained by the SAC method using a greatly-reduced proportion of organic template compared to the quantities used by Jacobsen [5–8]. The addition of carbon retarded the crystallisation rate and modiﬁed the crystal morphology. It was found that BP4, containing the highest level of carbon (100 wt.% with respect to reaction silica) required three times the heating



duration (504 h) of BP3 (50 wt.%) to show comparable crystallinity. With the increasing carbon content in BP1 (33 wt.%), BP3 (50 wt.%), and BP4 (100 wt.%) the crystal morphology became increasingly fragmented, the crystals ﬁnally becoming transmuted into irregular lath-like fragments at the highest carbon loading. Hysteresis loops in the nitrogen adsorption–desorption isotherms indicate the presence of both inter- and intra-crystalline mesopores in the carbon-templated ZSM-5 materials. However, incomplete crystallisation or partial blockage of micropores leads to relatively low micropore volumes in some products. Although two diﬀerent carbon sources were used, their behaviour in the syntheses appeared to be very similar. The bulk Si:Al ratio for a number of products was analysed by EDAX and the result for each sample was very close to the value in the synthesis gel (Si/Al = 15). However, values from FTIR acidity measurements were higher than expected. Hence, it can be concluded that, although the majority of the aluminium in the reaction precursor was present in the ﬁnal product, reduced levels were incorporated into the ZSM-5 framework. As the carbon content in the synthesis was increased, the framework aluminium decreased (Table 3). Even less incorporation of aluminium was observed in the preparations with additional TPABr as the reaction passed from an essentially inorganic to a TPAtemplated synthesis. The inﬂuence of the carbon appears also to derive from a real chemical eﬀect in which the progression of the crystallisation is retarded. Possibly, the nanosized carbon is acting in a manner similar to that of a polymeric growth inhibitor. Mass transfer limitations could also exert some control1: the nanoparticulate carbon may coat the reactant surfaces at the drying stage, thus reducing reactivity during the synthesis step. The post-synthesis treatment (alkaline leaching) probably dissolved amorphous material and generated more mesoporosity, but it also led to slightly reduced crystallinity and micropore volume. Sample BP2 suﬀered a more severe impact from alkaline leaching than either AP4 or BP1, which tends to suggest a more open structure, allowing the caustic solution to attack its framework easily. It is also possible that the relatively more eﬀective leaching of 1
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The products were characterised by a vari- ety of physical techniques. Additional post-synthesis treatment (alkaline leaching) extended the mesopore ... lite crystals themselves in order to create larger intra-crys- talline voids, usually by a post-synthesis combination of steaming and acid leaching [2]. More recently, a new. 
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