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5 Theoretical and Practical Aspects of Zeolite Crystal Growth Boris Subotic´ and Josip Bronic´ Rud¯er Bosˇkovic´ Institute, Zagreb, Croatia



I.



INTRODUCTION



Although most of the applications of the zeolites are closely connected with their structural and chemical properties (i.e., type of zeolite, modiﬁcation by ion exchange and/or isomorphous substitution, etc.), size and morphology of zeolite crystals can play a signiﬁcant role in the mode and eﬃciency of their application (1,2). Here are shown some characteristic examples of the inﬂuence of size and shape of zeolite crystals in their applications as ion exchangers, catalysts, adsorbents, coatings, and so forth. In order to control particle properties such as size and shape, it is necessary to understand crystal growth, which is the focus of this chapter. One of the most important applications of zeolites as ion exchangers is as water softeners in laundry detergents (3–8). Eﬃciency of water softening by zeolites depends on both the speciﬁc exchange capacity (e.g., milligrams of CaO bonded per gram of zeolite) and the rate of the exchange process (3,8). In contrast to insensitivity of the exchange capacity to zeolite crystal size, the rate of the exchange process considerably depends on the crystal size (8), e.g., the rate of exchange of calcium ions from solution with sodium ions from zeolite 4A increases with decreasing crystal size (Fig. 1). Although the diminishing of the crystal size of zeolite exchanger is favorable with respect to the exchange eﬃciency, the crystals of zeolite A used in laundry detergents must not be too small because crystals smaller than 0.1 Am may be retained in the damaged textile ﬁbers (7,8). On the other hand, the crystals larger than 10 Am may be retained in textile material and thus increases the incrustations of textile by insoluble mater (4,7,8). Besides by choosing of the appropriate crystal size distribution, the incrustations of textile by zeolite may be reduced by controlling the crystal shape (4,6,8); the sharp-edged crystals portrayed in Fig. 2B are not appropriate as builders because they may become entangled in textile ﬁbers. On the other hand, speciﬁcally prepared zeolite A with rounded-oﬀ corners and edges (Fig. 2A) has a tendency to decrease the deposition on textile material, as compared with the deposition of the sharp-edged crystals (4,6,8). In addition, the morphology of zeolite crystals plays a more important role, especially when considered in relation to the abrasive attack on various machine parts. With reference to this problem, the rounded-oﬀ crystals of zeolite A are less abrasive than the sharp-edged type (4).
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Fig. 1 Kinetics of exchange of sodium ions from zeolite A samples having an average crystal size 1.85 Am (o) and 2.8 Am (5), respectively, with calcium ions from solution at 20jC. GCaO is the amount of calcium ion (expressed in mg of CaO bonded per gram of dehydrated zeolite A), and tE is the time of exchange. (Adapted from Ref. 8.)



For catalytic applications, both small and large zeolite crystals are desirable (9). It is well known that the smallest crystals are the most eﬀective as catalysts as long as the catalytic reaction proceeds in the intercrystalline void volume (1), as shown in Fig. 3. Upon decreasing the crystal size, the diﬀusional paths of the reactant and product molecules inside the pores become shorter, and this can result in a reduction or elimination of undesired diﬀusional limitations of the reaction rate (9,10). Typical estimated diﬀusitivity of gas oil molecules in 0.1-Am zeolite Y crystals leads to eﬀectiveness factors of 0.8–1 for the gas oil cracking, while use of 1-Am crystals leads to eﬀectiveness factors of 01–0.25 (11). However, for very small crystals (below 0.1 Am) the external crystal surface increases relative to the internal crystal surface, and this is particularly undesirable if shape selectivity eﬀects are to be exploited (9). Although increased crystal size may result in an increase in pore length and thus may cause a reduced eﬀectiveness factor, e.g., reduced actual rate of reaction (1); however, upon increasing the crystal size, the diﬀusional paths of the molecules inside the pores are lengthened, and this may, under certain circumstances, aﬀect the selectivity in a desirable manner (9,10). An illustrative example of simultaneous but opposite inﬂuence of zeolite crystal size on the rate of reaction and shape selectivity is m-xylene disproportionation on H-mordenite; H-mordenite having larger crystallite size exhibits a higher shape selectivity but a faster catalyst deactivation, and thus slower reaction rate for m-xylene disproportionation (12). On the other hand, the study of the inﬂuence of zeolite particle size on selectivity during ﬂuid catalytic cracking have shown that the catalyst (zeolite NaY) containing smaller crystals exhibited improved activity and selectivity to intermediate cracked products, like gasoline as well as light cycle oil (13). In some cases, both the maximal catalytic rate and the best selectivity may be achieved for just speciﬁc particle size. For example, an optimal compromise between stability, activity, and selectivity of cracking catalysis with zeolite h has been found for a sample with an average crystal size of 0.4 Am; while selectivity of gases increases (Fig. 4B) and selectivity of gasoline decreases (Fig. 4D) with crystal size, the activity increases (Fig. 4A) and selectivity increases (Fig. 4E) or decreases (Figs. 4C and 4F) when zeolite h having smaller (0.17 Am) or larger (0.70 Am) average crystal size, was used as catalysts (14). Hence, it seems that under some general
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Fig. 2 Scanning electron micrograph of spray-dried zeolite A: (A) with rounded corners and edges, and (B) with sharp edges. (Adapted from Ref. 6.)



rules (e.g., increase of catalytic activity with the decrease of crystal size; increase of selectivity with the increase of crystal size), the optimal compromise between activity and selectivity may depend on both the catalytic process and the type of zeolite used as catalyst. In some cases the catalytic activity and selectivity are aﬀected not by crystal size only but by morphological properties of zeolite crystals used as catalysts (1,10,15). Study of the inﬂuence of crystal size and morphology on the coke formation on ZSM-5 after hexane cracking led to the conclusion that when polycrystalline grains or agglomerates characterize the
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Fig. 3 Eﬀect of crystal size on catalyst utilization value CUV in propene oligomerization over ZSM-5. (Adapted from Ref. 1.)



morphology of ZSM-5, the grains contain second-order pores in addition to the ﬁrst-order pores in the zeolite channels (1). When the polycrystalline grains are large, intercrystalline mass transport eﬀects can become signiﬁcant and result in a considerable reduction of catalytic activity (1). In the study of eﬀect of grain size of ZSM-5 and ZSM-11 catalysts on the alkylation of toluene with methanol, it was observed that a higher selectivity to p-xylene was obtained when the grain size of ZSM-5 zeolite increases, as expected, but this did not seem to hold true for ZSM-11 samples (10). Since ZSM-5 samples were mainly single crystal type or twinned crystals, and ZSM-11 were indeed formed of aggregates of tinny particles (10–50 nm), the low shape selectivity of ZSM-11 samples for p-xylene formation is attributable to the morphology of the grains rather than to the diﬀerence in channel tortuosity between ZSM-5 and ZSM-11 zeolites (10). Adsorption of gases, vapors, and liquids on zeolites has many applications in puriﬁcation (drying, CO2 removal, sulfur compound removal, pollution abatement, etc.) and bulk separations (normal/isoparaﬁn, xylene, oleﬁn, O2 from air, and sugar separation) (16). When other transport resistances are absent, the uptake rate, mt/me, of adsorbate molecules on spherical particles under isothermal conditions is a function of eﬀective diﬀusivity, De, and particle (crystal) size, r (17), that is, l X ð1=n2 Þexpðn2 p2 De t=r2 Þ ð1Þ mt =me ¼ 1  ð6=p2 Þ n¼1



where mt and me denote the adsorbed amount of adsorbate at time t and equilibrium, respectively. Hence, if for a given type of zeolite De = constant (18,19), the uptake rate is strongly dependent on the zeolite crystal size as it is expressed by Eq. (1). Experimental evidences were shown by the adsorption of N2 on diﬀerent size fractions of 4A zeolite (Fig. 5), and adsorption of o-xylene on diﬀerent size fractions of MFI zeolite (Fig. 6). However, in some absorption systems the eﬀective diﬀusivity, De, changes (increases) with zeolite crystal size. For example, the uptake rate of n-hexane on the HZSM-5 crystals (20) having diﬀerent crystal sizes (20–50 nm, 0.5–0.7 Am, and 4–6 Am) does not change with the crystal size (Fig. 7A), as the consequence of the constancy in the De /r2 ratio (see Table 2 in Ref. 20.) This means that the eﬀective diﬀusivity, De, increases proportionally to the second power, r2, of the spherical
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Fig. 4 Inﬂuence of crystal size on (A) total conversion, and selectivity to (B) gases, (C) C1+C2, (D) gasoline, (E) diesel, and (F) coke during the cracking of oil catalyzed by zeolite h. (Adapted from Ref. 14.)



crystals. On the other hand, since the ratio De / r 2 of cyclohexane in HZSM-5 crystals decreases with increased crystal size (see Table 2 in Ref. 20), the uptake rate increases with the decrease in the crystal size of HZSM-5 zeolite (Fig. 7B.) Except in some rare cases, the crystal sizes of zeolites used in the above-presented ‘‘classical’’ applications are mainly in the micrometer range, as is characteristic for the most of the standard synthesis procedures (21,22). However, due to the requirements for single-crystal structure analysis, ﬁne-structure analysis, studies of crystal growth mechanisms, determination of (an)isotropic magnetic and optical characteristics, utilization of zeolite single crystals as matrices to create arrayed microclusters, model substances for investigation of diﬀusion, catalytic and sorption processes, and so forth (23–25), diﬀerent techniques for the synthesis
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Fig. 5 Uptake curves of N2 at 273 K on the 4A zeolite crystals having the size 7.3 Am (4), 21.5 Am (5), and 34 Am (o). Symbols represent the measured values, and curves represent the values calculated according to the diﬀusional equation with De = 4.05  1010 cm2 s1. (Adapted from Ref. 18.)



of large single crystals of zeolite A (25–29), zeolite X (25–28,30), ZSM-5 (23–25,31–34), ZSM39 (32), analcime (34), sodalite (25,34,35), mordenite (25,36), AlPO4-5 (25), AlPO4-34 (25), and oﬀretite (37) were developed. On the other hand, many zeolites, including A (38–43), FAU (38,40,43,44–46), L (47), hydroxysodalite (48), beta (43,49,50), AlPO4-5 (51), and MFI (43,52–56), can be made in colloidal form with particle size in the nanometer range. The existence of nanocrystalline zeolites has been well known since the early days of zeolite synthesis (21,57), but the use of colloidal science principles was consistently developed recently by Schoeman et al. (38). Therefore, intensive scientiﬁc work in the synthesis of diﬀerent nano-sized zeolites (38,39,48, 52,58–60) was followed by attempts in their use for preparation of zeolite ﬁlms which can be



Fig. 6 Uptake curves for o-xylene at 120j C on the MFI zeolite crystals having the size 0.2 Am (o), 0.5 Am (5), 1.0 Am (4), and 4.0 Am ( w ). (Adapted from Ref. 17.)
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Fig. 7 Uptake curves of (A) n-hexane and (B) cyclohexane at 298 K on the HZSM-5 zeolite crystals having the size 20–50 nm (x), 0.5–0.7 Am (n), and 4–6 Am (). (Adapted from Ref. 20.)



used as membranes, catalysts, sensors, components for optical and electronic devices, etc. (44,46,50,51,53,56,57,61–63). It is well known that the ﬁnal crystal size distribution in batch crystallization strongly depends on the total number of nuclei formed during the crystallization and on the rate of their formation (rate of nucleation) (21,64,65). However, due to strong interdependence between critical processes of zeolite crystallization (gel dissolution, nucleation, and crystal growth of zeolites) (see Sec. III), the kinetics of crystal growth may frequently be a critical process in controlling both the size (distribution) and shape of zeolite crystals. This is of particular importance in the crystallization of both micro- and nanometer-sized zeolites from homogeneous systems (clear solutions), where all nuclei are formed at the very start of the crystallization process, and the crystal size may also be controlled by the duration of the crystallization process. Thus, the knowledge of the mechanism and kinetics of crystal growth as well as the inﬂuence of crystallization conditions on the crystal growth of zeolites has great importance in the control of the particulate properties (crystal size, crystal size distribution, crystal shape) of zeolites, and thus on the designing of the product(s) having desired particulate properties needed for speciﬁc application(s). II.



CRYSTAL GROWTH OF ZEOLITES: AN OVERVIEW



A.



General Features of Zeolite Crystal Growth



Despite the large number of zeolite types having diﬀerent structures, chemical compositions, and crystal shapes (66), the general feature of zeolite crystal growth does not depend on the type of zeolite, and a single type of zeolite may be synthesized under a variety of conditions (39,52,53,55,58–60,64,65,67–101). There is abundant experimental evidence that the size, L, of zeolite crystals increases linearly during the main part of crystallization process from both gels (64,65,67–71,73–78,80–89) and clear aluminosilicate solutions (39,52,53,55,58– 60,72,79,80,81,90–101), as is schematically presented in Fig. 8, and supported by the examples shown in Figs. 9–22, that is, dL=dtc ¼ Kg



ð2Þ



where L is the size of crystals at the crystallization time tc, and Kg is the slope of the linear part of the growth process, proportional to the growth rate constant. However, three diﬀerent cases may
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Fig. 8 Schematic representation of the change in (A) fraction fz of crystallized zeolite and (B) relative size L/Le of zeolite crystals during crystallization process. L is the crystal size at any crystallization time tc, and Le is the crystal size at the end of the crystallization process. Meanings of the symbols Lo and H are explained in the text.



be recognized with respect to the origin of the crystal growth process as discussed in the following paragraphs. (1) L = Lm = 0 at tc = 0 (solid curve in Fig. 8B): This case is characteristic for the crystallizing systems in which the nuclei formed at very start of the crystallization process (at tc c 0) start to grow immediately. In this case, the linear part of the growth process may be expressed as (21,67): tc



Lm ¼ Kg m dtc ¼ Kg tc



ð3Þ



0



Fig. 9 Change in the size Lm of the largest crystals of zeolite A during its crystallization at 80jC from the hydrogel having the batch molar composition 6.071 Na2O/Al2O3/2SiO2/444.44H2O. (Adapted from Ref. 86.)



Copyright © 2003 Marcel Dekker, Inc.



Fig. 10 Change in the diameter of the crystals of zeolite A during its crystallization at 60jC from the clear aluminosilicate solution (10Na2O/0.2Al2O3/SiO2/200H2O) aged for 6 days at 25jC. (Adapted from Ref. 39.)



where Lm is the size of the largest crystals formed by the growth of the nuclei originated at tc = 0 (21,64,67). Some speciﬁc examples of the case (1) of the crystal growth of diﬀerent types of zeolites during its crystallization from both gels (64,65,67,68,70,73,79,81,82,85–89) and clear solutions (39,52,53,72,79–81,91,96–98,101) are shown in Figs. 9–14. (2) L = Lm = 0 at 0 < tc V H (dashed curve in Fig. 8B): Although this case is more characteristic for crystallization of diﬀerent types of zeolites from clear solutions (39,52,58,59, 72,90,92–96,98–101) (see examples in Figs. 15 and 16), the ‘‘delaying’’ of the crystal growth relative to the beginning of the crystallization process is also observed during the crystallization of diﬀerent types of zeolites from gels (64,69,74–77,81) (see examples in Figs. 17–20.)



Fig. 11 Change in the size Lm of the largest crystals of zeolite X during its crystallization at 100jC, from the hydrogel having the batch molar composition 4.12Na2O/Al2O3/3.5SiO2/593H2O. (Adapted from Ref. 64.)
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Fig. 12 Change in the size Lm of the largest crystals of zeolite Na, TPA-ZSM-5 during its crystallization at 90jC from the hydrogel having the batch molar composition 8Na2O/6TPABr/60SiO2/0.3Al2O3/ 1.8NaNO3/7000H2O/240EtOH. (Adapted from Ref. 82.)



The ‘‘delaying’’ of the crystal growth may be explained in several ways: Twomey et al. (100) assumed that initial germ, or nonviable nuclei formed in clear homogeneous solution, were being generated from (alumino)silicate species in solution and had not yet reached the critical size necessary for further growth to occur spontaneously. On the other hand, Li et al. (98) explained the ‘‘induction time’’ H (the time at which the extrapolated linear part of the growth curve intersects the x axis; see Figs. 15 and 16) of the crystallization of TPA-silicalite-1 from the clear solution by the presence of colloidal amorphous silica particles stabilized by surface-adsorbed TPA+ cations, which cannot act as the nuclei. Thus, the amorphous silica must be depolymerized to produce soluble silica species that are arranged around TPA+ cations



Fig. 13 Change in the average particle size of zeolite (Na,TPA)ZSM-5 during its crystallization at 98jC from the clear aluminosilicate solution with the molar composition 0.1Na2O/25SiO2/0.125Al2O3/480H2O/ 100EtOH. (Adapted from Ref. 52.)
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Fig. 14 Change in the linear dimension of analcime crystals during its crystallization at 160jC from clear aluminosilicate solution with the molar composition 87Na2O/Al2O3/84SiO2/2560H2O, using Cab-OSil (5), puratronic silica (4), sodium silicate nonahydrate (o), and sodium silicate pentahydrate (+) as silica sources. (Adapted from Ref. 91.)



to form inorganic-organic composite species. Just these inorganic-organic composite species or their aggregates have been proposed as nuclei or the origin of nuclei for TPA-silicalite-1 crystal growth. In this context, the duration of the ‘‘induction period’’ H is determined by the rate of dissolution of colloidal amorphous silica and the rate of formation of the speciﬁc precursor species (see Sec. III.B). Recent scattering studies of clear solutions demonstrate that in some cases zeolite crystals nucleate in amorphous gel particles formed in the ﬁrst step of the crystallization process (39–41,45,58,100). In these cases, the ‘‘delaying’’ of the growth process may be connected with the time needed for (a) formation of gel particles, (b) formation of



Fig. 15 Change in the diameter of the crystals of zeolite A during its crystallization at 60jC from the clear aluminosilicate solution (10Na2O/0.2Al2O3/SiO2/200H2O) aged for 1 min. (Adapted from Ref. 39.)
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Fig. 16 Change in the diameter of the crystals of silicalite-1 during its crystallization at 96jC from the freshly prepared (nonaged) clear aluminosilicate solution (Na2O/9TPAOH/25SiO2/450H2O). (Adapted from Ref. 100.)



nuclei in the gel particles, and (c) release of the nuclei from the gel particles during their dissolution (for more details, see Section III.B). Finally, induction times for solutions aged beyond a certain period may be due solely to the heating time (39,78). The inﬂuence of the rate of heating of the reaction mixture may have an important signiﬁcance for the ‘‘induction’’ time of crystal growth, especially from gels (78), as will be discussed in more detail in Sec. IV.B.2. Since both cases (1) and (2) are observed during crystallization from both clear solutions and gels, even for the same types of zeolites, the ‘‘induction’’ time of crystal growth controlled by some of above-mentioned factors, or their combination, is determined by the crystallization



Fig. 17 Change in the size Lm of the largest crystals of zeolite A during its crystallization at 90jC from the hydrogel having the batch molar composition 2.76Na2O/Al2O3/1.91SiO2/409H2O. The gel was aged for 8 h at 0jC before crystallization. (Adapted from Ref. 76.)
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Fig. 18 Change in the size Lm of the largest crystals of zeolite X during its crystallization at 90jC from the hydrogel having the batch molar composition 3.7Na2O/Al2O3/3.5SiO2/542H2O. (Adapted from Ref. 64.)



conditions rather than by the type of zeolite crystallized. Regardless of the controlling mechanism of ‘‘delaying’’ of the crystal growth, the linear part of the growth process for case (2) may be expressed as: tc



Lm ¼ Kg m dtc ¼ Kg ðtc  sÞ



ð4Þ



0



(3) L = Lm = (Lm)0 > 0 at tc = 0 (dash-dotted curve in Fig. 8B): This case is characteristic for the growth of either seed crystals added to the crystallizing system (55,84,96) (see an example in Fig. 21), or zeolite crystals formed during the aging of the reaction mixture at the



Fig. 19 Change in the size Lm of the largest crystals of zeolite Na, TPA-ZSM-5 during its crystallization at 170jC from the hydrogel having the batch molar composition 5Na2O/8.8(TPA)2O/100SiO2/ 0.626Al2O3/1250H2O. (Adapted from Ref. 75.)
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Fig. 20 Change in the size Lm of the largest crystals of zeolite SAPO-5 during its crystallization at 190jC from the hydrogel having the batch molar composition Al2O3/P2O5/3.1TEA/0.2SiO2/750H2O/ 0.85H2SO4. (Adapted from Ref. 77.)



temperature lower than the crystallization temperature (76,78) (see an example in Fig. 22.) In this case, the linear part of the growth process may be expressed as: tc



Lm ¼ ðLm Þo þ Kg m dtc ¼ ðLm Þo þ Kg tc



ð5Þ



0



where (Lm)o = Lo = Ls is the size of the seed crystals added to the crystallizing system at the beginning of the crystallization process (tc = 0), or the size of the crystals formed in the systems prior to the crystallization at elevated reaction temperature T = TR (e.g., during aging of the reaction mixture at the aging temperature Ta < TR). The speciﬁc proﬁle of the Lm vs. tc curves (see Figs. 8–22) is caused by the constancy or slow changes of the concentration of reactive species in the liquid phase during the main part of



Fig. 21 Change of the size of TPA-silicalite-1 seeds during crystallization at 90jC from the clear aluminosilicate solution having the batch molar compositions 10SiO2/9TPAOH/9500H2O/20EtOH (o) and 20SiO2/9TPAOH/9500H2O/80 EtOH (). (Adapted from Ref. 55.)
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Fig. 22 Change in the size Lm of the largest crystals of zeolite X during its crystallization at 90jC from the hydrogel having the batch molar composition 3.72Na2O/Al2O3/2.8SiO2/351H2O. The gel was aged for 72 h at 60jC (o) and 80jC (5), respectively, before crystallization. (Adapted from Ref. 76.)



the crystallization process, and their rapid change (decrease) at the end of the crystallization process (65,67,69,73,82,84–89). The linear relationship between time of crystallization, tc, and size, Lm, of the largest zeolite crystals (Figs. 9–22) indicates that growth of zeolite crystals is size independent (21,64,72,73,76), i.e., ‘‘that not only during the period of constant linear growth rate, but also during the ﬁnal decay period, crystals of all sizes grew at the same but declining linear rate’’ (21). Such postulation may be justiﬁed by a linear growth of the seed crystal of zeolite Y added to hydrogel (102) as well as by linear growth of monodisperse crystals of diﬀerent types of zeolites during their crystallization from clear aluminosilicate solutions (39,52,53,55,58– 60,72,79–81,90–101). The same conclusion was outlined on the basis of a direct measurement of the growth rate of silicalite-1 single crystal (72,79). The rate of crystal growth starts to decrease (decline from the linear rate) at the end of the crystallization process



Fig. 23 Kinetics of the ﬁlm formation on copper substrates for: silicate-1 (4), zeolite Y (5), and silicalite-1 on plastically pretreated substrate (o). (Adapted from Ref. 104.)
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Fig. 24 Thickness of faujasite-type ﬁlms formed at 60jC ( w ), 80jC (4), and 100jC (5) as a function of the synthesis time tc. (Adapted from Ref. 46.)



(Fig. 8A) and the crystals attain their ﬁnal (maximal) size (Fig. 8B) when the amorphous aluminosilicate precursor is completely dissolved and/or the concentrations of reactive silicate, aluminate, and aluminosilicate species reach their characteristic values for solubility of zeolite formed under the given synthesis conditions (65,67,69,73,82,84–89). As expected, the growth proﬁle of zeolite ﬁlms on various substrates is similar to the growth proﬁles during the crystallization from gels and clear solutions (46,103–105), i.e., thickness of ﬁlm increases linearly during the main part of the crystallization process and attains the constant value at the end of the crystallization process (see Fig. 23). In some cases, the linear increase of the ﬁlm thickness is followed by its decrease upon prolonged crystallization (see Fig. 24). In the case of the growth of faujasite-type ﬁlm on a-alumina



Fig. 25 Change in the average size of silicalite crystals during crystallization at 180jC from the hydrogel having the batch molar composition 2.55Na2O/5TPABr/100SiO2/2800H2O under diﬀerent gravitational ﬁelds: 1G (4), 30G (o), and 50G (5). (Adapted from Ref. 106.)
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wafers, this phenomenon can be explained by the formation of zeolite P that grows at the expense of the faujasite-type crystals formed in the synthesis solution as well as the crystals constituting the ﬁlm (46). The crystal growth kinetics of zeolites synthesized under speciﬁc synthesis conditions and/or by special methods may deviate considerably from the ‘‘standard’’ growth proﬁle. Figure 25 shows the change in the size of silicalite crystals during crystallization in diﬀerent gravitational ﬁelds (106). Under normal gravity of 1G (4), trace amounts of crystallized product, having an average crystal length of 93 Am, appeared after one day. This initial growth occurred heterogeneously on the Teﬂon-lined vessel walls. At longer times, silicalite was found to crystallize homogeneously in the gel. These crystals have an average size from 45 to 60 Am. Appearance of larger silicalite crystals (some exceeding 100 Am in length) at longer times (e.g., 7 days) suggests a secondary crystallization forming these larger crystals (106). At 30G (o) and 50G (5), the average crystal length was found to be 160 and 156 Am, respectively, for reaction times of 2–7 days. Synthesis under high gravity gives large crystals formed in one day that are of comparable size to those of the 1G synthesis. With increasing reaction times, average crystal length increased to the maximum of 192 and 198 Am in the 30G and 50G experiments, respectively. In both elevated gravity experiments there was an initial formation of relatively large crystals, followed by a second growth of larger crystals 2–3 days later. These results suggest dissolution of smaller crystallites providing nutrients for the continued growth of the larger crystals (106). Figure 26 shows the eﬀect of crystallization time on the average particle diameter of zeolite TS-1 obtained by capillary hydrodynamic fractionation (107). In all syntheses at diﬀerent reaction temperatures there is an abrupt increase of average particle diameters from 30 nm to 60–80 nm at a particular time. These results suggest that decrease in the number of smaller particles takes place by aggregation of several particles of 30 nm via particle intergrowth mechanism (107). Use of reverse micelle droplets provides a potentially novel environment for zeolite synthesis, considering that the structure of water–cation complexes as well as water is diﬀerent from that of bulk systems (108). Applying this technique, Dutta et al. (108) studied



Fig. 26 Change in the average size of TS-1 crystals during crystallization at 60jC (5), 80jC (o), and 100jC (4) from the reaction mixture having the batch molar composition 0.03Ti/0.32TPAOH/Si/25H2O/ 1.5isopropanol. (Adapted from Ref. 107.)
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Fig. 27 Change in the average size of sodalite ZnPO during crystallization in the presence of (A) Igepal and (B) AOT. (Adapted from Ref. 108.)



the growth rate of ZnPO silicalite using Igepal (the brand name for nonionic detergents consists of polyoxyethylene nonylphenylethers) and AOT [12 bis(2-ethyl hexyloxycarbonyl)1-ethanesulfonate] to make reverse micelles. Figure 27A shows that upon mixing of two micellar solutions, Zn(NO3)2/H2O/Igepal/cyclohexane and H3PO4/NaOH/TMAOH/H2O/Igepal, there was immediate growth in the size of micelles (from f0.53 Am to >1.2 Am after 60 min). The solid phase separated from the solution had the diﬀraction patterns of ‘‘sodalite’’ framework. Figure 27B shows that particle growth mechanism is completely diﬀerent when AOT is used instead of Igepal. The initial period involves exchanging of reactants and formation of zincophosphate particles (108). Only after a critical size is reached (20 nm) does agglomeration to form large particles occur. Since nucleation and crystal growth of zincophosphates is very rapid, sodalite-like crystals were detected almost immediately after agglomeration. B.



Influence of Various Factors on Zeolite Crystal Growth



The physicochemical processes occurring during zeolite crystallization are very complex, and the rate of crystallization, types of zeolite formed, and their particulate properties (crystal size distribution, morphology) depend on a large number of parameters (21,66). Di Renzo (2) classiﬁed these parameters as crystallization conditions (temperature, stirring, seeding, gel aging) and composition-dependent parameters (alkalinity, dilution, ratio between Si and other tetrahedron-forming elements, template concentration, ionic strength, presence of crystallization poisons). Since all of the mentioned parameters may inﬂuence both the rate of nucleation and the rate of crystal growth, the crystal size distribution of the ﬁnal product of crystallization depends on both mentioned critical processes (nucleation, crystal growth). Although the interrelation between nucleation and crystal growth may be very complex (see Sec. IV. A), the independency of the growth rate of zeolites on the crystal size (21,64,72,73,76) enables the determination of the growth kinetics by measuring the change in the size Lm of the largest zeolite crystals during crystallization by the method proposed by Zhdanov (64,68). In this way, the inﬂuence of crystal growth kinetics on the crystal size of zeolite(s) crystallized under diﬀerent crystallization conditions and composition-dependent parameters may be followed independently of the kinetics of nucleation. The inﬂuence of the most important crystallization conditions (temperature, aging, seeding) and composition-dependent parameters (alkalinity, dilution, ratio between Si and other tetrahedron-forming elements, presence of inorganic cations,
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and organic template concentration) on the kinetics of crystal growth and/or particulate properties (size, shape) of diﬀerent types of zeolites is presented below, as characteristic examples. 1. Crystallization Temperature Crystallization temperature is one of most frequently studied crystallization condition that inﬂuences the kinetics of crystal growth of zeolites. Measurements of the kinetics of the crystal growth of zeolite A (39,68,88,97,110), analcime (91), hydroxysodalite (109), Dodecasil 1H (78), faujasites (46,64,112,113), mordenite (110), omega (74), silicalite-1 (55,59,60,79,92,96,114), and ZSM-5 (71,80,81,111) as a function of crystallization temperature have shown that in all cases the crystal growth rate increased with the crystallization temperature (see Fig. 28 as an example) in accordance with the Arrhenius law, that is, lnKg ¼ ln A  Ea ðgÞ=RT ð6Þ where Kg is the rate constant of linear crystal growth [see Eqs. (2)–(5)] at the reaction temperature T, R = 8.3143 J K1 mol1 is the gas constant, T is absolute temperature, A is the appropriate constant, and Ea(g) is the activation energy of the crystal growth process. Hence, in accordance with Eq. (6), the activation energy of the crystal growth process may be determined as the slope of the 1n Kg vs. 1/T straight line (Fig. 29), that is, ð7Þ Ea ðgÞ ¼ RDðln Kg Þ=Dð1=T Þ Studies of crystal growth of zeolites under diﬀerent conditions (65,67,73,86,88,109) have shown that the crystal growth rate dL/dtc = kg f (C) = Kg depends on two groups of factors: kinetic (energetic) factors that determine the value of the constant kg, and chemical factors that determine the value of the concentration function f (C) (88,109). Recent analysis of the inﬂuence of crystallization temperature on the crystal growth of zeolite A has shown that the activation energy Ea(K) = 76.9 kJ/mol, calculated from the 1n Kg vs. 1/T plot (Fig. 29A), is larger than the value of the activation energy Ea(k) = 60.3 kJ/mol, calculated from the 1n kg vs. 1/T plot (Fig. 29B); Ea(K)  Ea(k) = 16.6 kJ/mol. This is probably due to the activation energy Ed c 15 kJ/mol of dissolution of the amorphous aluminosilicate precursor (115). Since the value of the concentration function f (C) depends on both the rate of dissolution of the



Fig. 28 Change in the size Lm of the largest crystals of zeolite A during its crystallization at 70jC (o), 80jC (4), 85jC (.), and 90jC (5), from a suspension (8 wt %) of an amorphous aluminosilicate (1.03Na2O/Al2O3/2.38SiO2/1.66H2O) in 1.2 M NaOH solution. (Adapted from Ref. 88.)
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Fig. 29 The values of (A) ln kg and (B) ln Kg, which correspond to the crystal growth processes represented in Fig. 28, plotted against the corresponding values of 1/T. The meanings of the symbols kg, Kg, and T are explained in the text. (Adapted from Ref. 88.)



Table 1 Apparent Activation Energies Ea(g) of Crystal Growth of Diﬀerent Types of Zeolites Measured During Their Crystallization from Hydrogels (HG) and Clear Solutions (CS) Type of zeolite



Ea(g) (kJ mol1)



System



Ref.



A A A A Analcime Hydroxysodalite Dodecasil 1H X Y Y Mordenite Silicalite-1 Silicalite-1 Silicalite-1 Silicalite-1 Silicalite-1 ZSM-5 ZSM-5



44 76.9 71–75 79.5 75 102 30 62.5 60.4–63.3 49.4–65.3 58.6–62.8 90 42 70 83 48.5 80 89.8



HG HGa CS HG CS HGb HG HG HG HG HG CS CS CS CS HG HG HG



68 88 97 110 91 109 78 64 112 113 110 55 59 60 96 114 81 111



a b
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Dried gel dispersed in NaOH solution. Hydrothermal transformation of zeolite A into hydroxysodalite.



amorphous aluminosilicate precursor and the rate of crystal growth (116), the diﬀerence Ea(K)  Ea(k) c Ed indicates that the increase of the crystal growth rate of zeolite A with increasing temperature is aﬀected to a greater extent (f70%) by kinetic (energetic) than by chemical (f30%) factors (88). Although the extent of kinetic factors in the value of the activation energy of crystal growth of zeolites is dominant over the extent of the chemical factors (88,109), the real inﬂuence of the mentioned factors on zeolite crystal growth probably depends on the type of zeolite and the crystallization conditions. Table 1 shows activation energies of crystal growth of diﬀerent types of zeolites synthesized under diﬀerent conditions from both hydrogels (HG) and clear solutions (CS). The data in Table 1 show that the activation energy of the growth process probably depends on the type of zeolite, but also that Ea(g) does not have a unique value for a given type of zeolite. This means that the activation energy of zeolite crystal growth depends on the synthesis conditions rather than on the type of zeolite crystallized. Even for some types of zeolites activation energies of the growth in diﬀerent directions may diﬀer considerably (see Table 2); thus, crystallization temperature inﬂuences not only the rate of crystal growth but also the crystal morphology (74,80,81,92,117,118). Diﬀerent growth rates of (001) and (hk0) faces, and thus diﬀerent apparent activation energies for the crystal growth of (001) and (hk0) faces of zeolite omega (see Table 2), cause formation of diﬀerently shaped (spheres, cylinders, hexagonal prisms) crystals of zeolite omega, depending on crystallization temperature and concentration of aluminum in the liquid phase of the crystallizing system (74). Figure 30 shows the variation of length (L) and width (W) ratio of silicalite crystals during crystallization of silicalite-1 at various temperatures (80). In contrast to slow changes of L/W with crystallization time (expect at 180jC), L/W increases considerably with crystallization temperature as a consequence of the higher apparent activation energy for crystal length relative to the apparent activation energy for crystal width (see Table 2.) This means that the increase of crystallization temperature favors the formation of the more elongated silicalite-1 crystals. Although L/W of the MFI-type crystals generally increases with crystallization temperature, the ﬁnal size and shape of the crystals formed at a given temperature depend on many parameters that aﬀect the values of the apparent activation energies, and thus the growth rates of diﬀerent crystal faces (see Table 2) (92).



Table 2 Apparent Activation Energies Ea(g) of the Crystal Growth for Diﬀerent Crystal Faces of Zeolites Omega, Silicalite-1, and ZSM-5 Type of zeolite



Ea(g)1 (kJ mol1)



Ea(g)2 (kJ mol1)



Ea(g)3 (kJ mol1)



System



Ref.



96.2 52 61 52 70



125.5 28 36 28 55



— — — 44 44



HG CS CS CS CS



74 81 80 92 92



Omega ZSM-5 Silicalite-1a Silicalite-1b Silicalite-1c



Omega: Ea(g)1 and Ea(g)2 are the apparent activation energies for the growth of (001) and (hk0) faces of zeolite omega. a ZSM-5, Silicalite-1: Ea(g)1 and Ea(g)2 are the apparent activation energies for the length and width growth of ZSM5 and silicalite-1 crystals. b ZSM-5, Silicalite-1: Ea(g)1, Ea(g)2 and Ea(g)3 are the apparent activation energies for the growth of (001), (100), and (010) faces of silicalite-1 crystallized from the system: 0.1 TPABr/0.05 Na2O/SiO2/300 H2O. c ZSM-5, Silicalite-1: Ea(g)1, Ea(g)2, and Ea(g)3 are the apparent activation energies for the growth of (001), (100), and (010) faces of silicalite-1 crystallized from the system: 0.1 TPABr/0.05 Na2O/SiO2/100 H2O.
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Fig. 30 Variation of length to width ratio of silicalite-1 crystals during their crystallization at 135jC (o), 150jC (4), 165jC (5), and 180jC ( w ) from the reaction mixture having the batch molar composition 0.1TPABr/0.05Na2O/SiO2/300H2O. (Adapted from Ref. 80.)



Strong variation of the crystal habit of laumontite (117), analcime (118), and vise´ite (118) with the crystallization temperature may be explained by the same principles as above, i.e., by diﬀerent apparent activation energies for the growth of diﬀerent crystal faces of laumontite, analcime, and vise´ite. 2. Aging of the Reaction Mixture It is well known that the low-temperature aging of aluminosilicate gel precursor markedly inﬂuences the course of zeolite crystallization at the appropriate temperature (64,65,69,70, 73,76,119–125). The primary eﬀects of gel aging are shortening of the ‘‘induction period’’ of crystallization (64,65,70,73,119,120), acceleration of the crystallization process (64,65,70,73, 119,120), and lowering of the crystal size (64,65,73,120,125). However, in some cases gel aging also inﬂuences the type(s) of zeolite(s) formed (69,121,123,125). Figures 31 and 32 show the inﬂuence of gel aging at ambient temperature on the size of silicalite-1 crystals. Eﬀect of aging is the most intense in the ﬁrst 48 h, when the length of the silicalite-1 crystals decreased from about 18 Am (nonaged gel) to about 8 Am (see Fig. 32). Prolonged aging to 192 h resulted in crystallization of silicalite-1 crystals having about 4.5 Am length (Figs. 31 and 32). Aging did not markedly inﬂuence morphology of the silicalite-1 crystals (see Table 1 in Ref. 125.) In the study of zeolite A crystallization from the hydrogel (2.76Na2O/Al2O3/1.91SiO2/ 516H2O) aged at ambient temperature for 0, 1, 2, and 3 days, Zhdanov and Samulevich found that the time of aging did not inﬂuence the rate of linear crystal growth, whereas the duration of crystallization at 90jC and the size of crystals in ﬁnal products decreased with the time of aging (64). Figure 33 shows that a similar independence of the crystal growth rate on the gel aging was observed during crystallization of zeolite A at 80jC from the more concentrated aluminosilicate system (2.04Na2O/Al2O3/1.9SiO2/212H2O) (65,73). While the crystal growth rate dLm/dtc = Kg = 2.74 Am/h was independent of the time of gel aging ta, the size (Lm)e of the largest crystals at the end of the crystallization process decreased with the increasing aging time ta; (Lm)e c 13.3 Am for ta = 0, (Lm)e c 11 Am for ta = 3 d, (Lm)e c 8 Am for ta = 9 d, and (Lm)e c 4.7 Am for ta = 17d (65).
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Fig. 31 Scanning electron micrographs of the silicalite-1 crystals obtained by crystallization at 170jC for 24 h from the hydrogel having the batch molar composition 2.5 Na2O/8TPABr/60SiO2/800H2O aged at ambient temperature for (a) 0 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 48 h, and (f ) 192 h. (Adapted from Ref. 125.)



Study of the crystal growth rate of zeolites A and X (76) from the gels aged for 8 h at diﬀerent temperatures (0 to 80jC for zeolite A, and 12 to 80jC for zeolite X) prior the crystallization at 90jC, showed that the aging temperature determines the growth proﬁle (Lm vs. tc function) with respect to the origin of the crystal growth process (case 1, 2, or 3; see Fig. 8), but does not inﬂuence the crystal growth rate dLm/dtc = Kg of the linear part of the growth process (see Fig. 34 as an example). The presented results indicate that both kinetic and chemical factors of the growth of zeolite crystals from hydrogels do not depend either on the aging time or on the temperature of aging, and that the development of nucleation during aging is the only reason (64,65,73) for the eﬀects observed (64,65,69,70, 73,76,119–125).
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Fig. 32 Average value of the length Lm of silicalite-1 crystals obtained by crystallization at 170jC for 24 h from the hydrogel having the batch molar composition 2.5Na2O/8TPABr/60SiO2/800H2O aged at ambient temperature for diﬀerent times tA. (Adapted from Ref. 125.)



In contrast to the independency of the crystal growth rate on the aging of hydrogels (64,65,73), the growth rate of silicalite (100) and zeolite A (97,101) crystallized from clear (alumino)silicate solutions considerably depends on the aging of the reaction mixture (see Fig. 35 as an example). The increase in growth rates with aging time is probably an indication that nuclei had agglomerated and the growth rate measured by quasi-elastic light scattering was the apparent rate of growth of the agglomerate, which was higher because of the increased surface area (100,101). This phenomenon probably does not occur in the gel systems because the amorphous gel suspends and isolates the crystallites



Fig. 33 Change in the size Lm of the largest crystals of zeolite A during its crystallization from the hydrogel having the batch molar composition 2.04Na2O/Al2O3/1.9SiO2/212H2O aged at 25jC for 0 (5), 3 (o), 9 (.), and 17 days (5) prior to crystallization at 80jC. (Adapted from Ref. 65.)
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Fig. 34 Change in the size Lm of the largest crystals of zeolite A during its crystallization from the hydrogel having the batch molar composition 2.76Na2O/Al2O3/1.91SiO2/409H2O, aged at 0jC (o), 7jC (o|||| ), 27jC (5), 40jC (+), 60jC ( w ), 70jC (5), 80jC (4) and 90jC (P) for 8 h prior to the crystallization at 90jC. (Adapted from Ref. 76.) |



|



until very near to the end of the process when settling of macroscopic single crystals occurs (101). 3. Seeding Seeding (addition of small amount of zeolite into the synthesis system, usually just before the hydrothermal treatment) was the method used sometimes in order to direct crystallization toward a desired type(s) of zeolite(s) and control the size of the ﬁnal crystals (2,55,83,84, 96,102,126–129). The crystal growth rate of seed zeolite crystals generally does not diﬀer



Fig. 35 Change in the diameter of the silicalite-1 crystals during crystallization from the clear solution (Na2O/25SiO2/9TPAOH/450H2O) aged at room temperature for 0 (.), 4 (5), and 9 days ( w ) prior to crystallization at 96jC. (Adapted from Ref. 100.)
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from the crystal growth rate of nuclei in ‘‘conventional’’ syntheses, i.e., the size of the seed crystals increases linearly during the main part of the crystallization process (55,83,84,96) (see Fig. 21); thus, the crystal growth rate of the seed crystals may be expressed by Eq. (2). The ﬁnal size of the seed crystals grown in an appropriate system depends on both the size Ls of the seed crystals (83,84) and their amount added to the system (55,96), but kinetics of crystal growth of seed crystals does not depend either on size Ls (83) or the amount of the seed crystals having the appropriate size Ls (55,96). Hence, the size Lm = (Ls)t of the seed crystals at any crystallization time tc may generally be expressed by Eq. (5). In contrast to somewhat decreased interest for using the seeding in the conventional syntheses, there is an increased interest for use of seeding in the preparation of zeolite ﬁlms, which can be used as membranes, catalysts, sensors, components for optical and electronic devices, and so forth (44,46,50,51,53,56,57,61–63). 4. Alkalinity of Crystallizing System The alkalinity in the synthesis batch is one of the most important parameters for control of the crystallization of zeolites. The increase in alkalinity causes an increase in the crystallization rate (21,67,68,72,73,86,102,109,113,131–135) via an increase in the crystal growth rate (67,68,71,72,109,113,130,131,133) and/or nucleation (68,86,131,133) consequent to an increasing concentration of reactive silicate, aluminate, and aluminosilicate species in the liquid phase of the crystallizing system (67,68,73,86,102,109,130,132). The increase in the concentration of the reactive silicate, aluminate, and aluminosilicate species in the liquid phase of the crystallizing system with increasing alkalinity of the reaction mixture (hydrogel) is caused by the more rapid increase in the solubility Sg of amorphous (alumino)silicate precursor than the increase in the solubility Sz of crystallized zeolite(s) with increasing alkalinity A (i.e., Sg/Sz increases with increasing A). The data in Tables 3–7 show that the crystal growth rate of zeolites is proportional to a power of alkalinity A, that is, Kg ¼ dL=dtc ~Ap ð8Þ as predicted by Lindner and Lechert (112), and later on by Iwasaki et al. (134). Here the alkainity A is expressed as the concentration CNaOH of sodium hydroxide in the liquid phase of the crystallizing system (Tables 3, 4, and 6), the batch molar ratio [Na2O/H2O]b in the reaction mixture (Tables 5 and 7), or an excess alkalinity, i.e., the molar ratio OH/SiO2 in the liquid phase (112). Although Lindner and Lechert indicated that the power p in Eq. (8) is related to the molar ratio Si/Al in the faujasite (112) crystallized from the reaction mixtures having diﬀerent Si/Al batch molar ratios (112), it seems that this is not a general rule. Although p c 1 for crystallization of zeolite A (Si/Al = 1) described in Ref. 67 (Table 3), p = 1.36 and p = 1.55



Table 3 Inﬂuence of the Concentration CNaOH in the Liquid Phase of the Crystallizing System on the Growth Rate Kg = dLm/dtc of Zeolite A Crystals A = CNaOH (mol dm3) 1.2 1.4 1.6 1.8 2.0 Source: Ref. 67.
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Kg = dLm/dtc (Am min1)



Kg/A (Am min1 mol1 dm3)



0.0155 0.0190 0.0188 0.0220 0.0215



0.013 0.014 0.012 0.012 0.011



Table 4 Inﬂuence of the Concentration CNaOH in the Liquid Phase of the Crystallizing System on the Growth Rate Kg = dLm/dtc of Zeolite A Crystals A = CNaOH (mol dm3)



Kg = dLm/dtc (Am day1)



Kg/A (Am day1 mol1 dm3)



1.25 1.80 2.25 3.05



4.14 4.20 4.89 5.45



0.302 0.428 0.460 0.560 Source: Ref. 68.



for crystallization of the same type of zeolite described in Refs. 68 (Table 4 and Fig. 36) and 131 (Table 5). On the other hand, p c 1 for crystallization of zeolite P (Si/Al = 1.4–1.5, Refs. 133 and 136) (Table 6) and silicalite 1 (Si/Al ! l, Ref. 72) (Table 7). In addition, the power p depends on the growth direction, e.g., p = 0.52 for the length growth rate, and p = 1.05 for the width grow rate of silicalite-1 crystals (Si/Al ! l) at 165jC (134). This is a possible reason for obtaining elongated ZSM-5 crystals at lower alkalinities of the reaction mixture (Fig. 37a and 37b), and more rounded ZSM-5 crystals at higher alkalinities of the reaction mixture (Fig. 37c and 37d) (137). In contrast to an increase of the crystal growth rate with increasing alkalinity of hydrogels, as indicated in Tables 3–7, it seems that in some cases of the crystallization of zeolites from clear solutions, there is a value of the alkalinity below which the crystal growth rate is essentially independent of the synthesis mixture alkalinity (53,58), whereas above this threshold value the crystal growth rate decreases with increasing alkalinity (52). It is likely that the observed crystal growth rate is determined by the diﬀerence between the rates of two competing phenomena: a surface reaction, on the one hand, and crystal dissolution, on the other hand (52,59). The almost constant crystal growth rates in the systems where the alkalinity is lower than the threshold value (OH/H2O = 0.013–0.017) are probably due to the fact that the rate of dissolution at low alkalinity is negligible compared with the rate of surface reaction (52). Since TPA+ is present in excess, the alkalinity (supplied as TPAOH and, to a lesser extent, as NaOH) is not the limiting factor in the crystal growth process (52). The ratio of the rate of crystal growth relative to the rate of crystal dissolution is expected to be lower at alkalinities higher than the threshold alkalinity, thus explaining the lower observed growth rates at high alkalinity (52). In other words, an increase of alkalinity in the clear (alumino)silicate solutions does not aﬀect the concentration of reactive species but at the same time increases the solubility of the crystallized zeolite(s). The consequence is a decrease in the supersaturation, and thus a decrease in the crystal growth rate with increasing alkalinity of crystallizing system.



Table 5 Inﬂuence of the Batch Molar Ratio [Na2O/H2O]b on the Growth Rate Kg = dLm/dtc of Zeolite A Crystals A = [Na2O/H2O]b 0.0250 0.0333 0.0500 Source: Ref. 131.
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Kg = dL/dtc (arbitrary units)



Kg/A



0.017 0.027 0.050



0.68 0.81 1.00



Table 6 Inﬂuence of the Concentration CNaOH in the Liquid Phase of the Crystallizing System on the Growth Rate Kg = dLm/dtc of Zeolite P Crystals A = CNaOH (mol dm3)



Kg = dLm/dtc (Am h1)



Kg/A (Am h1 mol1 dm3)



0.0054 0.0075 0.0092



0.0045 0.0042 0.0046



1.204 1.798 1.993 Source: Ref. 133.



5. Dilution of Crystallizing System Following a general principle that the rate of crystal growth is proportional to the concentration of reactants, expressed by the concentration function f (C) (67,88), that is, dL=dtc ¼ kg f ðCÞ ð9Þ it is not unexpected that dilution of crystallizing system (e.g., an increase of water content) causes a decrease of the concentration of reactive species in the liquid phase, and thus a decrease of the crystal growth rate. Iwasaki et al. (92) found that the growth rates for all faces of silicalite-1 crystals crystallized at 150jC from reaction mixture 0.1TPABr/0.05Na2O/ SiO2:xH2O decreased with an increase of the ratio x = H2O/SiO2 (increased dilution), although the dependence of the growth rate was slightly diﬀerent for each face (Fig. 38). The observed inﬂuence of dilution of the system on the crystal growth rate is caused by the fact that the growth condition of silicalite crystals is mainly characterized by the superasaturation of the primary building units for the crystallization (134). By systematic study of the inﬂuence of the ratio x = H2O/SiO2 (x = 100–1000) on the length [Kg(L)] and width [Kg(W)] growth rate of silicalite-1 crystals at 160jC it was found that the growth rates are proportional to a power of x (134), that is: Kg ðLÞ~x0:75 ð10Þ Kg ðW Þ~x1:12



ð11Þ



Kg ðLÞ=Kg ðW Þ~x0:37



ð12Þ



Hence, Thus, the formation of elongated crystals with a high length-to-width ratio occurred at high H2O/SiO2 ratio, and the formation of cubic crystals at low H2O/SiO2 ratio (134) is in accordance with the relation (12). On the other hand, Twomey et al. (100) observed that the growth rate of silicalite-1 crystals from the system 25SiO2/Na2O/9TPAOH/yH2O (x = y/25 = H2O/SiO2 = 12– 120) remained almost constant for any given temperature, and even that in some cases crystal Table 7 Inﬂuence of the Batch Molar Ratio [Na2O/H2O]b on the Growth Rate Kg = dLm/dtc of Silicalite-1 Crystals at 140jC [Kg(140)] and 160jC [Kg(160)], Repectively A = [Na2O/H2O]b 6.667 9.333 6.667 6.667



   



104 104 104 104



[TPABr/H2O]b 1.333 1.333 1.000 6.667



Source: Ref. 72.
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103 103 103 104



Kg(140) (Am h1)



Kg(140)/A (Am h1)



Kg(160) (Am h1)



Kg(140)/A (Am h1)



0.23 0.42 0.27 0.24



345 450 405 360



0.70 1.00 0.66 0.66



1050 1072 990 990



Fig. 36 Inﬂuence of the concentration CNaOH in the liquid phase of the crystallizing system on the growth rate Kg = dLm/dtc of zeolite A crystals. Symbols (o) corresponds to the data from Table 4, and the curve represents the values of Kg calculated by the relation: Kg = 6.38  (CNaOH)1.38.



growth rate of silicalite-1 increases with increasing H2O/SiO2 ratio (Kg ~ xn with n > 0) (53,58). Although this eﬀect is in contrast with the general principle expressed by Eq. (9) and the ﬁndings expressed by Eqs. (10) and (11), the increase of the crystal growth rate with the increasing H2O/SiO2 ratio is probably related to the relatively high SiO2 concentrations in the examined systems where most of silica is probably present in colloidal form. Since colloidal silica negligibly aﬀects the growth behavior (134), formation of the primary building units by depolymerization of colloidal silica in the diluted systems may cause the increase in the growth rate of silicalite-1 crystals. The decrease of the crystal growth rate of NH4-ZSM-5 (71) and silicalite-1 (134) crystals with increasing SiO2 batch concentration [SiO2] by the law (134), ð13Þ Kg ~½SiO2 n where n < 0, corroborates such an assumption. 6. Ratio Between Si and Al (and Other Tetrahedron-Forming Elements) Although the silica/alumina ratio of the synthesis mixture used to crystallize a zeolite governs both the silica/alumina ratio of the zeolite product and the framework structure (25,66,138), here will be presented some examples of the inﬂuence of batch silica/alumina ratio on the crystal growth rate and/or morphology of selected types of zeolites. An analysis of the eﬀect of aluminum concentration on the crystal size and morphology in the synthesis of an NaA zeolite (139) has shown that the variation in the molar ratio x = SiO2/Al2O3 ranging from 1.48 to 2.69 has no signiﬁcant inﬂuence on the rate of global crystallization process (see Figure 2 in Ref. 139), but markedly inﬂuences both crystal size (Table 8) and crystal morphology (Figure 1 in Ref. 139.) As can be seen in Table 8, smaller beveled cubic crystals (similar to those shown in Fig. 2A), formed for lower values of x, become larger and sharp edged (similar to those shown in Fig. 2B) with increasing value of x. This result is in accordance with the results of the recent study of the control of crystal size distribution of zeolite A (140). An increase in the particle size with the increasing value of x (Table 8) for an approximately constant rate of crystallization indicates that the number of nuclei formed in the system decreases, and the rate of crystal growth increases (Kg is proportional to the ﬁnal crystal size) with decreasing value of x. This is contradictory



Copyright © 2003 Marcel Dekker, Inc.



Fig. 37 Scanning electron micrographs of ZSM-5 type crystals obtained from reaction mixtures having alkalinities (A = OH/H2O): 3.66  108 (a), 1.92  106 (b), 1.39  104 (c), and 2.25  102 (d). (Adapted from Ref. 137.)



to the ﬁndings that an increase of aluminum concentration in the liquid phase (and thus a decrease of the batch molar Si/Al ratio) increases the crystal growth rate of zeolite A (141), faujasites (112,142), zeolite omega (74), and SAPO-5 (143), and cannot be explained at present. The concentration of aluminum [Al] in the liquid phase inﬂuences the crystal growth rates Kg(001) of (001) faces, and Kg(hk0) of (hk0) faces of zeolite omega in diﬀerent ways (74), that is, Kg ð001Þ ¼ k1 ½A10:8



ð14Þ



1:6



ð15Þ



Kg ðhk0Þ ¼ k2 ½A1



with k1 = 5.5 and k2 = 0.94 at 105jC, k1 = 13 and k2 = 3.94 at 115jC, k1 = 37.4 and k2 = 11.7 at 130jC, with apparent activation energies Ea(001) = 191.2 kJ/mol and Ea(hk0) = 249.4 kJ/mol. This causes the crystal habit of zeolite omega to change from hexagonal prisms to cylinders to spheres with increasing [Al] (74). In contrast to the observed increase of the crystal growth rate of low- and medium-silica zeolites with increasing aluminum content in both overall reaction mixture and in the liquid phase of the crystallizing system, the presence of aluminum in the reaction mixture decreases
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Fig. 38 Eﬀect of starting H2O/SiO2 ratio on the growth rate of (001) (5), (100) (.), and (010) (o) crystal faces of silicalite-1 at 150jC from the synthesis mixture 0.1 TPABr/0.05Na2O/SiO2/xH2O. (Adapted from Ref. 92.)



the crystal growth rate of high-silica zeolites (71,75). An analysis of the inﬂuence of the eﬀect of Al2O3 content in the reaction mixture on the crystal growth rate of zeolite NH4-ZSM-5 at 180jC from the system 4(TPA)2O/60(NH4)2O/xAl2O3/90SiO2/750H2O (71) showed a linear decrease in the crystal growth rate dL/dtc = Kg with increasing aluminum concentration, that is, Kg ¼ Kg ð0Þ  0:104x



ð16Þ



in the range of x = 0 (SiO2/Al2O3 = l) to x = 2.5 ((SiO2/Al2O3 = 36), where Kg(0) = 0.38 Am/h is the crystal growth rate in an aluminum-free system (x = 0), and x = 90SiO2/Al2O3. A similar



Table 8 Crystal Size and Morphology of Zeolite A Crystallized from the Reaction Mixtures SiO2/Al2O3 = x, Na2O/SiO2 = 1.01, H2O/Na2O = 53 (run series 1) and Na2O/SiO2 = 0.58, H2O/Na2O = 91 (run series 2) Run no.



x = SiO2/Al2O3



Crystal size (Am)



Morphology in accordance with Fig. 2



1.48 1.58 1.99 2.18 2.41 2.69 1.48 1.58 1.99 2.18 2.41 2.69



1.5–2.5 2.5–3 3–3.5 3–4 5–6 8–10 2–4 3–4 4–5 6–8 8–10 10–15



A A A A,B A,B B A A A A,B A,B B



1a 1b 1c 1d 1e 1f 2a 2b 2c 2d 2e 2f Source: Ref. 139.
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Fig. 39 Scanning electron micrographs of ZSM-5 type crystals crystallized at 170jC from the reaction mixture 2.5Na2O/8TBABr/xAl2O3/60SiO2/800H2O with (a) x = 0, (b) x = 0.1, (c) x = 0.5, (d) x = 1, and (e) x = 2. (Adapted from Ref. 145.)
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but not strongly linear relationship between x (100SiO2/Al2O3) and Kg was observed during crystallization of zeolite ZSM-5 at 170jC from the system 5Na2O/8.8(TPA)2O/xAl2O3/ 100SiO2/1250H2O, with x = 0.125–0.987 (75). Reduction of the growth rate of ZSM-5 crystals by the presence of aluminum is probably caused by the OH–Al interactions and therefore reduction of the ability of OH to form active silicate species (by depolymerization of polysilicates) needed for nucleation crystal growth (71). It was found that the length growth rate of ZSM-5 crystals decreases with increasing Al2O3/ SiO2 ratio of synthesis mixtures, whereas the width growth rate increases slightly (144). The width growth rate shows complex behavior, especially; it increases with the small addition of aluminum and then decreases with further addition. In either case, the aspect ratio of the crystals decreased with the addition of aluminum (144). Thus, the consequence of the presence of aluminum in the reaction mixture is rounding of ZSM-5 crystals (145,146) (Fig. 39). The increase of the length-to width ratio with the increasing SiO2/Al2O3 ratio in the reaction mixture is also observed during crystallization of zeolite ZSM-12 (147). Another eﬀect of the presence of aluminum in the reaction mixture is roughening of the surfaces of ZSM-5 crystals (Fig. 39). The SEM pictures indicate that roughening is possibly caused by the formation of twin elements during the synthesis from the batches with higher aluminum content (145). However, the relation between the impurity eﬀect due to aluminum and kinetic roughening is unclear at present. Substitution of silicon with other framework atoms (B, Al, Ga, Ti, V, Cr, Fe) substantially inﬂuences the crystal growth rate of zeolite ZSM-5 (148). The crystal growth rates of B-, Al-, and Ga-ZSM-5 zeolites are by far higher than those of Ti-, V-, Cr-, and FeZSM-5 zeolites, whereas the crystal growth rates among the former or the latter are similar to one another (147). By comparing the gel dissolution rates for B-, Al-, and Ga-ZSM-5 zeolites with those for Ti-, V-, Cr-, and Fe-ZSM-5 zeolites (Table 9), it may be concluded that in accordance with the liquid phase transportation mechanism of zeolite formation, the rates of crystal growth for the various zeolites are correlated with those of gel dissolution for them, i.e., the larger gel dissolution rate is correlated with the larger crystal growth rate (148). 7. Inorganic Cations and Templates Besides acting as counterions to balance the zeolite framework charge, the inorganic cations present in a reaction mixture often appear as the dominant factors determining which structure is obtained (66,138), and at the same time may inﬂuence the pathway of the crystallization



Table 9 Rate Constants of the Crystal Growth of Zeolites B-, Al-, Ga-, Ti-, V-, Cr-, and Fe-ZSM-5 Compared with the Rate Constants of Dissolution of the Corresponding Gels Zeolites M-ZSM-5 B-ZSM-5 Al-ZSM-5 Ga-ZSM-5 Ti-ZSM-5 V-ZSM-5 Cr-ZSM-5 Fe-ZSM-5 Units are arbritary. Source: Ref. 148.
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Crystal growth rate constant



Gel dissolution rate constant



102.02 155.39 163.38 31.71 18.83 18.70 28.43



224.56 263.67 218.96 37.55 39.63 39.08 39.27



process. For instance, the presence of K+ ions considerably decreases the rate of crystallization of zeolite A, which is the product of crystallization for RK = K2O/(K2O + Na2O) V 0.2 (131,127). Further increase of RK additionally decreases the rate of crystallization and at the same time causes simultaneous crystallization of zeolites A and K-F (about 70% of zeolite A and about 30% of zeolite K-F is formed at RK = 0.3, and about 90% of zeolite K-F and about 10% of zeolite A is formed at RK = 0.5) (127). Thus, it is interesting that crystal size of zeolite A increased considerably with increasing RK, indicating that the presence of K+ ions depresses the nucleation of zeolite A (127). On the other hand, the crystal size of zeolite K-F is comparable with the crystal size of zeolite A formed in the absence of K+ ions and did not depend on RK (137). Although there are no data on the inﬂuence of RK on the crystal growth rates of the crystallized zeolites (A, K-F), it is possible that the presence of K+ ions decreases not only the rate of nucleation but also the rate of crystal growth, especially in the case of zeolite K-F as may be evidenced by the decrease of crystallization rate of zeolite K-F with increasing RK. The presence of inorganic cations can also alter the morphology of zeolite crystals, either by favoring nucleation of new crystals or by selectively enhancing the crystal growth in a given direction (66,138). This has been extensively studied for numerous systems, but more particularly for ZSM-5. Figure 40 shows that morphology and size are dependent on the cations present in the reaction mixture. Structure-breaking cations (K+, Rb+, Cs+) favor the formation of large (15–25 Am) single crystals or twins, whereas in the presence of structureforming cations (Li+, Na+) a rapid nucleation yields homogeneously distributed ZSM-5 crystals within the 5- to 15-Am range (149). The particular role of NH4+ ions is explained in terms of its preferential interactions with aluminate rater than with silicate anions during the nucleation stage (149). While the size of ZSM-5 crystals formed in the presence of diﬀerent cations is related to the nucleation process, the shape of crystals is obviously connected to the inﬂuence of the cations on the crystal growth process, e.g., by speciﬁc adsorption of diﬀerent cations on diﬀerent crystal faces, and thus by decreasing the growth rate in particular direction(s) (144). Unfortunately, the real inﬂuence of diﬀerent cations on the crystal growth rates of diﬀerent crystal faces cannot be discussed because of the lack of the kinetic data. The role of inorganic or organic species as ‘‘templating’’ or ‘‘structure directing’’ has been thoroughly investigated in numerous zeolitic systems. Indeed, an ionic or neutral species is usually recognized as a structure-directing agent when its addition to the synthesis mixture results in the formation of zeolite that would not have been formed without the agent (138). In order to grow the zeolite lattice around the templating agent a relation between the templating agent and shape of the channels or cavities in a zeolite subunit is required. Thus, the templating agent inﬂuences both nucleation and crystal growth of zeolites, as is elaborated in the studies of crystallization of MFI-type zeolites (ZSM-5, silicalite-1) in the presence of TPA+ ions (31,52,53,55,58,71,99,134,140–152). Table 10 shows the eﬀect of TPA+ content on the crystal growth rate dL/dtc = Kg of zeolite NH4-ZSM-5 crystallized at 180jC from the reaction mixture x(TPA)2O/60(NH4)2O/Al2O3/90SiO2/750H2O, as a representative example (71). It is evident that the crystal growth rate of zeolite NH4-ZSM-5 increases almost linearly with the increasing content of TPA in the reaction mixture for Z1 = TPA/SiO2 V 0.088 but that the crystal growth rate keeps a constant value (about 0.4 Am/h) for Z1 > 0.088. Knowing that a TPA/SiO2 value of 0.08 (4 TPA+ ions per unit cell) is required to ﬁll the whole pore volume of the MFI-type zeolites (150–152), and following the thesis that building blocks (153) or germ nuclei (100) needed for nucleation and crystal growth of the MFI-type zeolites may be formed only in the presence of TPA+ ions (153) and that the building blocks contains several tetrapods that have a structure similar to those connecting the straight and sinusoidal channels in the ﬁnal crystalline
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Fig. 40 Scanning electron micrographs of ZSM-5 type crystals crystallized at 125jC from the reaction mixture 28.8Na2O/8.9TBABr/Al2O3/96.5SiO2/17.3H2SO4/47.1MCl/1888H2O with (a) M = Li, (b) M = NH4, (c) M = Na, (d) M = K, (e) M = Rb, and (d) M = Cs. (Adapted from Ref. 149.)



MFI structure (153), one can conclude that the concentration of the building blocks at an ‘‘excess’’ of silicon (Z1 < 0.08) is proportional to the concentration of TPA+ ions in the reaction mixture. On the other hand, for Z1 > 0.08 at high alkalinity of the reaction mixture (OH/SiO2 = 1.33) (71), a complete amount of soluble silicate species is spent in the formation of the building blocks, and thus an ‘‘excess’’ of TPA+ ions does not participate in the formation of new building blocks. Now, taking into consideration that the crystal growth rate of the MFItype zeolites is proportional to the concentration of the building blocks in the reaction mixture (59,134), the linear relationship between the ratio TPA/SiO2 and the crystal growth
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Table 10 Inﬂuence of the Batch Molar Ratio Z1 = TPA/SiO2 on the Crystal Growth Rate Kg = dL/dtc of Zeolite NH4-ZSM-5 Z1 = TPA/SiO2



Kg = dL/dtc (Am/h)



0.022 0.048 0.088 0.133 0.178 0.222



0.08 0.16 0.38 0.39 0.41 0.40



Source: Ref. 71.



rate for TPA/SiO2 V 0.08, and constancy of the crystal growth rate for TPA/SiO2 > 0.08 (see Table 10 and Refs. 52,53,71,72), was expected. However, at relatively low alkalinity of the reaction mixture (OH/SiO2 = 0.024) (152), the amount of soluble silicate species, which can form the building blocks, may be low. In that case, the concentration of building blocks and therefore the rate of crystal growth are controlled by the concentration of soluble silicate species rather than by the TPA/SiO2 ratio (see Table 10.) Morphology of the MFI-type crystals is also dependent on the TPA content in the reaction mixture, as is shown in Table 11. The length-to-width ratio of silicalite-1 crystals decreases slightly when the TPA/SiO2 ratio increases from 0.005 to 0.16. This is in accordance with the ﬁnding of Iwasaki et al. (134) that TPA+ ions inﬂuence both the length growth rate Kg(L) and width growth rate Kg(W) of silicalite-1 crystals in accordance with the relations: Kg ðLÞ~ðTPABrÞa Kg ðW Þ~ðTPABrÞ



ð17Þ b



ð18Þ



where a < b < 1, indicating that the length-to-width ratio of silicalite-1 crystals decreases slightly with the increasing content of TPA+ ions in the reaction mixture, that is, ð19Þ Length  to  width ratio~ðTPABrÞc where c = a  b < 0.



Table 11 Inﬂuence of the Batch Molar Ratio Z1 = TPA/SiO2 on the Length Growth Rate Kg(L), Width Growth Rate Kg(W), Size, and Morphology of Silicalite-1 Crystals Z1 = TPA/SiO2



Kg(L) (Am/h)



Kg(W) (Am/h)



Length (Am)



Width (Am)



Length-to-width



1.3 1.0 1.3 1.1 1.1 1.2



0.6 0.5 0.8 0.5 0.6 0.7



75 60 50 50 32 18



28 30 25 26 16 10



2.7 2.0 2.0 1.9 2.0 1.8



0.005 0.01 0.02 0.04 0.08 0.16 Source: Ref. 152.
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III.



MECHANISM AND KINETICS OF ZEOLITE CRYSTAL GROWTH



A.



Overview to General Models of Crystal Growth



Rate of crystal growth from a supersaturated solution is most frequently expressed as a function of the concentration(s), f (C) of ions or molecules in solution (67,87,88,154), as is generally expressed by Eq. (9). The growth rate may be controlled by the rate of transport of ions or molecules from the liquid phase to the surfaces of the growing crystals, the rate of reaction of ions or molecules from the liquid phase on the surfaces of the growing crystals, and/or the rate of incorporation of ions or molecules into crystal (154–157). Transport of ions or molecules from the liquid phase to the surfaces of the growing crystals may be determined by convection and/or diﬀusion (154). In the case when the growing crystals do not move relative to solution (unstirred systems), the transport of ions or molecules from the liquid phase to the surfaces of the growing crystals is controlled by their diﬀusion through the concentration gradient formed around the growing crystals. In this case, the growth rate, Rg = dr/dt, of spherical particles having radius r is directly proportional to the absolute supersaturation, f (C)1 = C  C(eq), and inversely proportional to the particle (crystal) size r (154,156), that is, dr=dt ¼ DVm ½C  CðeqÞ=r ¼ kg ð1Þ½C  CðeqÞ=r ¼ kg ð1Þf ðCÞ1 =r



ð20Þ



where D is the diﬀusion coeﬃcient of reactive ions or molecules in the solution, Vm is their ionic (molecular) volume, C is the concentration of the reactive ions or molecules in the solution (the salt solution concentration), C(eq) is the salt solubility, and kg(1) = DVm. In the case when the concentration gradient around the growing particles is disturbed (i.e., during sedimentation in gravitation and/or centrifugal ﬁeld, or by stirring), the diﬀusioncontrolled crystal growth may be expressed as: dr=dt ¼ DVm ½C  CðeqÞ=d ¼ kg ð2Þf ðC1 Þ



ð21Þ



where kg(2) = kg(1)/d = DVm/d, and d is the thickness of the stationary diﬀusion layer (hydrodynamic boundary layer) around growing particles, determined by particle size, viscosity of the solution, diﬀerence between densities of solid and liquid phases, and the relative speed of particles (156). This expression is based on the so-called unstirred layer theory, which assumes that the liquid closer to the surface then some distance d is immobile, and the concentration at the distance d is the bulk concentration. Hence, for small crystals (r < 10 Am) carried with the bulk, d = r, whereas for large crystals (10 Am < r < 1 mm), growing in an aqueous solution at ambient temperature, d could be approximated by (154,156) dcr=ð1 þ PeÞ0:285



ð22Þ



where Pe is the Pelcet number for mass transference. For crystals larger than about 1 mm, d becomes constant and proportional to r0.15 (154,156). When the system is vigorously stirred, the concentration gradient around the growing particles may be reduced to a negligible value, and then the rate of crystal growth is controlled by the rate of transport (e.g., convection) of ions or molecules from the liquid phase to the surfaces of the growing crystals, that is, dr=dt ¼ kg ð3Þ½C  CðeqÞ ¼ kg ð3Þf ðCÞ1



ð23Þ



where kg(3) is a constant determined by the diﬀerence between the densities of the solid and the liquid phase, and the rate of motion of the solution, but not by the diﬀusion coeﬃcient of the reactive ions or molecules. Equation (23) was widely used to interpret and predict of the crystal growth rate of many solids (158–160), including zeolites (130,161–166). A
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similar relationship between the crystal growth rate Rg and the concentration function f (C), that is, Rg ¼ dr=dt ¼ Vm d½Cmad  Kad CðeqÞmds  ¼ Vm dmad CðeqÞðS  1Þ ¼ kg ð4ÞðS  1Þ ð24Þ is valuable for the crystal growth processes in which the rate-determining step is a surface process or, more speciﬁcally, the transition of ions from the bulk of solution to the adsorption layer of crystals (154), where d is the thickness of the adsorption layer, rad and rds are jumping frequencies of adsorption and desorption, Kad = rad/rds, S = C/C(eq), and kg(4) = VmdradC(eq). Equations (20), (21) and (23) are valid for simple monomolecular compounds (154), but diﬀusion-controlled growth of the electrolytes of AB type or double salts is described by a more complex equation (154,156), that is, dr=dt ¼ Vm fCA DA þ CB DB  ½ðCA DA  CB DB Þ2 þ 4DA DB Ksp 1=2 g=2r



ð25Þ



where DA and DB are diﬀusion coeﬃcients of the ions A and B, and Ksp is the solubility product. Since the values of the diﬀusion coeﬃcients DA and DB are usually close, i.e., DA c DB = D, Eq. (25) may be written in a simpliﬁed form, that is, dr=dt ¼ DVm fCA þ CB  ½ðCA  CB Þ2 þ 4Ksp 1=2 g2r ¼ kg ð5ÞfCA þ CB  ½ðCA  CB Þ2 þ 4Ksp 1=2 g=r ¼ kg ð5Þf ðCÞ2 =r



ð26Þ



where kg(5) = DVm/2 and f (C)2 = {CA + CB  [(CA  CB) + 4Ksp] }. Applying the conventional kinetic arguments (167,168) to chemically controlled surface growth of the solid AaBb, i.e., aAb+(aq) + bBa(aq) Z AaBb leads to: Rg ¼ dL=dt ¼ k1 C n  k2 A ð27Þ 2



1/2



where L is the crystal size of the solid at time t, k1Cn is the rate of formation of the solid, k2A is the rate of its dissolution, C = CA or CB, A is the total surface area of the solid phase in contact with solution and n = a + b for the lattice AaBb, as proposed by Davies and Jones (167). In equilibrium, k2A = k1[C(eq)]n, and hence, ð28Þ dL=dt ¼ k1 fC n  ½CðeqÞn g where C(eq) = CA(eq) or CB(eq) is the salt solubility. Equation (28) is usually not used for the analysis of the crystal growth rate because it fails to explain the concentration dependence, whereas Eq. (29) dL=dt ¼ k½C  CðeqÞn ð29Þ frequently used for the description of the rate of surface-reaction-controlled crystal growth (167,169–171), including the crystal growth processes controlled by surface nucleation and screw dislocations (154). On the other hand, the relationship between the crystal growth rate, dL/dt, and the concentration dependence in Eq. (29) may be explained by the Davies and Jones model of dissolution and growth (167,172), which predicts the formation of monolayer of solvated ions with a constant composition at the surface of the growing/dissolving crystals. In accordance with this model, the rate of crystal growth of a solid AaBb is proportional to the product of ﬂuxes of the ions (molecules) that participate in the surface reaction, that is, dL=dt ¼ k3 ½CA  CA ðeqÞa ½CB  CB ðeqÞb ¼ k3 ðAÞðb=aÞ1=b ½CA  CA ðeqÞaþb ¼ k3 ðBÞða=bÞ1=a ½CB  CB ðeqÞaþb ¼ kg ðAÞ½CA  CA ðeqÞn ¼ kg ðBÞ½CB  CB ðeqÞn
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ð30Þ



where kg(A) = k3(A)(b/a)1/b and kg(B) = k3(B)(a/b)1/a are factors proportional to the growth rate constant kg, and n = a + b. B.



Critical Evaluation of the Existing Models of the Crystal Growth of Zeolites



Due to the important role of mechanism and kinetics of crystal growth in understanding zeolite synthesis as well as in controlling crystal size, eﬀorts have been made in physicochemical and mathematical modeling of zeolite crystal growth. The ﬁrst attempts to elucidate mechanism of zeolite crystallization were made more than 35 years ago by pioneering work of Barrer (173), Breck (174), and Ingri (175,176) who assumed formation of soluble aluminosilicate species in the crystallizing system, which are precursors for nucleation and crystal growth of zeolites. Based on this assumption, Kerr (177) postulated that crystals of zeolite A grow by deposition of dissolved sodium aluminosilicate species, S, on the surface of growing zeolite crystals. Accepting this idea, Ciric (130) derived the ﬁrst mathematical description of the kinetics of zeolite (A) crystal growth, namely: ð31Þ dL=dtc ¼ DðSa  Sc Þ=d where Sa is the concentration of S species in the liquid phase which are in equilibrium with amorphous phase, Sc is the concentration of S species at crystal surface, D is diﬀusion coeﬃcient of S species, and y is diﬀusion ﬁlm thickness. Note that Eq. (31) is very similar to Eq. (21), used for mathematical description of so-called unstirred layer theory of the crystal growth. For assumed constancy of D and y, i.e., D/y = k c constant (130), Eq. (31) reduces to a simple form: ð32Þ dL=dtc ¼ kðSa  Sc Þ similar to Eq. (32) which describes the rate of crystal growth controlled by the rate of transport (e.g., convection) of ions or molecules from the liquid phase to the surfaces of the growing crystals. Due to its simplicity connected with an attractive idea about the existence of zeolite building blocks such as S species, unit cells and/or pseudocells, or, more generally, reactive (aluminosilicate) species and their simple transport from the liquid phase to the surface of the growing zeolite crystals, as is schematically presented in Fig. 41, Eq. (32) was, in original (116,161,162–165,178–183) or slightly modiﬁed form (166,178,179,182,184), used in many studies of zeolite crystallization processes. The growth equation, ð33Þ dL=dtc ¼ Q ¼ k4 ðG*  G*Þ s where G* is the concentration of unit cells (pseudocells) (116,161,162,165,178), or generally concentration of reactive (alumino)silicate species (163,164,166,179–184) in the liquid phase at any crystallization time tc, G*s is the equilibrium concentration of the corresponding reactive species in the liquid phase, and k4 is the growth rate constant, was most often used in population balance analyses of crystallization of zeolite A (116,161,162,164–166,178–181), X (164), mordenite (179), and ZSM-5 (163,164) from hydrogels, as well as in the analyses of the crystal growth of ZSM-5 (182) and silicalite-1 crystals (182,183) from clear solutions with G* = Cb and G*s = CeqL (183) and G* = M and G*s = Me (184). For assumed constant superstauration, S = ( G* c constant during the main part of the crystallization process (39,52,53,55,58–  G*) s 60,64,65,67–101,116,161–166,178–183), integration of Eq. (33) gives, ð34Þ L ¼ k4 ðG*  G*Þt s c ¼ Kg tc Equation (34) is same as Eq. (3), thus describing the experimentally where Kg = k4( G*  G*). s evidenced linear growth of zeolite crystals during the main part of crystallization process. Here it is interesting that both diﬀusion-controlled (116,161–166,178–182) and surface reaction–con-
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Fig. 41 Schematic presentation of the crystal growth by an arrangement of the aluminosilicate species (S species, unit cells, pseudocells) from the liquid phase on the surface of the growing zeolite crystal.



trolled (178,183,184) crystal growth of zeolite(s) are assumed, and then described by Eq. (32) and (33), respectively. However, in accordance with Eq. (20), a strictly deﬁned diﬀusion-controlled growth of zeolite is a function of both the supersaturation ( G*  G*) s of the liquid phase with reactive (alumino)silicate species (S species, unit cells, pseudocells, soluble aluminosilicates) and crystal size L. Hence, for assumed constant superstauration, f (C)1 = C  C(eq) = ( G*  G*) s c constant during the main part of the crystallization process, integration of Eq. (20) gives L ¼ Kg ðdÞðtc Þ1=2



ð35Þ



where Kg(d) = [2kg(1) f (C)1] = [2k4( G*  G*)] . It is evident from Eq. (35) that a linear s relationship between tc and L cannot be expected for diﬀusion-controlled crystal growth, that also can be shown in Fig. 42 which represents the changes in the size Lm of the largest zeolite crystals calculated by Eq. (34) (solid curve) and Eq. (35) (dashed curve) for simulated values of ( G*  G*) s = 0.05 mol dm3 and kg(1) = k4 = 40 Am h1 mol1 dm3, and thus Kg = Kg(d) = 2 Am h1. In addition, according to Barrer (21), a growth mechanism governed by diﬀusional control can be ruled out because of the high activation energies (30–130 kJ/mol) obtained by measuring the linear growth rates of diﬀerent types of zeolites (see Tables 1 and 2), whereas a diﬀusional mechanism would be expected to yield an activation energy of 12–17 kJ/mol. According to Zhdanov (68), the apparent activation energy of crystallization corresponds to that of crystal growth. Later on (185) it was found that the apparent activation energies of the 1/2
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1/2



Fig. 42 Changes in the size Lm of the largest zeolite crystals calculated by Eq. (34) (solid curve) and Eq. 3 1 mol1 (35) (dashed curve) for simulated values of ( G*  G*) s = 0.05 mol dm and kg(l) = k4 = 40 Am h dm3, and thus Kg = Kg(d) = 2 Am h1.



crystallization of zeolite A (40.16 kJ/mol) and ZSM-5 (40.3 kJ/mol) are almost the same as the apparent activation energies of the crystal growth of the zeolites, namely, 43.7 kJ/mol for zeolite A and 40.3 kJ/mol for zeolite ZSM-5. Based on the ﬁnding that the apparent activation energies for the crystal growth of mordenite and zeolite A (42–45 kJ/mol) corresponds to the apparent activation energy of two hydrogen bonds, Zhdanov (68) concluded that the apparent activation energy of zeolite crystal growth is connected to the necessity of dehydration of the silicate and/or aluminate ions in the solution before the condensation reactions between the ions could take place in the surface reactions. Studies of silicate species (186) yielded the value of 93 kJ/mol for the activation energy of dimerization of orthosilicate ions, almost the same value as found for apparent activation energy (94–96 kJ/mol) of the crystal growth of silicalite-1 (100). Besides the chemical interactions between the reactive species from the solution and the surface of growing crystals (dehydration, condensation), rearrangements of the reactive species on the crystal surface (55,60,79) and repulsive forces between the reactive species and crystal surface (55,67,79) may also contribute the relatively high apparent activation energy of zeolite crystal growth. Following these arguments, most authors consider surface reaction (surface integration step) as the rate-limiting step of the crystal growth of zeolites (53,55,58,59,65,67, 72,79,80,84–88,91, 96,99,100,109,111–113,133,141,178,183,184). Since ‘‘the growth process is dependent upon both diﬀusion (convection) of precursor species to the growing surfaces and their incorporation to zeolite framework’’ (80), diﬀusion [Eq. (20)] or, more probably, convection [Eqs. (23), (32)–(34)] of the soluble species in the liquid phase is a requisite (but not rate-limiting) step needed for the transport of the reactive soluble species from the liquid phase to the surfaces of growing zeolite crystals, as schematically presented in Fig. 41. Hence, in accordance with the general equation describing the surface-controlled crystal growth [Eq. (29)], Eq. (23) may be used for mathematical description of the kinetics of zeolite crystal growth controlled by the ﬁrst-order (m = 1) surface reaction (53,59). This implies the formation of certain building blocks [S species, unit cells, pseudocells, or generally (alumino)silicate species having the chemical composition and/or ‘‘structure’’ similar to the crystallized zeolite], their convectionand/or diﬀusion-controlled transport from the liquid phase to the surface of the growing zeolite crystals, and incorporation in the growing crystals by speciﬁc chemical reactions.
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In contrast to a complex inﬂuence of the concentrations of both silicon and aluminum in the liquid phase on the crystal growth of aluminosilicate-type zeolites, as will be shown later, the chronomal analyses of the crystal growth of TPA-silicalite-1 from clear solution (59) has shown that the kinetics of crystal growth at 98jC during the period of liner growth correlates well with what one would expect if a ﬁrst-order surface reaction–controlled growth mechanism is operative: ‘‘Unfortunately, no information can be obtained concerning the reacting species responsible for crystal growth from this evaluation of the growth mechanism’’ (59). Some authors (72,79,100,183) suggested that the most suitable building units for silicalite-1 growth are the smaller silicate species, most probably monomer. For example: ‘‘In TPA-silicalite-1 crystallization the dominant feature is the high stability aﬀorded by the incorporation of TPA template; the actual structure of the silicate species involved in the crystal growth is of secondary importance, and it is likely that all of those available in the solution take part in the reactions at the crystal surface. Those which become attached to the framework at suitable sites for incorporation in the crystal will be retained, whereas unsuitable oligomers, or oligomers attached at unsuitable sites must be released or broken up before the crystallization can proceed. With this in mind, it is suggested that the most suitable units are the smaller silicate species, most probably monomer’’ (72). Thus, it is possible that the whole process is governed by the ordering of silicates around the pertinent template species adsorbed at the crystal surface (187). However, the recent studies of crystallization of silicalite-1, applying more sophisticated experimental methods such as quasi-elastic light scattering spectroscopy (QELSS), cryotransmission electron microscopy (cryo-TEM), 1H-29Si CP MAS NMR, small-angle neutron scattering (SANS), small-angle X-ray scattering (SAXS), and wide-angle X-ray scattering (WAXS), show some very interesting peculiarities of these systems, as schematically represented in Figs. 43 and 44. 1. Based on the solid-state 1H-29Si CP MAS NMR it was found that upon heating of the synthesis gel, a close contact between the protons of TPA and the silicon atoms of the inorganic phase is established by the van der Waals interaction, prior to the formation of the long-range order of the crystalline zeolite structure (188,189). It was proposed that silicate is closely associated with the TPA molecules, thus forming inorganic–organic composite species that are the key species for the self-assembly of Si-ZSM-5 (188,189). 2. Presence of subcolloidal primary units with an average size of 2–4 nm (see Figs. 43a and 44) formed in the synthesis solution at early stage of synthesis (after mixing of reactants at room temperature and/or immediately after the beginning of heating the reaction solution) (55,93– 96,153,190–193). The subcolloidal particles were ﬁrst identiﬁed by cryo-TEM (153) and later by in situ SANS, SAXS, and WAXS analyses at the early stage of crystallization of silicalite-1 from both heterogeneous (gel) (190) and homogeneous (clear solution) (190,191) systems. QELSS analysis of the undiluted TPA-silicalite precursor solution prior to hydrothermal treatment (93) showed that subcolloidal particles are present in the solution as an essentially monodisperse population with an average particle size of 2–4 nm. Figure 45 shows that the average particle size increases initially from 2–3 nm, at room temperature, to 3.5 nm at 70jC. ‘‘The particle size continues to increase to ca. 6 nm during the ﬁrst 12 hours of hydrothermal treatment during which period, the particle size distribution (PSD) is monomodal. After ca. 12 hours, a second particle population appears, the PSD changes to a bimodal PSD and the average particle size of the small size-fraction (primary particles) reverts to the original size of 3.5 nm. A reasonable interpretation of these results is that the monomodal PSD’s initially observed actually represent the average of two separate particle populations that are not resolved by the light scattering technique’’ (93). Using diﬀerent experimental techniques such as TEM, dynamic light scattering, (DLS), WAXS, SAXS, and USAXS (ultra-small-angle X-ray scattering), the ﬁndings of Regev et al. (153), Dokter et al. (190,191), and Schoeman (93) relating to the formation of subcolloidal primary
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Fig. 43 Mechanism of microstructural random packing, subsequent ordering, and crystallization. (a) Silicalite/TPA clusters in solution, (b) primary fractal aggregates formed from the silicalite/TPA clusters (6.4 nm, Fig. 1a), (c) densiﬁcation of these primary fractal aggregates (Fig. 1b), (d) combination of the densiﬁed aggregates into a secondary fractal structure and crystallization (Fig. 1c), and (e) densiﬁcation of the secondary aggregates and crystal growth. (Adapted from Ref. 190.)



units were recently revealed by Nikolakis et al. (55) and de Moor et al (95,96,192–194,198). The presence of the primary units (subcolloidal particles) is independent of the structural directing agent, alkalinity, and presence of gel phase (192–194). The powdered extracted sample of the subcolloidal particles was shown to possess microporosity, entrapped TPA+ cations, and short-range order by Raman and Fourier transform infrared (FT-IR) spectroscopy and electron diﬀraction (93). TPA is also clearly identiﬁed as being present in the subcolloidal particles from contrast variation SANS experiments on synthesis mixtures (60). This clearly indicates that the TPA molecules and silica are interacting in the primary particles and that TPA aﬀects the short-range ordering of the silicon atoms (192). Since the primary particles are present in the synthesis solution prior to hydrothermal treatment, it is assumed that they are
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Fig. 44



Scheme for the crystallization mechanism of Si-TPA-MFI. (Adapted from Ref. 193.)



formed by aggregation of several inorganic-organic composite species (192,193) at the start of the crystallization process (see Fig. 43), even at room temperature (93,153,190,191). Therefore, several authors (53,55,93,95,96,99,153,184,190–196) concluded that just the primary subcolloidal particles are precursors for nucleation and growth of silicalite and other siliceous zeolites. 3. Recent scattering studies of crystallization of diﬀerent types of zeolites demonstrate the presence of nanoscale amorphous (alumino)silicate gel agglomerates (39,41,45,55,62,93, 95,96,99–101,190–194,196–198). Based on cryo-TEM and SAXS analyses of the liquid phase of the silicalite-1 synthesis solution, Regev et al. (153) identiﬁed so-called globular structural units in the freshly prepared synthesis solution. These globular structural units, having a diameter of 5 nm, may be formed only in the presence of TPA+ ions and at pH > 11.6; otherwise only nonreactive globular particles of about 2.5 nm in diameter can be formed. The authors assumed that each structural globular unit, which may be amorphous and/or crystalline, is composed of several tetrapods constructed of an aluminosilicate skeleton wrapped around TPA+ cation, so that the tetrapods have a similar structure to those connecting the straight and sinusoidal channels the ﬁnal crystalline ZSM-5, as is schematically presented in Fig. 46. Similar ‘‘globular’’ particles of about 7.2 nm in diameter that have been formed by ‘‘densiﬁcation’’ of the aggregates of the primary particles less than 3.2 nm in diameter (Fig. 43 a and b) were identiﬁed by in situ SANS, SAXS, and WAXS analysis at the early stages of crystallization of silicalite-1 from both heterogeneous (gel) (190) and homogeneous (clear solution) (190,191) systems. Recently, using the combination of WAXS, SAXS, and USAXS,
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Fig. 45 Change in the average particle size of small fraction (5) and large fraction (o) during crystallization of TPA-silicalite-1 at 70jC from clear solution having the batch molar composition 9TPAOH/25SiO2/480H2O/100EtOH. (Adapted from Ref. 93.)



de Moor et al. (95,96,99,192–194) provided the ﬁrst complete image of the nanometer scale assembly process of an organic-mediated synthesis of pure-silica zeolite. The process starts with the formation of the primary units with an average diameter of 2.8 nm (see Figs. 43 and 44) by aggregation of several inorganic–organic composite species (see Fig. 44). In the next step of the process, the primary 2.8-nm units aggregate into 10-nm amorphous particles (aggregates) (see Figs. 43 and 44). In contrast to invariance of the primary 2.8-nm units, the formation of the amorphous 10-nm secondary units (aggregates of primary units) was changed by variation of the alkalinity of the synthesis mixture (see Fig. 47) (96,192,193). In the case of relatively low alkalinity (Si/OH = 3.02; Fig. 47A), the formation of aggregates with a size of approximately 10 nm is facilitated. At increasing alkalinity, the ability of the synthesis mixture to form such structures decreases (96,192,193), while there is no indication that particles larger than 2.8 nm primary units are present at high alkalinities (Si/OH = 2.42; Fig. 47B). This is



Fig. 46 A schematic representation of the structure of the structural globular unit. (Adapted from Ref. 153.)
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Fig. 47 Time-dependent scattering intensity at ﬁxed angles, corresponding with d spacing of 2.8 nm (primary units) and 10 nm (aggregates), together with the area of the Bragg reﬂections of the product SiTPA-MFI crystals, for Si-TPA-MFI synthesis mixtures with Si/OH ratios (A) 2.42 and (B) 3.02. The scattered intensity of the aggregates () was plotted because their presence could be demonstrated clearly from the scattering curve, and was divided by 2 for clarity. (Adapted from Ref. 96.)



probably connected with an increased solubility of the aggregates at relatively high alkalinity of the synthesis mixture (Si/OH > 2.65) (193). 4. The correlation between presence of aggregates of primary units and the rate of nucleation (95,96,99,153,190–194) shows that the critical process of crystallization is formation of the amorphous aggregates, even in clear solutions (39,41,45,55,62,93,95,96,99– 101,190–194,196–198): After reorganization and condensation, the amorphous aggregates transform to viable nuclei (95,96,99,153,190–194). However, this process is not quite clear in the models described in the cited papers and schematically presented in Figs. 43 and 44. On the other hand, there is abundant experimental evidence that, due to high supersaturation of constituents (Na, Si, Al, template) in gel (39,41,62,101), nuclei are formed inside amorphous matrix in both heterogeneous (gel) (62,123,190,199–210) and homogeneous (solution) (39,41,45,101,191,192,211,212) systems. Although nuclei may be formed very rapidly in heterogeneous systems (e.g., during gel precipitation), the increase in number of nuclei during room temperature aging of both gels (64,65,120,123,125) and clear solutions (39,97,100, 101,197) indicates that reorganization and condensation reactions that form viable nuclei inside gel matrix are time-dependent processes. In the case of nanoscale, amorphous (alumino)silicate gel agglomerates, the possibility of the formation of crystalline phase is probably determined by the critical mass of material, i.e., the size of the agglomerate. Taking into consideration the described peculiarities of the systems, the nucleation and crystal growth of the MFI-type zeolites from the clear solutions may be considered as follows: Heating of the reactant solution induces formation of 2.8-nm primary units by aggregation of several inorganic–organic composite species and aggregation of the 2.8-nm primary units into 10-nm aggregates (Fig. 44). In contrast to very rapid formation of the 2.8-nm primary units, their aggregation into 10-nm aggregates is substantially slower process (see Fig. 47A). It can be assumed that the 2.8-nm primary units used for the formation of 10-nm aggregates are compensated by the unreacted inorganic–organic composite species. In this way, the ‘‘concentration’’ of the primary units keeps constant or even increases slightly during the main part of the crystallization process (see Fig. 47). After the amorphous aggregates reach the ‘‘critical’’ size (e.g., 10 nm), part of gel nutrient transforms into crystalline phase. The strong decrease of the scattered intensity from the aggregates shows that only a small fraction
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transforms into the crystalline phase and that the vast majority dissolves to 2.8-nm primary units (192). In this way, nuclei are surrounded by amorphous ‘‘shell,’’ as is clearly shown in Figure 3 in Ref. 41. The nuclei lie dormant in the amorphous gel phase until they are released into the solution by dissolution of gel phase and become active growing crystals (65,73,75,85,123,187,213,214). Prolonged heating of the reactant solution causes dissolution of the amorphous shell around nuclei. The dissolution is evidenced by the decrease in the scattering intensity of the 10-nm aggregates as shown in Fig. 47. When the amorphous shell is completely dissolved, nuclei are in full contact with the liquid phase; the nuclei having the size lower than the critical size dissolve together with the amorphous phase, whereas the nuclei having the size larger than the critical size start to grow as is indicated by the increase of crystallinity that takes place simultaneously with the decrease in the ‘‘concentration’’ of 10nm aggregates (see Fig. 47). Figure 48 shows the crystal growth of silicalite-1 seeds from the system containing only the primary 2.8-nm units but not their aggregates (at least in the amount detectable by the applied techniques) (96,192). In contrast to unseeded systems, the growth starts immediately, with the constant rate independent of the amount of seed crystals added. This clearly indicates that the 10-nm aggregates are not precursors for the growth process but that growth occurs by integration of the primary 2.8-nm units on the surfaces of growing silicalite-1 crystals. Hence, the primary 2.8-nm units are assumed as the precursor species for the crystal growth of silicalite-1 and other siliceous zeolites (e.g., Si-BEA, Si-MTW) from both homogeneous and heterogeneous systems (96,192,193). The primary 2.8-nm units spent for the growth of nuclei (crystals) are replaced by the dissolution of an appropriate amount of the amorphous material from the 10-nm aggregates. Hence, a constant ‘‘concentration’’ (e.g., Cpu) of the primary 2.8nm units during the part of the crystallization process when the 10-nm aggregates are still present in the system (Fig. 47A) probably corresponds to the solubility of the amorphous phase. When the amorphous phase is completely dissolved, as it is indicated by disappearance of the 10-nm aggregates (Fig. 47A), the concentration of the primary 2.8-nm units starts to



Fig. 48 Mean crystal diameter as determined from ﬁtting the calculated scattering pattern of a polydisperse system of spheres to the experimental USAXS patterns for a synthesis mixture with Si/OH = 2.12 with seed added. The weight percentage of seeds (grams of SiO2 seeds per gram of SiO2 in the synthesis mixture) is denoted at the curves. (Adapted from Ref. 96.)
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decrease as the consequence of their continuous but uncompensated integration into growing * , corresponds to the solubility of silicalite-1 when silicalite-1 crystals. The constant value, Cpu the process of crystallization is ﬁnished. On the other hand, according to Carlsson et al. (184), the nucleation was hypothesized to involve secondary amorphous 10-nm silica particles (aggregates), which grow slightly by addition of soluble silicate species, probably inorganic– organic composite species (cs), to form activated complexes. These complexes transform into crystalline nuclei, which grow by additional deposition of soluble silica (inorganic–organic composite species). Both nucleation and crystal growth were considered to be reaction controlled. In this way, regardless to the choice of the key precursor species (ps), crystal growth of silicalite-1 and other siliceous and high-silica zeolites from both homogeneous and heterogeneous systems is controlled by the ﬁrst-order reaction (integration of ps in the surface of growing crystals), that is, dL=dtc ¼ kg ðDpsÞ ¼ kg ðps  ps*Þ ð36Þ where (Dps) = ( ps  ps*) = (Cpu  C*pu ), or (Dps) = ( cs  cs*) is the driving force of the growth process in accordance with the results of the chronomal analysis (93). Polydispersity of the products (TPA-silicalite-1) (192) indicates that the nuclei are released from the gel matrix (and start to grow) at diﬀerent times, s, of the crystallization process, thus showing that nucleation in homogeneous (solution) systems takes place by the same mechanism (autocatalytic nucleation) as in heterogeneous (gel) systems (65,73,75,85, 123,187,213,214). However, while in most heterogeneous systems and seeded homogeneous systems part of the nuclei are in the systems present at s = tc = 0, and thus the crystal growth starts at tc = 0 (cases 1 and 3; see Figs. 12–14 and 48), s > 0 in most homogeneous systems. In these systems, s is a sum of times needed for the formation of amorphous aggregates, formation of crystalline phase inside gel matrix of the amorphous aggregate, and dissolution of the amorphous shell around dormant nuclei. This rationally explains the observed ‘‘delaying’’ of the growth process in the crystallization of zeolites from clear solutions (39,52,58,59,72,90, 92– 101,192,194; see examples in Figs. 15 and 16.) Hence, for Dps = constant (see Fig. 34), integration of Eq. (36) from so to tc gives Lm ¼ kg ðDpsÞðtc  so Þ ¼ Kg ðtc  so Þ



ð37Þ



as observed experimentally, where Lm is the size of the largest crystals formed by the growth of the nuclei which are released from the gel before all others (at s = so). In contrast to more or less deﬁned precursor species or ‘‘building blocks’’ (primary 2.8nm units) for the growth of siliceous zeolites, similar structures were not deﬁnitively found in the reaction mixtures relevant for the crystallization of aluminum-rich zeolites. Although some authors assumed formation of ‘‘structured’’ aluminosilicate blocks [S species (130,177), unit cells (116,161,162,165,178)] in the liquid phase and their transport from the solution onto the surfaces of the growing crystals, there is no evidence of the existence of the complex silicate and aluminosilicate structures in the liquid phase of the reaction mixtures. The structures relevant to some secondary building units (e.g., bicyclic hexamer, D3R; cubic octamer, D4R) were found in slightly alkaline solutions at room temperature (66) or in TMAaluminosilicate solutions (66,215–218). However, at increased temperatures and alkalinities characteristic for the synthesis of aluminum-rich zeolites these structures are not stable, so that in neither case has there been evidence for a direct conversion of any of the proposed building units to the ﬁnal zeolite structure (66,215,217,219). On the other hand, spectroscopic analyses of the liquid phase during crystallization of diﬀerent types of zeolites have shown that the liquid phase contains Al(OH)4 monomers and diﬀerent low molecular weight silicate and aluminosilicate anions (21,66,122,133,216,218,220–242). Among 15 possible silicate (Qn; n = 0–4) and aluminosilicate anions (Qn(mAl); m = 1 to n) that may be found in
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aluminosilicate solutions (217), monomers and dimers are most common or even the only species present in the liquid phase during crystallization of aluminum-rich zeolites (21,122,133,221–223,225,230,234, 237–243). Depending on Si and Al concentrations, alkalinity, and temperature, each silicate and aluminosilicate anion may have diﬀerent degrees of hydroxylation, so that 15 diﬀerent anions (Al(OH) 4 , SiO i (OH) i ni , j Si2Oi+1(OH)i 6i, AlSiOj(OH) 7j) may be present in diﬀerent proportions in the liquid phase containing monomers and dimers only (239,240,242). Since more than one selected anion is expected to be involved in the surface reaction, and changes in concentrations as the synthesis proceeds (39,64,65,67–69,74,85–88,91, 102,109,113,121,132,135,140,244–247), the concept of a ‘‘supersaturation’’ as deﬁned by Eq. (33) may be ambiguous in the synthesis of aluminum-rich zeolites (187). In an attempt to solve this problem, Sˇefcˇik et al. (239) expressed both the concentration product k, and solubility product ks as complex functions of all the anions (aluminate, silicate, and aluminosilicate) present in the liquid phase (239,240,242), and then deﬁned the crystal growth rate as (239): dL=dtc ¼ GðtÞ ¼ kg ½pðtÞ  pS 



ð38Þ



where k(t) is the concentration product at the crystallization time tc. Although this approach represents an improvement relative to the concept of unit cells (116,161,162,165,178), Eq. (38) again assumes a ﬁrst-order integration of an undeﬁned precursor on the surfaces of growing crystals, and thus fails the abundant ﬁnding (64,65,67,68,74,85–88,109,112,133,141,142,248) that the crystal growth rate of aluminum-rich zeolites depends on the concentrations of both silicon and aluminum in the liquid phase (see Figs. 49–57). In their study of crystallization of zeolites A (64) and X (64,68), Zhdanov and Samulevitch found that the rate of the crystal growth could be expressed as: dL=dtc ¼ k V ½CA1 ½CSi n



ð39Þ



where [CAl] and [CSi] are molar concentrations of aluminum and silicon dissolved in the liquid phase of the crystallizing system, and kV is a constant proportional to the growth rate constant. Figure 49 shows that crystal growth rate of zeolite A is a linear function of the product [CAl][Csi].



Fig. 49 Inﬂuence of the crystal growth rate of zeolite A on the product [CAl][CSi] of molar concentrations of aluminum and silicon in the liquid phase of the crystallizing system.
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Fig. 50 Inﬂuence of the crystal growth rate of zeolite Y on the molar concentration, [CAl], of aluminum in the liquid phase of the crystallizing system. (Adapted from Ref. 142.)



Lechert et al. (112,142) found that the rate of crystal growth of zeolite Y is a linear function of the concentration, CAl (from 2  103 to 1.44  102 mol dm3; Ref. 142), of aluminum in the liquid phase (Fig. 50). Due to constancy of the concentration, CSi (from 0.4 to 0.515 mol dm3; Ref. 142), of silicon in the liquid phase, the crystal growth rate of zeolite Y is also a linear function of the product [CAl][CSi] (Fig. 51). Fajula et al. (74) found that the rate of crystal growth of zeolite omega depends on the concentration of aluminum in the liquid phase (Fig. 52), in accordance with Eqs. (14) and (15). Concentration of aluminum in the liquid phase, at high and constant concentration of silicon in the liquid phase, is also the rate-controlling factor of the crystal growth of hydroxysodalite from clear solution (48).



Fig. 51 Inﬂuence of the crystal growth rate of zeolite Y on the product [CAl][CSi] of molar concentrations of aluminum and silicon in the liquid phase of the crystallizing system. (Adapted from Ref. 142.)
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Fig. 52 Growth rates of the (001) (o) and (hk0) (.) faces of zeolite omega at 115jC, as a function of aluminum concentration, [CAl], in the liquid phase. (Adapted from Ref. 74.)



Lindner and Lechert (112) assumed that only monomeric silicate (uSi-O, uSi-OH) and aluminate (Al(OH)4) species are responsible for crystal growth by nucleophilic attack on the aluminate centers ([ZeouAl-OH]Na+) at the zeolite surface: ½ZeouAl  OH Naþ þ O  SiuZ½ZeouAl  O  Siu Naþ þ OH



ð40aÞ



½ZeouAl  OH Naþ þ HO  SiuZ½ZeouAl  O  Siu Naþ þ H2 O



ð40bÞ



by condensation reaction with a silanol group at the surface: ZeouSi  OH þ HO  SiuZZeouSi  O  Siu þ H2 O ð40cÞ and by incorporation of aluminum as a nucleophilic substitution reaction between deprotonated silanol groups on the surface and solvated aluminate species:   ZeouSi  O Naþ þ AlðOHÞ ð40dÞ 4 Z½ZeouSi  O  AlðOHÞ3  þ OH which at the same time explains why both the concentrations of aluminum and silicon in the liquid phase inﬂuence the growth rate of aluminum-rich zeolites, in a simple way described by Eq. (39).



Fig. 53 Schematic representation of the growth structure of zeolite A comprising four layers of sodalite cages and D4Rs. Part (a) shows the surface terminated in sodalite cages whereas part (b) shows it terminated in D4Rs. In both cases a kink site may be seen in the third layer counting upward from the bottom. These are pinpointed by arrows. (Adapted from Ref. 250.)
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Fig. 54 Dependence of the crystal growth rate dL/dtc of zeolite A on the concentration function f(C) = [CAl  CAl(s)][CSi  CSi(s)]. (Adapted from Ref. 85.)



Studies of crystal growth of zeolites A, Y, silicalite, ferrierite, and ETS-10 (218,248,249) and dissolution of heulandite (250,251) of zeolites by atomic force microscopy (AFM) showed that both the crystal growth and dissolution in alkaline and acidic solution occurred via a layerby-layer mechanism, and that the height of the layer is consistent with the dimensions of important cage structures—the sodalite cage in zeolites A and Y (Fig. 53) and the double 5-ring MFI chain in silicalite (219). Growth occurs via a terrace-ledge-kink (TLK) mechanism (252) with propagation of the surface terraces by reaction of the silicate and aluminate anions from the liquid phase with the functional groups of the kink sites (Fig. 53) at the surfaces of growing zeolite crystals (250) in accordance with Eqs. (40a)–(40d). Such a mechanism of the crystal growth explains the observed linear relationship between the crystal size L and time of crystallization (see Figs. 9–22, 28, 33–35, 45, and 48) at constant supersaturation. However, since the crystal growth rate depends not only on the actual concentration of reactive species in the liquid phase but on the solubility of the formed crystalline phase under the synthesis conditions [see Eqs. (20), (21), (23), (24)–(26), (28)–(34), and (36)–(38)], Eq. (39) represents only an empirical relationship between the rate of crystal growth and the concentrations [CAl] and [CSi], but not a mathematical description of the growth kinetic based on a well-deﬁned growth mechanism. Analysis of the growth kinetics of the hydroxysodalite crystals formed during heating of zeolite A in alkaline solutions (109,248) showed that the crystal growth rate may be expressed as: dL=dt ¼ kg ½CA1  CA1 ðsÞ½CSi  CSi ðsÞ ð41Þ where CAl and CSi are concentrations of aluminum and silicon in the liquid phase during the transformation process, and CAl(s) and CSi(s) are concentrations of aluminum and silicon in the liquid phase, which correspond to the solubility of the crystallized hydroxysodalite at the transformation conditions. Since the concentrations CAl and CSi changed congruently during the transformation (see Figure 1B in Ref. 109), i.e., CAl = 1.15CSi, CAl(s) = 1.1CSi(s), Eq. (41) may be rewritten as: dL=dtc ¼ kg ðAlÞ½CAl  CAl ðsÞ2 ¼ kg ðSiÞ½CSi  CSi ðsÞ2



ð42Þ



where kg(Al) = 1.51kg and kg(Si) = 0.87kg. Later on, Eq. (41) was used for the analysis of the crystal growth rate of zeolite A synthesized under diﬀerent conditions (65,67,85,86,87,
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Fig. 55 Changes in (A) the fraction fA of zeolite A, (B) the concentrations CL = CAl of aluminum (o) and CL = CSi (.) of silicon in the liquid phase, (C) the concentration factor f (C) = [CAl  CAl(s)][CSi  CSi(s)], and (D) the size Lm of the largest crystals during hydrothermal treatment of a suspension (8 wt %) of an amorphous aluminosilicate (1.03 Na2O/Al2O3/2.38SiO2/1.66H2O) in 1.6 M NaOH solution at 80jC. The solid curves in (C) and (D) represent the f (C) vs. tc and Lm vs. tc functions calculated by Eqs. (44) and (46). tc is the time of crystallization. (Adapted from Ref. 67.)



88,141,185). Figure 54 shows that the crystal growth rate is a linear function of the concentration factor f (C) = [CAl  CAl(s)][CSi  CSi(s)]. An analysis of the relationship between the concentration factor f (C), relevant to diﬀerent growth models expressed by Eqs. (20), (23), (26), and (30), and the growth rate constant kg of zeolite A (141) showed that only the constant kg = k3 [see Eq. (30)] does not change with the value of f(C) during the entire course of the crystallization. Hence, it is evident that assuming the aluminosilicate framework of zeolites as chemical compound of the ABn type (i.e., AlSin, where n is the molar (Si/Al)z ratio of the zeolite), and taking into consideration the
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Fig. 56 Changes in (A) the fraction fA of zeolite A, (B) the concentrations CL = CAl of aluminum (.) and CL = CSi (o) of silicon in the liquid phase, (C) the concentration factor f (C) = [CAl  CAl(s)][CSi  CSi(s)], and (D) the size Lm of the largest crystals during hydrothermal treatment of a suspension (8 wt %) of an amorphous aluminosilicate (1.03Na2O/Al2O3/2.38SiO2/1.66H2O) in 1.8 M NaOH solution at 80jC. The solid curves in (C) and (D) represent the f (C) vs. tc and Lm vs. tc functions calculated by Eqs. (44) and (46). tc is the time of crystallization. (Adapted from Ref. 67.)



particularities of zeolite-crystallizing systems, the kinetics of crystal growth of zeolites can be in accordance with the model of Davies and Jones [see Eq. (30)] deﬁned as dL=dtc ¼ kg f ðCÞ ¼ kg ½CAl  CAl ðsÞ½CSi  CSi ðsÞn



ð43Þ



with n = 1 for (Si/Al)z = 1 (zeolite A, hydroxysodalite). Analysis of the inﬂuence of alkalinity (67,141) and temperature (88,141) on the crystal growth rate of zeolite A showed that kinetics of crystal growth may be in all cases (1.2–2 M NaOH in the liquid phase in the temperature range 70–90j C) satisfactorily described by Eq. (43) with n = 1. However, it was observed that the concentration factor f (C) = [CAl  CAl(s)][CSi  CSi(s)] is not always strictly constant (Fig. 55C) during the main part of the crystallization process, but it increases slightly (b > 0; Fig. 56C) or decreases (b < 0; Fig. 57C) as a linear function of tc, that is, f ðCÞ ¼ f ðCÞo þ btc
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ð44Þ



Fig. 57 Changes in (A) the fraction fA of zeolite A, (B) the concentrations CL = CAl of aluminum (o) and CL = CSi (.) of silicon in the liquid phase, (C) the concentration factor f (C) = [CAl  CAl(s)][CSi  CSi(s)], and (D) the size Lm of the largest crystals during hydrothermal treatment of a suspension (8 wt %) of an amorphous aluminosilicate (1.03Na2O/Al2O3/2.38SiO2/1.66H2O) in 2 M NaOH solution at 80jC. The solid curves in (C) and (D) represent the f (C) vs. tc and Lm vs. tc functions calculated by Eqs. (44) and (46). tc is the time of crystallization. (Adapted from Ref. 67.)



up to the end of the crystallization process, due to the decrease in the concentrations of aluminum in the liquid phase, and converges to the value of f (C) ! 0 when CAl ! CAl(s) [see Eq. (43)]. A combination of Eqs. (43) and (44) gives dL=dtc ¼ Kg ¼ kg ½CAl  CAl ðsÞ½CSi  CSi ðsÞ ¼ kg ½ f ðCÞo þ btc 



ð45Þ



and thus, L ¼ kg ½ f ðCÞo tc þ bðtc Þ2 
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ð46Þ



Using Eq. (46), the corresponding values of kg were calculated as kg ¼ Lm =½ f ðCÞo tc þ bðtc Þ2 



ð47Þ



where Lm is the size of largest crystals of zeolite A (see Figs. 55D–57D) at the corresponding crystallization time tc (67,141). The constancy of the value kg calculated by Eq. (47) using the values of Lm measured at various crystallization times tc and the corresponding numerical values of the constants f (C)o and b (see Table 12) indicates that the growth rate of zeolite A crystals depends on the concentrations CAl and CSi, as deﬁned by Eq. (45). In addition, using the corresponding numerical values of f (C)o, b, and kg (see Table 12), the changes of Lm were calculated by Eq. (46) and correlated with the measured values of Lm. Figures 55D–57D show that the calculated (curves) and measured (symbols, O) changes of Lm are in excellent agreement in the time interval for which Eq. (46) is valid (compare C and D in Figs. 55–57) (47). This conﬁrms the assumption that crystal growth of zeolite A (and possibly other aluminum-rich zeolites) takes place in accordance with the model of Davies and Jones for growth and dissolution (167,172), and that the rate of crystal growth depends on the concentrations of aluminum and silicon in the liquid phase as deﬁned by Eq. (43). It is interesting that in contrast to an increase of the starting value of f (C) = f (C)o for a factor of 3 (see Table 12), the rate dL/dtc = kg f (C) = Kg increased only for factor of 1.4 (see Table 3) when the concentration of NaOH in the liquid phase increased from 1.2 to 2.0 mol dm3. This disproportionality between the changes in f (C) and dL/dtc is obviously caused by the increase in the value of f (C) (see Table 12) and the simultaneous decrease of the value kg (see Table 12 and Fig. 58), respectively, with an increase in the alkalinity of the liquid phase of the crystallizing system (67,141). The decrease in the value of kg with decreasing alkalinity of the liquid phase may be explained as follows: The increase in alkalinity increases the number of negatively charged OH groups in the coordination spheres of Si and Al of both the reactive species (aluminate, silicate, and/or aluminosilicate anions) (68,239,240,242,253) in the liquid phase and the surfaces of the growing zeolite crystals (68,253). An increase of the negative charge of both reactive species in the liquid phase and the surface of growing zeolite crystals increases the repulsive forces between the reactive species themselves as well as between the reactive species and the crystal surfaces, and consequently retards the reactions relative for the growth process, as is indicated by the decrease of the value of the growth rate constant kg with the increase of alkalinity. In this context, the decrease in the value of kg with increasing alkalinity of the liquid phase is an additional argument that the growth of zeolite crystals is governed by the reactions of monomeric and/or low molecular weight aluminate, silicate, and aluminosilicate anion from



Table 12 Numerical Values of the Constants f (C)0 and b in Eq. (45) and of the Constant kg of the Linear Growth of Zeolite A Crystals in Systems I-Va System I II III IV V



CNaOH (mol dm3) 1.2 1.4 1.6 1.8 2.0



a



f (C)0 (mol2 dm6) 8.960 1.071 1.600 2.186 2.773



    



104 103 103 103 103



b (mol2 dm6 min1) 1.091 8.771 6.750 0 1.019



 106  106  106  105



kg (Am mol2 dm6 min1) 18.61 12.24 9.63 10.25 8.64



The systems I-V represent suspensions (8 wt %) of an amorphous aluminosilicate (1.03Na2O/Al2O3/2.38SiO2/ 1.66H2O) heated at 80jC in 1.2–2 M NaOH solutions. Source: Ref. 67.
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Fig. 58 Change in the value of the constant kg of the rate of crystal growth of zeolite A microcrystals with the concentration CNaOH of NaOH in the liquid phase of the crystallizing system. (Adapted from Ref. 67.)



the liquid phase on the surfaces of growing zeolite crystals. A good correlation between the measured values of Lm and the values of Lm calculated with Eq. (46) (see Figs. 55D–57D) leads to an assumption that all aluminum and silicon dissolved in the liquid phase participates in the surface reaction, or at least that the fractions fAl * and fSi* of the reactive aluminate and * ~ CAl and fSi* ~ CSi. silicate species are proportional to their total concentrations, i.e., fAl This is in accordance with the ﬁnding that only monomeric and dimeric anions predominate in highly alkaline systems relevant to crystallization of zeolite A (225,238–242). At the same time, this may be limiting factor in the use of Eq. (45). Speciﬁcally, if the ‘‘reactivity’’ of the anions present in the liquid phase diﬀers as a function of their size (monomers, dimers, oligomers), mutual reactions (formation of aluminosilicate anions), degree of hydroxylation (charge), and surface ordering of the growing zeolite crystals (type of zeolite), then the rate of crystal growth would be determined by the ﬂuxes of the most reactive species. In additions the inﬂuence of the less reactive species on the overall growth rate cannot be neglected. Finding the solution to this problem is a challenge. IV.



MODELING OF ZEOLITE CRYSTAL GROWTH



A.



Interdependences of the Critical Processes of Zeolite Crystallization



A typical hydrothermal crystallization of zeolites includes (a) formation of a ‘‘clear’’ aluminosilicate solution and/or precipitation of an amorphous aluminosilicate precursor (gel), by mixing together alkaline aluminate and silicate solutions with or without additives (inorganic salts, organic templates, etc.); (b) presynthesis treatment of the reaction mixture (homogenization, room temperature aging, seeding, etc.); and (c) crystallization of zeolite(s) by heating of the reaction mixture (clear aluminosilicate solution, or particles of precipitated gel dispersed in supernatant) at elevated temperature (21,66,138,174,254). In contrast to simplicity of the procedure, the physicochemical processes occurring during the crystallization are very complex, and the rate of crystallization, types of zeolite formed, and their properties depend on a great number of factors such as concentration and structure of starting aluminate and silicate solutions, presence of additives (inorganic salts and/
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or organic templates), mode of preparation and treatment of the amorphous aluminosilicate gel precursor, and crystallization conditions (pH, temperature, pressure, mode of mixing, time of crystallization, etc.) (21,66,138,174,254). Chemical composition of the solid phase (xNa2O/ Al2O3/ySiO2/zH2O) and equilibrium distribution of silicate, aluminate, and aluminosilicate anions in the liquid phase of the system depend on many factors, such as chemical composition and concentration of starting silicate and aluminate solutions, volume ratio of silicate and aluminate solutions, order of mixing of the starting solutions, time and temperature of gel precipitation, mode and intensity of mixing during precipitation, presence of additives in the starting solution, and so forth (21,66,68,138,174,200,238,241,254,255). Equilibrium established during the precipitation may be changed by aging of the gel at elevated temperature (lower than is the temperature of crystallization), additional fragmentation of the solid phase, addition of diﬀerent additives, etc. Heating of the reaction mixture causes dissolution of the amorphous aluminosilicate (gel) and thus increases the concentrations of silicon and aluminum in the liquid phase as well as a redistribution of silicate, aluminate, and aluminosilicate anions in the liquid phase of the crystallizing system. Study of the dissolution of the amorphous aluminosilicate gel precursors in hot alkaline solutions has shown that the kinetics of dissolution may be expressed as (115,256,257): dmG ðLÞ=dtc ¼ Kd ½moG  mG ðLÞ2=3 ½mG ðeqÞ  mG ðLÞ ¼ Kd ðAlÞ½moG  mG ðLÞ2=3 ½CAl ðeqÞ  CAl  ¼ Kd ðSiÞ½moG  mG ðLÞ2=3 ½CSi ðeqÞ  CSi 



ð48Þ



where mG(L) is the amount of precursor dissolved up to the dissolution/crystallization time tc; mGo is the starting amount (at tc = 0) of the precursor in the reaction mixture (hydrogel); mG(eq) is the amount of the precursor that corresponds to its solubility at given synthesis conditions; Kd, Kd(Al), and Kd(Si) are lumped constants proportional to the rate constant of the dissolution process; and mGo  mG(L) ~ CAl(eq)  CAl ~ CSi(eq)  CSi. After the reaction temperature is established, the liquid phase is saturated with respect to the aluminosilicate precursor and at the same time supersaturated with respect to the zeolite. Supersaturation of the liquid phase with the reactive aluminate, silicate, and aluminosilicate species makes the condition for the formation of primary zeolite particles (nucleation) and their growth. Solubility of gels is two to four times higher than the solubility of zeolites (73,86,130,225,245,258). Thus, the gel is a ‘‘reservoir’’ of the reactive aluminate, silicate, and aluminosilicate species needed for nucleation and crystal growth of zeolites; the reactive species are transferred from the gel, through the liquid phase, to the growing zeolite particles (crystals) until the entire amount of gel is dissolved and transformed to zeolite(s). Since the concentrations of aluminum and silicon in the liquid phase depend on the rate of gel dissolution (formation of the soluble aluminate, silicate, and/or aluminosilicate species), on the one hand, and on the crystal growth rate of zeolite(s) (spending of soluble aluminate, silicate, and/or aluminosilicate species from the liquid phase), on the other hand, and since both critical processes (gel dissolution and crystal growth) depend on the concentrations of aluminum and silicon in the liquid phase [see Eqs. (43) and (48)], it is evident that both processes are directly interdependent (Fig. 59). If the formation of primary zeolite particles (nuclei) occurs by autocatalytic nucleation (65,73,75, 85,123,187,213,214), the rate of nucleation (release of the nuclei from the dissolved part of the gel matrix) is directly dependent on the rate of gel dissolution (65,73,85,86,89,111,163– 165,181,185,213,214,259,260), that is, dN =dtc ¼ f ðN Þ½dmG ðLÞ=dtc 
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ð49Þ



Fig. 59 Schematic presentation of the interdependences of the critical processes of zeolite crystallization.



where N is number of nuclei (particles of quasi-crystalline phase) released from the mass mG(L) of the gel dissolved up to the crystallization time tc, and f (N) is a function of the distribution of nuclei (particles of quasi-crystalline phase in the gel matrix), and at the same time indirectly depends on the concentrations of aluminum and silicon in the liquid phase [see Eq. (48)]. Since the rate of removal of reactive species from the liquid phase depends on the number of growing nuclei (crystals), the rate of nucleation directly inﬂuences the concentrations of aluminum and silicon in the liquid phase, and therefore the rates of gel dissolution [see Eq. (48)] and crystal growth rates [see Eq. (41)]. Hence, all critical processes of zeolite crystallization (gel dissolution, nucleation, and crystal growth of zeolites) are interdependent. For this reason, the growth equation [Eq. (9)] cannot be strictly solved for the entire course of the crystallization process, and only the population balance methodology enables the modeling and simulation of crystallization processes using diﬀerent mechanisms of gel dissolution, nucleation, and crystal growth of zeolites based on fundamental theories of the particulate processes that occur during crystallization (116,161,261).



B.



Population Balance of Zeolite Crystallization



Starting with Thompson and coworkers (116,161,164,181,182), the population balance model ﬁrst developed by Randolph and Larson (261) has been widely used in the description of zeolitecrystallizing systems, including autocatalytic nucleation (65,111,163,165,185,259,260), studying the signiﬁcance of ‘‘induction period’’ of crystallization (185), evidence of memory eﬀect of the amorphous aluminosilicate precursors (259), modeling of zeolite crystallization from clear aluminosilicate solutions (183,184), and so on.
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The population balance for zeolite crystallization in a well-mixed, isothermal, constant volume batch crystallizer is (116,261): @n @n þQ ¼0 @t @L



ð50Þ



where n = n(L,t) is the number density function representing crystal size distribution as a function of time. In order to simplify the solution of this partial diﬀerential equation, the moment transformation into a set of ordinary diﬀerential equations was applied (116,161,261): dmo =dt ¼ B



ð51Þ



dm1 =dt ¼ Qmo dm2 =dt ¼ 2Qm1



ð52Þ ð53Þ



dm3 =dt ¼ 3Qm2



ð54Þ



where mi (i = 0, 1, 2, and 3) are the moments of particle (crystal) size distribution at the crystallization time t, deﬁned as l



mi ¼ m Li ½dN ðL; tÞ=dLdL



ð55Þ



0



B ¼ dN =dt



ð56Þ



is the rate of nucleation, and Q ¼ dL=dt ¼ kg f ðCÞ



ð57Þ



is the crystal growth rate deﬁned by appropriate kinetic expression [e.g., right-hand side of Eqs. (36) and (41), or by appropriate empirical equation (260)]. In accordance with Eq. (55), the mass mz of zeolite formed up to the crystallization time t = tc is proportional to the third moment of the crystal size distribution established at the time tc and can be expressed as l



mz ¼ GU m L3 ½dN ðL; tÞ=dLdL ¼ Gqm3



ð58Þ



0



where G and U are geometrical shape factor and density of growing zeolite crystals. Since all the critical processes of zeolite crystallization (gel dissolution, nucleation, and crystal growth of zeolite) depend on the concentration(s) of the precursor species in the liquid phase (e.g., inorganic–organic composite species, primary 2.8-nm particles and their aggregates in the synthesis of siliceous zeolites, and reactive aluminate, silicate, and aluminosilicate anions in the synthesis of aluminum-rich zeolites), the material balance of the precursor species must also be included in the population balance model. The behavior of the crystallizing system deﬁned by particular kinetics of gel dissolution [e.g., Eq. (48)], nucleation [e.g., Eq. (49)], and crystal growth [e.g., Eqs. (36) and (43)] may be simulated by simultaneous solution of the moment equations (51)–(54) and the corresponding material balance equations. Use of the population balance methodology in modeling and simulation of zeolite crystallization, with special emphasis on crystal growth kinetics and inﬂuence of the heating rate of the reaction mixture on the crystal growth, are shown below as examples. 1. Crystallization of Zeolite A from Hydrogel Zeolite A was crystallized at 80jC from the hydrogels (2.04Na2O/Al2O3/1.9SiO2/212H2O), aged for 0, 3, 9, and 17 days at 25jC (65,73). For assumed homogeneous distribution of nuclei
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Fig. 60 Correlation between simulated (curves) and measured (symbols) changes in (A) fractions fA of zeolite A, (B) concentrations CAl of aluminum (solid curves) and CSi of silicon (dashed curves) in the liquid phase, and (C) size Lm of the largest crystals during crystallization of zeolite A at 80jC from the hydrogels (2.04Na2O/Al2O3/1.9SiO2/212H2O), aged for 0 (5), 3 (o), 9 (.), and 17 (5) days at 25jC. (Adapted from Ref. 65.)



(particles of quasi-crystalline phase) in the gel matrix (65,73,213,214), the rate of nucleation is deﬁned as dmo =dtc ¼ B ¼ dN =dtc ¼ N¯ ðdmz =dtc Þ ¼ 3GqN¯ Qm2 ¼ 3GqN¯ kg ½CAl  CAl ðsÞ½CSi  CSi ðsÞm2 ð59Þ ¯ is the number of nuclei released from the mass of gel needed for the crystallization of where N a unit mass of zeolite, dmz/dtc = GU(dm3/dtc) = 3GUQm2 is the kinetics of crystallization, and Q = dL/dtc deﬁned by Eq. (41). Hence, in accordance with Eqs. (52)–(54), dm1 =dtc ¼ mo kg ½CAl  CAl ðsÞ½CSi  CSi ðsÞ
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ð60Þ



dm2 =dtc ¼ 2m1 kg ½CAl  CAl ðsÞ½CSi  CSi ðsÞ



ð61Þ



dm3 =dtc ¼ 3m2 kg ½CAl  CAl ðsÞ½CSi  CSi ðsÞ



ð62Þ



Changes dCAl/dtc and dCSi/dtc in the concentration of aluminum and silicon in the liquid phase are deﬁned as (65): dCAl =dtc ¼ aðdmG =MG dtc Þ  2ðdmz =Mz dtc Þ ¼ aðdmG =MG dtc Þ  6GUQm2 =Mz



ð63Þ



dCSi =dtc ¼ bðdmG =MG dtc Þ  2ðdmz =Mz dtc Þ ¼ bðdmG =MG dtc Þ  6GUQm2 =Mz



ð64Þ



where a = 2 and b = 2.106 are moles of aluminum and silicon in 1 mole of the amorphous solid phase (gel); MG = 317.54 g/mol and Mz = 365.17 g/mol are oxide formula molecular weights of gel and zeolite A; and dmG/dtc is expressed by Eq. (48). Behavior of systems during crystallization of zeolite A from the aged hydrogels was simulated by simultaneous solution of diﬀerential equations (41), (48), and (59)–(64) by a fourth-order Runge-Kutta method using the corresponding numerical values of constants kg, ¯ and initial values mi(0) = N(0)[L(0)]i, L(0), CAl(s), CSi(s), Kd, moG, CAl(eq), CSi(eq), G, U, and N mG(0), CAl(0), and CSi(0), indicated in Ref. 56. The results of simulation presented in Fig. 60 by curves are in good (B) or even excellent (A and C) agreement with corresponding measured values (symbols). The increase in the rate of crystallization with increasing time of gel aging, ta, is caused by the increase in the number of nuclei (65,73) at constant rate of crystal growth (see Fig. 60C). In contrast to unrealistic values of L and mz at the end of the crystallization process (i.e., L ! l and consequently mz ! l when tc ! l) calculated by the models in which the crystal growth rate is deﬁned by Eq. (37) [ f (C) = constant] (21,67,68,70,73,75,85,87,109,123,130,131,133,136,213,214,248), the use of the growth equation (41) gives a realistic feature of the change in L (Fig. 60C), and thus of the change in fz = mz/(mz + mG) (Fig. 60A), during the entire course of the crystallization process. 2. Crystallization of Zeolite ZSM-5 from Hydrogel Zeolite ZSM-5 was crystallized at 160jC from the system (hydrogel) having the batch composition 30.6Na2O/44.51,6-hexanediol/106.4SiO2/4759.2H2O (111). Hydrogel was prepared at room temperature (25jC) and then heated to the reaction temperature (160jC) with the initial heating rate Rh0 = 50–60jC (111). An analysis of the nucleation process has shown that the formation of primary ZSM-5 particles (nuclei) occurred by autocatalytic nucleation (111, 260) and that, in accordance with Eq. (49), the kinetics of nucleation may be expressed as (260): B ¼ dmo =dtc ¼ dN =dtc ¼ f ðN Þðdmz =dtc Þ ¼ N¯ k1 ½expðk2 mz Þðdmz =dtc Þ ¼ 3GUQm2 N¯ k1 ½expðk2 GUm3 Þ



ð65Þ



Since the original paper (111) contains neither the graphical presentation of the crystal growth function nor the complete growth data, but only its linear change Kg = 0.45 Am/h at the



Fig. 61 Changes in (A) size Lm of the largest crystals, (B) temperature T of the reaction mixture, and (C) growth rate constant Kg(T) during crystallization of zeolite ZSM-5 at 160jC, simulated by the procedure described in the text with Kh = 0.01, 0.015, 0.025, 0.03, 0.04, 0.06, 0.08, 0.1, 0.3, and 0.5 (curves from right to left). The Lm vs. tc function represented by symbols (o, Fig. A) was constructed by Zhdanov’s method (64) using the corresponding crystal size distribution (ﬁgure 3 in Ref. 111) and nucleation data (ﬁgure 4 in Ref. 111.) tc is the time of crystallization. (Adapted from Ref. 260.)
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reaction temperature (160jC), the appropriate kinetics of the crystal growth (symbols in Fig. 61A) was constructed by Zhdanov’s method (64) using the corresponding crystal size distribution (Figure 3 in Ref. 111) and nucleation data (Figure 4 in Ref. 111.) The constructed change of the crystal size (symbols in Fig. 61A) has the proﬁle characteristic for the most of zeolite growth kinetics (see Figs. 8–22) with the slope of the linear part Kg = 0.45, as elaborated in the original paper (111). Analyses of many kinetics of crystal growth of zeolites (B Subotic´, J. Bronic´, unpublished data) resulted in a ﬁnding that the typical proﬁle of zeolite growth rate curves (see Figs. 2A and 4A) can be perfectly simulated by a solution of the diﬀerential equation: Q ¼ dL=dtc ¼ Kg f1  exp½Kd ðL  Lmax Þg



ð66Þ



where Kg has the same meaning as in Eqs. (2)–(6), (8), (10)–(18), (35), and (37) (e.g., the slope dL/dtc of the linear part of the L vs. tc curves), Lmax is the crystal size at the end of the crystallization process (plateau of the L vs. tc curves; see Figs. 8, 9, 11 12–13, 17–20, 22, 33, 34, 55D 56–57D, 60C, and 61A), and Kd is a factor that determines the deviation of the L vs. tc function from linearity. Figure 61A shows that the linear part of the growth kinetics starts not at tc = 0 but at tc c 2 h. It was assumed that this shift in the linear growth rate is caused by the heating of the reaction mixture from the ambient temperature Ta = 25jC to the reaction temperature TR = 160jC (260). Since the dependence of Kg on temperature T may be expressed by the Arrhenius equation (88,141,185,259), the change in the crystal growth rate during heating up of the reaction mixture may be expressed as (260): Q ¼ dL=dtc ¼ Kg ðT Þf1  exp½Kd ðL  Lmax Þg ¼ A exp½Ea =Rð273 þ T Þf1  exp½Kd ðL  Lmax Þg



ð67Þ



where Kg(T ) is the growth rate constant at temperature T (in jC), R = 8.3143 J K1 mol1, and A is the pre-exponential factor in the Arrhenius equation. The temperature T may be calculated by the solution of the empirical diﬀerential equation (260): Rh ¼ dT =dtc ¼ Roh f1  exp½Kh ðT  TR Þg



ð68Þ



where Rho is the initial rate of heating up of the reaction mixture, TR is the (maximal) reaction temperature, and Kh is a factor that determines the deviation of the T vs. tc function from linearity. Behavior of systems during crystallization of zeolites ZSM-5 (111,260) was simulated by simultaneous solution of diﬀerential equations (52)–(54), (65), (67), and (68) by a fourth-order ¯ , G, U, Kg, Kd, Runge-Kutta method using the corresponding numerical values of constants N Lmax, A, Ea, Rho, Kh, and TR, and initial values mi(0) = N(0)[L(0)]i, L(0), and T(0) as indicated in Ref. 260. Results of simulation presented in Fig. 61 show that the change in Lm during the crystallization (symbols o in Fig. 61A) may be perfectly simulated only for Kh z 0.06 (solid curve in Fig. 61A). This implies an almost linear increase in the temperature of the reaction mixture during its heating from Ta = 25jC at tc = 0 to TR = 160jC at tc c 3 h and its constancy (160jC) at tc > 3 h (solid curve in Fig. 61B, simulated with Kh = 0.06). Corresponding change in the value of the constant Kg(T) during the heating of the reaction mixture is presented by the solid curve in Fig. 61C. Figure 62 shows the correlations between measured (symbols) and simulated (curves) kinetics of nucleation (Fig. 62A) as well as crystal size distribution of the crystalline end product (Fig. 62B). Here must be
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¯ dtc of nucleation (o) and fx = fz of Fig. 62 (A) Simulated (curves) and measured kinetics fx = dN/N crystallization (.) of zeolite ZSM-5 at 160jC. (B) Simulated (curve) and measured (symbols) crystal size distribution of zeolite ZSM-5 in the crystalline end product. ND is the number of the ZSM-5 crystals having the size (length) L, and (ND)max is the number of crystals having the modal size. (Adapted from Refs. 111 and 260.)



pointed out that ‘‘the time at which the reaction temperature reached the required level has been taken as the zero time’’ (111), i.e., (tc)o. Thus, the excellent agreement between the calculated (simulated) values for both the kinetics of nucleation and crystallization (Fig. 62A) for tc = (tc)o + 3 h is in accordance with the ﬁnding that the reaction temperature TR = 160jC, and consequently the maximal value of the growth rate constant Kg(160) = 0.45 Am/h, was reached at tc = (tc)o = 3 h (see Fig. 61). Results of the simulation also show that the rate of heating of the reaction mixture may have important signiﬁcance in the ‘‘induction’’ time of crystal growth (see also the example in Fig. 63) and thus oﬀer an rational explanation of the ‘‘delaying’’ of the crystal growth relative to the beginning of the crystallization process. Results of study of the inﬂuence of the heating rate on the



Fig. 63 Controlled growth of silicalite-1 at 5% seeding level (t = 0 at start of heating. Reaction temperature (., o) or crystal size (E, 4); thermal (o, 4) or microwave (., E). (Adapted from Ref. 262.)
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growth rate of silicalite-1 seed crystals (262) supports this explanation as it is illustrated in Fig. 63. V.



SUMMARY AND CONCLUSION



A signiﬁcant role of the particulate properties (size, shape, size distribution) of zeolites in the mode and eﬃciency of their application, and the possibility of controlling the particulate properties through knowledge of the mechanism and kinetics of crystal growth as well as the inﬂuence of crystallization conditions on the crystal growth of zeolites, is outlined in the Introduction section (Sec. I). Analysis of the crystal growth kinetics during crystallization of diﬀerent types of zeolites from both hydrogels and clear aluminosilicate solutions (Sec. II) showed that the general feature of zeolite crystal growth does not depend on the type of zeolite, and a variety of conditions under even a single type of zeolite may be synthesized. The size, L, of zeolite crystals increases linearly during the main part of crystallization process. It starts to decrease (decline from the linear rate) near the end of the crystallization process. The crystals attain their ﬁnal (maximal) size when the amorphous aluminosilicate precursor is completely dissolved and/or the concentrations of reactive silicate, aluminate, and aluminosilicate species reach the values characteristic for the solubility of zeolite formed under the given synthesis conditions. Three characteristic proﬁles of the growth curves with respect to the origin of the crystal growth process, i.e., L = Lm = 0 at tc = 0, L = Lm = 0 at 0 < tc V H , and L = Lm = (Lm)0 > 0 at tc = 0 are discussed and rationally explained in accordance with the synthesis conditions. The crystal growth kinetics of zeolites synthesized under speciﬁc synthesis conditions and/or by special methods may deviate from those characteristic proﬁles. Inﬂuence of the most important crystallization conditions (temperature, aging, seeding) and composition-dependent parameters (alkalinity, dilution, ratio between Si and other tetrahedron-forming elements, presence of inorganic cations, and organic template concentration) on the kinetics of crystal growth and/or particulate properties (size, shape) of diﬀerent types of zeolites is presented and explained whenever possible (Sec. II.A). Existing models of the crystal growth of zeolites are critically evaluated in accordance with the known growth theories, taking into consideration the particularities of zeolitecrystallizing systems (Sec. III). Based on the ﬁndings that A linear relationship between tc and L caused by a layer-by-layer growth of zeolites cannot be expected for diﬀusion-controlled crystal growth, The activation energies (30–130 kJ/mol) obtained by measuring the linear growth rates of diﬀerent types of zeolites are considerably higher than the activation energy (12–17 kJ/mol) of diﬀusion, and Besides the chemical interactions between the reactive species from the solution and the surface of growing crystals (dehydration, condensation), rearrangements of the reactive species on the crystal surface and repulsive forces between the reactive species and crystal surface may also contribute to the relatively high apparent activation energy of zeolite crystal growth, most authors consider surface reaction (surface integration step) as the rate-limiting step of the crystal growth of zeolites. Analysis of the interactions between diﬀerent species [TPA-Si inorganic–organic composite species, primary 2.8-nm species formed by aggregation of the inorganic–oragnic composite species, and secondary aggregates (10 nm) of the primary species] existing in the reaction mixtures during crystallization of siliceous zeolites (silicalite-1, Si-BEA, Si-MTW) leads to the conclusion that the crystal growth of these zeolites occurs by the ﬁrst-order surface integration of the precursor species (inorganic–organic
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composite species and/or primary 2.8-nm species) to the growing zeolite crystals. On the other hand, abundant ﬁndings that the crystal growth rate of aluminum-rich zeolites depends on the concentrations of both silicon and aluminum in the liquid phase lead to an assumption that diﬀerent aluminate, silicate, and aluminosilicate species from the liquid phase participate in the surface reactions. Analysis of the kinetics of crystal growth of zeolite A in accordance with the existing growth theories shows that the crystal growth rate of zeolite A is proportional to the ﬂuxes of aluminum and silicon in the liquid phase, and thus that the growth of zeolite crystals (at least zeolite A) is governed by the reactions of monomeric and/ or low molecular weight aluminate, silicate, and aluminosilicate anions from the liquid phase on the surfaces of growing zeolite crystals in accordance with the Davies and Jones model of dissolution and growth. In Sec. IV it was shown that due to manifold interdependencies between critical processes of zeolite crystallization (gel dissolution, nucleation, and crystal growth of zeolites), only the population balance methodology facilitates the modeling and simulation of crystallization processes using diﬀerent mechanisms of gel dissolution, nucleation, and crystal growth of zeolites based on fundamental theories of the particulate processes that occur during crystallization. Based on the general principles of the population balance, modeling and simulation of crystallization of zeolites A and ZSM-5 from hydrogels, with special emphasis to crystal growth kinetics and inﬂuence of the heating rate of the reaction mixture on the crystal growth, are shown as examples. Although the general and many speciﬁc principles of the crystal growth of zeolites are known, as it is elaborated in this chapter, some very important question such as: (i) which species (silicate monomers, inorganic-organic composite species and/or primary 2.8 nm species) are real precursors for the growth of siliceous zeolites, (ii) what is (are), among diﬀerent aluminate, silicate and aluminosilicate species in the liquid phase, key precursor(s) for the crystal growth of diﬀerent aluminum-rich zeolites, and (iii) how in reality the reaction(s) between the reactive species from the liquid phase and the surface of growing zeolite crystals occur(s), are still open, and are excellent challenges for the continuation of the work in this exciting area. REFERENCES 1.
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