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The enhancement of synthesis reactions under microwave heating is dependent on many complex factors.
We investigated the importance of several reaction engineering parameters relevant to microwave synthesis.
Of interest to this investigation were the reaction vessel size, volume of precursor reacted, microwave power
delivery, and microwave cavity design. The syntheses of NaY zeolitggamblite were carried out under a
number of varying conditions to determine the influence of these parameters on the nucleation rate, the
crystallization rate, and the particle size and morphology. The rates of Na\s-aedlite nucleation and
crystallization were more rapid in the multimode CEM MARS-5 oven compared to the more uniform field
CEM Discover. The faster synthesis rate in the MARS-5 may be the result of the multimode microwave
electric field distribution. Slower rates of NaY afiezeolite formation observed in the Discover and a circular
waveguide may be the result of a more uniform microwave electric field distribution. Changes in reaction
vessel size and precursor volume during the microwave synthegisiofl NaY zeolite were found to influence

the rate of zeolite formation. These results indicate that reactor geometry needs to be considered in the design
of systems used for microwave synthesis. Comparative synthesis reactions were carried out with conventional
heating, and microwave heating was shown to be up to over an order of magnitude faster for most of these

syntheses.

Introduction time when microwave heating is employed. These experiments
were all carried out using 2.45 GHz microwave energy to heat
the samples in Teflon vessels. Differences in the synthesis
stoichiometry, silica source, and reaction conditions may

is the synthesis of zeolites using microwave energy. The use ofgf)fgf#égsto tﬁi ;]ng?gsr:ztte?c'?csair tggdrfssuslfd I—r:]oa\lfve;:esré octgr?_r
microwave heating to synthesize zeolites has been shown to : whi ypically y

have a number of advantages over the use of conventionalmbme to the rate differences observed. Among these are

heating techniques? Among these are substantially faster differenf:es in 'Fhe microwa\{e reaction engineering i.n the zeolite
product formation, improved product uniformity, and improved syn_theS|s studies. Feyv studies have addressed the influence these
selectivity (fewer impurities). The actual mechanism by which Variables have on microwave syntheses.
microwaves influence zeolite syntheses is not understood, and Gedye et af:° investigated the effect of reactor size and
different hypotheses and explanations have been proposed.volume of reaction mixture on the synthesis of organic
Additionally, inconsistent reports from different laboratories are compounds in a microwave oven. Their results indicated that
regularly encountered. Much of this is due to differences in the properly accounting for these variables is crucial to obtaining
microwave synthesis reaction engineering between laboratoriesthe optimal rate enhancements in a microwave reactor. They

The first patent for the microwave synthesis of zeolites was found a relationship between the volume of synthesis solution
issued to researchers at Mobil in 1988. They claimed that reacted and the rate of reaction using microwaves. They also
microwave heating could be used to prepare zeolite NaA and found that scale up of reactions led to lower yields but retained
ZSM-58 Since this accomplishment, the successful microwave faster rates of reaction compared to conventional synttiéses.
synthesis of various zeolites has been reported by manyConner et al.studied the synthesis of silicalite in either an 11
laboratories. Each report indicates that employing microwave mm diameter reactor or a 33 mm diameter reactor placed in a
heating leads to more rapid syntheses than the use of convenmicrowave oven. They showed that the microwave field
tional hydrothermal techniques. Tables 1 and 2 show the resultsdistribution was different in the different size reactors containing
from several laboratories reporting results of the microwave equal volumes of silicalite solution. This was related to
synthesis of NaY and-zeolite. Their results vary in the ifferences in the yield and morphology of the silicalite produced
synthesis times required, as well as the reduction in synthesisith microwave heating. In their study, they found that the 33
mm diameter reaction vessel provided substantially higher yields
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was not, however, proposed that similar enhancement would
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Recent studies have probed the utilization and influence of
microwaves in a variety of chemical syntheses, materials
processes, and separatidn®.Of interest to this investigation
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TABLE 1: Summary of Microwave Synthesis of NaY Zeolite Results

gel composition/ oven microwave reaction conventional MW
silica source used conditions conditions enhancement  source

0.5 min ramp to 120C (800 W)/

8—10Si0:Al,03:3—4N&0:100-135H,0 10 min at 100°C

Degussa Aerosil 200 (fumed silica) 5cmii.d. autoclave 50 hfID0  28570% 17,18
0.5 min ramp to 120C (900 W)/

16SiG:Al,05:3N&0:400H0 Panasonic  3—6 hat 100°C 10-50 h/

Degussa Aerosil 200 (fumed silica) NN 7856 5 cmi.d. autoclave °0 233-733% 19
0.5—4 min ramp to 100C (300 W)/

10SiG:Al,03:14N&0:800H0 CEM 2hat 100°C

Nissan Snowtex-N (colloidal silica) MARS-5 20 mL gel 100 mL autoclave 5 hfIDO0 150% 20
ramp to 110°C (950 W)/

10SiQ:Al,03:5.6Na0:240H0 CEM 1.5hat110°C 9-10h/

Ludox AS-40 (colloidal silica) MDS-2100 100 mL autoclave 1o 500-567% 21
2 min ramp to 100C (950 W)/

6.3SiQ:Al,05:6.0Ng0:48H0 CEM 2 hat 100°C (200 W)

Ludox HS-40 (colloidal silica) MDS-2100 100 mL autoclave 6 h/2Q0 200% 22

TABLE 2: Summary of Microwave Synthesis of f-Zeolite Results

gel composition/ oven microwave reaction conventional MW
silica source used conditions conditions enhancement source

ramp to 14C°C (950 W)/

40Si0:Al,05:2.5Na0:6.0(TEA):560H,0 CEM 14 hat 140°C

Ludox AS-40 (colloidal silica) MDS-2100 100 mL autoclave, seeded NA 21

25Si0:Al,05:0.85Na0:8.75TEAOH:6-2.5 ramp to 150C (1200 W)/

NH4F:290H0 CEM 8 hat 150°C

Ludox AS-40 (colloidal silica) MARS-5 5 cmi.d. autoclave 20 h/T8D 150% 23,24
2 min ramp to 165C (950 W)/

40Si0;:Al ,05:2.5Na0:9TEAOH:560H0 CEM 24 hat 165°C (500 W) 168 h/

Ludox HS-40 (colloidal silica) MDS-2100 100 mL autoclave 65 600% 22

Bonaccorsi and Proverdfd!tstudied the microwave synthesis  distribution appears to be a specific factor in the rate enhance-
of NaA zeolite using two reaction flask sizes of 100 and 500 ment of some zeolite syntheses.

mL. They reported that with the same quantity of precursor gel, | this paper, we study the influence of several reaction

higher yield and less impurities were obtained using the smaller ¢ gineering parameters on the nucleation rate, the crystallization
vessel. This was attributed to the lower surface-to-volume ratio (5ta and the particle size and morphology of two zeolites: NaY

and hence better microwave penetration effect in the 100 mL ¢ ite and f-zeolite. The parameters examined were the

\éeftsel. _'I'i|1dere1:(/)re, hlomogen(éous heating V‘;a? assoi:lated V_‘l’l'tr?nicrowave oven type, the influence of reaction vessel size, and
etler yields. VEsSSel sizeé and precursor solution volume will: 4o \o1yme of zeolite precursor reacted. Comparative reactions

ggjc?snucre; the uniformity and extent of the microwave field were carried out with conventional hydrothermal heating.

Few authors have investigated the effect of different types . .
of microwave power delivery media (such as a cavity or EXPerimental Section
waveguide) on the synthesis of materials. Predominately, the
microwave oven (domestic or laboratory) has been employed
for the synthesis. However, Chemat and EsVfalded four types
of microwave transmission media, including waveguides an
an oven, to determine the microwave superheating effect on
organic liquids. They observed that the steady-state boiling / L N
temperature under microwave heating can be up to 40 K higher 40 40 Wt %, Dupont) in deionized water and stirring for 1 h.
than the boiling point of the liquid. The bulk temperature was The. silica SO,IUt'OnS were then added to sodium hydroxide/
found to depend on factors including the physical properties of Sedium aluminate solutions and stirred for 24 h. The NaY
the solvent, reactor geometry, mass flow, heat flow, and electric Précursor employed was a thick white gel with a composition
field distribution. The temperature was measured by fiber-optic Of 8Si0:Al203:4N&0:140H0. The resulting precursor gel was
probes. Further, Herrmann et®&keported a super- or overheat-  distributed to reaction vessels and reacted at D0
ing effect for microwave synthesis of zeolites using reaction  [-Zeolite was prepared by dissolving sodium aluminate and
vessels in an oven. potassium hydroxide (Fisher Scientific, reagent grade) in

Niichter and co-worketé15report the influence of microwave — deionized water. A separate solution of tetraethylammonum
power delivery media as monomode (“focused” or waveguide hydroxide (TEAOH), tetraethylammonium fluoride (TEAF),
type) and multimode (oven) type, on the synthesis of various silica (Ludox AS-40, 40 wt % Dupont or Aerosil 200, Degussa),
organic materials. Some organic reactions showed higher yieldsand deionized water was prepared and stirred for 2 h. The latter
for multimode microwave synthesis compared to monomode solution was added to the sodium aluminate/potassium hydrox-
waveguide heating; however, they concluded these were notide solution and stirred for 24 additional hours at room
significant. Schertlel§ showed that when the microwave cavity temperature. Thg-zeolite precursor had a final stoichiometry
is optimized to give a uniform microwave field for the synthesis of 25SiG:Al03:1.27Na0:0.50K0:5.50TEAO:2.50F:370HO.
of zeolites, low yields were found. Nonuniform microwave field The resultings-zeolite precursor gel was reacted at T80

Precursors.NaY zeolite was synthesized from aged alumi-
nosilicate gels. Sodium hydroxide (98%, Malinkroft) and sodium
d aluminate (Riedel-De Haen) were dissolved in deionized water.
Silica solutions were prepared by dissolving fumed silica
(Aerosil 200, Degussa) or diluting colloidal silica (Ludox AS-
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(b) 33 mm accomplished using a fiber-optic probe enclosed in a sapphire
"—,| thermowell running through the center of the reaction vessel.
The sensor of the fiber-optic probe was positioned at the bottom

Teflar Insert of the reaction vessel in the sapphire thermowell.
/ . —— After heating, the zeolite products were rinsed with deionized
WP Lo Wil water, centrifuged for 20 min at 10 000 rpm, and the wastewater

- fiberoptic probe . . .
was decanted. This washing was repeated four times for each
/ \ sample to rinse away soluble waste material from the product.
7 The remaining product was dried overnight at @
Characterization. Zeolite products were characterized with
12 grams Precursor powder X-ray diffraction (XRD) and scanning electron micros-
/ \ copy (SEM). Powder X-ray diffraction patterns were collected
on as-synthesized product using a Philips X'Pert X-ray diffrac-
tometer using Cu K radiation. Scans were carried out between
20 of 5° and 50 at a voltage of 45 kV and a current of 40 A,

_ at a scan rate of 0.01s™%. The relative crystallinity was
Leflon  Vessel determined by comparing the relative peak intensities of the
Figure 1. Tef'lon relation vessel ge_ometries with 12 g_(lO mL) of gel: patterns obtained to a standard pattern. The nucleation rate
(@) 11 mm diameter, 105 mm height; (b) 33 mm diameter, 12 mm iy 7e0lite synthesis was determined from the induction time
height. . o . .

prior to the crystallization of zeolites. It was estimated as the
reciprocal of the induction time or the heating time necessary

. Synthesis Conventional Sy nthesis of zgolltes was carried out to achieve 1% XRD crystallinity® The crystallization rate was
in a preheated Blue-M Stabiltherm electric laboratory oven. The . ) ; g

. .~ estimated from the slope of the sigmoid-shaped crystallinity
synthesis temperature used was controlled by a Protronix Il

- . versus time curve between 25% and 75% relative crystallinity,
controller connected to a thermocouple which measured the air . . 8 .
where the rate is maximuf§.28 The morphology and size of

temperature in the oven. A fan system in the oven circulated h n d ined f S ;

the air to provide a uniform temperature distribution throughout the .crysta ine pro uct was examined rom EM images

the oven. For each conventional synthesis, 12 g of recursorc’bta"”'ed using a Joel JSM-5400 microscope. The crystal
y . y SIS, 12 g oF p diameter was determined by measuring dimensions of 96

was used and placed into a 60 mL Savillex digestion vessel. ; . .

Mi h ; d usi MARS.-5 random particles on the SEM images. This gives a 95%
CEW"W?‘VG syntheses W%re pDe_r orme CI:JISEII\r}Ig a ~ confidence level in which our measured size has a 95% chance
( )Tplcha(ﬁv;lgesc;lven an I'a éscove_r (c 'I) m|crhowa\f/e of being within+1.96 ¢ (whereo = standard deviatiorf)2°
oven. the -5 has a multimode cavity similar to thatofa ¢ room-temperature dielectric constants for the zeolite

hqusehold microwave oven. The_ internal dimensions of the precursor gels were measured using a Hewlett-Packard 8510C
microwave c_awtyz?re .420 mm (width} 340 mm (d_epth)x network analyzer and a Hewlett-Packard 85070B dielectric
zil(')ségrgcgl\:vg?:g:to '; Ifngiipr)r?l?rlﬁ 8: f;%\g%\rll%tcgr}trlggggﬁc;rof probe kit. The dielectric measurements were taken at room
temperature to estimate the ability of the precursors to absorb
2.45 GHz. . ) microwaves and be heated. The measurements were also used
The reaction vessel used in the MARS-5 was a 33 MM ¢, simuylations of the microwave electric field intensity within

diameter Teflon vessel (GreenChem type) supplied by CEM precyrsors contained in reaction vessels within waveguides and
Corporation. This vessel is shown in Figure 1. A Teflon insert icrowave ovens.

was placed in the 33 mm vessel to provide an additional reaction . .
vessel geometry with an 11 mm vessel diaméfene Discover Results and Discussion

system has a torroidal single-mode cavity which provides  pielectric Measurements.The room-temperature dielectric
microwave energy focused into a reaction vessel. This was constants for various zeolite precursor gels are shown in Table
designed to generate a more even microwave field pattern in4. The dielectric losse(’) of zeolite precursors studied ranged
the reaction vessel. The Discover system provides microwavefrom 46 to 147. These values were substantially higher than
energy continuously up to a maximum of 300 W at a frequency the dielectric loss of water which is only 20Che permittivity

of 2.45 GHz. The reaction vessel used for synthesis in the (¢'), which represents the degree to which the microwave field
Discover was a cylindrical Teflon vessel with an internal can build up within the precursors, was also determined. The
diameter of 29 mm and an internal height of 100 mm. An permittivity values of the zeolite precursors studied were lower
amount of 12 g of precursor was used in each synthesis carriedthan that of water at 28C. The dissipation factor, tad, is a

out in the 11 mm reaction vessel. Either 12, 25, or 45 g of measurement of the precursor gel’s ability to convert microwave
precursor gel was reacted in the 33 mm diameter reaction vesseknergy into heat. High dissipation factors were characteristic
in the MARS-5 or the 29 mm diameter reaction vessel in the of the precursor gels which contained high concentrations of

Discover. ions and have a high pH. Thus, the precursors can heat rapidly
The parameters for the microwave and conventional ovenswhen exposed to relatively low levels of microwave energy.
are summarized in Table 3. However, even more important than room-temperature dielectric

For microwave synthesis in the MARS-5 and the Discover, constants for zeolite precursors are dielectric properties at
an initial microwave power level of up to 300 W was applied elevated synthesis temperatures. These were not measured yet
to rapidly heat the precursor gels from room temperature to the but have been obtained by extrapolation at lower temperatures
desired reaction temperature within 2 min. The power output for silicalite by Lu3° In general, ionic precursor solutions with
of the microwaves was then controlled automatically to maintain high microwave dissipation show high€rande” with increased
the temperature at the reaction temperature. The pressure in théemperature, whereas the opposite is true for dipolar loss
reaction vessels was monitored using a transducer attached tg@rocesses (such as in water). The above behavior refers to a
a port above the reaction vessels. Temperature monitoring wasmicrowave frequency of 2.45 GHz.
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TABLE 3: Comparison of Microwave and Conventional Heating Systems

Panzarella et al.

system MARS-5 Discover Blue-M oven
manufacturer CEM Corp., Mathews, NC CEM Corp., Mathews, NC Stabiltherm
description microwave oven synthesis reactor thermal oven

cavity volume 420 (width)x 340 (depth)x 330

(height) mm=47.124 L

max power 1200 W 300 W 1200 W (heaters) and fan
magnetron one magnetron one magnetron torroidal waveguide
irradiation modus multimode monomode “focused”
power delivery controlled to match temperature  controlled to match temperature ON/OFF PID control to set
variable 0 to 300 W variable between 0 and 300 W temperature
reactor type 33 mm of 11 mm Teflon CEM 29 mm glass or Teflon CEM Teflon Savillex 33 mm
temperature and pressure  fiber-optic probe in a sapphire fiber-optic probe in a sapphire K-type thermocouple
measurement thermowell thermowell
pressure transducer pressure transducer
program 2 min ramp, hold for varying 2 min ramp ~1 hramp to hold
temperature,
times up to 120 min hold at 100 or 13C oven preheated
max, temp {C) 100°C for NaY 100°C for NaY 100°C for NaY
150°C for 150°C for 8 150°C for 8
guantity of reactant 12,25,and 459 129 12g

TABLE 4: Dielectric Constants (€', €'') Dissipation Factor (tan )
GHz, 25°C)

, and Penetration Depth @s) of Zeolite Precursor Gels (2.45

medium/zeolite

precursor molar composition pH e €’ tano ds (cm)
watep H.O 7.0 78 10 0.13 3.34
NaY (Aerosil 200) 4Ng0:Al;05:8Si0,:140H,0 12.20 49 137 2.80 0.28
NaY (AS-40) 4Na0:Al,05:8Si0,:140H,0 12.24 37 147 3.98 0.26
p (AS-40) 25SiQ:Al,03:1.27Na0:0.5K;0: 12.48 52 46 0.90 0.66
5.5TEAO:2.5F:370HO
aRef 1.

The high dissipation factors (taf) of the precursor gels

p-Zeolite Synthesis.The syntheses ¢i-zeolite from precur-

studied gives rise to large decays in the microwave electric field sors with a composition of 25SAI,05:1.27N&0:0.50K0:

intensity within precursor solutions exposed to microwaves.
Thus, the penetration depthg{ of microwaves, which is the

5.50TEAO:2.50F:370HO using either Ludox AS-40 colloidal
silica or Aerosil 200 fumed silica were carried out at 1%D

depth in the precursor at which the microwave field has decayed A plot of the relative crystallinity versus time shows that a long
by 1/e, is small for these solutions. This is calculated using eq induction period precedes a short crystallization time (Figures

1 and eq 2:
1
0g= o 1)
2 1/2
== (Ve ) G
vac
Here,A,ac = represents the microwave wavelength in a vacuum

(12.24 cm at 2.45 GHz). The wavelengthmfgium Of the

2 and 3 and Table 5). The induction period required for the
synthesis ofs-zeolite in the MARS-5 was approximately one-
third (or the nucleation rate was 3 times faster) of that required
for the synthesis off-zeolite with conventional heating with
either silica source. The crystallization rate was not enhanced
to the same degree with microwave heating, however. The rate
of crystallization was only 25% faster with microwaves
compared to conventional heating for the synthesjs-péolite
from the precursor containing colloidal silica. Similarly, the
crystallization rate of3-zeolite was also only 38% faster with

microwaves through a medium such as water or zeolite precursormicrowaves in the MARS-5 compared to conventional heating

is determined from the permittivity of the medium. The
permittivity is analogous to the index of refraction in optics
(17) wheren corresponds ta/e’ as shown in eq 3.

for the synthesis from the precursor containing Aerosil 200
silica. The nucleation rate ¢gf-zeolite was increased signifi-

1.0 Y’

m 12g/33mm
e it
. = — A mm
;Lmed|um € (3) 2 . 12; Hmm
£ o 12g Conventional
The permittivity of water is higher than that of the precursors |3 x 12g Discover
: X o 205
employed for zeolite synthesis. The consequence of this is thajo
the wavelength of microwaves through water is smaller than ir?’lg
the zeolite precursors. However, the range of penetration depti§
measured for typical zeolite precursor gels was much smalle
than that of the water by over a factor of 10 in some cases
(Table 4). This was due to the higher dielectric loss for the| 0.0 : e~ ; " = ‘
precursors. Because the microwave field intensity differs with 0 3 6 9 12 15 18 21
space in a medium, differential heating may arise. The conse Time (hours)

quence of this is that reactor geometry is an important factor
influencing the reaction rate of microwave synthesis reactions

Figure 2. Comparison of3-zeolite synthesized under various reaction

. conditions with Ludox AS-40 silica.
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1.0 T MARSS heating, the crystals were 0.4in in diameter, 2 times larger
® 33 S- . .y
o Sailiox  Comvantional & than those formed with Ludox AS-40 silica. The use of
Savillex / Conventional s . N ) )
x 29mm / Discover microwaves for the synthesis gfzeolite from this precursor

gave rise to large crystals with a diameter of O/54.

For 5-zeolite synthesis with Ludox AS-40 colloidal silica in
the Discover, the crystals formed were slightly larger. Slightly
smaller crystals formed in the Discover oven when Aerosil 200
silica was used fof-zeolite synthesis. These results are similar
to those observed for the synthesis of NaY. The slight
differences in crystal size may be due to different microwave
0.0 ' -4 . electric field distributions in the reactants heated in different

0 3 6 9 2 15 ) ovens. However, the dependence of the size of zeolite crystals

Time (hours) 1 formed on the microwave oven type was not strong.

Figure 3. Comparison of-zeolite synthesized under various reaction The yield of [_3_—zeolite was not depende_nt on the heating
conditions with Aerosil 200 silica, 12 g of precursor reacted. method or the silica source; the yield/®#zeolite was the same

regardless of the reaction conditions (Table 5). Thus, the size
cantly when microwave heating in the MARS-5 was used in of the §-zeolite crystals is directly correlated and inversely
place of conventional heating, whereas the crystallization rate proportional to the number of crystals. The size of zeolite
was only slightly enhanced. crystals is related to the relative rates of nucleation and crystal

Comparative microwave synthesesfeteolite were carried growth. For example, larger crystals indicate that crystallization
out at 150C with microwaves at a frequency of 2.45 GHz in  or crystal growth of few large crystals is favored over the
the MARS-5 and the Discover microwave ovens using 12 g of hucleation of many small crystals. However, the relative rates
precursor gel. For the synthesis carried out from a precursorOf nucleation and crystallization that were estimated for these
containing Ludox AS-40 silica, the induction time sva h in syntheses were not related to the crystallite size (Table 5). The
the multimode MARS-5 oven @ah9 h synthesis in the rate of nucleation, which was estimated as the reciprocal of the
monomode Discover microwave system (Figures 2 and 3 andinduction time, is likely an oversimplification of the actual
Table 5). The crystallization rate was 13% more rapid in the mechanisnt*26 Similarly, the crystallization rate, which is
MARS-5 than in the Discover microwave oven. The microwave estimated as the slope of the sigmoid-shaped crystallinity versus
synthesis ofg-zeolite with Aerosil 200 silica yielded similar ~ time curve between 25% and 75% relative crystallinity, may
results as the synthesis #fzeolite with Ludox AS-40 (Figure ~ not completely describe the processes of crystal growth. These
3). The microwave synthesis gfzeolite with Aerosil 200 silica  simplifications do not adequately describe all the processes
was more rapid in the multimode MARS-5 oven than in the which are involved in the nucleation and growth of zeolite
Discover. crystals.

The results of;-zeolite synthesis carried out in the MARS-5 NaY Zeolite Synthesis.The synthesis of NaY was carried
microwave oven using different size reaction vessels is sum-out at 100°C from the precursor containing either colloidal
marized in Figure 23-Zeolite synthesis was more rapid in the Ludox AS-40 or fumed Aerosil 200 silica. As observed for the
33 mm reaction vessel than in the 11 mm reaction vessel. synthesis of 5-zeolite, a relatively long induction period
However, in contrast to the results for NaY, the difference in preceded a shorter crystallization period in the synthesis of NaY
the synthesis rate fof-zeolite synthesized in the different zeolite (Figures 6 and 7). The nucleation and crystallization rates
reaction vessels was small. Crystallizationfeteolite in the of NaY during conventional synthesis from the Aerosil 200 silica
33 mm reaction vessel required 7.5 h and 8.25 h in the 11 mm containing precursor were 13% and 50% more rapid, respec-
reaction vessel. tively, than comparative processes during the synthesis of NaY

The effect of varying the mass of precursor gel reacted in from Ludox AS-40 (Table 6). The crystallization rate of NaY
the same reaction vessel was studied for the microwave synthesigvas approximately 2.5 times more rapid with microwave heating
of B-zeolite. These syntheses were carried out using either 12,in the MARS-5 compared to conventional heating for synthesis
25, or 45 g of precursor gel in the 33 mm diameter reaction from both of these precursors. The degree of enhancement of
vessel using the MARS-5 oven. The results for the microwave the crystallization rate with microwave heating in the MARS-5
synthesis of-zeolite with various volumes of precursor are compared to conventional heating was not strongly influenced
shown in Figure 2. The induction time for the synthesis of by the silica source in the cases studied. However, the silica
B-zeolite increased as the mass of precursor material reacted irsource strongly influences the nucleation rate of NaY zeolite
the vessel was increased. The crystallization rate was most rapidsynthesized with microwaves. The rate of nucleation was over
for the 8-zeolite synthesized with 25 and 12 g. The use of 45 4 times faster for the microwave synthesis of NaY from the
g of precursor to synthesizgzeolite resulted in the longest  colloidal silica precursor compared to conventional synthesis.
induction time and the slowest crystallization rate. The rate of nucleation of NaY zeolite from the precursor with

Theﬁ_zeo"te Crysta”ite size was dependent on the precursor Aerosil 200 silica was 9 times faster with microwaves Compared
silica source and the heating method employed. When Ludox to conventional synthesis.

AS-40 was used as the silica source for the conventional NaY zeolite synthesis with microwaves in the MARS-5
synthesis of-zeolite, crystals approximately 0.22m in multimode oven and the Discover microwave oven are compared
diameter formed (Figure 4 and Table $:-Zeolite crystals in Figures 6 and 7 and Table 6. Complete crystallization of NaY
synthesized from this precursor using microwaves were 0.31 from a precursor containing Ludox AS-40 silica in the multi-
um in diameter. These crystals were over 40% larger than the mode MARS-5 oven at 1080C required only 90 min, and NaY
crystals formed with conventional heating. The use of Aerosil zeolite synthesis in the monomode Discover required 120 min.
200 as the silica source in tifkzeolite precursor gave rise to  The induction time needed was over 50% longer for microwave
larger crystals (Figure 5 and Table 5). With conventional synthesis of NaY in the Discover system than in the MARS-5.

Relative Crystallinity
=Y
W
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TABLE 5: Summary of f-Zeolite Synthesis Results at 150C

precursor reaction silica heating induction cryst size crystallization

mass (g) vessel source method time (h) (um) rate (1)
12 Savillex AS-40 conventional 18.5 0.22 1.3
12 33 mm AS-40 microwave 7 0.31 1.6
25 33 mm AS-40 microwave 7.5 0.35 1.6
45 33 mm AS-40 microwave 8.5 0.31 1.5
12 11 mm AS-40 microwave 7.75 0.36 1.5
12 29 mm AS-40 microwave 9 0.39 1.4
12 Savillex Aerosil 200 conventional 16.75 0.41 1.2
12 33 mm Aerosil 200 microwate 6.5 0.54 1.7
12 29 mm Aerosil 200 microwave 9.5 0.49 1.5

aMARS-5. P Discover.

The induction time prior to NaY zeolite crystallization was The synthesis of NaY zeolite was significantly more rapid
approximately 55 min during microwave synthesis in the using the 33 mm reaction vessel than the 11 mm reaction vessel.
MARS-5 and 80 min during microwave synthesis in the This was the case for synthesis from precursors containing both
Discover. The crystallization rate during the microwave syn- Ludox AS-40 silica and Aerosil 200 silica. Plots of the relative
theses of NaY was not affected to as high a degree by thecrystallinity versus time are shown in Figures 6 and 7. For the
changing the microwave oven type. The crystallization rate was synthesis of NaY from Ludox AS-40 silica, the induction time
less than 16% higher for synthesis of NaY zeolite in the was significantly shorter using the 33 mm reaction vessel than
MARS-5 than in the Discover. with the 11 mm reaction vessel. The crystallization of NaY in
The microwave synthesis of NaY zeolite using Aerosil 200 the different size reaction vessels occurred at similar rates. The
silica was also carried out in the MARS-5 and the Discover. induction time was only 50 min in the 33 mm reaction vessel
The synthesis of NaY with microwaves required 50% less time compared to 150 min in the 11 mm diameter vessel. Crystal-
in the MARS-5 than in the Discover (Figure 7 and Table 6). lization of NaY zeolite was complete after 90 min of heating
For synthesis in the MARS-5, the nucleation rate was 75% fasterin the 33 mm diameter vessel compared to 200 min in the 11
and the crystallization rate was 43% faster. These results aremm diameter reaction vessel. The effect of reactor geometry
similar to those observed for NaY synthesis using Ludox AS- and precursor on microwave synthesis for NaY zeolite synthesis
40 silica. For NaY synthesis with either silica source, the using Aerosil 200 as a silica source is summarized in Figure 7.
nucleation rate was much faster for microwave synthesis in the For NaY synthesis with Aerosil 200, the crystallization rate and
multimode MARS-5 than in the monomode cavity (Discover the nucleation rate were both over a third more rapid in the 33
system). Thus, the difference in microwave power delivery had mm reaction vessel than the in the 11 mm reaction vessel.
a more significant impact on the nucleation process than on  The results for the microwave synthesis of NaY zeolite with
the subsequent growth. various volumes of precursor are shown in Figure 6 and Table
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Figure 4. (A—C) SEM images of-zeolite prepared from 12 g of precursor containing Ludox AS-40. Conditions: (A) microwave heating, MARS-5
oven, 7.5 h; (B) microwave heating, Discover oven, 10 h; (C) conventional heating, 19 h.
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Figure 5. (A—C) SEM images ofs-zeolite prepared from 12 g of precursor containing Aerosil 200 silica. Conditions: (A) microwave heating,
MARS-5 oven, 7 h; (B) microwave heating, Discover oven, 10 h; (C) conventional heating, 18 h.
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Figure 6. Relative crystallinity vs time for NaY zeolite synthesized ~Figure 7. Relative crystallinity vs time for NaY zeolite synthesized
at 100°C under various conditions. Precursor composition: ANa  at 100°C under various conditions. Precursor composition: ANa
Al,04:8Si0,:140H,0, Ludox AS-40 silica. Al,03:8Si0,:140H,0, Aerosil 200 silica.

6. The induction time for the synthesis of NaY zeolite was followed the same trends as in the case with Ludox AS-40
affected by changing the amount of precursor material chargedcolloidal silica; however, these differences were less pronounced
into the vessel. The induction time for the microwave synthesis when Aerosil 200 was used.
of NaY was only 45 min with 25 g of precursor and over 80 The relative size of NaY zeolite crystals was also dependent
min with 45 g of precursor. The rate of crystallization was also on the silica source used in the precursor and the heating method
dependent on the mass of solution reacted. The crystallization(microwave or conventional heating) employed. When Ludox
rate when 25 g of precursor was reacted was over 3 times fastelAS-40 was used as the silica source for conventional synthesis
than when 45 g was used. of NaY zeolite from the thick gel precursor, the crystals were
Varying the mass of the NaY precursor reacted in the 33 mm 0.28 um in diameter (Figure 8 and Table 6). The use of
reaction vessel also resulted in differences in synthesis rate whermicrowave heating for the synthesis of NaY zeolite with AS-
Aerosil 200 silica was used in the precursor (Figure 7 and Table 40 silica led to the formation of crystals which were larger than
6). It was observed that the synthesis was the fastest when 25hose produced conventionally. The NaY crystals synthesized
g of precursor gel was used and slowest when 45 g of precursorwith microwaves were 0.52m in diameter.
gel was heated in the reaction vessel. The differences in the For NaY zeolite synthesized from Aerosil 200 fumed silica,
synthesis rate with changing reaction vessel size and gel volumesmaller crystals formed during microwave synthesis compared
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TABLE 6: Summary of NaY Zeolite Synthesis Results at 100C

precursor mass reaction vessel silica heating induction cryst size crystallization rate

(9) type source method time (min) (um) x1072 (min~?)
12 Savillex AS-40 conventional 205 0.28 1.50
12 33 mm AS-40 microwave 50 0.52 3.77

25 33 mm AS-40 microwave 45 0.54 5.86

45 33 mm AS-40 microwave 80 0.50 1.87

12 11 mm AS-40 microwave 150 0.48 3.07

12 29 mm AS-40 microwave 80 0.57 3.24

12 Savillex Aerosil 200 conventional 180 2.06 2.10
12 33 mm Aerosil 200 microwate 15 0.96 5.64

25 33 mm Aerosil 200 microwade 20 0.92 4.59

45 33 mm Aerosil 200 microwate 20 0.99 3.15

12 11 mm Aerosil 200 microwade 30 0.92 4.15

12 29 mm Aerosil 200 microwabe 125 0.84 3.73

aMARS-5. b Discover.

to relatively large crystals formed under conventional heating minimal. The NaY crystals synthesized in the Discover from
conditions. NaY zeolite crystals synthesized using Aerosil 200 Aerosil 200 were slightly smaller than the NaY synthesized in
were 0.96um in diameter with microwave heating and 2.06 the MARS-5. SEM images of NaY zeolite synthesized with
pm with conventional heating. The larger crystals in NaY djfferent volumes of precursor and in the different diameter
synthesized with Aerosil 200 using microwave heating can be reactors are also indicated. The influence of reaction vessel size
explained by the short nucleation time which allowed fewer o, the zeolite crystal size was minimal. This was surprising

but larger c:jys_taltshto fqrm from this ﬁ)rr]ecgrsofr.l\'ll' h\L(JS' the sI|I|ca when considering the substantial difference in the synthesis rate
source used In the microwave Synthesis of INay can play &, ,on the reaction vessel size was varied for NaY zeolite

crucial role in determining the properties of the product . . . .
compared to conventionally synthesized NaY. Different precur- synthesis. If .th(.e d|ffere_nces in the _synthess rate observed for
NaY synthesis in the different reaction vessels were solely due

sor properties resulting from different silica sources employed . A i .
gave rise to different nucleation rates, crystallization rates, and ©© different temperature distributions, then the size of zeolite
particle size for NaY synthesized using microwaves compared crystals formed would be expected to differ. This is because
to conventionally synthesized Nay. the size of aluminosilicate zeolite crystals is strongly dependent
SEM images of NaY zeolite synthesized in the different on the reaction temperatufé3!-32However, because the size
microwave ovens are shown in Figures 8 and 9. The influence of the crystals formed in each reaction vessel were the same, it
of microwave oven type on the NaY zeolite crystal size was is unlikely that a different temperature distribution giving rise
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Figure 8. (A—D) SEM images of NaY zeolite prepared from a precursor with Ludox AS-40 silica: (A) microwave synthesis (MARS-5 oven), 12

g, 33 mm reaction vessel, 90 min; (B) conventional synthesis, 12 g, 270 min; (C) microwave synthesis (Discover oven), 12 g, 29 mm reaction

vessel, 120 min; (D) microwave synthesis (MARS-5 oven), 12 g, 11 mm reaction vessel, 190 min.
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Figure 9. (A—D) SEM images of NaY zeolite prepared from a precursor with Aerosil 200 silica: (A) microwave synthesis (MARS-5 oven),
12 g, 33 mm reaction vessel, 50 min; (B) conventional synthesis, 12 g, 225 min; (C) microwave synthesis (Discover oven), 12 g, 29 mm reaction
vessel, 75 min; (D) microwave synthesis (MARS-5 oven), 12 g, 11 mm reaction vessel, 50 min.

TABLE 7: Summary of Relative Reaction Values for Microwave Synthesis of Zeolites (Decreasing Relative Induction Time
Faster Nucleation, Increasing Relative Crystallization= Faster Growth Rate)

parameter
33 mm vessel
silica source and 12 g of precursor silica source
zeolite (relative to unimodal uwave uwave zeolite uwave uwave
reactiontemp  method values) conventionaunimodal multimode reaction temp conventionalunimodal multimode  process
Ludox Aerosil
pB-zeolite induction time 2.04 1.00 0.78 p-zeolite 1.79 1.00 0.68 nucleation
150°C cryst rate 0.81 1.00 1.14 15C 0.80 1.00 1.13 growth
cryst size gm) 0.22 0.39 0.31 0.41 0.49 0.54
no. of particles final 1000 180 357 154 91 68
Ludox Aerosil
Y-zeolite induction time 2.56 1.00 0.63 Y-zeolite 1.45 1.00 0.12 nucleation
100°C cryst rate 0.46 1.00 1.16 10Cc 0.56 1.00 151 growth
cryst size gm) 0.28 0.57 0.52 2.06 0.84 0.96
no. of particles Findl 1000 119 156 3 37 25

a Relative to the conventional method on a cubic volume basis for 1000 crystals.

TABLE 8: Summary of Relative Induction Times and Growth Rates for the Effect of Reaction Volume and Shape on the
Microwave Synthesis of Zeolites (Decreasing Relative Induction Time= Faster Nucleation, Increasing Relative Crystallization

= Faster Growth Rate)

silica cryst rate based on induction time based on cryst rate based on induction time based on
zeolite source reaction vol reaction vol reaction shape reaction shape
(33 mm, 12:25:45 g) (33 mm, 12:25:45 g) (33/11 mm, 12 g) (33/11 mm, 12 g)
f-zeolite Ludox 1.0:1.0:0.95 1.0:1.1:1.2 1.07 0.90
Y-zeolite Ludox 1.0:1.55:0.50 1.0:0.90:1.60 1.23 0.33
Aerosil 1.00:0.81:0.56 1.00:1.33:1.33 1.36 0.50

to more nucleation can explain the difference in the synthesis in the zeolite product size, morphology, and rate of synthesis.

rate observed. The relative size of NaY zeolite synthesized with microwaves
. . . and conventional heating using colloidal and fumed silica
Conclusions and Discussion sources differed from those observed for the synthesis of

These results indicate that when microwave heating is $-zeolite. In the synthesis @-zeolite, larger crystals formed
employed rather than conventional heating, changes may occumwith microwave heating than with conventional heating. How-
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ever, the silica source employed in the precursors was critical the MARS-5. The different relative synthesis rates for zeolite
in determining the influence of microwave heating on the NaY syntheses using different size reaction vessels may be due to
crystal size. This shows that the influence of microwave heating the dielectric properties of the precursors. The dielectric
on the relative rates of nucleation and crystal growth may differ properties are unique for each zeolite precursor. The dielectric
for each zeolite syntheses. loss of the different precursors varies vastly. These could give
The importance of the type of starting material (i.e., silicate rise to different electric field distributions within the reaction
source, alumina source) has been shown to be nearly asvessel containing different precursors while being exposed to
important as the actual amount of reactants in the precursors inmicrowaves in the MARS-5. The consequence of this would
the conventional synthesis of zeolif8s3® It is reasonable to be that the resulting crystallization rate of zeolite would not be
conclude that in the microwave synthesis of zeolites, the influenced by microwaves to the same degree. Another cause
properties of the reactants are also very important, and Of these observations may lie in the formation mechanism of
microwaves influence different stages of zeolite formation these zeolites. Silicalite crystallizes from a clear solution
differently. Thus, the enhancement in the rate of formation of containing only silicate, water and an organic structure-directing
NaY due to microwave heating is dependent on the propertiesagent. NaY zeolite ang-zeolite are synthesized from alumi-

of the precursor used. For the cases discussed above, the abilitposilicate gels. Thes-zeolite precursor contains an organic
of microwaves to influence the dissolution rate of silicate in Structure-directing agent, whereas the NaY zeolite precursor does

precursors may depend on the silicate source. Differences innot. Furthermore, the structures of the different zeolite products
the precursor properties and their rate of dissolution may accountare different. Thus, microwaves may not influence these
for these observations. The precursors have different dielectricreactions to the same degree or in the same manner.
properties; thus, the microwave field distributions within the ~ The summaries ofi- and Y-zeolite syntheses results are
solutions likely are different (Table 4). Aerosil 200 readily forms tabulated in Tables 7 and 8. Microwaves can enhance the rates
a thick gel when introduced into the sodium hydroxide rich of zeolite syntheses, although the extent of the increase differs
solution used in the synthesis. Ludox AS-40 is stabilized against depending on the specific synthesis. The greatest effecfss for
gelation with small amounts of ammonium anions. Thus, a less and Y-zeolite syntheses are a decrease in the induction times,
viscous gel is formed. These properties may result in different i.e., the time before the first nucleated crystals are detectible as
nucleation and crystallization rates for NaY synthesized using shown in rows 2 and 7 in Table 7 fg# and Y syntheses,
the different silica sources. Furthermore, a greater enhancementespectively. Uniform microwave fields consistently nucleate
in the synthesis rate with microwaves is observed when Aerosil about twice as fast as with conventional heating in columns 3
200 fumed silica is used as the silica source for NaY synthesis. and 4 or 7 and 8 (Table 7). However, nonuniform fields increase
In these reaction engineering studies, the higher synthesis ratéhe nucleation process even more in columns 4 and 5 (Table
in the multimode MARS-5 may be due to the different 7), particularly if Aerosil particles are employed as the silica
microwave electric field distributions and variation with time source in columns 8 and 9 (Table 7). The rates of crystallization
within these ovens. Slower rates of NaY ghdeolite formation are increased in the same order but notably to a lesser extent as
observed in the Discover may be the result of a uniform seen inrows 3 and 8 (Table 7). Thus, the primary enhancement
microwave electric field distribution. Rapid synthesis in the due to microwave exposure for these syntheses is an increase
MARS-5 could be the result of the nonuniform multimode in the rates of formation of the first detectable (XRD) crystal-
microwave electric field distribution. This multimode field lites. The multimode microwave exposure which results in a
distribution in the MARS-5 oven may give rise to a standing less uniform field distribution in both time and space in
wave pattern having a series of nulls and maxima within the particular enhances the rate of nucleation. Although the tem-
gel being heated in the reactor. The number of nulls and maximaperature is maintained constant, a nonuniform field will result
depends on the size of the reactor. Previous studies by Connein periods of higher and lower energy than would be required
et al” illustrated the importance of microwave field distribution for a uniform field. It has yet to be determined whether it is
in the synthesis of silicalite using either an 11 mm or a 33 mm Vvariations in time or space that contribute to the enhancement.
diameter cylindrical reactor. They found that the microwave  The influence of the differing exposures to microwaves results
field distribution was different in the different size reactors in the final analyses as if there are more numerous particles
containing equal volumes of silicalite precursor solution. Their produced without microwave exposure than with it. While the
simulations showed that the 11 mm column contained a single zeolite crystal formation is enhanced by microwaves, the crystal
mode with a fairly uniform field distribution and the 33 mm  growth appears more rapid for individual crystals in the presence
column had a field distribution with several maxima and nulls. of microwaves, forming |arger and fewer Crystaiiites as shown
This was related to differences in the yield and morphology of in rows 4 and 5 (Table 7) fof synthesis, although it depends
the silicalite produced with microwave heating. In their study, on the silica source for NaY zeolite synthesis in rows 9 and 10
they found that using the 33 mm diameter reaction vessel (Table 7). It should, however, be noted that Ostwald ripening
provided substantially higher yields than the 11 mm diameter may contribute to the final sizes and numbers of crystals as we
reaction vessel for this synthesis. In the Discover system, have found for silicalite syntheses enhanced by microwaves.
however, the uniform feeding of the microwaves from all sides  the potential influence of spatial or temporal heterogeneity
of the reactor creates only a uniform field in the latter. on these zeolite syntheses are briefly demonstrated in Table 8.
Itis concluded that differences in the microwave oven cavity, There is little enhancement fgt syntheses due either to the
i.e., multimode versus monomode, may give rise to a similar volume of the reaction or the shape of the reactor on the
effect in which the microwave electric field distribution within induction times or on the rates of Crystaiiiza’[ion_ In contrast
the reaction vessel varies aCCOl'ding to the field distribution in with this, there are more Significant effects of reactor volume
the cavity. and shape on the relative rates of induction and crystallization
In our studies, as with previous studiesye found faster for NaY zeolite synthesis. The more uniform microwave fields
synthesis rates using a larger 33 mm diameter reactor than withwill certainly exist in the smaller volumes (columns 3 and 4,
an 11 mm diameter reaction vessel for microwave synthesis in Table 8, for 12 g) and in the narrower reactor (columns 5 and
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