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Abstract

We demonstrate the application of a stainless steel microchannel reactor for the continuous synthesis of zeolite NaA. Some influence param
such as the aging time of the synthesis solution, the residence time and the crystallization temperature had been studied. It was found that ¢
of the synthesis solution was a key procedure to avoid the blockage of the microchannel. By using the aged synthesis solution, it took 1/10 of
crystallization time needed in the batch system to synthesize zeolite NaA in the microchannel reactor. On the other hand, the mean particle
and the particle size distribution of zeolite NaA synthesized in the microchannel reactor were, respectively, smaller and narrower than in the bz
system. In the microchannel reactor, long aging time of the synthesis solution led to small mean particle size and narrow particle size distributiol
the products. When synthesized at high temperature, zeolite NaA with big mean particle size but narrow particle size distribution could be produ
even within short residence time, which would result from the fast heat transfer and auto-creation segmented flow of the synthesis solution in
microchannel.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion rate; and (3) produce a more uniform product because of
the readily controlled operating conditiofil]. However, it

Zeolites are crystalline alumino-silicates with uniform was reported that plug flow continuous crystallization of zeo-
nanometer-sized por¢s]. Their unique frameworks and high lites had not been very successful because the relatively slow
internal surface areas make them widely used in chemical arkinetics of crystallization required operation at low flow rates in
petrochemical processes, such as production of fuels, fine cherarder to obtain the required residence times. On the other hand,
icals and pharmaceuticals synthgl@s3], pollution abatement mass and heat transfer rate were low at such low flow rates and
[4], membranefs], membrane reactof§,7], sensor$8,9], and  could result in non-uniform products and poor energy efficiency
optoelectronic materia[d.0]. [11,14]

Synthesis of most zeolites is carried out as a batch opera- Microreactors, generally defined as miniaturized reactors
tion [1], though there are few reports of continuous synthesisvith characteristic dimension in micrometers and reaction vol-
of zeolites in continuous stirred tanks, tubular reactors andimes inthe nanoliter-to-microliter range, have attracted increas-
semicontinuous reactors with the successful synthesis of ZSMng interests in recent 10 yediE5-18] They have been used
5 crystals[11-13] A continuous process would be desirablein the synthesis of various organit9—23] inorganic[24], and
because it would: (1) be energy efficient by eliminating the highbiological material§25]. Significant advantages over the con-
energy consumption that is required for repeated heat-up angentional reactors in respect of safety, cost, kinetics, throughput
cool-down in batch crystallizers; (2) require smaller equipmentnd scale-up have been demonstrated by many researchers in the
and possibly lower capital costs that are inherent in a continuoysast few year$26,27] In general, mass and heat transfer rate
process as compared to a batch process at the same prodircmicroreactors are much higher than in microscopic reactors

[28—-30] For example, a heat conduction simulation showed that
only 0.28 s was needed to heat the reaction solution from 20 to
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Recent research in the application of microchannel reactoneaction temperature (90 or 100). The aged synthesis mix-
for particle production has largely focused on the synthesis dfure was injected into the capillary at a constant flow rate
various semiconductor nanopatrticles, such as J8%e36] (0.20-0.85 mL mint) by a constant-flow pump without mix-
CdS[37,38]and CdSe/zZn$39,40] Several other groups have ing, which corresponds to residence times (RT) ranging from
used microchannel reactors to produce titdia42], colloidal  about 3.5 to 13.5min. Samples were immediately collected at
silica [43,44] silver [45], and gold nanoparticlefgl6,47] All the outlet. NaA crystals were obtained after five cycles of cen-
these works demonstrated that microchannel reactors were quitéfuging and washed with deionzed water, followed by drying
suitable for continuous preparation of inorganic particles anct 90°C overnight.
showed great advantages for the control of reaction conditions The zeolite samples were characterized by the following
and particle properties. Particles could be immediately obtainetéchniques: powder X-ray diffraction (XRD), scanning electron
and measured at the outlet of the microchannel reactors witimicrographs (SEM) and particle size distribution (PSD). XRD
different residence times, which is convenient for studying thedata were collected on a D8-Advance diffractometer (Bruker
synthesis mechanism. In this paper, we tried to use a simpl€ompany) using Cu K radiation with an accelerating voltage
microfluidic system to synthesize zeolite NaA. Zeolite NaA wasof 40 kV and intensity of 30 mA. The diffraction pattern was col-
chosen for its wide range of batch compositions and synthesigected in the 8 range of 5-50, using a step size of 0.0@and a
temperatures. Results were compared with normal hydrothermabllection time at each step of 0.2 s. SEM pictures were obtained

synthesis. on a Quanta 200 scanning electron microscope (FEI Company).
Particle size distribution and mean particle size were determined
2. Experimental with a laser scattering particle size distribution analyzer (Malven

Zetasizer 3000 H§) with water used as the medium for disper-
Stainless steel capillary (inner diameter, 0.75mm:; outefion of the zeolite sample. The solution was ultrasonicated for
diameter, 1.2 mm; length, 1.5 m) was connected with a constanB0 min to break down the flocculates before the measurement.
flow pump by a PTFE tube (inner diameter, 2 mm; outer diame-
ter, 3 mm; length, 0.5 m) to make a microfluidic system and th&, Results and discussion
capillary was immersed in an oil bathi¢. 1).

Zeolite NaA synthesis solution was prepared by following  The synthesis mixture without aging was first used to syn-
the composition and preparation steps in [R8]. First, 0.7249  thesijze zeolite NaA in the microfluidic system at 90 or 1G0
sodium hydroxide was completely dissolved in 80 mL deionized yas observed that the products coming out of the outlet were,
water. Then the solution was divided into two equal volumes irhlternately, clear solution and viscous gel, as showfign 2,
polypropylene bottles. The aluminate solution and the silicat§yhere black blocks represent the gels and the spaces between the
solution were prepared by adding 8.254 g sodium aluminate anglack blocks are clear solutions, which indicated that crystalliza-
11.560 g sodium silicate to each half of the caustic solution afjgn process was going on when homogenous reactant solution
room temperature, respectively. Afterwards, the silicate solutiogag passing through the capillary. Unfortunately, the viscous
was added to the aluminate solution and the synthesis mixtur@eks were amorphous as determined by XRD, no matter what
was vigorously stirred for 2 h. The molar ratio of the mixture residence time (from 1 to 15min, restricted by the length of
was 2.446Ng0O:1A1203:1.187SiQ:145H,0. microchannel and the flow rate of the constant-flow pump) was

In the batch synthesis, the synthesis mixtures, aged for ceghosen. Even worse, as the experiment was carried out for more
tain periods of times (50, 100 and 150 h), were transferred intghan 2.5 h, the capillary was always blocked that the experiment
autoclaves equipped with a Teflon liner and then crystallize¢oyid not go on. The unsuccessful synthesis of zeolite NaA in the
at 90 and 100C. After crystallization for several hours, the capillary would relate to not-enough long residence time since
autoclaves were taken out and cooled by tap water. The Cryshe capillary is only 1.5 min length and the flow rate of the pump
tallization products were obtained after filtrating, washing witheguid not be adjusted to a very low level. So the initial state of
deionized water and drying at 9C overnight. the synthesis solution should be adjusted to shorten the required

For synthesis in microchannel reactors, the capillary wagrystallization time. It is well known that aging of the synthesis
immersed in the oil bath, which was accurately controlled akg|ytion can shorten the crystallization tifiid. Therefore, the

fresh synthesis mixture was aged for certain time before it was
Stainless steel capillary used for zeolite NaA synthesis in the microfluidic system.
i As we know, the crystallization time plays a very impor-
i tant role on the synthesis of zeolites. Because of the extremely
high heat transfer rate in the microchannel, the residence time

Constant-flow
pump

PTFE tube

Reaction Outlet

mixture

Fig. 2. Scheme of the alternate flow patterns during successful synthesis of
Fig. 1. Scheme of the microfluidic system for zeolite synthesis. zeolite NaA in microchannel.
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Fig. 3. XRD patterns of the evolution of zeolite NaA synthesized a®®ith Fia. 4. XRD f orod hesized in the mi h |
various residence times: (a) 5.1 min, (b) 6.4 min, (c) 9.9 min, (d) 11.2min, (&) '3 * patterns of products synthesized in the microchannel reactor at

13.3min, (f) 105 min, and (g) 135 min from synthesis solutions aged for 50 h al90“C_With various resi(_jence tirfnes frorrrll synthesis_ solutions aged_for 100h ((a)
room temperature, where (a)—(e) were prepared in the microchannel reactor; 8)1 min and (b) 10.6 min), and for 150 h ((c) 6.5 min and (d) 9.9 min).
and (g) were prepared in the batch systems.

of NaA with the residence time of 9.1 mifi. 4a), and much

equalsto the crystallization time for continuous synthesis of zeostronger diffraction peaks with the residence time of 10.6 min
lite in the microchannel reactdfig. 3shows XRD patterns of (Fig. 4b). Further increase of the aging time to 150 h resulted in
zeolite crystals synthesized in the microreactor at®Q@vith  the successful synthesis of NaA in even shorter residence times.
various synthesis times from the synthesis solution aged fdt was apparent that the products synthesized from the synthesis
50h. It could be seen that, no XRD peaks could be detectesolution aged for 150 h with residence times of 6.5 nfiig(4c)
from the products synthesized with the residence time of 5.1 andnd 9.9 min Fig. 4d) exhibited almost the same intense XRD
6.4 min Fig. 3a and b). When the residence time was increasegeaks as that synthesized from synthesis solution aged for 100 h
to 9.9 min, XRD patterns ascribed to zeolite NaA of the result-with residence times of 9.1 mifig. 4a) and 10.6 minKig. 4b),
ing products could be observeBig. 3c), but they were very respectively. Fromthe above results and by comparing the results
weak, indicating that the crystallization of NaA was not com-in Figs. 3 and 4we could concluded that, with the increase of the
plete. When the residence time was increased to 11.2 min, theging time of the synthesis solution, shorter residence time was
peaks became strongetig. 3d). When the residence time was needed to synthesize zeolite NaA possessing almost the same
further increased to 13.3 min, well-resolved XRD patterns ofcrystallinity.
the products could be observed, suggesting successful synthesisThe particle size distributions of zeolite crystalshig. 5
of NaA with good crystallinity Fig. 3e). On the other hand, by showed that NaA synthesized at9for the residence time of
using the same synthesis solution, ittook 105 min for a batch syrt3.3 min from the synthesis solution aged for 50 h had a mean
thesis process without or with stirring to synthesize zeolite NaAparticle size of 426 nm with the wide range from 230 to 710 nm.
which exhibited weak XRD patternBig. ). After synthesisfor ~ When the aging time was prolonged to 100 h, the mean particle
135 min in the batch synthesis, the products showed strong zesize of the resulting products synthesized with residence time
lite NaA XRD patterns. Therefore, the required crystallizationof 10.6 min decreased to 368 nm with a particle size distribu-
time for the synthesis of zeolite NaA using the synthesis solutiotion ranged from 220 to 570 nnfrig. 5b). When the synthesis
aged for 50 h in the microchannel reactor was only 1/10 of thesolution was aged for 150 h, the mean patrticle size of the prod-
crystallization time needed for the synthesis of the same producicts synthesized with residence time of 9.9 min decreased to
in a batch system. 278 nm with a narrow particle size distribution ranged from 190

The above results indicated that aging of the synthesis solue 400 nm Fig. 5c). On the other hand, zeolite NaA synthesized
tion resulted in the successful synthesis of zeolite NaA infrom synthesis solutions aged for 50 h at°@with a crystal-
the microchannel reactor. Then the influence of aging of thdization time of 135 min in the batch system without and with
synthesis solution for a longer period of time was examinedstirring showed a mean patrticle size of 512 nm with a wide par-
Fig. 4 presents the XRD patterns of products synthesized iticle size distribution ranged from 280 to 800 nkid. 5d) and
the microchannel reactor at 9Q with various residence times a mean particle size of 589 nm with a particle size distribution
from synthesis solutions aged for long period of times. Com+anged from 350 to 950 nni{g. 5e), respectively. Therefore,
paring samples (a) and (b), (c) and (d), respectively, it couldzeolite NaA synthesized in the microchannel reactor had smaller
be seen that, when the synthesis solution was aged for 100 mean particle size with narrower particle size distribution than
the resulting products demonstrated obvious diffraction peakthat produced in the batch synthesis from the synthesis solution
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Fig. 5. Particle size distributions of zeolite NaA synthesized a®ffom syn-

aged for 50 h. For zeolite NaA synthesized in the microchan-
nel reactor, NaA with smaller mean patrticle size and narrower
particle size distribution could be produced from the synthesis
solution aged for a longer period of time even in less residence
time. Fig. 6 shows the SEM pictures of the products shown in
Fig. 5. It could be seen from the SEM pictures that the trend of
the particle size of the zeolite NaA was the same as the results of
the particle size distribution analyses presentdedgn5. On the
other hand, the morphology of zeolite NaA synthesized in the
microchannel reactor was all round in shape, while the shape of
zeolite NaA produced in the batch system was mostly cubic.
The synthesis temperature was also examined for the synthe-
sis of zeolite NaA in the microchannel reactbig. 7 presents
the XRD patterns of the products synthesized at“ID@rom
synthesis solutions aged for different periods of times with
various residence times. Samples (a)—(c) were prepared in the
microchannel reactor and sample (d) was prepared in the batch
system. It could be seen that, when the synthesis solution was

thesis solutions aged for different periods of times with various residence timesaged from 50 to 100 h and to 150h, zeolite NaA with close
(a) aged for 50h, RT of 13.3min; (b) aged for 100 h, RT of 10.6 min; (c) agedcrystallinity could be synthesized in the microchannel reactor in
for 150 h, RT of 9.9 min; (d) aged for 50 h, crystallization time of 135 min; (e) decreasing residence times. Sample (C), which was Synthesized

aged for 50 h, crystallization time of 135 min with stirring; where (a)—(c) were
prepared in the microchannel reactor; (d) and (e) were prepared in the bat

systems.

from the synthesis solution aged for 150 h with a residence time
of 7.5 min, exhibited stronger XRD peaks than sample (a), which
was synthesized from synthesis solution aged for 50 h with a res-
idence time of 11.9 min. On the other hand, samples (a) and (d),

Fig. 6. SEM pictures of zeolite NaA synthesized at @from synthesis solutions aged for different periods of times with various residence times: (a) aged for 50 h,
RT of 13.3min; (b) aged for 100 h, RT of 10.6 min; (c) aged for 150 h, RT of 9.9 min; (d) aged for 50 h, crystallization time of 135 min; where (a)—(c) e prep
in the microchannel reactor, (d) was prepared in the batch system. In all SEM micrographs, the scale bar correspomds to 2
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Fig. 9. SEM picture of the inside surface of the stainless steel capillary after the

Fig. 7. XRD patterns of zeolite NaA synthesized at 16Grom synthesis solu- gydrothermal synthesis.

tions aged for different periods of times with various residence times: (a) age
for 50 h, RT of 11.9 min; (b) aged for 100 h, RT of 9.3 min; (c) aged for 150 h,

RT of 7.5 min; (d) aged for 50 h, crystallization time of 115 min; where (a)—(c) thesized from the synthesis solution aged 50 h attwith
were prepared in the microchannel reactor, (d) was prepared in batch system. . . L
a crystallization time of 115min in the batch system showed

a mean particle size of 596 nm with a wide range from 400 to

both synthesized from the synthesis solution aged for 50 h, witf190 NM. This trend was the same as that when the synthesis was
former synthesized in the microchannel reactor and latter in thgonduced at 96C. It could be concluded that zeolite NaA with
batch system, exhibited almost the same XRD intensity. Howsmaller mean partlclg size and narrower p_artlcle size d|str|but|or1
ever, the crystallization time for sample (a) was only 1/10 ofcould_ be produced within Iess_reS|der_1ce tlmefrom t.he synthesis
that for sample (d). Corresponding particle size distributions of0lutions aged for longer period of times in the microchannel
the samplesig. 8 showed that, zeolite NaA synthesized from €actor. SEM pictures of the products exhibited the same trend
synthesis solutions aged for 50, 100, and 150 hin the microchafor the par'Fche size as that from the particle size analysis results
nel reactor at 100C had the mean particle sizes of 497, 416,Shown inFig. 8 Similar to the morphology of the samples pro-
and 357 nm with the particle size distribution ranges of 310—730uced at 90C, zeolite NaA crystals synthesized at T@in the

320-620, and 310-400 nm, respectively. While zeolite NaASynmicrochannel reactor were also round in shape, but they were
mostly cubic when synthesized in the batch system, as could be

70 seen from SEM pictures.

In order to know the appearance of the capillary after the
hydrothermal synthesis, the stainless steel capillary, which had
been used with an accumulative synthesis time for more than
60 h, was cut off, and its inside surface was observed by SEM
(seeFig. 9). It could be seen that the inside wall of the stainless
steel capillary was coated with sheaves of small particles. This
coating could be served as a preventing layer from the corro-
sion of the stainless steel capillary in the strong alkali zeolite
synthesis solution.

We observed that segmented flow was always obtained dur-
ing the synthesis of zeolite NaA in the microchannel reactor, no
matter whether the synthesis solution was aged or not. This was
because zeolite synthesis solution was composed of an amor-
phous gel phase and a solution phase during the synthesis, as we
— — ! ' ' — — know that most zeolite syntheses are preceded by the formation

100200 300 400 goigm;?r (n7r(r)1()) 800 900 1000 1100 of an amorphous gel phase, which dissolves to replace reagents

consumed from the solution by crystal grow#9]. Formation

Fig. 8. Particle size distributions of zeolite NaA synthesized at°@@om of two phases was observed by Brar ef48] when they heated
s_ynthesis solutions aged for different_ periods of times with various res_idenc?he zeolite NaA synthesis solution, which was pre-cooked in
times: (a) aged for 50 h, RT of 11.9 min; (b) aged for 100 h, RT of 9.3 min; (c) . . .
aged for 150 h, RT of 7.5 min; (d) aged for 50 h, crystallization time of 115 min; conventional Oven_ at 60: for 3h, in microwave oven for _105 S.
where (a)—(c) were prepared in the microchannel reactor; (d) was prepared ¥Whenthe synthesis mixture was pumped through the microchan-
batch system. nel, the two phases was gradually formed along the microreactor,
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and they separated with each other. Consequently, segmentsame time. Consequently, broader particle size distribution was
flow was formed in the microchannel. We also observed thabbtained. In fact, they thereafter applied microwave radiation on
formation of segmented flow was earlier when the synthesithe synthesis and obtained a narrower particle size distribution
solution was aged for longer time. Brar et[dl8] also reported  [48].
that no separation of the phases was seen to occur when the The above results revealed that, for zeolite NaA synthesis
above microwave radiation time was less than 90s. This wai a microreactor, both long aging time and high crystallization
because of more structure rearrangement after aging for longegmperature resulted in zeolite NaA crystals with narrow parti-
time, which was described in the next paragraph. cle size distribution in short residence time. However, Khan et
Our results revealed that aging of the synthesis solution hadl. [43] found that colloidal silica with broad particle size distri-
apparent influence on the particle size and particle size distribution was synthesized in short residence time (high flow rate)
bution of zeolite NaA synthesized in a microchannel reactorin a laminar flow microreactor during their early research. They
Longer aging time could resultin the production of NaA crystalsfound that, as the residence time was prolonged, the particle size
with smaller particle size and narrower particle size distribu-distribution was narrowed. They attributed this to axial disper-
tion, as shown irkigs. 5 and 8This trend is the same as that in sion of the growing colloidal particles as the synthesis solution
conventional batch synthesis of zeolite NE#8]. As we know,  flew through the reactor, which could be explained by a modified
structure rearrangement occurred during the aging of the syraylor—Aris dispersion coefficier showed in Eq():
thesis solution, which led to the formation of zeolite nughéi].
The prolongation of the aging time resulted in the decrease in U?r3 a\®
the size of aggregates formed during the structure rearrangemeﬁtz D 48D ( - )
[51] and the increase of the numbers of the nudkiWhen the
synthesis mixture aged for a long time was injected into thavherek is the modified Taylor—Aris dispersion coefficieit,
microchannel, it was quickly heated to crystallization temperthe area-averaged mean flow velocitythe particle radiusig
ature. Thereafter, the growth of the nuclei occurred while thehe radius of the capillary, ard is the particle diffusivity in an
nutrients were consumed. At the same time, separation of twonbounded fluid.
phases occurred and segmented flow was formed in the microre- In their opinion, the Taylor—Aris dispersion coefficightvas
actor. The longer the aging time was, the more the nuclei wermainly affected by the average flow raiein the laminar flow
formed, and the earlier the two phases formed. Both the comnicroreactor. Under such circumstance, the axial dispersion was
sumption of the nutrients and the big number of the nucleiin eackdominated, and in turn the axial dispersion coefficient varied as
segment limited the further nucleation and grow-up of the crysthe square of the average flow velocity. Then, shorter residence
tals, since the nutrients could not be supplied from the adjacenime meant higher flow rate and bigger dispersion coefficient,
segments. As a result, smaller particles with narrower particlevhich led to wider distribution of residence time and, conse-
size distribution could be produced from the synthesis mixtureuently, broader particle size distribution. In order to eliminate
aged for a longer time. the axial dispersion, the authors proposed a segmented flow,
By comparing the results iRigs. 5 and 8it could be seen which was formed by injecting gas into the liquid, for the syn-
that the mean particle size and particle size distribution of zeolit¢hesis of colloidal silica with narrow particle size distribution in
NaA synthesized at 10@ were, respectively, bigger and nar- short residence timpt3,44] The segmented flow reactor was
rower than those of zeolite synthesized at@0n microchannel equivalentto a flow of small batch reactors passing in succession
reactor system, when the same synthesis solution was usedtthtrough a plug flow reactor, with the residence time distribution
was believed that lower temperatures favored nucleation, and af fluid elements approaching a delta function centered at the
relatively higher temperatures, crystal growth surpassed nuclealue of mean residence tirf#3,44] Since all the small batches
ation [48]. When higher temperature was applied, the rate ofpent the same amount of time in the reactor, a segmented flow
crystal growth was increased, which resulted in the formatiommeactor was equivalent to be composed of many small batch
of bigger crystals, and the rate of nucleation was decreased. A¢actors, which therefore eliminated the problem of axial dis-
the same time, the faster consumption of the nutrients at highgrersion as encountered in the case of the laminar flow reactor. In
temperature also led to less formation of nuclei in the segmentghe course of zeolite NaA synthesis in the microchannel reactor,
Therefore, at higher temperature, most of the nuclei in each segegmented flow, consisted of clear solution and viscous gel, was
ment were formed at almost the same time and they were growalways observed. The connection between the adjacent gel seg-
up at almost the same rate, which resulted in the formation ofnents was hence isolated by the clear solution, which resulted
crystals with bigger particle size and narrower patrticle size disin the narrow residence time distribution of the nutrients in the
tribution. However, the influence of temperature on the particlegels. As a result, zeolite NaA with narrow particle size could be
size distribution of zeolite NaA prepared in batch synthesis wasynthesized even in short residence time from long time aged
different from our results, as reported by Brar ef48]. Their ~ synthesis mixture at high crystallization temperature. On the
results indicated that the particle size distribution of zeolite NaAother hand, the minimum crystallization time required for zeo-
was broader at high temperature (2@) than at low tempera- lite NaA synthesis in the microchannel reactor was determined
ture (60°C). This would result from the low heating rate in the by the crystal growth rate. If the residence time was too short,
batch reactor, where more nuclei were formed during the heatingeolite NaA could not be synthesized ($6g. 3a and b). How-
process; while the early formed nuclei were growing up at theever, if the residence time were too long, zeolite NaA crystals

(1)

ro
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