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Cmamba noceauiena uccied08anuI0 MUKpoCmMpPyKmypuposaHHo20 MOHOAUMHO20 Kama-
AUAMOPA, COCMOAULEZ0 U3 OCHOBHO20 C1051 OKCUOA AIIOMUHUA, NOKPbImMo2o cloem H-ZSM-5, ¢
Peakyuu KamaaiumuiuecKkozo RPeepauieHus Memanona 8 y2ineeo0opoosl 8 yCio6UAX MUKpPOCHPYK-
mypupoeannvix nomoxoe. MoHoumHbLIL KamManu3amop 0na MUKpopeaxmopa ouli chopmuposan
u3 90 mac. % oxcuoa anromunus u 10% yeonuma H-ZSM-5. Komnoszuyuio npeccosanu ¢ gropme ¢
nociaedyrwueii 06padomkoii 8 600nom pacmeope 0,1M zudpokcuda Hampus 6 meueHue 3-x 4, Cyui-
koit npu 105 °C ¢ meuenue 2-x u u npoxkanusanuem npu 600 °C. Cunme3uposanHlii MOHOIUM-
Hblil Kamanuzamop xapakmepuszosanca ouamempom 20 mm u oaunoii 50 mm, 6HympeHHue yu-
Aunopuueckue kananvl umeau ouamemp 1 mm. Ha nosepxnocms mononuma 6wi1 npoeedeH 6mo-
puunsiii pocm yeoauma H-ZSM-5. Mononum o6v1n nomewien 6 5 mac. % eoonwtii pacmeop opomuoa
mMempanponuiamMmoHuA, U HOce 4e20 MOHOIUM NOMEWANCA 8 A6MOK/IA8, 3aN0JIHEHHbLI PACME0-
pom npexypcopoe moasaprozo cocmasa 7Na20:0,25A1,05:100Si0,:3500H.0 ona cudpomepmans-
Ho2o cunme3a. Cunme3uposanHulili KAMAIU3AmMOop 0bL1 UCCEO08AH MEMOOAMU XEMOCOPOYUU AM-
Muaka, guzuueckou aocopouyuu azoma, coomuouienue Si/Al 6vin10 onpedeneno zpagumempuue-
cKkum memoodom. Kamanumuueckoe npeepauienue memanona nposoounu 6 cieoyloujux yciosusax:
MaAccosasn uacoeasn 00vemMHasn ckopocmos memanona cocmaenana 4 ke(MeOH)/(ke(Cat)xu), memnepa-
mypa peakmopa cocmaeaana 450 °C, oouiee oasnenue 6 peakmope cocmaegnsnno 0,11 MIla. Ilpu-
MeHeHUue MOHOJUMHO20 MUKPOCMPYKMYPUPOBAHHO20 KAMANU3ZAMOPA NOKA3A10 3HAYU-
menpbHOe noBblULeHUEe CeNeKMUBHOCHU RPOUecca no OMHOUIEHUI0 K 00pA306aHUI0 MAbIX
oneghunos, eknrouan Imuaen u nponuien. CKopocms npespauienus Memanona yeeauduuiacs
¢ 2,8 ke(MeOH)/(ke (Cat) x u) 00 3,3 k2 (MeOH)/(k2(Cat)xu), a 0ezakmusayusa Kamaiuzamopa He
Haomooanacy ¢ meuyenue 24 y. Ilogvluienue ceeKmugnocmu npoyecca nPpespauienus Memanoa
8 y21eeo0opoodsl, a maxice yeeauieHue aKkmueHOCmuU U CmaduabHOCHU MOHOTUMHO20 MUKDO-
CMPYKIYPUPOBAHHO20 KAMAUIAMOPA MOMHCEM Oblmb 00BACHEHO Y8eIUUEeHUECM MACCONEPEHOCA
UCXOOHbBIX PEAKYUOHHBIX 8eU{EC 8, NPOMEHCYMOUHBIX U KOHEUHBIX NPOOYKHIO8.

KiroueBsble ¢jI0Ba: PeakTop ¢ MUKPOCTPYKTYPUPOBAHHBIMH ITOTOKAMHU, METAHOJI, YIIIEBOAOPO/IbI, 1IE0-
aut, H-ZSM-5
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The article is devoted to the study of microstructured alumina monolith covered with H-ZSM-5
layer in methanol to hydrocarbons transformation process in microfluidic conditions. The mono-
lithic catalyst for the microreactor was formed using 90 wt.% alumina and 10% zeolite H-ZSM-5
mixture. The composition was pressed into a mold followed by treatment in an aqueous solution of
0.1M sodium hydroxide for 3 h, drying at 105 °C for 2 h and calcination at 600 °C. The synthesized
monolithic catalyst was characterized by a diameter of 20 mm and a length of 50 mm. The inner cylin-
drical channels had a diameter of 1 mm. Secondary growth of H-ZSM-5 zeolite was carried out on
the surface of the monolith. The monolith was placed in 5 wt.% aqueous solution of tetraprop-
ylammonium bromide and then the monolith was placed in an autoclave filled with a solution of
precursors of the molar composition 7Na»0:0.25A1,05:100Si0,:3500H,0 for hydrothermal syn-
thesis. The developed catalyst was analyzed by ammonia chemosorption, nitrogen physisorption,
Si/Al ratio was determined gravimetrically. Methanol transformation reaction was performed in the fol-
lowing conditions: methanol weight hourly space velocity was 4 kg(MeOH)/((kg(Cat)xh), reactor tem-
perature was 450 °C, overall pressure in the reactor was 0.11 MPa. Application of monolith micro-
channel catalyst showed a considerable increase in process selectivity to small olefins including
ethylene and propylene. Methanol transformation rate rose from 2.8 kg(MeOH)/((kg(Cat)xh) to
3.3 kg(MeOH)/((kg(Cat)xh) and catalyst deactivation was not noticed for 24 h. The increase in
methanol to hydrocarbons transformation process selectivity to olefins catalysts activity and
stability can be subscribed to enhanced mass transfer of reaction substances, intermediates,

and products.
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INTRODUCTION

Microfluidic chemistry is of particular interest
for high-performance synthesis of valuable substances
due to enhanced mass [1] and heat transfer [2] in small
diameter channels [2, 3]. Different types of microflu-
idic reactors [4], including plate [5] and capillary [6, 7]
microchannel reactors, were fabricated and tested in
various processes, mainly in fine organic synthesis [8-11]
showed a considerable increase in reaction rates and
process selectivity [3, 7]. However, microreactor ap-
plication for basic organic synthesis is controversial is-
sue due to microreactor high cost and difficulties of its
fabrication [10]. One possible solution to overcome
these disadvantages is an application of microchannel
monolith [12] reactor that can be easily fabricated com-
pared to a staleness steal reactor [13] and applied in
high throughput industrial production systems. Metha-
nol [14] to hydrocarbons catalytic transformation is a
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possible way for the production of synthetic hydrocar-
bons [15, 16], including aromatic hydrocarbons, ole-
fins, and aliphatic hydrocarbons [17, 18]. Typically,
methanol to hydrocarbons transformation process ac-
companies by rapid catalytic activity decrease due to
active surface carbonization [19, 20]. However, this is-
sue can be partly reduced by catalyst mass transfer in-
tensification [21, 22] in the case of a thin catalyst layer
in a microfluidic reactor [7, 21, 23]. The article is de-
voted to the study of methanol to hydrocarbons trans-
formation process in microfluidic conditions.

MATERIALS AND METHODS

For providing experiments, chemical purity
grade NaOH (99 wt.%), NH4NO3 (99 wt.%), SiO>
(99 wt.%), AlO3 (99 wt.%), H-ZSM-5 (98 wt.%, CVM,
Si/Al = 40, Nizhny Novgorod sorbents), tetraprop-
ilammonium bromide (98 wt.%) were purchased from
a local supplier and used without further purification.
Monolith chip for microreactor was formed using
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90 wt.% alumina powder mixed with 10 wt.% of H-
ZSM-5 powder. The composition was pressed in a
mold, followed by handling in water solution of 0.1M
of sodium hydroxide for 3 h followed by drying at 105 °C
for 2 h and calcination at 600 °C. Synthesized cylindri-
cal monolith chip was 20 mm in diameter and 50 mm in
length, internal cylindrical channels have 1 mm in diam-
eter. Then, secondary growth of H-ZSM was per-
formed on the monolith surface. Monolith was placed
in 5 wt. % tetrapropilammonium bromide water solution
and stored for half an hour than monolith was mounted in
autoclave filled with precursors solution characterized by
molar composition 7Na20:0.25Al,05:100Si0,:3500H0.
The autoclave was heated up to 140 °C and monolith
was stored in this solution for 65 h under soft stirring
120 rpm. Then monolith was washed with distillate
water and placed in 1M solution of ammonia nitrate for
3 h, followed by washing with distillate water, filtra-
tion, drying, and calcination. Finally, after the H-ZSM-5
deposition process internal channels effective diameter
was found to be 0.9 mm. For the determination of mon-
olith surface acidity, ammonia chemosorption was per-
formed using AutoChem HP 2950 analyzer. For anal-
ysis sample was placed in a quartz cuvette purged with
helium under heating to 600 °C, cooled to ambient
temperature, purged with ammonia (10 wt.%) mixture
in helium for 1 h and then heated in helium to 600 °C.
The internal and external surface area were determined
using Beckman coulter SA 3100 nitrogen analyzer, and
a t-plot model was applied. The Si and Al concentra-
tions were analyzed gravimetrically according to ISO
2598-1:1992 standard method.

Methanol to hydrocarbons transformation re-
actor was studied in reactor set up showed on Fig. 1,
consist of a flask with methanol, high-pressure pump
for methanol supply, heater, microreactor for monolith
catalyst and condenser.

In typical experiment, monolith catalysts
placed in holder, methanol was pumped through the
heater and reactor. Methanol weight hourly space ve-
locity (WHSV) was 4 kg(MeOH)/((kg(Cat)xh), reactor
temperature was 450 °C, overall pressure in the reactor
was 0.11 MPa. Catalyst activation and regeneration
process was performed in a muffle furnace in the air by
heating monolith up to 600 °C for 3 h. After reaction
catalyst samples were dried at 105 °C for 2 h and cal-
cined in air at 600 °C for gravimetric carbon deposi-
tions determination.

RESULTS AND DISCUSSIONS

Determined physicochemical properties of
produced catalysts are presented in table 1, Si/Al ratio
values are close for both samples and typical for H-
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ZSM-5 [17, 19]. Synthesized monolith sample charac-
terized by higher acids sites concentration micro and
mesopore surface area compare to powdered H-ZSM-5
sample, therefore monolith sample should have higher
catalytic activity.

ﬁ 1 u
i U

Fig. 1. Scheme of microfluidic set up for methanol to hydrocar-
bons catalytic transformation (1 — flask with methanol, 2 — high-
pressure pump, 3 — microfluidic heater, 4 — microfluidic reactor
for methanol to hydrocarbons transformation, 5 - condenser)
Puc. 1. Cxema karanutideckod MUKpOQIFONIHON yCTAHOBKY JUIS
MPOBENICHHS KaTAJMTHUECKOTO Tpoliecca TpaHCPOpPMAIHK MeTa-
HOJIa B YrieBOAOpoas (1 - eMKOCTh AJIsl METaHOMa, 2 — HAcOC BBI-
COKOT'0 JIaBJICHHUS, 3 — MUKPOQITIOUAHBINA TOJ0TpeBaTeNb, 4 — MUKPO-
(ronaHEINA peakTop TpaHchopMaluy METaHOA B YIIIEBOJOPOMBI,
5 - KoHzEHCaTOoP).

Table 1
Physicochemical properties of developed
H-ZSM-5 catalyst
Tabauya 1. ®U3MKO-XUMHUYECKHE CBOICTBA CHHTE3UPO-
BAHHBIX KaTAJIU3aTOPOB

Si NH; t-plot surface area, m?/g
Sample :
Al | mmol/g | micropores | mesopores
Powder 40 1.2 218 41
Monolith | 36 1.4 232 82

For comparison of methanol transformation in
microchannel monolith reactor and fixed bed reactor
experiments with powdered H-ZSM-5 diluted with
silica was performed with WHSV equal to 4
kg(MeOH)/((kg(Cat)xh). The results of methanol con-
version rate correlation on time on stream are presented
in Fig. 2. The initial methanol transformation rate for
reaction provided in microfluidic conditions is higher
by 15% compared to reaction provided in fixed bed
mode. Besides, drastic decrease in methanol transfor-
mation rate for 35% is noticeable for methanol trans-
formation proses in fixed bed reactor to the end of
24 h on stream while for reaction provided in micro-
flow conditions, there was not any decrease in catalytic
activity.
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Fig. 2. Dependence of methanol transformation rate on zeolite
H-ZSM-5 on the time of catalyst use (1 — methanol transfor-
mation in microfluidic conditions, 2 — for methanol transfor-
mation with fixed bed catalyst layer)

Puc. 2. 3aBUCHMOCTH CKOPOCTH TpaHC(HopMaIi METaHOA Ha
neonmute H-ZSM-5 ot Bpemenn ucrons30Banust katammsaropa (1-mpu
TMPOBCACHNH PEAKIIUHN B YCIIOBUSX MHUKPOIIOTOKOB, 2— IIpH IpoBeE-

JCHUU PCAaKIMU B 3aKPCIVICHHOM CJIO€ KaTanmaTopa)

Identified reaction products include alkanes,
olefins, and aromatic hydrocarbons. The considerable
differences can be noticed in hydrocarbons composi-
tion for methanol to hydrocarbons transformation in
microfluidic and fixed bed conditions in Fig. 3. Micro-
fluidic conditions favor increase in ethylene and pro-
pylene concentration up to 8 wt.% and 18 wt.% respec-
tively, while for methanol transformation process in
fixed bed conditions ethylene and propylene concen-
tration was found to be only 0.5 wt.% and 1.6 wt.%.
Besides, some increase in aliphatic hydrocarbons con-
centration for 5 wt.% and drastic decrease in aromatic
hydrocarbons concentration for 18 wt.% is noticeable
for the microfluidic catalytic process.

Difference in reaction mixture hydrocarbons
composition can be subscribed to better reaction prod-
ucts and initial substances diffusion conditions and bet-
ter release of light reaction products in case of micro-
fluidic conditions. While for fixed bed process due to
diffusion limitations, light olefins take part in series of
consecutive reactions with the final formation of dif-
ferent aromatic hydrocarbons.

Carbon deposition is the main reason for zeo-
lite deactivation during methanol to hydrocarbons
transformation process [18]. Increasing in carbon con-
centration in zeolite results in an appropriate decrease
in catalytic activity. In the case of methanol transfor-
mation in microflow conditions, carbon concentration
increases much slowly compares to methanol transfor-
mation process in fixed bed conditions, Fig. 4.
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Fig. 3. Hydrocarbons composition in methanol to hydrocarbons
catalytic transformation process over H-ZSM-5 zeolite (1 — meth-
anol transformation in microfluidic conditions, 2 — for methanol
transformation with fixed bed catalyst layer)

Puc. 3. 3aBucuMocTb cocTaBa yriieBOJOPOAOB, 00Pa3yIOIINXCS B
pe3ynbTaTe KaTaJIUuTHIECKON TpaHCHOPMAIH METAaHOJIA Ha I1€0-
nute H-ZSM-5 (1-mpu npoBeieHNH peakiny B YCIOBUAX MUKPO-
MTOTOKOB, 2 — IPH MPOBEICHUH PEAKLUH B 3aKPEIUIEHHOM CJI0€ Ka-
Taau3aTopa)
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Fig. 4. Changes in carbon concentration during the catalytic transfor-
mation of methanol into hydrocarbons on zeolite H-ZSM-5 (1 — metha-

nol transformation in microfluidic conditions, 2 — for methanol trans-

formation with fixed bed catalyst layer)

Puc. 4. I3MeHeHne KOHLIEHTPALMU YTJIEpoa B IpoIecce KaTaju-
THUUYECKOW TpaHCc(opMaIy MeTaHoua B YIIeBOJOPO/IBI Ha LE0-
murte H-ZSM-5 (1-mipu nmpoBeeHHN Peakini B YCIOBHUIX MHKPO-
MTOTOKOB, 2 — TIPH MPOBEICHNH PEAKLINH B 3aKPETUIEHHOM CJI0€ Ka-
Tanu3aTopa)

Carbon concentration, wt.%

Significant decrease in carbon deposits for-
mation rate in case of microflow conditions can be
subscribed to decrease in diffusion limitations, favor
good transport of light hydrocarbons that slow down
formation of heavy hydrocarbons responsible for car-
bon deposits formation and overall catalyst activity
decrease.

Physicochemical properties of used H-ZSM-5
samples are presented in Table 2, Si/Al ratios values
are close to initial samples values. Used powdered
sample applied for methanol to hydrocarbons transfor-
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mation in fixed bed reactor showed a considerable de-
crease in micropores surface area and zeolite acidity
while mesopores surface area decrease not so with that
can be explained by carbon deposition over catalysts
surface, mainly in micropores of H-ZSM-5 zeolite. On
the other side, monolith sample showed a decrease in
acidity only for 15% and a decrease in micro and mes-
opores surface area for 3% and 5%, which can be ex-
plained by better mass transfer of reaction substrates
and products in microfluidic conditions.

Table 2
Physicochemical properties of developed H-ZSM-5 cat-
alysts after methanol to hydrocarbons transformation
process*
Tabnuya 2. ®U3MKO-XUMUYECKHE CBOIICTBA UCI0JIb30-
BAHHBIX KaTAJIU3aTOPOB

Si NH; t-plot surface area, m?/g
Sample :

Al | mmol/g | micropores | mesopores
Powder 38 0.6 114 36
Monolith | 36 1.2 224 78

Note: * - reaction conditions WHSV - 4 kg(MeOH)/((kg(Cat)xh),
reactor temperature — 450 °C, overall pressure in reactor was
0.11 MPa, time on stream 24 h

Tpumeuanue: * - ycnoBust peakiun WHSV - 4 kr(MeOH)/
/((xr(Cat)xg), Temmeparypa peaktopa - 450 °C, obuiee nasie-
Hue B peakrope 0,11 MIla, Bpemst paGoTsl 24 4.

CONCLUSION

Methanol to hydrocarbons transformation
proses is a perspective method for obtaining synthetic
hydrocarbons, including alkanes, olefins, and aromatic
hydrocarbons as from traditional oil-based resources
and from bio renewable resources. However, some
technological issues, including low catalytic stability
are still hindering the widespread application of this
process in the industry. Methanol to hydrocarbons cat-
alytic transformation in microfluidic conditions using
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monolith catalyst is a perspective way for solving these
problems. Synthesis of monolith H-ZSM-5 on alumina
support showed the possibility to obtain catalysts with
practically the same physicochemical properties com-
pare to powdered commercial H-ZSM-5 sample. Ap-
plication of monolith microchannel catalyst showed a
considerable increase in process selectivity to small olefins
including ethylene and propylene. Besides, methanol
transformation rate rose from 2.8 kg(MeOH)/((kg(Cat)xh)
to 3.3 kg(MeOH)/((kg(Cat)xh) and catalyst deactiva-
tion was not noticed for 24 h on stream. Gravimetric
determination of carbon depositions over H-ZSM-5
catalyst showed a decrease in carbon concentration
from 9 wt.% down to 1.4 wt.% in case of methanol
transformation in microfluidic operation mode. Physi-
cochemical properties study monolith H-ZSM-5 zeo-
lite showed a lower decrease in surface acidity and mi-
cropore surface area compared to the powdered sam-
ple. The increase in methanol to hydrocarbons trans-
formation process selectivity to olefins catalysts activ-
ity and stability can be subscribed to enhanced mass
transfer of reaction substances, intermediates, and
products.
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