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Summary

This thesis addresses some of the current issues in the application, maatading
synthesis of zeolites and zeolite membranes. Aspects of membrane polarity, mem-
brane stability, and low temperature calcination procedures for template atarev
discussed. This work also presents a design and optimization of a ndwed hy
membrane-crystallization process.

The polarity of a zeolite is an important parameter determining the transport and
separation properties in zeolite packed beds and membranes. Chapterused on
the systematic variation of the zeolite polarity for membrane applications by garyin
the amount of silanol groups within the framework of the MFI zeolite by detar
tion and consecutive heat treatment. The permeation of pure water thtegiod-
ified silicalite 1 membranes is insensitive to the number of silanol groups. This is
attributed to a decreased adsorption compensated by an increasewigiffuthe
ethanol selectivity in water/ethanol mixture separation showed an inongtsde-
creasing amount of silanol groups. The combination of deboronationzordcation
can further increase the number of silanol groups (Chapter 8).

The effect of ozonication for template removal on the membrane perfoenanc
and the stability of high-silica MFI membranes were assessed by testing two multi-
channel defect-free high-silica MFI membranes for the separation ahetlrom
an aqueous solution under pervaporation conditions (Chapter 3). Oménaege is
detemplated by air calcination at 773 K, and one is ozonicated at 473 K. (bhe fl
and ethanol separation factor were measured at various temperatdrege used
to characterize the membrane performance. The ethanol separatiars faichmth
membranes were similar, but the calcined membrane showed a substantially highe
flux than the ozonicated membrane, showing the presence of template segiftee
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the ozonicated membrane was calcined at 723 K, the flux increased to a sahil@r v

as the initially calcined membrane, while the separation factor did not chamge. B
membranes showed an increase in flux by a factor of two after a sulrdezplei-
nation at 823 K, also without affecting the separation factor. The highnedicn
temperature required for complete detemplation indicates the presence ofiatumin
in the zeolite framework of the membrane. The membrane stability was monitored
for 40 h and 177 h of operation for the initially calcined and ozonicated mambra
respectively. At 348 K the membranes showed stable performance, dstah
bility of the membranes at elevated temperatures is limited, showing a decrease in
both flux and selectivity during operation at 373 K. The effect of theosupe to

a water/ethanol mixture on the zeolite membrane is investigated by severdi-analy
cal techniques using different MFI-type zeolite powders. The resedesal the most
plausible mechanism causing the instability of the membrane is ethoxy formation of
the ethanol with the silanol groups and Brgnsted acid sites in the zeolite faaknew
combined with formation of hydrophilic extra framework pathways by hydrisly

The use of hydrophilic membranes for de-watering, and hydrophobic naered
for ethanol enrichment has been quite extensively studied. But thefusenore
thermo-chemically stable hydrophobic all-silica membrane for selective wepar s
ration based on molecular sieving, is a new concept. In Chapter 4, an al-¢daa
dodecasil 3R (DD3R) membrane turns out to be well suited to separate frzater
organic solvents under pervaporation conditions, despite its hydrapbbaracter.
Permeation of water, ethanol and methanol through an all-silica DDR memtaane
been measured at temperatures ranging from 344 K to 398 K. The thabiigomem-
brane shows high water fluxes and an excellent performance in devgagthanol
and is also able to selectively remove water from methanol. This study reteals
small-pore all-silica zeolites as a new class of chemically stable membrane materials
for selective water separation.

The mechanism of separation leading to these high selectivities was futher e
cidated in Chapter 5, which presents the first combined experimental andunole
lar modeling study on the adsorption and diffusion of water, ethanol andamaith
on DD3R. The simulation data are compared with the permeation data presented in
Chapter 4. The pure component isotherms are measured by vapor qulsse-
tion and are calculated by Grand-Canonical Monte Carlo (GCMC) simulatitimes
simulations are conducted using molecular models from literature without furthe
adjustments; these models are in already in fair agreement with the experiagkntal
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sorption data. Mixture adsorption isotherms are calculated and show thatvater

and alcohol adsorption are increased at equal fugacity as compapedetcompo-

nent adsorption and the shape of the water isotherm changes froml tgptype |

when alcohol is present. By calculating the transport diffusivities fragvattsorption
loading and the permeation data, it can be concluded that the mechanispaai-se
tion in the de-watering of alcohols using a DD3R membrane is based on the high
diffusivity of water compared to that of the alcohols, where especiallynetllsuffers

from diffusion limitations due to its size.

In Chapters 2, 3, and 4 pervaporation was used as mode of separati@mdoter-
ize the membrane performance. Pervaporation through zeolite membraokgssnv
local heat effects and combined heat and mass transport. The ctatnbf-the-art
Maxwell-Stefan models do not take these effects into account. In Chaptiemns-
port equations for the coupled heat and mass transport through a zeefitbrane
are derived from the framework of non-equilibrium thermodynamics (NETore-
over, the assumption of equilibrium between the adjacent bulk phasesfeéthand
permeate sides of the zeolite layer is abandoned in favor of local equilibfTira.
eguations have been used to model pervaporation of water through &ypeseo-
lite membrane, deposited on an asymmatrialumina support. This approach leads
to discontinuities in the activity and temperature at the membrane interfaces. The
calculated temperature drop (1.3 K) across the zeolite layer is significantigrig
than when surface and coupling effects are not accounted for (0:Ahi€)calculated
decrease in temperature over the zeolite layer is dominated by that at theesurf
This could indicate that temperature polarization is, to a large extent, aseffect.
The heat flux induces an extra driving force for mass transportciegihe activity
difference over the membrane. A positive jump in activity is observed at the in
faces, revealing the mass transport across the interfaces is gowsritezl coupling
with the heat flux.

Ozonication is a technique which can be used to remove the template from zeo-
lites at much lower temperatures than conventional calcination. The templatealemo
by ozonication has been investigated for small pore zeolites of the DDR tppolo
The pore size of the DDR type zeolites (4.6 A) is smaller than the molecular di-
ameter of ozone (4.6 A). The detemplation of these zeolites confirms the agsump
of ozone breaking down into radicals at the zeolite surface beforesitifuthrough
the pore system. All-silica DDR (DD3R), all-silica ZSM-58 and aluminum contain-
ing NaZSM-58 (Si/Al=170), all having the same zeolite topology, have beed in

XV



this study. The differences observed in detemplation efficiency are®d be due
to the larger size of the structure directing agent for ZSM-58 compare®8Rand
to differences in the crystal sizes. The possibility of low temperature det&ompt
this type of zeolites can have great benefits in zeolite membrane synthdsisng
thermal stresses. It also allows synthesis on temperature-labile substrates

The silanol groups not only enhance the polarity in the zeolite structute, bu
silanol nests within zeolites can be used as catalytic centers, or to fadilitttem in-
sertion. As was shown in Chapter 2, deboronation can increase the nahsilanol
groups in the zeolite framework. However, at the high calcination tempegatar
quired to remove the template, these silanol groups are condensed. dsimg, 0
the temperature required for calcination can be decreased drasticalihajoter 8,
boron containing MFI type zeolite powder ([B]MFI) has been succaiysfletem-
plated by means of ozonication, while 80% of the boron is retained in the frarkew
The boron can subsequently be leached out using an HCI solutionbyhiess/ing
silanol nests. The ozonicated and deboronated [BJMFI sample exhib&8%bmore
silanol groups than conventionally deboronated [BJMFI and ozonicsitexlite-1.
This method provides a faster and easier way of synthesizing MFI zeoliteawith
larger number of silanol groups, than previously developed methods, without
leaching of boron.

In Chapter 9, the ozonication technique has also been applied in the manufac
turing of new selective gas sensors utilizingp-ariented silicalite-1 layer-Metglas
assembly. The sensors have been prepared by coating a magnetoMuhghis rib-
bon with an oriented, thin silicalite-1 zeolite layer. The thickness of the zeolitr lay
is that of a single crystal and the crystals are oriented inbth&ection, meaning
the straight channels are perpendicular to the sensor surface, fasnednby X-
ray diffraction (XRD) analysis. Since the Curie temperature of the Metglasriah
is below the temperature required for conventional thermal calcination nmsetbod
silicalite-1, this method of detemplation can not be applied. The silicalite-1 coating
was successfully detemplated by means of ozonication at 473 K, openipgsbie
bility of applying templated zeolite coatings on sensor materials with limited thermal
stability. This significantly increases the number of zeolite types that canduk us
for this application. The sensor showed an increase in resonancef@gwhen ex-
posed to carbon dioxide and n-butane as compared to exposure toiksrit whowed
negligible response to the presence of iso-butane, indicating sensintivtyle

In Chapter 10 the focus is on developing a methodology for optimizing hybrid
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Membrane assisted Crystallization process using Reverse Osmosis (MaGiRr-

der to readily apply this methodology to experimental data and show the potential
MaC-RO, a polymeric membrane-unit was considered. The proposed ogtiioniz
approach, however, is generic and can also be applied with other merabrahe
study reveals the high potential of the MaC-RO concept in decreasingyecen-
version as compared to evaporative crystallization. A setup has bestruaiad

for MaC-RO, using two separate loops for membrane separation artdltrgion.

In a dynamic optimization of a batch MaC-RO process, the energy conmessio
minimized while maintaining a high, prior optimized product yield, defined as the
volume based mean size. This results in a 6 times lower energy conversiomas ¢
pared to evaporative crystallization with a final mean size that closelyspmnels to

the maximum mean size that can be achieved in a crystallizer with ideal control of
super-saturation. This study demonstrates the potential of the conddpt®RO in
terms of control over product quality and reduction of energy coimers
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Samenvatting

Dit proefschrift behandelt enkele huidige onderzoeksthema’s engirtglen in de
toepassing, modellering en synthese van zeolieten en zeolietmembranentddiemb
polariteit, membraanstabiliteit, en de procedures voor templaatverwijderitigetac
ring) bij lage temperatuur worden besproken. Tevens wordt een gmemesen opti-
malisatie van een nieuw hybride membraan-kristallisatie proces gepresenteer

De polariteit van een zeoliet is een belangrijke parameter die het transpartle
scheidingseigenschappen van zeolieten in een gepakt bed en in memibepaalt.
Hoofdstuk 2 beschrijft de systematische variatie van de zeolietpolaritaitrmem-
braantoepassingen door de concentratie silanolgroepen in een Mietsteactuur
te variéren door middel van boorextractie en opeenvolgende thermisbhadbelin-
gen. De permeatie van zuiver water door deze gemodificeerde silicalietnbrae
nen is ongevoelig voor het aantal silanolgroepen. Dit wordt toegesgehraan een
zwakkere adsorptie die door een verhoogde diffusiviteit wordt meemseerd. De
ethanolselectiviteit in water/ethanol scheiding vertoonde een toenamenbggere
silanolconcentratie. De combinatie van boorextractie en ozonisatie zagteen
verdere verhoging van de silanolconcentratie (Hoofdstuk 8).

Het effect van ozonisatie als templaatverwijdering op de membraanprestiaties
de stabiliteit varhigh-silicaMFI membranen zijn onderzocht door twee defectvrije
multi-channelmembranen te testen voor ethanolverrijking uit een waterige oplos-
sing door middel van pervaporatie (Hoofdstuk 3). Eén membraan is geaictidoor
calcinering bij 773 K, en een is behandeld met ozon bij 473 K. De flux esamneth
scheidingsfactor zijn bepaald bij diverse temperaturen en zijn gebnmldeomem-
braanprestaties te meten. De ethanol-scheidingsfactoren van beide memissen
gelijkwaardig, maar het gecalcineerde membraan toonde een wezenlijielthge
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dan het geozoniseerde membraan. Dit toont de aanwezigheid van tesgithatn
in het zeoliet aan. Het met ozon behandelde membraan is vervolgehsigesa bij
723 K, de flux nam daardoor toe tot een zelfde niveau als voor hedakelijk gecal-
cineerde membraan, terwijl de scheidingsfactor niet veranderde. oddbr beide
membranen werd met een factor twee verhoogd na een extra calcinatig8&pH,
eveneens zonder de scheidingsfactor te beinvioeden. De hoge tialemaeratuur
die voor volledige activering van de zeolietlaag vereist was wijst op deezgheid
van aluminium in de zeolietstructuur.

De membraanstabiliteit is onderzocht door de prestaties van de membranen ge
durende een operatieduur van 40 h en 177 h te bepalen voor, regpljktidet
gecalcineerde en het geozoniseerde membraan. Bij 348 K vertoomdenderanen
een stabiele werking, maar de stabiliteit van de membranen bij hogere temgeratu
blijkt beperkt, resulterend in een daling van zowel flux als selectiviteit t§dper
bruik bij 373 K. Het effect van de blootstelling aan een water/ethanolnetinghet
zeolietmembraan is onderzocht door verscheidene analytische teahtoeke pas-
sen op verschillende MFI-type zeolietpoeders. De resultaten laten Ziele daeest
waarschijnlijke oorzaak voor de instabiliteit van het membraan een combinatie is
de reactie van ethanol met de silanolgroepen en met Brgnsted-zured®pkeg in
het zeoliet en de vorming van hydrofiele defecten door hydrolyse.

Het gebruik van hydrofiele membranen voor het ontwateren, en rolueaghem-
branen voor ethanolverrijking zijn vrij uitgebreid bestudeerd. Maagebtuik van
een de thermo-stabiele en chemisch stabielere hydra@ibisdica-membranen voor
selectieve waterscheiding, gebaseerd op moleculaire zeefwerking, mseesv con-
cept. Hoofdstuk 4 laat zien dat ealt-silica deca dodecasil3R (DD3R) membraan,
ondanks zijn hydrofobe karakter, bijzonder geschikt blijkt om waterm@anische
oplosmiddelen te scheiden door middel van pervaporatie. De permeatieatan w
ethanol en methanol door een membraanai&gilica DDR is gemeten tussen 344 K
en 398 K. Het hydrofobe membraan toont hoge waterfluxen en uitstekmedta-
ties in het ontwateren van ethanol. Het blijkt zelfs in staat water van methanol te
kunnen scheiden. Deze studie laat zienalbsilica zeolieten met kleine porién een
nieuwe klasse van chemisch stabiele membraanmaterialen vormen voor selectiev
waterscheiding.

Het mechanisme dat tot deze hoge selectiviteit leidt is nader onderzdtbofd-
stuk 5. Hierin wordt de eerste gecombineerde experimentele en moleculas-mo
leringsstudie over de adsorptie en diffusie van water, ethanol en méihadb3R
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gepresenteerd. De simulatiegegevens worden met de permeatiegagievtoafd-
stuk 4 gecombineerd om de diffusie-eigenschappen van de comporneritepa-
len. De zuivere componentenisothermen zijn bepaald door dampadsotpigane
en door Grand-Canonical Monte Carlo (GCMC) simulaties berekend.eBijrdula-
ties is gebruik gemaakt van moleculaire modellen uit de literatuur zonder idietree
aanpassingen zijn gedaan; deze modellen geven een redelijke ovarstmiet de
experimentele adsorptiegegevens. De berekende mengadsorptiemsstienen aan
dat zowel het water- als de alcoholadsorptie bij gelijke fugaciteit toengevetrge-
lijking met pure componentadsorptie. Ook verandert de vorm van deig@ttezrm
van type Il in type | wanneer alcohol aanwezig is. De uit de adsorptiglasinde
permeatiegegevens berekende transportdiffusiviteiten laten zientdathkanisme
van scheiding in het ontwateren van alcoholen met een DD3R membrassegeba
is op het verschil in diffusiviteit tussen de alcoholen en water, waarbijmame
ethanol sterke diffusielimiteringen ondervindt.

In Hoofdstuk 2, 3 en 4 is pervaporatie gebruikt als scheidingsmethoddeom
membraanprestaties te bepalen. Pervaporatie door zeolietmembranen &arndeid
lokale warmte-effecten en gecombineerd warmte- en massatransport. idigehu
state-of-the-artMaxwell-Stefan transportmodellen houden geen rekening met deze
effecten. In Hoofdstuk 6, worden de transportvergelijkingen vodrge&oppelde
warmte- en massatransport door een zeolietmembraan afgeleid uitgaamimoa-
equilibriumthermodynamica. Daarnaast wordt de aanname van evenwicht tussen de
aangrenzende bulkfasen aan de voedings- en permeaatzijde vanlidibasm losge-
laten en vervangen door de aanname van lokaal evenwicht. De verggijkiijn
gebruikt om pervaporatie van water door een NaA membraan op een agysohme
a-alumina substraat te modelleren. Deze benadering leidt tot discontinuitest in d
activiteit en de temperatuur bij de grensvlakken van het membraan. R&emer
de temperatuurdaling (1.3 K) over de zeolietlaag is beduidend hoger dameera
oppervilakte- en koppelingseffecten niet worden meegenomen (0.4ekbeieken-
de temperatuursdaling over de zeolietlaag wordt voornamelijk bepaalddadnaan
de interfaces. Dit kan erop wijzen dat temperatuurpolarisatie voor emi deel
een oppervlakte-effect is. De warmteflux induceert een extra drigz&nacht voor
massatransport wat resulteert in een vermindering van het activitaisehileover
het membraan. Een positieve sprong in de activiteit is waargenomen bij d@a-inte
ces, wat laat zien dat het massatransport door de grensvliakkaalthep door de
koppeling met het warmtetransport.
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Ozonisatie is een techniek die kan worden gebruikt om het templaat uieeen z
lietstructuur te verwijderen bij veel lagere temperaturen dan bij convesidaalci-
nering. De templaatverwijdering door ozonisatie is onderzocht voor DIPR 2go-
lieten. Deze topologie kenmerkt zich door de kleine poriegrootteX&4% A), welke
kleiner is dan de moleculaire diameter van ozon (4.6 A). Detemplatie van ditéype z
oliet bevestigt de veronderstelling dat ozon ontleedt buiten de zeolietplodeens
door het poriesysteem te diffunderen. In deze studieatijsilica DD3R en ZSM-58
en het aluminiumhoudende NaZSM-58 (Si/Al=170) gebruikt, alle met dezBlixR
topologie. De verschillen die in detemplatie-efficiéncy worden waargenaijretoe
te schrijven aan de verschillen in grootte van de templaatmoleculen voor B3M-5
vergelijking met DD3R en de verschillen in de kristalgrootte. De mogelijkheid van
detemplatie van dit type zeoliet bij lage temperatuur geeft een groot veorder
de synthese van zeolietmembranen doordat het ontstaan van thermigchengpn
tijdens de calcinering worden vermeden. Verder geeft het ook de mduystijkoor
zeolietsynthese op temperatuurgevoelige substraten.

De silanolgroepen vergroten niet alleen de polariteit van de zeolietstructaar
de zogenoemde ’silanolnesten’ binnen de zeolietstructuur kunnenenseaks kata-
Iytische centra worden gebruikt df-atoom substitutie vergemakkelijken. Zoals in
Hoofdstuk 2 is aangetoond, kan boorextractie de silanolconcentratie zediet-
structuur verhogen. Echter, bij de hoge calcinatietemperaturen die nijradigoor
het verwijderen van het templaat, verdwijnen deze silanolgroepen vidensatie-
reacties. Door ozon te gebruiken, kan de benodigde temperatuur voplatgver-
wijdering drastisch worden verminderd. Hoofdstuk 8 beschrijft de deeimpran
boorhoudend MFI zeolietpoeder ([B]JMFI) door middel van ozonisatearbij 80%
van het boor in de zeolietstructuur blijit behouden. Het boor kan Vgens worden
geéxtraheerd met behulp van een HCI oplossing, daardoor silanolregtterblij-
ven. Geozoniseerd en gedeboroneerde [B] MFI bevat 45-60% silapolgroepen
dan conventioneel gecalcineerd en gedeboroneerd [B]MFI erogeseerd silicaliet-
1. Ozonisatie geeft de mogelijkheid tot een snellere en eenvoudiger mamide o
silanolconcentratie in een MFI type zeoliet te verhogen dan eerder omidékkne-
thodes, zelfs zonder het extraheren van boor.

In Hoofdstuk 9 is de ozonisatietechniek toegepast in de productie vanwe et
lectieve gassensoren bestaande uittegaoriénteerde silicaliet-1 laag gecoat op een
Metglas strip. De dikte van de zeolietlaag is dat van een enkel kristal erigialk
len zijn georiénteerd in db-richting, wat betekent dat de rechte kanalen loodrecht
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staan op het sensoroppervlak. Dit is bevestigd door middel van Rodifjeactie
(XRD) analyse. Aangezien de Curie-temperatuur van het Metglas-nadtéager
is dan de temperatuur vereist voor conventionele thermische calcineengjdeze
detemplatiemethode niet worden toegepast. De detemplatie van de silicaliet-1-laag
door middel van ozonisatie bij 473 K was mogelijk. Dit opent de mogelijkheid om
zeolietlagen op sensormaterialen met beperkte thermische stabiliteit te syn¢imetise
Dit verhoogt het aantal zeoliettypes dat voor deze toepassing katewgebruikt
beduidend. De sensor toonde een verhoging van de gemeten resoequmietie bij
blootstelling aan kooldioxide en n-butaan ten opzichte van blootstelling aacite lu
terwijl het een te verwaarlozen respons op de aanwezigheid van isobya& Dit
gedrag bevestigt de selectiviteit van de gassensor.

In Hoofdstuk 10 is een methodologie ontwikkeld voor het optimaliseren van ee
hybride, membraan geassisteerd proces waarbij omgekeerde osnrdsgetmuikt
bij het creéren van oververzadiging in een kristallisator (MaC-RO).dere metho-
dologie direct toepasbaar te maken op experimentele data, is een polymeeaaaemb
gebruikt. De voorgestelde benadering is generiek en kan dan oolamdere mem-
branen worden toegepast. De studie laat de hoge potentie van het MlaGRept
zien voor het verminderen van de energieconsumptie ten opzichte \damveings-
kristallisatie. Een MaC-RO-opstelling is ontworpen en gebouwd waarin tiree a
zonderlijke circulatiestromen worden gebruikt, €één voor membraanscheaidigén
voor kristallisatie. In een dynamische optimalisatie van legtich MaC-RO-proces
wordt de energieconsumptie geminimaliseerd terwijl een hoge, eerdetirgatp
seerde productopbrengst, gedefinieerd als de volumegebasestidegjde grootte,
wordt gehandhaafd. Dit resulteert in een 6 keer lagere energieogtie in vergelij-
king tot verdampingskristallisatie met een uiteindelijke kristalgrootte die de waard
benadert van een kristallisator met een ideaal oververzadigingspigee studie
toont het potentieel van het MaC-RO-concept in het verbeterenevaonmtrole over
de productkwaliteit en de vermindering van de energieconsumptie.
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1.1 Introduction

The chemical industry has played a major role in the development of ourtiradus
society. As a society, we now all have the obligation to address environhienta
sues such as air and water pollution, global warming and depletion of rawiatate
This now calls for a different approach to process and productide$he use of re-
newable energy sources is becoming a necessity and sustainability is tleakeg

in novel process and product design. The general opinion that rastaisable pro-
cesses are a necessity is now shared by many nations, which is reflettediogning

of the Kyoto protocol by 129 countries and the Nobel Peace Prize f@dke and
the intergovernmental panel on climate change (IPCC) in 2007. But, alhdiig
mate change and sustainability are now on the political agenda in many delelope
countries, the global emissions of greenhouse gases are still incrgHsifibe most
obvious future challenge and immediate obligation for chemical engineersiie-to p
vide society with the requisites to keep a high standard of living, while at time sa
time reducing the negative environmental impact of this proceeding. Imtrgears
the energy efficiency in the chemical process industry has increasaagthopti-
mization of unit operations. To further significantly increase the efficiasfcthe
industrial processes innovative and alternative technologies must dpdnated in
the design. This is covered nowadays by the concept of processifiutatitn [2].

1.2 Membrane technology

A major part of the energy consumption within the (bio)chemical industry ig use
for separation processes [3], mostly distillation. The yearly energyuropson of
the Dutch petrochemical process industry was recently estimated at 480Which
200 PJ could be allocated to separation processes [4]. Membrane ltphpoo-
vides a more energy efficient way to perform thermally driven sepasafré]. Us-
ing membranes can reduce the energy consumption by a factor 6 to 10 aaredrtg
thermally driven processes [6]. In the Dutch Innovation Roadmap StparTech-
nology, membrane technology has been identified as a key technologyieveatie
goals of reduced energy consumption [4]. The field of membrane teapnidca
growing market in the (petro)chemical industry; waste water treatmentoardaind
beverage industry being the largest markets [7]. The largest appli¢tidof mem-
branes is ultrafiltration, but reverse osmosis and pervaporation shagichyrgrow-
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ing market share [7, 8]. One can make a distinction between membranatsapsr
(i.e. osmosis, dialysis, pervaporation) and filtration (i.e. micro- and ultraidira
The latter one is not a thermal separation process, but purely pressue. In this
thesis we focus on the chemical potential-driven membrane separations.

Since the desired product flow is directly proportional to the required memabr
surface area, membrane technology has a poor economy of scalepflivation of
membrane processes as replacement of conventional separatiosspooehighly
heat-integrated bulk chemical plants, which often have a surplus of lesspre
steam, is not always economically viable. However, in stand-alone megesuch as
bio-ethanol de-watering and waste water treatment, membranes are apaidyg
with great success. Combining membranes with conventional separationoees,
such as distillation [9] or crystallization [10—12] can also lead to substamtafetic
and financial benefits.

Hybrid distillation/vapor permeation systems can decrease the energy déamand
azeotropic or close boiling mixtures significantly. Membrane assisted mesesn
strongly reduce energy demands of gas separation which conventimgliye cryo-
genic distillation. In ethanol dehydration, a hybrid distillation/vapor permeation
cess reduces the energy consumption by 50% as compared to a coralgurimess
[13]. Combining pervaporation with distillation can reduce the operating edtts
40% in the purification of dimethyl carbonate [14]. In the production of NETBsing
a hybrid distillation/vapor permeation process can reduce the operatitsgoyaz2%
[15], while hybrid processes show a total cost reduction between 2B06@% in
comparison with conventional processes in the separation of acetonittée/fve-
tures [16]. The energy consumption in oxygen production from air eareuced
by an estimated 21%, by applying perovskite membranes [17].

Membranes also offer an interesting opportunity to generate supetsaiuaa
alternative to conventional evaporative crystallization, which is an greemanding
process [6]. Membranes can be used to increase the surface ailehlavfor evap-
oration per unit crystallizer volume and there is no restriction related to emtezin
Furthermore, local gradients in supersaturation can be anticipated indiga gase
as a designer can decide at which places solvent removal takes plasesam lead
to smaller and more efficient equipment. Finally, membranes can be usedfor the
mal labile compounds as they can be applied at low temperatures, far fritingbo
conditions [18, 19].

Using membranes tim situ remove products from reactors also shows high po-
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tential in increased process efficiency and energy savings [20Applying zeolite
SOD membranes fan situ water removal from a Fischer-Tropsch reactor can po-
tentially increase the revenues by 28% [23, 24]. Recently Tokyo Gasajmd a
commercial scale Pd-based membrane reformer producing®40 hhydrogen and
showing an increased energy efficiency ©20% as compared to conventional pro-
cesses [25].

These new processes and fields of application have increased thed$earan
membrane materials, such as thermal and chemical stability. Although most applica
tions of membrane technology use polymeric membranes, these materialsaign har
fulfill the structural and functional requirements of many potential fieldspgfiica-
tion in the process industry [8, 26]. The limited thermal and chemical stability and
the swelling of polymeric membranes are the major limitations. Therefore, increas
ing research effortis put in the development and improvement of inargad mixed
matrix membranes. The latter consist of zeolite crystals incorporated in a polyme
matrix [5]. The inorganic membranes can be classified in two groups, thegand
dense membranes. The dense membranes include palladium and dopeid zincb
perovskite based membranes [27, 28]. The porous membranes inctbda cslica,
alumina, titania, zirconia, and zeolite materials and can be classified acctodire
pore size. Macroporous membranegqfe>50 nm) find their application in ultra-
filtration and are mainly alumina, zirconia and porous glass membranes. Tle mes
porous membranes (2 rntlpore <50 NM), i.e. y-alumina and titania, can be used
for nano filtration. Microporous membranes¢ <2 nm) are capable of separating
molecules based on size exclusion and/or preferential adsorptione frtesabranes
include silica, titania and zeolitic membranes [29].

Amorphous silica showed increased fluxes and selectivities comparedyto po
meric membranes for de-watering and separations of organic mixture3JB0Fhese
membranes exhibited limited stability, but this can be drastically improved by methy-
lation [33, 34], Ni-doping, or CVD [22]. Methylated amorphous silica membsa
have been tested for the separation of methanol from MTBE [35, 36{loNéed and
CVD membranes have shown high potential for gas separations and dhowe
stable under steam reforming condition [22]. Hybrid organic-inorgaaimoporous
materials have shown stable performance in the dehydration of butarmldon..5
years of operation at 423 K [37].

This thesis focuses on zeolite membranes, but comprises work rangmg&-o
olite synthesis and detemplation to transport modeling and proces optimizatien. Th
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applications and performance of zeolite membranes in various procestasisated

on in the next sections. The synthesis of zeolites and zeolite membraneusseédc
emphasizing on detemplation, and important factors controlling the membrane per
formance are outlined. Finally, several methods for transport modelndiscussed
ranging from phenomenological methods to molecular simulations.

1.2.1 Zeolite membranes

Zeolites are microporous crystalline aluminosilicates which have uniform, malecu
sized pores. They are capable of separating molecules based oardifén molec-
ular size and in adsorption and diffusion properties (Figure 1.1). Zeolitiolngnes
are therefore well applicable as separators for gas and liquid phaseresixtAl-
though the first zeolite was already described in 1756, the zeolites wecemmer-
cially utilized until the discovery of synthetic zeolites in the early 1950’s [E8]r-
rently over 150 zeolite framework topologies are synthetically availabledB8hew
ones are discovered frequently. Apart from aluminosilicates, also othtllosili-
cates, all-silica, and aluminophosphate (AIPO) materials are referred¢olteg, or
zeotypes. Several types are widely used in the (petro)chemical indisstigtalysts,
adsorbents and ion-exchangers [40]. Zeolitic membranes were firtdtesjzed in
the late 80's [41] and, after which, the number of publications on zeolite nerebr
increased significantly until 2002, since then the number has remainedciandyant
(Figure 1.2). Most of the research effort on zeolite membranes hasédwn a few
topologies, i.e. LTA [42—48], containing 8 and 6 membered ring openind®)(khe
10 MR MFI [49-55], the 12 and the 8 MR MOR [56, 57], the 12 and 6 MRegor
containing FAU [42, 58] and BEA [59-61], and 8 MR DDR [62—-64]. Bu&ny more
framework topologies show good potential for membrane synthesis.

Zeolite membranes are thin polycrystalline zeolite layers deposited on porous in
organic supports. Due to their crystallinity zeolites have a well-defined siaes
and are chemically and thermally stable. This makes them suitable for gaatsmpar
[49, 63, 65] and membrane reactors [21, 66]. Zeolite membranes efferad advan-
tages over polymeric membranes and other inorganic membranes [67]. Zshlig
an increased chemical stability compared to polymers and amorphous silidarghd
swell. Zeolites are more thermally stable, allowing significantly higher drivincg®
(temperatures and pressures) and poteimisitu separations from chemical reactors.
Because of the well defined pore size, true molecular sieving can bevedhesult-
ing in high selectivities.
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Figure 1.1: Unit cells of the clathrasils (a): DDR, (b): LTA, and (c): FAlNnd the pentasils (d): MFI and (e): BEA
zeolite framework types, taken from Reference [39].

1.2.2 Pervaporation and vapor permeation

Pervaporation (PV) is a mode of operation in membrane separation pee¢esgure

1.3), where a liquid mixture is fed to a membrane while a vacuum or gas purge is
applied to the permeate side. One or more components from the mixture séfective
permeate through the membrane, and evaporate into the vapor phasetfieeword
'pervaporation’). Vapor permeation (VP) of a saturated vapor isntisdly the same

as pervaporation [68]. In VP the membrane is fed with a vapor, so hbgagng to
provide the heat of vaporization is required. Unless the feed in VP is-igaged, the
driving forces are lower than in PV. This makes the high thermal stability aiftee
particularly attractive for this application.

Pervaporation is a relatively new technique for liquid separations and dins-in
trial development has so far been limited in the number of commercial applications
[69]. The main industrial application of pervaporation is dehydration crethusing
polymeric membranes, which became commercially available in the 1980’s from, the
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Figure 1.3: Schematic representation of a pervaporation process

in 1997 by Sulzer Chemtech acquired company, GFT [70, 71]. Morentigcalso
removal of organics from water, and organic-organic separatian$easible with
commercially available membranes [14, 70]. Vapor permeation is finding new in-
dustrial application rapidly, mainly focused on recovery of organicsfgaseous
effluents [69]. Vapor permeation is also highly attractive as a hybridragpa pro-
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cess combined with distillation, as the vapor top product can be directly fecto th
membrane. Moreover, it has been observed that zeolite membranes éxinjeit
life-times in vapor permeation as compared to pervaporation [72, 73].

1.2.3 Zeolite membranes in pervaporation

Although most industrial applications use polymeric membranes, zeolite memsbrane
have also been used for pervaporation both industrially and in laborstiagies. In
2002, the first large scale plant using zeolite membranes was taken inadiopday
Mitsui & Co. Ltd. Japan [5, 74]. Since then, several commercial scdigdtation
plants went into production [5, 13, 74] (Figure 1.4).

Figure 1.4: Zeolite membranes used on a commercial scale in (a): the first$aae plant using zeolite membranes
with a capacity of 10-t~! dehydrated solvent (Mitsui & Co., Japan) [74] and (b): 24t ethanol dehydration plant
(Daurala Sugar Works, India), using four (c): zeolite NaA mieg with a membrane surface area of 735[8& 13].

Much research effort has been focused on the separation of wateiofganics
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by pervaporation and vapor permeation [75, 76]. Most of the zeolitiwakering
membranes are hydrophilic, but recently a hydrophobic DD3R zeolite dexs $1ic-
cessfully applied for water removal from alcohols [64]. Table 1.1 garesverview
of fluxes and water separation factors measured for water/etharariasep using
zeolite membranes.

Table 1.1: Fluxes and water separation factors in ethanol dehydrétyodifferent types of zeolite and composite

X
membranesa; j = i:—yj

Zeolite membrane | Tieeq | feed water Owe flux ref.
/K | conc./wt% /kg-m~—2.h~1
NaA 298 0.6 77000 0.660 [77]
NaA 348 5 5900 1.10 [78]
NaA 318 5 54000 0.86 [79]
NaA 318 5 8000 0.25 [80]
NaA 348 10 10000 2.2 [81]
NaA 348 10 10000 5.6 [82]
NaA 348 10 10000 8.5 (48]
NaA 343 10 18000 1.12 [83]
NaA 348 10 42000 21 [84]
NaA 373 10 >5000 12.5 [85]
NaA 413 10 10000 38 [48]
NaA 333 30 2140 2.1 [86]
PVA/NaA 333 24 710 0.936 [87]
PVA/NaA 353 24 383 2.140 [87]
MOR 293 10 3000 n.a. [57]
MOR 423 10 310 0.33 [88]
NaY 298 0.6 135 1.32 [77]
Nay 348 10 130 n.a. [89]
NaX 348 10 360 n.a. [89]
NaX 348 10 410 n.a. [90]
[B-Al]ZSM-5 313 5 472 0.33 [91]
[Al]ZSM-5 348 10 24 n.a. [90]
Zeolite T 343 10 1000 0.91 [83]
Zeolite T 348 10 4400 n.a. [89]
DDR 373 10 1320 1.30 [64]
DDR 348 12 1100 0.85 [92]
SOD 473 5 > 100 0.10 [93]

Also, selective removal of alcohols from aqueous solutions using pidiaic
membranes is possible [50, 55, 76, 94-98]. For zeolite membranes, reeatale is
focused on the MFI topology. Silicalite-1 (all-sillica MFI) membranes have laésm
applied for selective removal of ketones from aqueous solutions @Y, 1These
type of organo-selective separations are particularly interesting lestse removal
of bio-alcohols from fermentors [101, 102]. Applying these membranésrien-
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tation processes could increase the alcohol production, and can dhéoudesign a
continuous process [98]. Table 1.2 gives an overview of zeolite membnahich
have been used for ethanol enrichment from an agueous solution li@iicahows
the best performance for this separation with typical separation fadtaG-@0 and
fluxes around 0.5 kgn=2-h~1. As there is no molecular sieving effect involved, the
separation factors are lower than for the water selective membranese Aephra-
tion is based on adsorption, low temperatures enhance the separati@vehatvis
reduces the flux. Nevertheless, separation factors up to 100 hanadmmted at
reasonable fluxes.

Table 1.2: Fluxes and ethanol separation factors in ethanol enrichimenifferent types of zeolite membranes.
YiXj

aij= Xy;
Zeolite membrane | Tieeq | feed ethanol | dew flux ref.
/K | conc./wt% /kg-m~2.h"1

Silicalite-1 298 5 10 0.07 [103]
Silicalite-1 303 5 41 0.1-0.5 [94]
Silicalite-1 303 5 58 0.76 [96]
Silicalite-1 343 9.4 1.3 2.1 [52]
Silicalite-1 305 9.7 11.5 0.10 [99]
Silicalite-1 303 10 100 0.56 [104]
Silicalite-1 303 11.8 63 0.60 [105]
[AlZSM-5 298 5 9.4 0.06 [103]
[Fe]zSM-5 298 5 34 0.06 [103]
[B]ZSM-5 298 5 2.1 0.05 [103]
[Ge]zsSM-5 298 5 29 0.11 [103]
[Ge]ZzSM-5 303 5 a7 0.223 [106]

1.2.4 Stability of zeolite membranes

Natural (alumina containing) zeolites are stable atyétat lower pH the framework
disintegrates due to the leaching of aluminum. High and all-silica zeolites exhibit
higher acid stability but lack the ion exchange capacity [38]. €uil. have shown
high silica zeolite T exhibits good acid stability in acetic acid, but showed signs of
decomposition after 1 h in 0.5 M hydrochloric acid [107]. High and all-silical MF
have successfully been tested as a corrosion resistant and thermadiycstating
[108]. Exposure to high pH solutions, however, also leads to dissolufiatt-silica
zeolites. To a certain extent, even quartz is soluble in water [109]. Expaxdu
thin silicalite-1 membranes to pure water has shown to eventually degradeotiie ze
structure [110]. The limited hydrothermal stability of LTA type zeolite membrames
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pervaporation is attributed to dissolution of the amorphous-like material in gie gr
boundaries [111].

Although zeolites are crystalline materials, it has been shown that, foratever
zeolite topologies, the framework exhibits some flexibility, making it possible for
molecules that seem to be too large for the pores, to still enter the framebddtk [
This has been shown by van Koningsveldal. for the case of adsorption of naph-
talene (molecular diameter of 5.8 A) in MFI (pore window of 5.4 A) [113], é@nd
also the basis of the permeation of water through SOD membranes [93,3Q4).
has window openings which are, at room temperature, similar as the moldcular
ameter of water. Due to the flexibility, permeation of small molecules is possible at
elevated temperatures. Noaekal. investigated the changes of the unit cell dimen-
sion for zeolites LTA, FAU, MOR and MFI as a function of temperature amadew
content [115]. A strong change was found for all Al-rich zeolite types aesult of
the de-watering. Increasing aluminum content also reduces the chetaluititys of
the zeolite and reduces zeolite membrane quality [115, 116]. The flexibilityroés
zeolite structures can also cause swelling of crystals due to adsorptierntaihcom-
pounds, which in the case of membrane materials, can alter the separapertig
[116, 117].

Nevertheless, zeolites can be considered chemically and thermally robust me
brane materials, and show good prospectives in applications in chemicdlthemn
mally harsh conditions.

1.2.5 Synthesis of zeolite membranes

Zeolite membranes are most often prepared by a hydrothermal reactiogebira
alkaline media [118]. The gel is composed of a silica source, a sourcetfahe-
dral framework atoms other than Si, and -in most cases- a structure direcgianic
agent (SDA) or template in an alkaline solution usually in aqueous [67, PPJ-1
or sometimes in fluoride media [123-125]. During hydrothermal synthesiepa
lite layer is crystallized onto a porous support, usually in a Teflon lined reatto
temperatures between 353 K and 473 K [126]. During synthesis, themsyste
be heated using conventional [119, 121] or microwave heating teclmjqde126—
130]. Crystal seeds can be added to the support material prior to thltimation
step to reduce primary nucleation, thereby improving the controllability of ystair
growth. Seeds can be attached to the support by dipcoating [39], siiEcE29] or
electrophoretic deposition [131]. Vapor deposition [119, 132], elptimeetic depo-
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sition [133, 134] and laser ablation techniques [135] can be used tsitlgpown
zeolite crystals on a substrate, usually followed by hydrothermal treatmeredte

a zeolite film. Other routes for preparing zeolite membranes, such as dnyege!

ods [136], have also been used. Recently McLeagl. presented a novel route for
the synthesis of silicalite-1 membranes, starting from a continuous amorptioas
layer on ana-alumina support [137]. This method seems to yield an oriented layer
on the substrate due to the high local concentration of silicon nutrients.[138]

The scale-up of the zeolite membrane synthesis from lab scale to commercial

scale is non-trivial, and not many zeolite types have been commercializad hé
LTA membranes that are currently used on a commercial scale are daveloge
produced by a subsidiary of Mitsubishi Chemical Company, Japan: BR&dsan
Nanotech Research Institue). BNRI also produces smaller ZeoSepA iaweestand
FAU membranes, which are mainly applied for dewatering iso propyl alogRa)
[5], and recently presented a method for the commercial production of 2¢@Y
lite membranes [139]. NGK Inslulators have developed DD3R [140] anu-iigca
MFI membranes [141]. The DD3R show good results for liquid [64, 92] gas
separations [62, 63], but are not used on a commercial scale yeerimmcGmbH,
a subsidiary of HITK Hermsdorf, Germany, also produces LTA memixrémede-
watering [142] and have also developed silicalite-1 membranes [143].

These manufacturers all use shell and tube type of membrane moduleébeAno
method for the scale-up of zeolite membranes using micro membranes or zeolite
micro reactors. Zeolite micro membranes have the advantage of being manedac
using traditional semiconductor fabrication methods, which is a mature teclynolog
[144]. Micro membranes have been tested in gas separation [145] andrin foret
cell applications [146]. Zeolite micro channels [147] and micro reactot8][have
also been manufactured and show to be promising techniques for scale-up

1.2.6 Detemplation

Most zeolites require an organic SDA for a successful synthesis. Ke tha porous
structure of the zeolite accessible, this organic molecule needs to be refnaved
the zeolite structure after the synthesis. Conventionally, this is done by atbcirat
temperatures between 623 K and 973 K. High detemplation temperaturesyaneve
desired in fragile materials with unusual framework compositions, or in apiolica
such as membranes or coating of sensors, or other materials with a low diedentr
stant. In the case of coatings and membranes, heating can lead to craekidor
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Even when applying low heating rates the chance of creating defectsf@mipdh
Moreover, many sensor materials are not capable of withstanding the higleta-
tures required for template removal.

Chemical or photochemical detemplation at mild thermal conditions allows the
removal of the template, while preserving the silanol groups. Severahssmal de-
templation techniques have been developed. Mastidh have used nitric acid and
hydrogen peroxide in detemplating a silicalite-1 membrane [149]. lé¢af used a
mixture of oxygen and 50 to 100idm 2 ozone at elevated temperatures (473 K) to
remove the template from silicalite-1 and ZSM-5 membranes [150]. Melian @abre
et al. have successfully detemplated zeolite beta crystals under mild conditions by
means of Fenton chemistry, using hydrogen peroxide and an iron sl [Egn-
ton chemistry [152] is the reaction of OH radicals with an organic molecule. The
radicals are formed by a reaction between hydrogen peroxide and@enFeagent
(FET/Fe*t). Parikhet al. have detemplated a thin silicalite filmc600 nm) using
short-wavelength UV-light (184-257 nm) [153] and Maeg¢ml. have investigated
the detemplation of [B]JMFI using oxygen plasma [154]

It has been shown that ozone/oxygen mixtures can be used to remayeleok
position in MFI and FAU type zeolites at mild thermal conditions [155-157]. ésnd
similar conditions also thin MFI zeolite membranes have been detemplated [@50]. |
this thesis we apply this technique successfully to the detemplation of DDR tgpe ze
lites [158], [B]MFI zeolite powder [159] and sensors coated with silicalitB]MFI
and FAU films [160] and a high-silica MFI membrane [161].

The detemplation process is a complicated series of degradation reactibns an
oxidation of the organic molecules in the structure. Although the thermal calcina
tion is normally done in air, most studies on the detemplation mechanism focus on
the removal of the organic template under inert atmosphere, such as njttoge
lium, or argon [162-164]. The thermal detemplation of TPA from MFI type-ze
lites can be described by several consecutive reactions. The fiodtésvthe Hof-
mann degradation of TPA to tripropylamine or ammonium, tripropylamine (Pr3N)
and propene. Secondly, the consecutive fragmentation of tripropylaamdehe
dimerization of propene, followed by alkylamination of alkenes, producers#ary
amines [165, 166]. The presence of crystalline imperfections, suctiaso®SiO~
are believed to initiate the TPA degradation at relatively low temperature$. [kl67
the presence of trivalent T-atoms, TPA is more stable, resulting in moreutiiffie-
templation [162], this is also observed for template removal by ozonicatid.[15
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Karwacki et al. monitored the thermal degradation of the template in MFI ze-
olite and AFI type AIPO crystals by means of fluorescence microscopy.[T6&
larger fluorescent species showed to accumulate at internal cryaialbgrundaries,
revealing the intergrowth and channel structure of these zeolite types.

1.3 Zeolite coatings in sensor applications

Chemical and biochemical sensors are becoming of great importance wtriatiu
applications. Many sensors are based on selective adsorption optidasof certain
analytes from gas or liquid environment. The significant parameters detegnire
performance of these sensors are selectivity, sensitivity, reversibildyresponse
time. The mechanism of sensing can be based on the selective alteratiori of va
ous sensor properties, such as: electrochemical, electronic, opticast@oor other
properties. Applying a selective coating on an appropriately chosen iatatan
enable or improve the selective detection and quantification of gaseootvates!
species. Porous materials, especially those exhibiting order and unitoercpan-
nel networks, such as mesoporous silica [169] or zeolites [170], slasn great
potential for sensing applications. Some applications of microporous materials
gas sensors are taking advantage of the high surface area of theomuesomaterial,
functionalized by an assembly with a probe that aids in selective detectipecifis
chemicals. Varieties of fluorescent probes were assembled in porousatsafier
sensing purposes. Encapsulating ruthenium (II) complexes insidefhecages of a
FAU-type zeolite was successfully applied as a fluorescent oxygée pRarticularly
zeolites with pore sizes comparable to many industrially important molecules are in-
teresting candidates for sensor materials. A zeolite layer can act asex bdrich
selectively limits gas exposure on the sensing surface or enriches spexfites,
enhancing the selective detection of small molecules. One of the major agleanta
of using zeolites, is the possibility to functionalize continuous coatings. Coating
oxygen selective sensors with a zeolite film has shwon to improve the dete€tion
oxygen due to molecular sieving and adsorption selectivity of the zeolite. |&yer
magnetoelastic ribbon coated with a FAU type zeolite layer has been sudhessf
applied as a carbon dioxide sensor [171, 172]. Silicalite-1 has bedrtasdroduce
chemical selectivity into surface acoustic wave (SAW) devices [173]. tdwianet

al. reported the development of a humidity micro-sensor, based on LTA-Bpée
film grown on a quartz crystal microbalance [174]. Introducing chromaations
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into zeolites, by means of ion exchange has shown to improve the selectiviigtaf
oxide gas sensors [175]. The limited thermal stability of many sensor mateviss p

a challenge in applying zeolites which need to be detemplated before theyecan b
effective. Ozonication has shown to enable successful detemplatidhicefite-1
coated magneto-elastic ribbons at mild thermal conditions [160].

1.4 Membrane selectivity and polarity

The polarity of permeating components and of the host framework, straiegéy-
mines the host-guest interaction and thus the transport through polyme}iand
inorganic membranes [176]. In inorganic membranes the strong interaetiolisin
strong adsorption; however, this also decreases the mobility of permeatiaguies.
Figure 1.5 shows the self-diffusivity and the saturation adsorption ofnf@tseveral
zeolites versus the silica to aluminum ratio. A lower Si/Al ratio corresponds taa mo
polar zeolite framework. Water is a highly polar molecule, and the hydrophibdity

a zeolite thus increases with polarity. Different zeolite types with a similar Si/Al
ratio have also shown to exhibit different polarity [177]. Tuning the zeqldkarity
would enable the optimization of the trade-off between adsorption andidiffuishe
zeolite polarity is determined by the silica to alumina ratio, the cation type, the pore
configuration and the amount of silanol groups [178]. At low Si/Al ratiowbver,

the intercrystalline transport becomes increasingly important because thierares
quality decreases [51] and a larger portion of the flow will pass throoghzeolitic
pores [74, 75, 86]. Changing the cation type or the pore configuralsonchanges

the pore diameter [179] and therefore the membrane transport. It isareedifficult

to do a systematic investigation of the zeolite polarity by changing the Si/Al ratio or
the cation type.

1.4.1 Hydrophobic and hydrophilic zeolite membranes in dewvatering

Conventionally hydrophilic membranes are used for dehydration of sslvEar ze-

olite membranes this usually implies a low silicon to aluminum ratio. High fluxes
and selectivities have been measured in pervaporation and vapor fiemeegeri-
ments using zeolite membranes with a high aluminum content [48, 74, 75]. Sodium
LTA (NaA) type of membranes are already being used in industry [74)J Bfe
membranes, with a Si/Al ratio of 1.5 - 1.6, have also been used to dehydrate alc
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Figure 1.5: Self-diffusivity (Ds, closed symbols), and saturation loadingy{, open symbols) of water in zeolites as
a function of Si/Al ratio (compiled from literature, both eeqmental and computational data [180-189]). The lines
only indicate the trend.

hols, albeit with a lower selectivity and flux than the LTA type membranes [8R, 5
Well inter-grown LTA membranes have shown ideal selectivities higher kmar-
sen selectivities for He/Nand H/N, [47, 190], however, in LTA membranes a large
portion of the flow is through the non-zeolite pores [74, 75, 86]. This tfpaem-
brane is capable of separating water from gases [190], but fail iaragpg inert
gases. The mechanism of separation is thus based on preferentigitafsand
diffusion through both zeolitic and non-zeolite pores. The high selectioitynva-
ter/alcohol mixtures is mainly caused by the preferential adsorption of waeall
defects can even enhance the membrane performance in dehydratosdée flux
is increased, while the selectivity is maintained due to the strong adsorption in the
NaA zeolite [191]. Dehydration of alcohols is already done on industcalesus-
ing zeolite LTA type membranes [5, 74]. Also sodalite (SOD) membranes heare b
successfully synthesized and tested for absolute water separatignHtbivever, the
high aluminum content of these hydrophillic membranes results in reducedadie
and hydrothermal stability [38, 107] and reduced membrane quality, dudee in
crystalline transport [51]. All-silica membranes can be manufactured withese
defects, but, they are hydrophobic. Silicalite-1 membranes have begnauselec-
tively separate ethanol from an aqueous solutions, based on mtidessisorption
[55, 94, 104]. If water is to be removed selectively by hydrophobic mamds,
separation based on size exclusion is required, and one has to residaltpare
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(8-ring or smaller) all-silica membranes. Many 8-ring zeolites exist (i.e. [OHA,
DDR, MER, ANA) and some have been synthesized in the all-silica form. Mexve
only very few have successfully been synthesized as all-silica membrEresrnia

et al. have recently synthesized aluminum-free LTA membranes (ITQ-29), which
have been tested forlCH4 and Np/propane separation [192]. These membranes are
however, not all-silica, since germanium was also present in the synthedise
[192, 193]. Recently, scientists at AIST, Japan, have developedSLimembrane
[194] that is water selective for a water-ethanol mixture when calcingglr atK
(awe= 30, flux = 0.2 kgm—2h~1), whereas the selectivity inverts after calcination
at 873 K and the membrane selectively permeates alcahql € 53, total flux =

0.5 kgm—2h~1). This effect is attributed to the condensation of silanol groups at
temperatures above 823 K [195]. All-silica DDR (DD3R) membranes haea be
developed by NGK Insulators, Japan [62], and have been suattgsgbplied for
CQO,/CH,4 separation [63, 196, 197] and de-watering of alcohols and othenigrga
solvents [64, 92].

1.5 Transport modeling

Besides the diffusion through the zeolite layer itself, the transport frem fe per-
meate side of a zeolite membrane also involves the diffusion from the bulk teed fl
to the membrane surface as well as the transport through the poroustsumgperial.
These can both have a profound effect on the separation perfoemétite system.

A variety of models and techniques have been used to describe the diffnsio
zeolites, ranging from phenomenological models [198], irreversiblentbdynam-
ics [199] and the Maxwell-Stefan formulation [200, 201] to Monte Carlo simula-
tions [202—204] and molecular dynamics [205-207]. Quantum mechaiida)
and molecular dynamic (MD) calculations can provide detailed insight in the-diff
sion process at molecular level. However, the computational work invatvitese
calculations is profound. The current computational power does riailipsv the
modeling of multi body diffusion through a zeolite pore at a quantum mechanica
level. There are many studies describing the diffusion of molecules thiaghlite
lattice using Dynamic Monte Carlo simulations (DMC) [202—-204, 208].

The transport through a zeolite membrane is generally described following a
adsorption-diffusion mechanism, in which five steps are distinguisheil: [67

1. diffusion from the bulk to the zeolite surface
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2. adsorption on the zeolite membrane surface and in the pores
3. diffusion through the membrane
4. desorption at the permeate side of the membrane

5. diffusion into the bulk permeate through the support pores

1.5.1 Mass transport resistance in support and film

The major transport resistance is generally in the membrane layer (stdih8jicgn
the bulk diffusion (step 1) and the transport resistance in the suppeptg¥can con-
tribute significantly to the total mass transport resistance in the membranatsapar
process. The porous support, on which zeolite membranes are depoaitetave
a profound influence on the overall transport resistance of the memfBén 94].
Most modeling on transport in membranes is based on the dusty gas modd) (DG
[36, 143, 201]. Although the model neglects the Maxwell slip term [209),2it
has shown to model the transport in porous media with relative high agculac
the DGM, the membrane is considered as a pseudo species in the mixture which is
motionless and of infinite molar mass. The flux through the support is deddrjbe
combination of Knudsen diffusion and viscous flow

2

Oy, d
4 =G porePirs F’:'T’T - ﬁDP (1.1)

Also the transport resistance on the liquid feed side of the membrane can hav
an influence on the membrane performance. Concentration polarizatiorois-a ¢
mon problem in many membrane processes, and can also be of importance in pe
vaporation and vapor permeation [211]. Also temperature polarizatiomaas a
detrimental effect on membrane performance and has been observed/apgra-
tion processes [212]. The heat and mass transport in the liquid, or,\apmdary
layer are generally modeled using dimensionless parameters: the Nuskéitean
Sherwood numbers are thereby expressed as functions of the Reyth@dPrandtl
and the Schmidt numbers [213, 214].

1.5.2 Adsorption and diffusion in the zeolite layer

Adsorption in a zeolite from the vapor phase is generally physisorptiofisahere-
fore an exothermic, non-activated process [67]. When a compodsattzs from the
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liquid phase, the net enthalpy change depends on the heat of ads¢defimed from
the vapor phase) and the heat of evaporation. In current modelingeherally as-
sumed that the membrane has a uniform temperature [215] and the hesoqitamh
(step 2) and desorption (step 4) cancel out, leaving a net enthalpgekgual to the
enthalpy difference of the feed and permeate.

To predict the flux through a zeolite membrane, the flux has to be correlated to
a certain driving force. The easiest way of describing the relation leetilex and
driving force is by Fick's law [213].

(J) = =Dl (Cc) (1.2)

Although the formulation developed by Fick is conceptually simple, it breaks
down in qualitatively simple cases [201, 216, 217]. Fick's law can be rgéne
ized to treat some simple multi-component systems [213]. Despite these shortcom-
ings, Fick’s law remains the most natural formulation for transport diffusiohe
Maxwell-Stefan Theory (M-S) can be used to describe the (multi-comppdiu-
sion through zeolites. The advantage of the M-S theory is that the noliydeia
the mixture is not incorporated in the diffusvities (like in Fick’s law), thereftire
M-S diffusivity are far more constant compared to the concentration amgasition
dependent Fick diffusivity [201]. The M-S method relates the drivingds to the
friction forces acting on the species in a system.

In current modeling, the use of the Maxwell-Stefan (M-S) equations atelyv
accepted to model mass transport in zeolites and zeolite membranes [2)}R2il8
have been successfully applied to several systems [205, 219-2R&]M7S equa-
tions have also been successfully used to model permeation through zeatite me
branes [222-224]. Bakkeat al. and van den Broeket al. have investigated per-
meation of several gases and binary gas mixtures through a silicalite-1 mreanbra
[49, 225-227]. They were able to describe the transport behaviaretus con-
ditions, using equations for surface diffusion, and gas translatiorfalsatih. The
adsorption behavior is a key parameter in correctly modeling the permeatiugthr
a zeolite membrane, as was also shown by &ial. [228, 229]. Combining the M-S
equations with the ideal adsorbed solution theory (IAST), has shownsitadle for
predicting permeation behavior of several gases through silicalite menst20.

In some cases, however, it was seen that this method is not sufficierttoethe
complex adsorption and diffusion behavior [230]
The M-S equations balance the driving forces with the friction exerted dequles



20 CHAPTER1

and are consistent with the theory of irreversible thermodynamics [231§. M-S
eqguation can be written as

Dl-ll T
Z Du (1.3)
iy

Wherely; + denotes the chemical potential gradient at constant temperature as the
driving force for mass transport. The Maxwell-Stefan (M-S) equationthe form

given in equation 1.3, do not account for the coupling between heatasd trans-

port. These equations thus only hold at isothermal conditions. A thermodgna
coupling of heat- and mass transport is currently omitted in the relevant literatu
zeolites. Whenever a simultaneous transport of heat and mass is modelednth
sideration is limited to effect of temperature polarization on the liquid side, which
reduced the driving force, and to the temperature dependency afpéidsoequilib-

ria and diffusivities [35, 232].

The theory of non-equilibrium thermodynamics (NET) is based on the assump
tions of local equilibrium and linear flux-force relations. NET allows fooasistent
description of coupling between fluxes, in particular between heat and trears-
port. In current modeling of zeolite transport, equilibrium between any tljacant
phases is assumed, i.e. the adsorbed phase in the zeolite is assumed tailidin eq
rium with the bulk fluid at the zeolite surface. Only recently, Kjelstrup andeBes
[233, 234] abandoned the assumption of equilibrium across the intedacadefined
the interface properties using local equilibrium instead.

Determining the transport parameters is of key importance for any model. The
main parameters required for modeling transport through zeolits areptidsopa-
rameters and diffusivities. Adsorption isotherms are generally measyrgatdike or
breakthrough experiments [218, 231]. Several experimental metbodefermin-
ing diffusivities in zeolites are: uptake experiments [235, 236], trangierheation
measurements [237], interference microscopy [238], the zero-leruigimn (ZLC)
method [239, 240], pulse field gradient (PFG)-NMR [182, 241] andsgelastic
neutron scattering (QENS) [186]. Thermal diffusivities can also be oredsex-
perimentally [242]. The properties of the surfaces are generally detedniom
molecular simulations [243]. These transport and adsorption paramateedso be
determined from molecular simulations [244].
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1.5.3 Molecular modeling

To elucidate the permeation behavior of membranes, molecular modeling cpn be a
plied. Molecular modeling is a powerful tool to determine adsorption andsiliffu
behavior of components in a zeolite [245]. Molecular modeling can be useld-to
cidate complex mechanisms of transport in shape, size and affinity seleetire
systems [216]. Many modeling techniques are available and have alreadyalp-

plied to study zeolite systems. These techniques include Monte Carlo (MC) simula-
tions, also including kinetic MC, molecular dynamics (MD) and non-equilibriub M
(NEMD), ab-initio MD and hybrid QM/MM approaches. Recently, Sreital. gave

an extensive overview of molecular modeling techniques applied to zeoldd$. [2
Most of the earlier studies were focused on adsorption of hydronarincilicalite-1
[244], but om recent time many other systems were investigated, includsuymad

tion and diffusion of water in silicalite-1 [246—-248] and systems considezKita
framework cations, e.g. water [187, 249] and water/ethanol in NaA &80][ For

both MD and MC simulations the interaction parameters are either determined by
ab-initio calculations or fitted from experimental data.

The equilibrium adsorption on zeolites is usually determined by Grand-@zaton
MC simulations. In GCMC simulations statistical averages are calculated ovgea la
number of configurations, the zeolite host is equilibrated with a resevoiuestg
molecules at constant chemical potential and temperature. The methocthasibe
cessfully applied to many zeolite-host systems [203]. Diffusion propecaesbe
determined by molecular dynamics (MD) [244, 250, 251] or Kinetic MontddCar
(KMC) [203, 216] simulations. In KMC simulations, the diffusion is treated as a
series of jumps from one adsorption site to the next, while in MD simulations, the
trajectory of molecules is calculated by integrating Newton'’s secondFaw na).
Dubbeldamet al. recently provided a review on molecular modeling of diffusion in
zeolites [252]. Diffusivities can be obtained from equilibrium simulationg,dyu
namic processes can also be simulated in molecular modeling using NEMD [244].
Sanborret al. used this technique to study GHCF, and alkanenes in a FAU zeolite
[253, 254]. Newsomet al. have used NEMD to investigate the influence of internal
grain boundaries of MFI crystals on diffusion [255, 256]. Althoughr¢his often
a discrepancy between experimental measurements and simulations, Mibhas s
to be able to predict diffusion behavior in zeolites well [205, 257]. Théedhce
between the various experimental techniques and simulations is often dgoribe
imperfections in zeolite samples used in macroscopic measurements. Wherdthe loa
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ing dependency of the diffusivity is considered, the differences atwhee different
techniques is already significantly reduced [251].

1.6 Outline of the thesis

The work described in this thesis covers a wide range of differentcésEpanning
from fundamental research on tuning the zeolite polarity, applying molesintarda-
tions and modeling transport using the framework of NET to applicationsaitee
membranes in alcohol dehydration and ethanol enrichment and fromiagppone
detemplation for sensor applications to characterizing the membrane assystatt
lization process. This chapter has given an introduction to the field of zedielite
membranes, and transport modeling. Some of the current challenges ialtheffi
zeolite membranes, such as detemplation, membrane stability, and transport model-
ing are addressed. The contents of the other chapters is briefly outbimd &dnd is
graphically presented in Figure 1.6, showing how the different topiceetaed.

Most of the work covered in this thesis is related to zeolites and zeolite mem-
branes with the emphasis on framework polarity, which is an important gyoper
determining transport trough zeolite membranes. The second chaptezemtig
influence of framework polarity on the transport through an MFI zeolite nmanéd
The objective is thereby to eliminate the influence of possibly varying membrane
quality and thus single out the effect of polarity. The polarity is altered bgrjpa-
rating silanol groups within the zeolite framework by deboronation andesjulestly
condensing them in cycles of heat treatment. Non-thermal detemplation,asuch
ozonication, can also increase the number of silanol groups in a zeolite.

The third chapter compares the performance of ozonicated and thermalig-de
plated multi-channel MFI type zeolite membranes in ethanol enrichment from an
agueous solution under pervaporation conditions. The membrane stabilitess in
tigated for over 177 h of operation revealing possible mechanisms forraaiiog
performance with the membrane life-time.

In the fourth chapter the performance of a hydrophobic DDR membrarehiy+d
dration of alcohols is investigated. Water is selectively removed from ellzantb
methanol under pervaporation conditions using this highly stable all-silica mem-
brane. Despite the hydrophobic character of the zeolite, high selectiaiiesb-
served for water removal from ethanol, which are even comparabledwplyilic
LTA type zeolites. Even dehydration of methanol can be performed withflugls
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Figure 1.6: Graphical representation of the outline of the thesis shgwhie connection of the main topics and the
corresponding chapter numbers.

and reasonable selectivity. This study shows that these membranesvaréuboan-
didates for water separation under high temperature or acidic conditibese\woly-
meric or hydrophilic zeolite membranes fail.

Chapter 5 presents the first study, combining measurement and molecular mod
eling, on the adsorption and diffusion of water, ethanol and methanol RBRD
Mixture adsorption isotherms are modeled using GCMC, based on single nentpo
experiments using force fields from literature without further adjustmerd.siiygle
component adsorption and simulations show the alcohol loading is an dnaerge
nitude higher than the water loading. Mixture adsorption simulations, hon&ver
that the water adsorption increases significantly in the presence of lbahthere
is still an adsorption selectivity for the alcohols. The diffusivities of the congmts
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are calculated from permeation measurements and the mixture adsorption sinsulatio
and reveal the water diffusivity to be substantially higher than that of thehals,
which explains the high selectivities measured under pervaporation cargditio

Although zeolite membranes are already commercially available, elucidating the
mechanism of transport through this type of membranes still is a major scientific
topic. Chapter 6 is a modeling study on the transport under pervaporatiati- ¢
tions, based on the framework of non-equilibrium thermodynamics. Thelprgk
of adsorption, desorption and evaporation impose strong temperatactsedt the
membrane/fluid interfaces in pervaporation processes. For the first tmmsptrt
equations are set up incorporating coupling between heat and magertiargsper-
vaporation process, thereby abandoning the assumption of equilibriwadreadija-
cent phases in favor of local equilibrium. Distinct differences are mlesecompared
to the conventional model approach, showing discontinuous temperatiifegacity
profiles across the membrane.

Ozonication is a novel technique for detemplation of zeolites at mild thermal con-

ditions. Chapters 7 and 8 describe successful application of this teehttiddDR
and boron containing MFI zeolites, respectively. The DDR topology is dl groee
clathrasil. Showing that these type of zeolites can successfully be detednditig
ozone, proves that the radicals produced from ozone are the sfiwtiekffuse into
the zeolite pores, since the pore aperture does not allow ozone to ehgeazdni-
cation of boron containing MFI allows for a faster and easier method dhegizing
an MFI type zeolite with an enhanced number of silanol nests.

In Chapter 9 the same ozonication technique is used to detemplate a thin zeolite
membrane coated on magnetoelastic Metglas ribbons, which can be useddor s
applications. The material on which the zeolite is coated loses it's magnetic prop-
erties when it is heated above 573 K. Conventional, thermal calcinatioeguoes
for the activation of silicalite-1 are, therefore, not possible. Ozonicatilonvs tem-
plate removal at much lower temperatures, allowing successful activatithrese
zeolite-Metglas assemblies.

Chapter 10 presents the characterization and dynamic optimization of a hybrid
membrane assisted crystallization process, which uses a membrane tdeyenera
persaturation in a crystallizer. The focus in this chapter is on developingteotie
ology for optimizing hybrid membrane-separation processes. A setupserpges,
capable of performing experiments at high feed pressures, and highefies, simu-
lating commercial scale operating conditions. The membrane performance in mem-
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brane assisted crystallization of adipic acid is characterized, and a negteling
the complete process is developed. This model is used to show the potentiztof
brane assisted crystallization through a dynamic optimization of the processldr
to readily apply this methodology to experimental data, a polymeric membrane-unit
was considered. The proposed optimization approach, however, ésigamd can
also be applied to hybrid separation processes using zeolite membranes.

The chapters have been written as individual papers and can thetefaead
individually without having to read the complete thesis. Because of this, sdore in
mation is duplicated.
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CHAPTER 2

Abstract The polarity of a zeolite is an important parameter determining the
transport and separation properties in zeolite packed beds and nma®biEhis study
focuses on the systematic variation of the zeolite polarity for membrardieaims by
varying the amount of silanol groups within the framework of the MFllitedy de-
boronation and consecutive heat treatment from 9 to 4 silanol greampsnit cell. The
decrease in the number of silanol groups after heat treatment isredfipy diffuse
reflection infrared Fourier transform (DRIFT) af®5i Magic Angle Spinning Nuclear
Magnetic Resonance (MAS NMR). The permeation of pure water throlghmodi-
fied silicalite membranes is insensitive to the number of silanol groups,wttdtio a
decreased adsorption compensated by an increased diffusivityetfiigol selectivity
in water/ethanol mixtures shows an increase with decreasing amouitarafl groups.
Residual boron in the zeolite may react with ethanol and decrease itptds@apac-
ity. A reduction in flux through the debronated MFI membranes was regrobd after
ethanol/water permeation.




TUNING THE FRAMEWORK POLARITY INMFI MEMBRANES BY... 41

2.1 Introduction

The polarity of permeating components and of the host framework, straiedéy-
mine the host-guest interaction and thus the transport through inorganicraresb
[1]. Strong interactions result in strong adsorption; however, this aéscedses the
mobility of permeating molecules. Figure 2.1 shows the self-diffusivity anddhe s
uration adsorption of water for several zeolites versus the silica to alumiatim
Tuning the zeolite polarity would enable the optimization of the trade-off between
adsorption and diffusion.

A lower Si/Al ratio corresponds to a more polar zeolite framework, and these
types of zeolites are conventionally used for water separation, althe@eghtty an
apolar DD3R membrane has also been successfully applied to dehydragetso
based on molecular sieving [2]. The polarity of a zeolite is not only deterniged
the Si/Al ratio, but also by the cation type, the pore configuration and the r@modu
silanol groups [3]. Different zeolite types with a similar Si/Al ratio have alserb
shown to exhibit differences in polarity [4].

At low Si/Al ratio, the intercrystalline transport becomes dominant becawse th
membrane quality decreases [5] and a large portion of the transport véliplake
through non zeolitic pores [6-8]. It is therefore difficult to conducystematic in-
vestigation of polarity by changing the Si/Al ratio. Changing the cation typeer th
pore configuration also changes the pore diameter [9] and thereforedimbrane
transport. In this chapter we focus on tuning the amount of silanol greiths a
zeolite membrane, in order to understand the influence of the zeolite polatityeon
permeation properties of the membrane. A systematic variation of silanolgreup
feasible since the silanol groups are removed through condensatimimnsavhen
exposed to high temperatures (673-873 K)[10, 11]. A stepwise reduafisilanol
groups can be accomplished by performing cycles of thermal calcinationrafs-
ing temperatures as shown by Masedal. [11]. Recently, scientists at AIST, Japan,
have developed a CDS-1 membrane [12] that is water selective for a-ethatarol
mixture when calcined at 673 Kae= 30, flux = 0.2 kgm~2h~1), whereas the se-
lectivity inverts after calcination at 873 K and the membrane selectively péesiea
alcohol @ew = 53, total flux = 0.5 kgn=2h~1). This effect is attributed to the con-
densation of silanol groups at temperatures above 823 K [13].

Chemical or photochemical detemplation at mild thermal conditions allows the
removal of the template, while preserving the silanol groups present irethlitez
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Several non-thermal detemplation techniques have been developeditgmgcid
and hydrogen peroxide [11], ozone [14], Fenton chemistry [15hortsvavelength
UV-light [16]. These methods are, however, limited to the amount of devauish
form during synthesis. A method for introducing significant numbers ohsila
groups is by synthesizing boron-containing zeolites, where silanol aestistro-
duced upon subsequent deboronation, as was done by HoléeatHor the prepa-
ration of MFI catalysts for the Beckmann rearrangement [17, 18]. Taed nests
provide polarity, while not significantly influencing the pore diameter of thaitee
[9]. De Ruiteret al. have shown that boron containing MFI crystals can be detem-
plated without removing the boron from the zeolite framework. Subsequtrdly
boron can easily be removed from the [B]MFI zeolite, leaving silanol nafstsur
silanol groups around any position where boron had been pre€nfitis is illus-
trated in Figure 2.2. The deboronated MFI zeolite will be indicated by [déFB]
The silanol nests in deboronated zeolites can also be used to incorpareigidn
metals in the zeolite framework [9, 20]. Up to four boron molecules per uhitae
be isomorphically substituted in an MFI zeolite synthesized in alkaline mediaAl0].
higher boron content can be obtained when other cations or fluoride redissed
[21-23].

In this study, the influence of the polarity of MFI zeolite membranes on mass
transport is investigated. This is done by first synthesizing a [B]MFI mamdin
alkaline media, which, after deboronation contains an increased numiséard!
groups. By cycles of heat treatment, the number of silanol groups wikteced,
and the effect of this treatment on pure water permeation and water/etiegraohtion
for these membranes is analyzed.

2.2 Experimental

2.2.1 Membrane synthesis and characterization

Boron containing MFI membranes were synthesizedoealumina supports (Per-
vatech AKP30, 25 mm diameter, 2 mm thickness). The supports are ultrabpnic
cleaned and put vertically in a Teflon holder inside a Teflon lined autoclabe.
synthesis mixture for the preparation of [B]MFI has the molar composition4f 4
TPAOH (1.0 M solution, Aldrich), 19.4&i0, (Ludox AS40, Aldrich), 1.55 B(OHy)
(Aldrich) and 500 HO. The mixture is aged for 5 h at room temperature and then put
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Figure 2.1: Self diffusivity (Ds, closed symbols), and saturation loadingsf, open symbols) of water in zeolites

as a function of Si/Al ratio (compiled from literature, botkperimental and computational data [24—-33]). The lines
only indicate the trend.
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Figure 2.2: Deboronation, leaving a silanol nest consisting of fowarsil groups.

into the autoclave. The synthesis is carried out at 443 K for 16 - 24 h fg§@dr the
synthesis the membrane is rinsed with water and dried over night at 373ckuBe

of the instability of boron during calcination in the presence of water and/agen,

the calcination is performed under a dry ammonia atmosphere. The membranes a
placed in a quartz tube and heated to 723 K for 0.5 h at a heating rate-ofitir . A

flow of 15 mlmin—1 anhydrous ammonia is continuously fed to the quartz tube. Dur-
ing this calcination step the organic template is degraded, resulting in a brégvn co
of the zeolite membrane. The presence of sodium ions during calcinaticahbas

to stabilize the framework boron [35], therefore the membranes arecuudrsdy ion
exchanged using 1.0 M agueous sodium bromide solution during 24 h.idiftex-
change, the membranes are calcined in air at 823 K, removing the orgsiticges.

By applying this calcination procedure, the loss of framework boron is mingmize
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[19]. Inductively coupled plasma optical emission spectrometry (ICP)QES8lysis
(PerkinElmer Optima 5300 DV) was used to analyse the chemical compositioa of th
residual zeolite powder collected from the autoclave after membrane sigitfiéie
ICP-OES analysis shows the synthesized [B]MFI zeolite contai@doron atoms
per unit-cell.

After removing the template from the zeolite membrane, the framework boron
can be removed by treating the zeolite with a HCI solution (pH = 1.1) at 373 K un-
der reflux for 24 h. Subsequently the membranes are rinsed with a dilutedas
NaOH solution (pH = 11) to remove the extra framework boron. X-ray atition
(XRD) analysis (Bruker-AXS D5005) confirms the MFI topology befarad after
calcination and deboronation. Only membranes with no nitrogen permeatiore bef
calcination where used for further processing. Two membranes havesoecess-
fully synthesized, and have undergone the same treatment and testingesutis
of both membranes are presented in this study. Apart from the membréseszea
olite powder is synthesized using the same recipe and treatment. Figure @8 sho
scanning electron microscope (SEM) (Philips XL20) micrographs of taeB[iMFI
membrane and the zeolite powder used for the analysis.

To stepwise remove part of the introduced silanol groups, the zeolite isedp
to high temperatures. This is done for a period of 2 h isothermally, usingta hea
ing/cooling rate of 1 Kmin—! to prevent crack formation in the membrane during
calcination.?%Si Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)
(Bruker Avance 400) is used to quantify the amount of silanol grougsee NMR
measurements were conducted using a 4 mm zirconium holder at 298 K wih a fr
qguency of 79.449 MHz, a relaxation delay of 15 s and a spinning freywsril kHz.
The chemical shifts were referenced with respect to tetramethylsilane)(Hd&the
1B MAS NMR measurements, the chemical shift was referenced with respect
a 1% solution of boric acid (§BO3) at 298 K. A frequency of 128 MHz, a spectral
window of 25062.65 Hz and an acquisition time of 0.05 s was used with a delay of
and a spinning frequency of 11 kHz. Diffuse reflectance infraragtiEptransform
spectroscopy (DRIFT) (Thermo Nicolet, Nexus) using KBr as badakgidovas used
to analyze the framework composition. The DRIFT measurements were aeddu
in ambient air without purge gas or heat treatment. Water adsorption tegtcorer
ducted (Quantachrome Autosorb-6B) to characterize the hydrophiliciheafeolite.
Also ethanol and nitrogen adsorption were measured to characterizeofite .zPrior
to the gas-adsorption measurements, the samples were dried in vacuuBnkairb7
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order to remove present moisture and other volatile components (the wéidig o
sample after drying is used in the calculations). For the NMR and DRIFT sisaly
and the nitrogen adsorption measurements, the zeolite powder was used.
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Figure 2.3: SEM micrograph of the cross section of a [de-B]JMFI membrane &fi#]F| zeolite powder synthe-
sized using 4.4Z PAOH 19.46Si0,: 1.55B(OH)3: 500H,0 at 443 K for 16 h.

2.2.2 Equipment

Water permeation is measured in a setup as depicted in Figure 2.4. The flughhro
the membrane is measured using the rate-of-rise technique [36]. TheWalise
thereby temporarily closed and from monitoring the pressure incread@ atdhg
with temperature at TR1 one gets the permeating flux. Because of the losumes
at the permeate side, the ideal gas law is used to correlate the presseaséniorthe
molar flow rate. The membrane module and the control volume for the flux neeasur
ment are placed inside an oven. The feed pressure can be incrgasetDbar using
the back pressure regulator BPR1. The permeating water flow is caulensold
trap CT1 using liquid nitrogen. The permeate tubing outside the oven is eldgtrica
traced to prevent condensation before the cold traps. The permeasegreluring
experiments can be controlled using needle valve V7, and is kept at 10nb&0

2.3 Experimental Results and Discussion

2.3.1 Tuning the polarity

The deboronation step leaves silanol nests, consisting of four Si-Olpgrat the
location of the framework boron, resulting in an increase in frameworkippldp-



46 CHAPTER 2

&
Y
S

liquid

FEED Vs [
VESSEL MEMBRANE| @ @#—————

MODULE
7/

]

]

.

o

| :
]

vapor | :
—_—_—— -

[]

'_ .
]

.

.

]

.

]

HPLC PUMP Vi

~ VACUUM
/! PUMP

Figure 2.4: Schematic representation of the pervaporation setup

proximately 8 silanol groups are initially present per unit-c&6i-NMR and DRIFT
analysis, depicted in Figures 2.5 and 2.6, show the presence of the Si@id.brhe
DRIFT spectra indicate the decrease of silanol groups after heat trtaditn@73 K
and 873 K. The IR-bands indicating OH groups (3200 - 37009malso including
water, as well as the IR-band associated with silanol nests (958 fi8]) clearly
show a decreased absorbance after the heat treatment.

To determine the influence of the framework polarity, i.e. the decreasedalsilan

concentration, on the transport of water through the membrane, wateeggon

is measured under pervaporation conditions. The deboronated mesbransub-
sequently calcined in several steps with increasing temperature cycledantor
progressively remove an increasing part of the silanol groups. &hmegation of wa-
ter is determined after each step. This protocol of reducing the amouilaobls
groups in steps ensures a truly systematic way of characterizing the tdlwdn
framework polarity, because the effect of decreasing numbers obkiggaups is
singled out, while the membrane thickness, amount of defects and poresiaer
constant [9]. Th&® peak in the®Si-NMR plot (5 = -103 ppm) is ascribed to the (Si-
OH)(Si-O) groups, while theQ* signal @ = -113 ppm) is ascribed to the Si(Si-0)
units [37]. TheQ®/Q* ratio of the?°Si-NMR plot equals the ratio of (Si-O)/(Si-OH)
units. The right shoulder of th@* peak increases with increasiqy intensity. The
Q*/Q?3 ratio of a sample calcined at 1073 K which was exposed to water at 363 K for
24 h did not change after this treatment, confirming that the structure aniliahe! s
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groups are stable under the experimental pervaporation conditionsMFhstruc-

ture contains 96 T-atoms per unit cell [38], so the number of (Si-OH)gp@gquals
96/(Q*/Q%+1). Because of the small error, we neglect the effect of the reduction
in T-atoms by deboronation. Ti@*/Q?3 ratios and the number of silanol groups per
unit cell, calculated from that number are shown in Table 2.1.

— Q 4

f heat

treatment / K
—423

- —673

873

1073

03 1273
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-90 -100 -110 -120 -130
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Figure 2.5: 2°Si-NMR spectra of [de-B]MFI zeolite powder, after heat treant at 423 K to 1273 K. Th@® peaks
indicate the silanol groups, while tI@" is assigned to the Si(Si-@nits. The spectra are normalized 6, so
that a lowerQ* peak reflects a higher number of silanol groups.

Table 2.1: Q*/Q? ratios and the number of silanol groups per unit cell for [®BI zeolite powder after heat
treatment at various temperatures.

Heat treatment | Q*/Q® [ Si-OH
/K u.c.
423 9.8 8.9
673 12.7 7.0
873 16.3 55
1073 15.8 5.7
1273 21.9 4.2

The water adsorption isotherms on the powder samples that have unel&rgin
treatment is measured at 273 K, 303 K and 323 K show a weak dependeiog
temperature of the heat treatment (Figure 2.7). Figure 2.8 shows a stejaersase
of the water loading of 16% after calcination at 700 K, which is the temperature
which silanol groups start to condense. Hungeal. found that the water adsorp-
tion capacity decreased proportionally with the number of silanol groufjs [he
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Figure 2.6: DRIFT spectra of [de-B]MFI zeolite powder after in-situ h&é@atment at 373 K, 673 K and 873K

measured isotherms can be described by a single site Langmuir model

Kw fw

1+ Kyfw @1

Ow = Qw,sat
whereq, is the water loading in the zeolite® is the saturation loading, anf),
denotes the water fugacity. The temperature dependancy of the Langisaiption
parameterK,,, can be expressed using the adsorption enthalpy by

—A
K = Kowexpf 20 (2.2)

The fitted adsorption parameters for the sample treated at 423 K and 1073 K

are listed in Table 2.2. The lower values of the adsorption parameter amdtgaiu
loading confirm the regressed decrease in adsorption at increasingrégomp of
heat treatment, whereas the heat of adsorption stays fairly constardapheity has
decreased by 40%, which is reasonably in-line with ##&0% decrease in silanol
groups determined from the NMR results, and confirms the conclusion mjéfiet
al. [37]

2.3.2 Pure water permeation

To show reproducibility, the permeation of pure water through two [defB]Mem-
branes were measured at 363 K. The membranes were synthesizediragto the
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Table 2.2: Langmuir adsorption parameters of water adsorbed on [de-BjidWwder after heat treatment at 423 K

and 1073 K.
Te/K | Kow/1078Pa 1 | gf/mol-kg T | AagdHw/kJ-mol T
423 3.3 3.1 -34
1073 2.1 1.9 -36
800
600 T
'TOD 7 heat
f treatment /K
S 400 T
E J 423
S 2004 ©673
©-873
;8 7
©1073
O T T T
0 10 20 30 40
p /kPa

Figure 2.7: Water adsorption isotherms on [de-B]MFI measured at 323 K.[@beB]MFI material has undergone
heat treatment at different maximum temperatures
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Figure 2.8: Water loading ¢) measured at 10 kPa and 323 K versus calcination temperature
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same recipe and been exposed to the same heat treatment. The water figk thro
both membranes revealed to be essentially insensitive to the feed pragsite (
6 bar), indicating a low contribution of viscous flow through macroscopfeals
[39, 40]. The treatment with the diluted NaOH solution does not seem toaterre
the membrane quality. The amount of silanol groups is stepwise decreaseth-b
jecting the [de-B]MFI membranes to a heat treatment of respectively 483 KK,
873 K, 1073 K and 1273 K. After each heat treatment the water permeatmeas
sured. The dependency of the flux on absolute pressure is also exadiar each
calcination step to ensure that no macroscopic defects have been founiegl tthe
heat treatment. The permeation of water is found to be insensitive to the d&&iat tr
ment (Figures 2.9 and 2.10).

A simple model for single component permeation, assuming low adsorption, is
[41]

b
Ny = —pwqivatKW%”A fu (2.3)

whereNy, is the water flux an@®y is the Maxwell-Stefan diffusivity. From this equa-
tion it is evident that the Henry adsorption parameggi'k,,, and the diffusivity both
have a proportional impact on the flux. Since the water adsorption dectegith
heat treatment (Figures 2.7 and 2.8) and the flux has shown to remainrdqféga
ure 2.9 and 2.10), the diffusivity must compensate for the decreasearpéds and
thus must have increased with heat treatment.
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Figure 2.9: Pure water flux through membrane 1 measured at 363 K and atmasphessure for a [de-B]MFI
membrane that has undergone heat treatment at various termperatu
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Figure 2.10: Pure water flux through membrane 2 measured at 363 K and atmasphessure for a [de-B]MFI
membrane that has undergone heat treatment at various tenpettiereby varying the number of silanol groups.

2.3.3 Water/ethanol permeation

The flux and separation factor of water/ethanol mixtures (water molardrain the
feed,xy = 0.5) has been measured as a function of the calcination temperature. The
low ethanol selectivity and total flux both increase with calcination temperatane
firming the membrane becomes more hydrophobic (Figure 2.11). The mixturie flux
an order of magnitude lower than that of pure water. Using normal silicaliterh-
branes, separation factors of 5 and fluxes of 0.05nkd-s ! have been measured at
this feed composition, while in this work the measured flux increases frond @04
0.185 kgm2.s71

Ethanol adsorption experiments have been conducted using the samgiies ate
423 K and at 873 K. The adsorption showed a type 1 behavior with higheiptdow
pressures. Before each adsorption measurement, the sample wasedegjes73 K
under vacuum. After each ethanol adsorption/desorption cycle onniy@esaalcined
at 423 K, the adsorption capacity appeared to decrease (Figure ZA&)sample
calcined at 873 K showed similar behavior. The decreased adsorppagitawas
also observed for nitrogen adsorption experiments at 77 K. At modenatédigh
relative pressures, hardly any nitrogen uptake is observed sugpéstimbsence of
a significant contribution of both meso- and small macropores. A capaditealse
was also observed when the sample was not heated during degasskepthunder
vacuum at room temperature for 48 h.
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Figure 2.11: Total flux and ethanol separation factor of a water/ethangturé (,=0.5) measured under pervapo-
ration conditions at 348 K and atmospheric pressure for B[i#F1 membrane that has undergone heat treatment
at various temperatures thereby varying the number of silgimaips.

DRIFT analysis of the powder sample after the ethanol adsorption shows a
increased absorbance at the wavenumbers assigned to the CH-sirefibhittions
(2800-3000 cmt). By increasing the temperature these absorbances diminish and,
at 723 K, the absorbances have dissapeared (Figure 2.13). Aftiindnéne sample
to 723 K, also the adsorption capacity is restored.

11B MAS NMR of the sample after ethanol adsorption revealed a peak atpph9
indicating that some tetragonally coordinated boron was still present inaheefr
work.

2.4 Discussion

The?°Si MAS NMR data (Figure 2.5) and the DRIFT spectra (Figure 2.6) shot tha
the number of silanol groups within the zeolite framework is increased byrdea-
tion and are tunable by heat treatment (Table 2.1). The adsorption measuse
show a slight decrease in the water uptake after heat treatment (Figumed2278).

From Figure 2.13 it is obvious that increasing the temperature decreasais-th
sorbance at 950 cm, corresponding to silanol nests. Comparing the absorbance
before heat treatment (Figure 2.13a) with the one after heat treatmentg2d 3f),

a clear decrease in silanol nests is observed, as well as the absodsamease in
the 3200-3700 cmt. The isolated silanol vibrations-@3740 cnt! [42]) are much
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Figure 2.12: Ethanol adsorption on [de-B]MFI treated at 423 K after 3 apison/desorption cycles measured at
273 K.

C-H stretching OH-nests
v_/n—//\/\/\"\'\-» g
~ N
5 f
< ™ e
~ d
8
§ il P g N g C
5 "\ b
Y e
=
S ~— ~Ns g
A,
4000 3500 3000 2500 2000 1500 1000 500

Bl
wavenumber/ cm

Figure 2.13: DRIFT spectra of [de-B]MFI after ethanol adsorption meadwae298 K (a), 423 K (b), 523 K (c),
623 K (d), 723 K (e), and again at 298 K after cooling down fra28 K (f) and a sample before ethanol adsorption,

measured at 298 K (g)
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better visible after heat treatment. The decrease in silanol groups duaderco
sation is irreversible, as is concluded from the unchar@&tQ?® ratio in the NMR
measurements after water exposure at 363 K.

Despite the decreased number of silanol groups, the pure water pemisatio
independent on the post synthesis heat treatment. The two synthesizedamesnb
yield similar results, showing the reproducibility of the applied method. The insen
sitivity of pure water permeation to heat treatment also holds for normal silidalite
membranes [43]. The measured fluxes are, however, a factor two wprtdirhes
higher than for normal silicalite-1 membranes [43, 44]. The insensitivitydcba
explained by the trade-off between adsorption and diffusion, as threaksd water
adsorption is compensated by an increase in water diffusivity (Equation Qirsce
the presence of silanol nests does not significantly alter the pore diar@gtstefic
hindrance due to silanol groups is not expected to affect mass transpor

The decrease in the water saturation loading (fitted from the isotherms ireFigur
2.7) by 40%, is reasonably in-line with the50% decrease in silanol groups deter-
mined from the?°Si MAS NMR results (Figure 2.5), and confirms the conclusion of
Hunger et al. [37]

The water/ethanol selectivity confirms the increased hydrophobicity wigh he
treatment (Figure 2.11). Despite the increased number of silanol nestsethlrane
is still selective for ethanol. So an inversed selectivity, as was obséovetDS-1
[13], is not obtained for [de-B]MFI. The ethanol separation factoréases with 50%
from 2.2 to 3.3 after heat treatment up to 1273 K, but does not fully reacletiels
of pure silicalite-1 membranes. The initial boron content of the zeolite céineiube
increased up to six boron per unit cell, using a synthesis in fluoride me2ij2%.
Combining the deboronation with a non-thermal calcination procedure ctrefu
increase the number of silanol groups to a level where the membrane isveciec
water [11, 45].

Ethanol appears to bind strongly to the [de-B]MFI zeolite. Although the sam-
ple is degassed at 573 K under vacuum before measuring, the ethaaké We-
creases after each adsorption experiment (Figure 2.12). From thETDdplectra
of the [de-B]MFI samples after ethanol adsorption, hydrocarboratidms are ob-
served, indicating residual carbonaceous material (Figure 2.13ailarscapacity
decrease was observed without heating and no hysteresis waseaszbgering the
uptake experiments, indicating that no reaction or pore blockage ocuatirgydhe
ethanol adsorption experiments. It appears a reaction takes plac¢hef@isorp-
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tion measurement or during degassing. Since the loading of ethanol istiemtlad
experiment, this could explain the consecutive decrease in capacity. fathe-
tion of ethanol with terminal silanol groups in zeolites has been obsen&dijdt
seems unlikely at this temperature [47]. Moreover, the reaction of etlwétiothe
surface silanol groups in a NaY type zeolite, showed to be irreversible \hile
here, the material is regenerated after heat treatment at 723 K. Mdrahbeo the
ethanol could have formed an ethyl borate with residual boron in the fvankg48].
The tetragonal coordination of the boron, revealed by NMR, excludesetiction of
ethanol with boric acid yielding triethyl borate, which is trigonally coordinafius
could result in blockage of the pores and explain the reduced adsonajmacity
after each consecutive adsorption/desorption cycle. These otisesvamphasize
that care must be taken to completely remove the boron from the sample. During
the water/ethanol permeation experiments, however, no systematic adereéhx
was observed. This could indicate a more complete deboronation of the nmasbra
compared to the zeolite powder.

2.5 Conclusions

The influence of variable numbers of silanol groups introduced by roelation
within an MFI zeolite membrane on the permeance of water has been investigated
Tuning the polarity by means of the silanol groups allows for a systematictinves
gation of the polarity, since the amount of silanol groups can stepwisedweetd
for a single membrane. [B]JMFI membranes containing 2 B/u.c. have bee¢hesyn
sized and deboronated, leaving two silanol nests of four silanol greepsnit cell.
295i-NMR and DRIFT analysis confirm the amount of silanol groups is tunaple
heat treatment between 423 K and 1273 K. However, after heat treaétn&273 K
there are still 4 silanol groups present per unit cell, which could becoodensable,
surface silanol groups. Although ICP analysis confirms the deboranati® MAS
NMR analysis shows there is still boron present in the framework of thelpoaam-
ple. The measured pure water fluxes of the [de-B]JMFI membranes ahnerhigan
through normal silicalite-1. However, no effect of the variation in the arhadin
silanol groups on the pure water permeation flux is observed. The wagerion
decreases with increasing calcination temperature, meaning the diffusisiigases
accordingly, keeping the flux constant.

The selectivity shows more sensitivity for changes in the number of silaioopg.
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The total water/ethanol flux and ethanol separation factor increasesl@dteasing
number of silanol groups. The total flux and ethanol separation faftesrteeatment
at 1273 K are comparable to values measured for silicalite-1 membranesveksan
in water/ethanol selectivity could not be obtained.

Residual boron in the framework may react with the ethanol and reducalthe

sorption capacity of the zeolite. The membrane samples were well debatpsiate
no irreversible reduction in flux was observed after ethanol permeationgh the
[de-B]MFI membranes.
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CHAPTER3

Abstract Two multi-channel defect-free high-silica MFI membranes have been
tested for the removal of ethanol from a 7 and 3 mol% aqueous solutider yerva-
poration conditions. One membrane is detemplated by calcination at 7#&lKaree is
ozonicated at 473 K. The flux and ethanol separation factor werendett at 348 K,
360 K, and 373 K. The ethanol separation factors of both membraeessimilar and
ranged from~20 at 373 K to~40 at 348 K. The ethanol and water fluxes through
both membranes in this temperature range are proportional to the centgagacity
difference over the membranes. The calcined membrane showe@arigher flux
than the ozonicated membrane, showing the ozonication could not compét®ve
the template. After the ozonicated membrane was calcined at 723 K, thedh@ased
to a similar value as the initially calcined membrane, while the separation fadtonotl
change. Both membranes showed an increase in flux by a factor oftevaaubsequent
calcination at 823 K, also without affecting the separation factor. The ¢adgtination
temperature required for complete detemplation indicates the presealerhum in
the zeolite framework of the membrane. The membrane stability was meaifor
40 h and 177 h of operation for the initially calcined and ozonicated merabraspec-
tively. At 348 K the membranes showed stable performance, but tbditytaf the
membranes at elevated temperatures is limited, showing a decrease flubathd se-
lectivity during operation at 373 K. The effect of the exposure to a vetteanol mixture
on the zeolite membrane is investigated by diffuse reflectance infrareteFtransform
(DRIFT) spectroscopy, magic angle spinning nuclear magnetic raserff!AS NMR),
Thermogravimetric analysis (TGA), and nitrogen adsorption expetisngsing several
MFI-type zeolite powders. The most plausible mechanism causing theilitgtaf the
membrane is ethoxy formation of the ethanol with the silanol groups aadgged acid
sites in the zeolite framework combined with formation of hydrophilic extaanwork
pathways by hydrolysis.
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3.1 Introduction

The use of renewable energy sources is becoming a necessity andahibtais the
key feature in novel process and product design. The depletiomwaohederials gives
rise to the utilization of alternative, renewable fuels. Bio-alcohols are anentbst
used non-fossil alternative transport fuel in the world. Brazil’s deniso produce
fuel alcohol from sugar cane, and the use of bio-ethyl-tert-butyldthierETBE)

in the U.S. as an octane enhancer of gasoline, replacing the more envirtatiyne
unfriendly methyl-tert-butylether (MTBE), have made transportation biokait a
relatively well-developed industry [1]. Bio-alcohols can be producgftbmenting
bio-mass, such as sugar cane and beets, corn and wheat. Althoeghl sézohols
can be produced by fermentation, most of the produced bio-alcohokirdtiSince
the required water content for ethanol as bio-fuel or fuel additivelievi 1.0 mass%

in the U.S. and below 0.24 mass% in the E.U. [2], ethanol enrichment afteeithe f
mentation process is required. This can be done by means of distillationlsbut a
NaA (LTA) membranes are already being used on a commercial scaleHgdide
tion of bio-alcohols [3]. The production of ethanol by fermentation is ligump-
erated in a batch system, and the inhibition by ethanol on the fermentatiorsproce
limits the maximum attainable concentration in the fermentor [4]. Selective removal
of the ethanol from the fermentor would increase the alcohol produciiod,can
be used to design a continuous process. Organo-selective membaanies used
to selectively remove ethanol from the fermentation broth. Polymeric, ceramoic
liquid membranes are being investigated for this purpose [5, 6]. Silicaliteslitee
membranes show good fluxes and selectivities for ethanol separatiorafjoeous
solutions [4, 7]. Table 3.1 shows an overview of fluxes and ethanaragpn factors,
Oew, for ethanol enrichment from aqueous solutions.

Using ozone allows the detemplation of zeolites to be carried out at tempera-
tures far below conventional calcination temperatures [15]. This metithates the
change of crack formation due to thermal stresses. Because the zeotitdeated
above 473 K, the silanol groups in the zeolite framework are prese”RI&IMAS
NMR shows a higher number of silanol groups of ozonicated silicalite-1 eosap
to calcined silicalite-1, meaning ozonication yields a more polar zeolite framework
[16].

Zeolites are generally more chemically and thermally robust than polymers [17]
and all-silica zeolites are more chemically and thermally stable than aluminum con-
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Table 3.1: Fluxes and ethanol separation factors in ethanol enrichnedifferent types of zeolite membranes.

Zeolite membrane | Treed | feed ethanol | dew flux ref.
/K | conc./wt% /kg-m~2.h~1
Silicalite-1 303 5 41 0.1-0.5 [4]
Silicalite-1 303 5 58 0.76 [8]
Silicalite-1 343 9.4 1.3 21 [9]
Silicalite-1 303 11.8 63 0.60 [10]
Silicalite-1 303 10 100 0.56 [11]
Silicalite-1 305 9.7 11.5 0.10 [12]
Silicalite-1 298 5 10 0.07 [13]
[Al]lZSM-5 298 5 9.4 0.06 [13]
[Fe]zsSM-5 298 5 3.4 0.06 [13]
[B]ZSM-5 298 5 21 0.05 [13]
[Ge]zSM-5 298 5 29 0.11 [13]
[Ge]zSM-5 303 5 47 0.223 [14]

taining zeolites [18]. Nevertheless, it is shown that aqueous solutionsveatually
deteriorate zeolite membranes [19, 20]. To determine the stability of this silicalite-1
membrane at elevated temperatures in aqueous ethanol solutions, thedfespan
ration factor are examined for over 177 h of operation.

3.2 Experimental methods

The membrane used is an all-silica multi-channel MFI zeolite membrane (NGK Insu
lators, Japan), consisting of a zeolite layer of 10 tqub% coated on the inside of the
channel walls of am-alumina asymmetric monolithic support (length of 80 mm and
30 mm outer diameter) with 37 channels of 3 mm in diameter giving a total mem-
brane surface area of 2.90~* m? (Figure 3.1). The outer ends of the membrane
are glazed and the membrane is mounted in a module and sealed with Kalreg.o-ring

In this work we investigate the ethanol enrichment from an aquous solutian b
multi-channel MFI zeolite membrane (NGK Insulators, Japan) under peration
conditions. Two membranes have been tested of which one is detemplatedisy mea
of calcination (M1), while the other membrane has been initially detemplated by
means of ozonication (M2).
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Figure 3.1: Multi-channel monolithic high-silica MFI type zeolite membeand module.

3.2.1 Template removal
3.2.1.1 Calcination

The calcination of membrane M1 was done by NGK Insulators in air at 773K fo
4 h and a heating and cooling rate below 106#. The ozonicated membrane, M2,
was calcined in a static air programmable furnace (Carbolite CSF11003 & #2

4 h with a heating and cooling rate of 30/ after the separation performance was
determined.

3.2.1.2 Ozonication

The detemplation of the zeolite membrane by ozonication is carried out in a stainles
steel membrane module, sealed with Kalrez o-rings (Figure 3.1). The module is
placed in a programmable oven (Binder FP53) which was heated to 473 & asin
heating/cooling rate of 60 1. Dry oxygen from a gas cylinder is passed through
a Corona discharge ozone generator (A2Z Ozone Systems, SOZAB)GEigure

3.2). The inlet pressure of oxygen at the ozone generator is set at @sing a
pressure reducer (RV). The needle valve before the 0zone detistpran be used

the increase the system pressure. Using a mass flow controller (MF@ikgibrst
Hi-Tech B.V.), the zeolite sample is exposed to a flow ok 2 m3-h~1(STP) dry
oxygen containing 80-g13(STP) of ozone, where standard conditions are 298 K
and 1.01 bar. The second mass flow controller (MFC2) can be used to tfitute
ozone stream with pure oxygen. The checkvalves (CV1 and CV2yemsuback
flow of ozone to the mass flow controllers. The ozone concentration authet of
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the oven is monitored using an ozone detector (Lenntech, BMT 964) dfiehwt is

sent through a manganese dioxide/copper oxide catalytic ozone destiisetup
can be shut down by closing a solenoid valve (SV) and the ozone geneBafore
ozonication, the system is flushed with pure oxygen at 473 K to ensuréea-free
atmosphere.

Ozone o

detector/ ven

vent «4—  destructor -t
NV
Ozone
0, >
generator
RV SV MFCl1 CVl
| Module

MEC2 CcvV2

Figure 3.2: Schematic illustration of ozonication setup. RV: pressericer, SV: solenoid valve, MFC: mass flow
controller, CV: check valve, NV: needle valve.

3.2.2 Pervaporation experiments

Permeation measurements have been conducted under pervaporatiitiocsms-

ing aqueous ethanol mixtures consisting of demineralized water and 108%6d=ic
grade ethanol. The permeation experiments were conducted using thelsatupin
Figure 3.3. The setup consists of a feed vessel, heated by a thermodfatiwthiah
controls the temperature at the membrane outlet (TIC1). The liquid feed isqgglmp
around between the feed vessel and the membrane module and theegedber
module (P11) can be adjusted using a valve (V1). The permeate is cattesisg

a cold trap, which is cooled using liquid nitrogen. The tubing on the permeate sid
is electrically traced to prevent condensation before the cold trap. Ths are re-
moved using a vacuum pump. The setup can be heated to temperatures 8iKto 42
and can be pressurized up to 16 bar using nitrogen as a pressuriginD@gato the
heat generated by the pump, the minimum temperature at which experiments can b
conducted is 348 K.

The flux is measured by determining the weight increase in time of the cold trap.
The weight is measured every 10-30 min, depending on the flux. Wheruthesfl
stabilized the data is collected. To prevent the depletion of the permeating nentpo
a dosage pump is used to add the preferentially permeating component tositiein
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nitrogen

P12 vapor JIC |
. 4—@—— make up feed
MEMBRANE
MODULE DOSAGE
VACUUM 7 liquid PUMP
PUMP yy I |
COLD TRAP %vz FEED PUMP
feed sample

Figure 3.3: Schematic illustration of the pervaporation setup

feed vessel.

In pervaporation processes the membrane performance is oftentehniaiet us-
ing the permeancdl;, comprising from both adsorption and diffusion effects and
relating the fluxN;, to the fugacity difference over the membradd; [21, 22]. Un-
der pervaporation conditions, the Poynting factor can be neglected aridghcity
coefficients are assumed to be unity. This results in [22]

Ni = A fi = T (¥R — YiPoerm) (3.1)

The temperature dependence of the permeance can be characteraedfyyarent
activation energyEapp, and a pre-exponential factdil; o. The apparent activation
energy comprises a contribution of both the activation energy for diffussowvell as

the enthalpy of adsorption [23].

—E
= I7i7oexp< Rf’l_pp> (3.2)
The selectivity of the membrane is characterized by the separation fattich 8

defined as
. YiX|
i

Y
As the driving force is insensitive to the absolute pressure (Poyntirtgrfac

negligible), the flux dependency on the absolute pressure can be uassetss the

membrane integrity. When macroscopic defects are present, a part afxttaefoss

(3.3)
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the membrane will be transported by non-selective viscous flow, whiatelates
linearly with the pressure [24]. To ensure there is no contribution of nsaopic
defects, the pressure dependency of the flux and separation fateassired. This is
done by increasing the pressure in two steps frabd0 to~1000 kPa using nitrogen
as pressurizing gas, after which the pressure is again reduced tel®® kPa to
verify the membrane stability during the pressure test.

The composition of the feed and permeate is determined by means of densimetry
(Anton Paar DMA5000). The organic impurities in the feed are analyzedasy
chromatographic (GC) analysis (Chrompack CP9001, with an FID detentba
CP-Sil-SCB 25 m, 0.53 mm column with atbn film thickness, using pNas sweep
gas), using a temperature program heating the column from 323 K to 523 Kawith
heating rate of 20 Knin~?.

The asymmetric support of the membrane with its complex topology imposes a
mass transport resistance, especially for the inner channels. Suegistnce can
have a profound effect on the membrane performance [25]. HowBR3R type
membranes have shown similar permeances for multi-channeled [26] ateltsing
supports [18]. Also, because the porosity characteristics of the Hupyers were
not available, the permeate pressure is not corrected for the suppistance in this
study. Thereby we assume that most of the mass transport resistancecig@olite
layer [17].

3.2.3 Analysis of zeolite powders

To determine the effect of exposure to the feed mixture on the zeolite membrane
several analytical techniques have been applied. Since the membrametdaa
non-destructively analyzed directly, calcined and ozonicated silicaliteatler and
calcined ZSM-5 powder (HZSM-5 with a silica to alumina ratio, Si/Al=50), which
were synthesized according to recipes from literature [27, 28], wsd in the anal-
ysis. The crystal morphology of the silicalite-1 crystals was examined byriog
Electron Microscopy (SEM) (Philips XL20). The aluminum content of thé&VZs
powder was determined by inductively coupled plasma optical emission cpestr
try (ICP-OES) analysis (PerkinElmer Optima 5300 DV). The ZSM-5 povsgeves
to investigate the possible influence of incorporated aluminum from the duppe
terial into the zeolite framework.

To simulate the experimental conditions the powder samples were put in a Teflon
lined autoclave, containing a water/ethanol mixture with the same composition as
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the feed of the pervaporation experiments (7 mol% ethanol), and put invact@n

oven at 373 K for 24 h. The samples were subsequently filtered and idrisid

for 24 h at 373 K. To determine the effect of heat treatment after thesexpdo

the water/ethanol mixture, the samples were again treated at 648 K to 723 K and
analyzed.

DRIFT spectroscopy was conducted to determine the presence ofchydoms
after the ethanol exposure. The DRIFT analysis (Bruker IFS66¢ wenducted at
room temperature using KBr as background. Prior to the analysis, thdesamgre
heated,in situ, to 393 K to remove any moisture and volatile components. Both
the analysis and pre-treatment were carried out under helium atmosptitnethe
analysis, the samples which had been exposed to the water/ethanol migtstédar
sequently heateid situto 648 K (maximum attainable temperature of the apparatus),
and again analyzed at room temperature to study the reversibility by haménet.

The TG analysis (Mettler Toledo, TGA/SDTA 851e) was conducted in an air
atmosphere using a heating rate of 10nih—t. The analysis serves to verify the
removal of the template as well as to determine the presence of any adswrbed
reacted organic material in the framework due to the exposure to the wadedeth
mixture.

Nitrogen adsorption characterization was conducted (Quantachromeokbto
6B) to investigate the possibility of pore blockage or reduction in pore voluyne b
irreversible adsorption or chemisorption of ethanol or hydrolysis ofrdraéwork by
water. Prior to the nitrogen gas-adsorption measurements, the sampledriedria
vacuum at 573 K in order to remove present moisture and other volatile ceniso
(the weight of the sample after drying is used in the calculations). The nitroge
adsorption and desorption isotherms were measured at 77 K. The BETdwediso
used to calculate the specific surface area of the samples atwplibtemethod was
applied to determine the micropore volume.

29sj, 2’Al, and 13C magic angle spinning nuclear magnetic resonance (MAS
NMR) spectroscopy and cross polarization (CP) MAS NMR spectrgsa@pe used
to investigate the structure of the organic material in the zeolite pores and te dete
mine the presence of extra framework aluminum. The NMR measurements were
conducted using a 4 mm zirconium holder with a spinning frequency of 1Z.&H
298 K. The?®Si MAS NMR were measured with a frequency of 79.449 MHz, a re-
laxation delay of 15 s Th& Al MAS NMR spectrum was obtained at 104.201 MHz,
a relaxation delay of 1 s. For tHéC CP MAS NMR measurements, a frequency of
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100.555 MHz and a delay of 5 s was used. The chemical shifts dP8ieand3C
NMR measurements were referenced with respect to tetramethylsilane (#ithS)
an acquisition time of 0.05 s. THEAI NMR measurements were referenced with
respect to AI(N@)3 with an acquisition time of 0.08 s.

3.3 Experimental Results

The ozonication of M2 was done for 60 h, treatment for an additional 3@ hadther
increase flux nor alter the membrane selectivity. ARelO h of operation, membrane
M2 was calcined at 723 K, this membrane is referred to as M2c. The memeane
formance was monitored for 40 and 177 h of operation for M1 and Mpectwely,
during which the the membrane integrity was tested regularly by performingsa pr
sure test.

3.3.1 Pressure test

The total flux and ethanol separation factor were measured as a fuottioa feed
pressure and both are not affected by an increase in absolute nere$she feed,
indicating the membranes do not contain any defects giving rise to unseletgiv
cous flow. Figure 3.4 gives a typical profile during a pressure testlofidasured at
348 K after 28 h of operation. The flux and selectivity are both insenddicaanges
in absolute pressure in the range of 120 kPa to 1010 kPa, indicating txdbotion
of non-selective viscous flow, and confirming the absence of mag@sdefects.
This observation was consistent throughout the complete experimerial. ser

3.3.2 Comparison of ozonicated and calcined membrane in edinol/water
pervaporation

Membrane M1 and M2 are compared under the same conditions in the enrtabfmen
a 7 mol% aqueous ethanol solution at temperatures of 348 K, 361 K, ang. 3t
measured total flux and ethanol separation factor are shown in Figs#&sBd B.
The separation factor decreases with temperature, while the flux insreféiggires
3.6A and B give the ethanol and water component flux, respectivedyfasction of
the species fugacity difference over the membrane. The linear trend stgpvation
3.1 gives a fair description of both the ethanol as well as the water fluxiré-i§} 7
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Figure 3.4: The total flux @) and ethanol separation factap) as a function of time during a pressure test at 348 K
of membrane M1 after 28 h of operation, showing no pressurendigmey of flux and separation factor.

gives an Arrhenius plot of the permeance data, showing the temperaferdencies
of both the ethanol and the water permeance are well described by egqB&tio

The apparent activation energies and the pre-exponential factovgafer and
ethanol are listed in Table 3.2. Extrapolating the membrane performance t,303
using the values from Table 3.2, yields a total flux of 0.36, 0.19, and 0.57 K1
with an ethanol separation factor of 145, 204, and 107 for membraneMd,land
M2c, respectively.

Table 3.2: Apparent activation energieEapp and pre-exponential factorsly, for ethanol and water permeation
through membranes M1, M2 and M2cTat= 348, 360, and 373 K art = 0.07.

Membrane Eapne I'lo,e Eapnw l'lo,w
kJ:-mol~! | molm=2s1.Pal | ki-mol~! | molm-2s1.pal

M1 -10.3 2.2x10°8 13.7 1.1x10°°

M2 -9.6 1.5x10°8 20.6 6.4x10°3

M2c -17.8 0.2x10°8 9.3 0.4x10°5

There is no observable difference in the selectivity of the ozonicatethanchl-
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Figure 3.7: Arrhenius plots of M1 @,H), M2 (O,0), and M2c (@,M) for the water (squares) and ethanol (circles)
permeance at an ethanol feed concentration-60.07. The lines indicate the linear fit according to equatich 3.

cined membrane, although a higher number of hydrophilic silanol grouppécted

in the ozonicated membrane [29]. After the calcination of the ozonicated mambra
M2, at 723 K, the flux is doubled to a value corresponding to the flux aarem-
brane M1 which was initially calcined at 773 K. The observed decrease etlianol
separation factor is related to the membrane stability, as is discussed later.

3.3.3 Membrane stability

To investigate the membrane stability of M2c, pervaporation experiments wefe ¢
ducted for over 177 h. The temperature was alternated between 373 B48ri,
where the membrane integrity was evalutated by performing a pressure tegs- A
tematic reduction in flux and selectivity is observed after permeation expgemen
were conducted at 373 K, at 348 K, on the other hand, the membrarmemarfce ap-
peared to be stable. Figures 3.8 and 3.9 depict the ethanol and watezslpectively,
during the complete experimental program of membrane M2. Figure 3.1Gsghew
feed ethanol molar fraction, and the permeate ethanol contgatand Figure 3.11
shows the progression of the ethanol separation factor. The initial eélag,, of
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40, decreased to a value of 10 after 100 h of operation at, alternatingli,3360 K,
and 348 K. To determine the membrane performance at lower ethanohtaatmns,
several measurements at a feed concentratiog ©f0.03 andT = 348 K have also
been conducted before and right after the calcination step at 723 Ksélffaation
factor and total flux remain fairly constant at this lower ethanol conctoitra

To exclude the possibility of hydrolysis of the zeolite, forming silanol groups
membrane M2 was again calcined, this time at 823 K, after 112 h of operatiis. T
did not restore the selectivity of the membrane, as the ethanol separation riz
mained constant. The flux, on the other hand, increased by 85%, whizimjsacable
to the increase after the calcination at 723 K. During an additional 30 hes&étpn
at 348 K, the membrane showed stable performance, after which the meniman
again calcined at 823 K, and subsequently at 923 K. These calcinatmnditenot
result in a significant change in either flux (Figures 3.8 and 3.9) or sétgdfrigures
3.10 and 3.11), confirming complete detemplation after the first calcinatior8d.82

The stability of M1 was also examined for 40 h of operation. Since less exper
iments at 373 K have been conducted, the separation factor has remkaisedtc
the initial value, decreasing from the initial value of 40 to 30 after the firsese
of experiments at 373 K (Figure 3.15). Analogously to M2, lowering theretha
feed concentration t®& = 0.03 showed no substantial change in flux (Figures 3.12
and 3.13) or separation factor (Figure 3.15). However, during theasunaments a
gradual decrease in separation factor and flux is observed. Bd®mexperiments
were continued ate = 0.07, the membrane had been off-line for 98 days. The mem-
brane was stored at room temperature in a sealed container in air atnesfifier
the time off-line, the separation factor had decreased from 27 to 18, whil®thl
flux remained the same at 1.4-kyy 2h~1. Calcination of M1 at 823 K showed a sim-
ilar effect as observed for M2. The total flux increased from 1.2 to g;&kzh‘l,
while ag\ showed a small increase from 19 to 21. After the calcination at 823 K,
the membrane was again exposed to a measurement at 373 K, which resuted in
decrease in separation factor at 348 K from 21 to 18. Also during theurerasnts
at 373 K, the ethanol flux and separation factor decreased much npodéy rénan
during the measurements at lower temperatures, while the water flux remaawed p
tically constant.

In every experimental series for both membranes, a pressure tesomgiscted
to confirm the integrity of the membrane. No pressure dependency of fflsepa-
ration factor was observed, verifying no defects were formed durihgration and
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operation. The GC analysis of the feed and the permeate after the complete ex
mental series did not reveal any build-up of contaminants in the feed semque of
other compounds than in the initial feed, which only contained a small impurity of
methanol.
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Figure 3.8: Evolution of the ethanol flux at. = 0.07 and 348 K @), 360 K (0), and 373 K @) and atxe = 0.03
and 348 K &) for membrane M2. The dashed lines indicate the extra ozaoicand the calcination steps.

3.3.4 Zeolite powder analysis

To determine the mechanism behind the deterioration of the membrane perderman
in time, analysis of zeolite powders is conducted. The silicalite-1 crystal ste- is
termined by SEM analysis to be 2113 x 26 um in thea, b, andc-direction, re-
spectively. The shortest characteristic length is thus comparable to the areambr
thickness. To asses the template removal by ozonication, the zeolite powader w
ozonicated for up to 60 h, while at intermediate times samples were taken and ana
lyzed by TGA (Figure 3.16). The sharp decrease in mass around 473h¢ iIRGA

curve of the non-detemplated sample is attributed to the oxidation of the template.
The mass reduction is decreased with increasing ozonication time, cardasgoo
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Figure 3.9: Evolution of the water flux ate = 0.07 and 348 K@), 360 K (O), and 373 K @) and atxe = 0.03 and
348 K (a) for membrane M2. The dashed lines indicate the extra ozéoigatnd the calcination steps.

the removal of the template. The TGA curves show that the ozonication was es
sentially complete after 18 h, prolonging the ozonication time to 24 h or 60 h only
marginally decreases the mass decrease around the temperature assotiatee
oxidation of the template. Even after 60 h ozonication a small mass decrease ar
723 K is observed, indicating some residual template material, although phe of
mass loss can also be attributed to the condensation of silanol groups [30].

Figures 3.17, 3.18, and 3.19 show the DRIFT spectra and TGA cureadoified
and ozonicated silicalite-1 powder and calcined ZSM-5 powder, respictiFigure
3.17 also includes the data for the uncalcined silicalite-1 sample. The C-Hitigetc
vibrations (2800-3000 cnt) and the C-H bending vibration (1400-1500 chifrom
the organic template are clearly visible in the as synthesized sample, busarg &b
the calcined samples. The removal of the template is also confirmed by TGA) whic
shows no decrease in mass around 723 K.

The TGA curve of the calcined silicalite-1 sample (Figure 3.17B) shows a limited
decrease in mass at temperatures below 400 K, which can be attributedabpbss
ysisorbed water. After exposure to the water/ethanol mixture the caldiiedite-1
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Figure 3.10: Evolution of feed and permeate compositions measured using rmembt2. The permeate ethanol
concentrationye, at 348 K @), 360 K (0), and 373 K @), and the feed ethanol concentratiag, at 348 K (J),
360 K (M), and 373 K @) are shown. The dashed lines indicate the extra ozonicatimhthe calcination steps.

powder show a small change in the DRIFT spectrum at the wavenumbregspond-

ing to hydrocarbons (Figure 3.17A). There is a reduction in the broad Ba3100-
3750 cn1l, which is assigned to adsorbed water. This is in concordance with the
TGA curves, which show the disappearance of the initial decrease inaftasshe
sample has been exposed to the water/ethanol mixture. The changes intlceé

and the DRIFT spectrum which occur after exposure to the feed mixamain after

the samples were calcined at 723 K and 648 K, respectively.

The DRIFT spectra of the ozonicated silicalite-1 sample (Figure 3.18A) show
higher absorbance at 3100-3750 ¢has compared to the calcined sample, which
indicates the higher hydrophilicity due to the increased number of silanabgro
After exposure to ethanol, an increased intensity corresponding tot€ztdtsng vi-
brations is observed. These absorbances are more pronouncddrttf@calcined
sample and also remain after heat treatment at 648 K. The terminal silanglsgro
(3735 cn1l) seem to increase after exposure, and do not disappear after treatmen
648 K. The initial decrease in the TGA curve is not significantly effecte@xpo-
sure or heat treatment (Figure 3.18B). However, the total mass lossadesrafter
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Figure 3.11: Evolution of the ethanol selectivity at = 0.07 and 348 K @), 360 K (O), and 373 K @) and at
Xe = 0.03 and 348 K &) for membrane M2. The dashed lines indicate the extra ozdnicaand the calcination
steps.

exposure to the feed mixture and remains after the subsequent heat iteatme

The TGA curve of the ZSM-5 sample shows a large initial mass loss, camdsp
ing to physisorbed water (Figure 3.19B). After the ZSM-5 sample is exptusthe
feed mixture, a strong increase in the C-H stretching vibrations is obsérigd
ure 3.19A). The exposure also results in a decrease of the initial mask lthes
TGA curve, showing the zeolite has become less hydrophilic. As for theiceted
silicalite-1 sample, the terminal silanol groups seem to increase after eggoghe
feed mixture, and remain after heat treatment. After heat treatment therappea
of Bransted acid sites (3610 cr[31]) and a reduction in the intensity of the C-H
stretching vibrations are observed, although there are still C-H stretahsuybances
visible. The initial decrease in the TGA curve increases after the he&inegag but
is not fully restored to the initial value.

Nitrogen adsorption measurements on detemplated zeolite powder samples were
conducted before and after being exposed to a water/ethanol mixtureQ(07) at
373 K for 24 h and then dried for 24 h in air at 373 K and after subsdcduest
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Figure 3.12: Evolution of the ethanol flux ate = 0.07 and 348 K@), 360 K (O), and 373 K @) and atxe = 0.03
and 348 K @) for membrane M1. The dashed line indicates the calcinatiep at 823 K, while the solid line
indicated the time off-line for 98 days.

treatment at 723 K for 10 h. No significant changes in BET surfaceanegcropore
volume is observed after these treatments (Table 3.3). The somewhat lovesres
area for the ozonicated sample can be attributed to the small amount of fesidua
plate material present in the framework, which is in agreement with the TGA and
DRIFT data. Figure 3.20 shows the nitrogen isotherms of the samples gitesiar

and calcination, giving the adsorbed volume of nitrogéps as a function of the
ratio of the pressure over the vapor pressey@’. Neither the exposure to the feed
mixture nor the calcination changed the shape of the measured nitrogemrsethe

Figures 3.21A, B, and C show tR&Si, 13C and?’Al NMR spectra, respectively.
Due to the low amount of carbon in the ethanol exposed samples, the sigmaibto
ratio in the'3C CP MAS NMR measurements is low. For the calcined silicalite-1
sample the carbon content was too low to interpret the spectra. Therefdyehe
spectra of the ozonicated silicalite-1 and the ZSM-5 sample are discussed.

In the?°Si MAS NMR spectra (Figure 3.21A) th@® peak ¢ = -103 ppm) is as-
cribed to the (Si-OH)(Si-Q)and (Si-O-R)(Si-Oj groups (where R is an alkyl group),
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Figure 3.13: Evolution of the water flux ate = 0.07 and 348 K@), 360 K (0), and 373 K @) and atx. = 0.03 and
348 K (o) for membrane M1. The dashed line indicates the calcinatemat 823 K, while the solid line indicated
the time off-line for 98 days.

Table 3.3: Nitrogen adsorption data of calcined and ozonicated $itécd and ZSM-5 powder after detemplation
and after being exposed to a water/ethanol mixtuge=0.07) at 373 K for 24 h and then dried for 24 h in air at
373 K and after subsequent heat treatment at 723 K for 10 h.

Sample Detemplated Exposed Calcined
SeeT Vmioropore SseT Vmicropore SgeT Vmicropore
m2.g—l m3<kg*1 m2.g—1 m3_kg—l m2_g—l cm3_g—l
silicalite-1 calc. 453 0.19 419 0.19 439 0.19
silicalite-1 G 352 0.16 400 0.18 383 0.18
ZSM-5 464 0.20 483 0.20 453 0.19
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Figure 3.14: Evolution of feed and permeate compositions measured using rmembt1l. The permeate ethanol
concentrationye, at 348 K @), 360 K (0), and 373 K @), and the feed ethanol concentratiog, at 348 K (J),
360 K (H), and 373 K @) are shown. The dashed line indicates the calcination $t8p3K, while the solid line
indicated the time off-line for 98 days.

while theQ* signal @ = -113 ppm) is ascribed to the Si(Si-Q)nits [32, 33]. The
ZSM-5 sample shows a small peak at 106 ppm, which is ascribed to the Al{Si-O)
groups [34] (Figure 3.21A, c). As compared to unexposed sampl@stfi62°Si
MAS NMR spectra did not reveal any change in @&/ Q* ratio.

The 13C CP MAS NMR spectra of the ethanol exposed ZSM-5 and ozonicated
silicalite-1 samples (Figure 3.21B) show a signal at 61 ppm, which is assigned
terminal ethoxy species (SiO(GBHz)) and the signal around 70 ppm in the ZSM-

5 sample can be attributed to surface ethoxy species (SiggEE)JAl) [35]. The
signals at 17 ppm are attributed to methyl groups [36, 37].

The signal at 55 ppm in th& Al MAS NMR spectrum of the ZSM-5 sample
(Figure 3.21c) is assigned to framework aluminum, while a small peak at 0 ppm
shows the presence of a small amount of extra-framework aluminum [38].
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Figure 3.15: Evolution of the ethanol selectivity at = 0.07 and 348 K @), 360 K (O), and 373 K @) and at
Xe = 0.03 and 348 K &) for membrane M1. The dashed line indicates the calcinatemat 823 K, while the solid
line indicated the time off-line for 98 days.
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Figure 3.16: TGA curves of silicalite-1 powder ozonicated for (a): 0 h):(® h, (c): 3.5 h, (d): 8 h, (e): 18 h, (f):
24 h, and (g): 60 h, and (h): calcined at 723 K.
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Figure 3.17: (A): DRIFT spectra and (B): TGA curve of silicalite-1 powdmeasured at 298 K (a): as-synthesized
and (b): calcined at 723 K for 6 h, then (c): exposed to a wetteshol mixture Xe = 0.07) at 373 K for 24 h and
then dried for 24 hin air at 373 K and (d): after heat treatme648 K (in situ DRIFT) or 723 K (in furnace, TGA).

3.4 Discussion

The initial value ofae, of 40 at 348 K for both membranes is comparable to litera-
ture values measured at lower temperatures (Table 3.1). At 348 K, thacilags M2
(1.1 kgm~2-h~1) was significantly lower than the flux across M1 (1.9rkg?-h—1).
After calcination at 723 K, the measured flux through M2c increased tapd €-h—1.

Both the ethanol and the water flux are proportional with the componeatiflyg
difference over the membrane within the applied temperature range (Fig)rd Be
ethanol flux shows a negative deviation from the linear trend at 373 Kfarwater
the deviation is positive. This corresponds with the irreversible decieaséectivity
at this temperature.

The separation performance of M1 and M2 do not differ significantly ufeg
3.5A). Although M2 is expected to contain a higher number of silanol groMds
will also contain silanol groups because of the relatively low calcination testyre
[30, 39]. The temperature dependency of the permeance revealativaegpparent
activation energy for ethanol and a positive value for water (Table 3Bjs indi-
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Figure 3.18: (A): DRIFT spectra and (B): TGA curve of silicalite-1 powd®easured at 298 K (a): ozonicated for
60 h, (b): exposed to a water/ethanol mixtuxg-€ 0.07) at 373 K for 24 h and then dried for 24 h in air at 373 K
and (c): after heat treatment at 648iK §itu DRIFT) or 723 K (in furnace, TGA).
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Figure 3.19: (A): DRIFT spectra and (B): TGA curve of ZSM-5 powder with A~ 50 measured at 298 K (a):
calcined at 823 K, (b): exposed to a water/ethanol mixtuge=(0.07) at 373 K for 24 h and then dried for 24 h in
air at 373 K and (c): after heat treatment at 648rKsjtu DRIFT) or 723 K (in furnace, TGA).
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Figure 3.20: Nitrogen adsorption@®) and desorption) isotherms at 77 K of (a): silicalite-1 calcined at 723 K,
(b): ozonicated silicalite-1, and (c): ZSM-5 (Si/Al = 50)wwder after exposure to the feed mixture and subsequent
calcination at 723 K. The isotherms were similar to the ones ared$efore the exposure and calcination.

cates that for water the energy of activation of diffusion dominates oechéiat of
adsorption, while for the preferentially adsorbing species, ethanol,ghedf ad-
sorption is dominating in the temperature dependence of the permeation [28]. T
flux of the ozonicated membrane is approximately half the flux of the membr&ne ca
cined at 773 K (Figure 3.5A), indicating the ozonication resulted in a less ledbenp
detemplation as compared to the calcination at 773 K.

After a second calcination step at 823 K, both membranes showed almast a do
bling of the flux to 2.7 and 3.3 kgn~2-h~! for M1 and M2, respectively, while no
effect on the membrane selectivity is observed. This shows that, alsaattdci-
nation at 723 K, there is still template present in the zeolite framework. Although
723 K is sufficient to remove the template from silicalite-1, aluminum containing
MFI type zeolites require a higher calcination temperature [40]. The highaper-
ature required for calcination shows that the membranes contain a certaimamo
of aluminum, which is leached out of tleealumina support during synthesis. The
aluminum concentration will be the highest close to the support layer [41H pfes-
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Figure 3.21: (A): 2°Si MAS NMR, (B): 13C CP MAS NMR, and (C)2’Al MAS NMR spectra of (a): calcined
silicalite-1, (b): ozonicated silicalite-1, and (c): ZSBAowder after exposure to a water/ethanol mixtuge=0.07)
at 373 K for 24 h and then dried for 24 h in air at 373 K.

ence of aluminum also explains the incomplete template removal during ozonjcation
which is more difficult for aluminum containing zeolites [15].

The decrease in both flux and selectivity is enhanced at higher temger.afir
348 K the membrane performance only shows a small decrease in time, while at
373 K a significant reduction in ethanol flux (Figures 3.8 and 3.12) arid@aase
in water flux (Figures 3.9 and 3.13) is observed, leading to an decreatbhanol
separation factor (Figures 3.11 and 3.15). The lower selectivity of theicated
membrane after calcination can, therefore, be attributed to the decreasechbrane
performance after operation at 373 K.

Several mechanisms can be involved in the change in membrane performance.
Although MFI type zeolites exhibit a relatively high hydrothermal stability [4%}-
derssonret al. showed that exposure to water deteriorates silicalite-1 membranes,
while ethanol does not reduce the membrane quality [19]. Moreoveryésepce of
aluminum further decreases the hydrothermal stability of the zeolite [43l.44d{ al.
showed that the limited hydrothermal stability of LTA membranes, resulting in low
selectivities and high fluxes in de-watering of ethanol, can be attributed tighe
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solution of amorphous material in the grain boundaries in pervaporatign T200s
phenomenon would cause defect formation, and therefore increadenthevhile
decreasing the selectivity. Since, in this study, both the total flux and tleasep
tion factor decrease and no viscous flow contribution is observed, thgsr seem
the (only) mechanism involved in the observed decrease in membranenpenice.
Only if the resulting defects are, unlike in the LTA membranes, sufficiently sanall
hydrophilic to exclude ethanol from passing through, this mechanism expldin
the observed changes in performance. Since all-silica zeolites exhibit bitse
tal intergrowth, resulting in smaller grain boundaries [45], the openingefjthin
boundaries, resulting in hydrophilic pathways, could explain the increasater
flux.

Exposure to ethanol vapor has shown to reduce the adsorption capadity
boronated [B]MFI zeolite [46]. This effect was attributed to ethanottieg with
residual boron, forming ethylborate species. The adsorption capddhese ze-
olites was restored after a heat treatment at 723 K, this was not obdervete
selectivity of the membranes in this study.

Ito et al. observed deterioration of NaA membranes in alcohol de-watering under
pervaporation conditions due to condensation or reaction of organicialdtef].
Similar observations were reported by Menenééal. in water removal from a
glycerol-acetone reaction [48]. In both these studies it was shown tisatypie of
membranes have increased stability when operated under vapor pernusatiin
tions. If the mechanism of deterioration of membrane performance is a doesé-
guence of the ethanol reacting with silanol groups and hydrolysis by vegtelying
vapor permeation is not expected to improve the stability.

MFI zeolites have been used as catalyst for the methanol to olefin predésh
can result in dimethyl ether and coke formation. The latter reaction genecaliys
at temperatures above 673 K [49]. However, neither the GC analysige ¢é¢d and
permeate, nor th&*C CP MAS NMR spectra indicate other products have formed
than were present in the feed.

Although the detemplation by ozonication and calcination at 723 K was not com-
plete, the reduction in membrane performance after exposure to 373 Kswasha
served after complete detemplation for M1 (Figure 3.15). This excludesdsiil-
ity that residual template material was involved.

The DRIFT data show that organic material is deposited in the framewonk of a
aluminum containing MFI zeolite after being exposed to a water/ethanol mixture a
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373 K (Figure 3.19). This is also observed for ozonicated silicalite- litatha lesser
extent (Figure 3.18). Also the TGA results indicate that the exposure to thanmix
influences the zeolite, reducing the water desorption from the sample. fiditses
partially reversible after heat treatment for the aluminum containing sampleré-ig
3.19), but not for the calcined and ozonicated silicalite-1 samples (Figut8sand
3.17). The decrease in adsorbed water after exposure to the feedenindioates an
increased hydrophobicity as compared to the unexposed sample, whige e to
increase the ethanol separation factor. However, the irreversilerids of ethanol
obstructs the diffusive motion of ethanol molecules, decreasing thetiedfqure
size of the zeolite, which reduces the ethanol selectivity due to moleculangiev
However, since silicalite-1 membranes have been found to show stablatioper
in pure ethanol permeation [19], it is likely both water and ethanol are iedoin
the decrease of the membrane performance. Assessment of the mentabilitg s
during pure component water and ethanol pervaporation will give meigtinin the
effect of each component on the membrane stability.

Although the?°Si MAS NMR spectra do not show an increas@él signal af-
ter exposure to the feed mixture, the DRIFT spectra indicate an increaseronal
silanol groups after ethanol exposure in the ozonicated silicalite-1 andShe5
sample, the calcined silicalite-1 sample shows a reduction at these wavesutihber
the decrease in ethanol separation factor was caused by hydrolytsie 8i-O-Si
bonds which increases the number of hydrophilic silanol groups, thresteffould
be reversed after heat treatment above 723 K [46]. In this study thetisijeis
hardly affected by the calcination steps at 723 K, 823 K and 923 K, whicludes
the formation and condensation of silanol groups. Moreover, the zealitples are
expected to become more hydrophilic after exposure to the feed mixture, tvaile
opposite is concluded from the TGA curves (Figures 3.17, 3.18, and. 3H®w-
ever, terminal silanol groups at the crystal surfaces and grain boiesdio not con-
dense and therefore could give a thermally irreverisble increase iroiyiticity.
The mechanism of creating hydrophilc grain boundaries in the membrameths
confirmed by analysis on loose crystals.

Because th€? signals assigned to (Si-OH)(Si-9and (Si-O-R)(Si-O) groups
overlap, the?®Si MAS NMR results do not unambiguously show the existence of
ethoxy species chemically bound to the framework [33, 33]. Although tkere in-
crease observed in ti@® signals after exposure, tA&C CP MAS NMR and DRIFT
spectra show the formation of ethoxy species. Because the sample ist@2ik§,
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and the C-H vibrations are still observed in the DRIFT measurements aftetrbat-
ment at 648 K, the NMR signals are not expected to originate from physdor
ethanol. The absence 81Si MAS signals over the region -6 to -75 ppm indicates
there are no Si atoms covalently bonded to a carbon atom [33].1hE€P MAS
NMR spectra show the ethanol forms ethoxy species with the zeolite frarkandr

in the case of ZSM-5 it also binds to the Brgnsted acid sites, which is alsoroedfi
by the disappearance after exposure and re-appearance of tistdétracid -OH ab-
sorbances in the DRIFT spectra of the ZSM-5 sample after heat treatnaioating
the thermal reversibility of the formed ethoxy species. The irreversiblegasob-
served in the TGA and DRIFT analysis can therefore be attributed to etiroxps.

Kawai et al. [50] have shown the formation of ethoxy species by the reaction of
alcohols with silanol groups in FAU type zeolites predominantly occurs atutey o
surface of the zeolite. This mechanism could explain the reduction of tbetig#
pore size, without significantly reducing the effective pore volume or B&iTace.
Uptake measurements can reveal the influence on the ethoxy speciessonptiin
kinetics.

The calcined and ozonicated silicalite-1 and the ZSM-5 sample show some dis-
tinct differences in the nitrogen adsorption isotherms. The hysteresidbe@gen
P/P% = 0.1 and 0.2 in the calcined silicalite-1 concerns a phase transition of the ad-
sorbed nitrogen, typical for MFI zeolites [51, 52]. The absence ofghisstep in
the ozonicated silicalite-1 and the ZSM-5 sample are attributed to the energetic he
erogeneity of the zeolite surface due to the presence of, respectifahol groups
and aluminum [51]. If residual template material will be present in the zeofitthea
TGA curves of the ozonicated sample suggests (Figure 3.16), this will @dsidt in
an energetically inhomogeneous zeolite surface. The hysteresis |G9P%t= 0.4
to 0.5 in the ZSM-5 sample is a result of mesoporosity and is often referresl to a
cavitation or tensile strength effect (TSE) [51, 52]. These results iteditet the
incorporation of Al may induce mesoporosity (lower selectivity) while botraAd
residual template reduce the homogeneity of the structure.

The decrease after the first series of experiments is more profouttiefozon-
icated membrane, with a decreasexiy, from 40 to 25 as compared to the calcined
membrane, which showed a decreasedp from 39 to 31 after the first exposure to
373 K. The higher number of silanol groups could be the cause of thiy fiitial
decline in the performance of the ozonicated membrane. However, alsaafte
nation at 823 K, the membrane performance decreased in time, which atpessug
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ethoxy formation, possibly combined with hydrolysis, during operation asdahee
of the decreased membrane performance.

Although it is not expected at low temperatures and humidity, the observed de
crease in ethanol separation factor after the membrane was off-lin8 ttay® could
have been caused by a reaction with residual ethanol and water duringftiime.

XRD analysis, gas permeation measurements and monitoring the change in pore
size distribution by means of permporosimetry [53] during operation woulel fgr-
ther insight in possible deterioration of the crystal structure, revealfiagtsfof pore
plugging and defect formation.

The use of alternative support materials such as porous metal, titaniaamiairc
will prevent the incorporation of aluminum in the zeolite framework and is theze
expected to enhance the membrane stability. Furthermore, the fast declemain s
ration performance at 373 K indicates that to ensure stable operatiorgeted this
type of membranes in ethanol enrichment from aqueous solutions sholitditeel
to low temperatures.

Even after the separation factor has decreased from 40 to 10, thpaatea
fluxes and separation factors using equation 3.1 and Table 3.2 indicatentiizane
performance still compares well with values reported in literature (Table 3tl1)
should be noted, however, that using equation 3.1 to extrapolate outsidrpe-
mentally validated region merely gives an indication of the membrane performance

3.5 Conclusions

The separation performance of an ozonicated and a calcined multi-¢h&Rimeem-
brane has been measured in ethanol enrichment from an aqueoussohder per-
vaporation conditions. The detemplation method does not affect the ettegpaia-
tion factor, while the flux through the ozonicated membrane was significantirlow
than flux across the calcined membrane, indicating incomplete detemplation.
Ozonication at 473 K and calcination at 723 K and 773 K was not suffittent
remove the template completely, whereas calcination at 823 K resulted in a template
free zeolite layer. The incomplete detemplation is attributed to the presence of alu
minum in the zeolite layer which is leached from the support layer and incatgub
in the zeolite structure during synthesis.
The total flux and the ethanol separation factor remained fairly congta3a8,
but decreased significantly at a feed temperature of 373 K due to aasedrewater
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flux, and a decrease in ethanol flux. The ethanol separation factaased from 40
to 10 within 177 h of operation at various conditions.

The results indicate the formation of ethoxy species from reactions of @than
with silanol groups within the zeolite framework combined with creating hydtiaph
extra-framework pathways by hydrolysis as the most probable mechahideteri-
oration of the membrane performance. Although these ethoxy specieasadiee
hydrophobicity of the zeolite, the decrease in effective pore size resutdecrease
in the ethanol separation factor because of molecular sieving. The $ecireavater
flux indicates formation of hydrophilic extra framework pores, which atedive for
water. The presence of aluminum in the zeolite framework can furthenenhbese
effects, although ethanol reaction at a Brgnsted acid site is expectedherbelly
reversible.

The flux will decrease at lower temperatures, but since the measurex$\adter
calcination at 823 K are considerably higher than the measured fluxededpn
literature, the performance of this type of high-silica membrane can be evedids
good. To ensure stable operation, the use of this type of membranes inletheoh-
ment from aqueous solutions should be limited to low temperatures. The mauhanis
of deterioration requires further investigation to enable the fabrication of stable
zeolite membranes for these processes.
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CHAPTERA4

Abstract The all-silica deca dodecasil 3R (DD3R) membrane turns out to be
well suited to separate water from organic solvents under pervaporaiiatitions, de-
spite its hydrophobic character. All-silica zeolites are chemically and tiyelnmally
more stable than aluminum containing ones and are therefore preferregembrane
applications, including for dehydration, even though these type of membrare hy-
drophobic. Permeation of water, ethanol and methanol through a DD&Rbrane
has been measured at temperatures ranging from 344 K to 398 K.ythepihobic
membrane shows high water fluxes (upto 20nkg?-h—1). The pure water permeance
is insensitive to temperature and is well described assuming weak &deorgxcel-
lent performance in dewatering ethandl £2 kgm~2-h—1 and Owe =1500 at 373 K
andx, =0.18) is observed and the membrane is also able to selectively remose wa
from methanol Kl =5 kgm~2-h~1 and awm =9). Water could also be removed from
methanol/ethanol/wateo,e =1500,ame =70 at 373 K) mixtures, even at water feed
concentrations below 1.5 mol%.
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4.1 Introduction

The polarity of a zeolite is an important parameter determining the transposeand
aration properties in zeolite packed beds and in zeolite membranes. Conedigtio
hydrophilic membranes are used for dehydration of solvents. For zeolitdoraees

this usually implies a low silicon to aluminum ratio. High fluxes and selectivities
have been measured in pervaporation and vapor permeation experirsenfs e
olite membranes with a high aluminum content [1-3]. Sodium LTA (NaA) type of
membranes are already being used in industry [3]. FAU type membranesawith
Si/Al ratio of 1.5 - 1.6, have also been used to dehydrate alcohols, albeih\atier
selectivity and flux than the LTA type membranes [4, 5]. Well inter-growA bhiem-
branes have shown ideal selectivities higher than Knudsen selectieitide M, and
H»/N, [6], however, in LTA membranes a large portion of the flow is through the
non-zeolite pores [2, 3, 7]. The mechanism of separation is thus basgei@ren-

tial adsorption and diffusion through both zeolitic and non-zeolite poré® high
selectivity for water/alcohol mixtures is mainly caused by the preferentsdration

of water. Small defects can even enhance the membrane performantydnatsn
because the flux is increased, while the selectivity is maintained due to thg stron
adsorption in the NaA zeolite [8]. The high aluminum content of these hyiiliizp
membranes, however, results in reduced chemical and hydrothernifitysf@b10]

and reduced membrane quality, due to inter-crystalline transport [11K N&ula-

tors (Japan) has developed thin, defect-free all-silica DD3R zeolite meah(Si/Al

ratio = 980) deposited on an asymmetmiealumina support [12, 13]. DD3R zeolite
membranes are suitable candidates for the separation of small gas moleggles,
CO,/CH,4 [14-16]. Because of the all-silica structure, the DD3R zeolite membrane
is chemically and hydrothermally more stable than aluminum containing zeolites and
can be used in dehydration of solvents and acids [17]. Den Ex&r have investi-
gated the adsorption of water on DD3R [18] which shows that at moderegsyres

the water loading is far below the saturation loading of 8.55kgof!, confirming its
hydrophobic character. This weak adsorption on this hydrophobic malkiteplies

that the water separation mechanism in this membrane must differ from thafin LT
type membranes. All-silica MFI type zeolite membranes have been used far wate
removal [19, 20], however, these membranes are based on ptefkaeisorption due

to silanol groups and the mechanism of separation is identical to aluminumnireonta
ing hydrophilic zeolites. The small pore size of DD3R (X64.4 A) suggests that
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water separation from many solvents based on size exclusion is feasthlén this
chapter the dehydration performance of a DD3R zeolite membrane undeppe
ration conditions is investigated. Pure component and mixture permeatiornterf wa
methanol and ethanol are presented. The membrane performancedstefiaed
using permeances and separation factors and modeled using the fudgffeignde
over the membrane, assuming Henry type adsorption.

4.2 Theory

It has been widely accepted that the mass transport through zeolite mesiwarell
described using the Maxwell-Stefan equations [15, 21].

6 du <& giNi—aN; N;

_ o B i =
pRT 0z ;1 Oisatdj satPij  isaPim
J#i

1,2..n 4.1)

With the N; denoting the flux of componemt 6, = % is the relative loadingg;
andg; sat are the loading and saturation loading, respectively. FurthgrardB; v
are the Maxwell-Stefan diffusion coefficients between the permeating auenpo
and between the permeating component and the membrane, respectivetgalin
pore zeolites the interaction between species within the zeolite can be ned@jted
leaving
8 ou
RT 0z
For water in DD3R, its loading is low at moderate pressures [18]. When one
assumes the adsorption behavior in the Henry regiénhe- K f;), we can write for

single component transport [23]

Ni = —p0i saPim (4.2)

N = —pi Ki%Af (4.3)

In pervaporation processes the membrane performance is oftentenaest us-
ing the permeancd];, comprising both adsorption and diffusion effects and relating
the flux (\) to the fugacity difference over the membradefi) [23, 24]. When the
Poynting factor is neglected and ideal gas behavior is assumed at theapegite,
we can write [23]

N = —TiAfi = —T7; (Yi Pperm_XiVIPio) (4.4)
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For a pure component (feeg), and permeatey() molar fraction equals 1), the
feed side fugacity thus equals the saturation vapor presBfyewhile the permeate
side fugacity is equal to the permeate side presRygen).

The temperature dependence of the permeance can be characterdaeadpar-
ent activation energ¥app. This parameter comprises both the activation energy for
diffusion as well as the enthalpy of adsorption.

—E
I = I'Ii./oexp( R?I_pp> (4-5)

To characterize the selectivity of the membrane, the separation factisrused,

defined by the following expression [25]
aij = XY, (4.6)

in which x; denotes the feed anglthe permeate molar fraction of componenti. The
separation factor, as defined in equation 4.6, indicates the selectivegtiemma one
component over another component in a mixture. To account for theyseedrop
over the support layers, the Dusty Gas Model (DGM) is used combinicgwssflow
and Knudsen diffusion [21]. Using the permeate side pressure and dwirned flux,
the pressure drop over the support layer can be calculated, yieldiagtine driving
force over the selective layer of the membrane. Although this model nedhects
Maxwell slip term [26, 27], it has been shown to give a sufficient dpgon of the
mass transport through ceramic supports under pervaporation coadgRjn

Nvisc: _f dg P

+ 32 RT P (4.7)
e d 8RT
= TaRT P *8)

Since the sum of the partial pressures equals the total pressure, Bguatend
4.8 can be combined. The permeate side pressure and composition is lasoiwn,
the flux, therefore, the partial pressure drop over the support tayebe calculated.

4.3 Experimental

4.3.1 Materials

Permeation measurements have been conducted under pervaporaditiomsiior
pure water, methanol and ethanol as well as ethanol/water and methanobiwete
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ethanol/methanol/water mixtures. Demineralized water, technical grade b#maho
HPLC pure methanol (J.T. Baker, 99.8%) was used. The membrane usedils
silica DD3R type zeolite membrane (NGK Insulators, Japan) supported an an
alumina asymetric tubular support (15012mm). Figure 4.1 shows a scanning elec-
tron microscopy image of the zeolite membrane.

4.3.2 Equipment

The permeation experiments were conducted using the setup shown in Eigure
The setup consists of a feed vessel, heated by a thermostatic bath, canthaliam-
perature at the membrane outlet (TIC1). The liquid feed is pumped araindén

the feed vessel and the membrane module and the pressure in the modu=a(PI1
be adjusted using a valve (V1). The tubing on the permeate side is electrieakyltr

to allow for experiments at higher permeate pressures. The permeatalensed
using a cold trap, which is cooled using liquid nitrogen. The inerts are retnasiag

a vacuum pump. The setup can be heated to temperatures up to 423 K dvel can
pressurized up to 16 bar using nitrogen as a pressurizing gas.

4.3.3 Experimental methods

The flux is measured by determining the weight increase in time of the cold trap.
The weight is measured every 10-120 min, depending on the flux. Wheluihis
stabilized the data is collected. To prevent the depletion of the permeating nentpo

a dosage pump can be used to add the preferentially permeating compacieimtb

the feed vessel. The ethanol/water and methanol/water composition of therféed
permeate is determined by means of densimetry (Anton Paar DMA5000),vfor lo
concentrations of water gas chromatography (Chrompack CP9002 ariDKarl-
Fischer titration (Metrohm 756 KF Coulometer) are used to analyse the samples
By measuring the flux at varying feed pressures the viscous flow cotitnibwas
found to be negligible at the beginning of the experimental series. Theelentive
viscous flow decreases the membrane performance. At the end of thenexptal
series (after 14 months), the viscous flow contribution for pure waterlwk#% at

2 bar and 10% at 12 bar feed pressure.
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Figure 4.1: Top view (a) and cross section (b) of the NGK DD3R membrane degabsn ana-alumina substrate,
observed by scanning electron microscopy.
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Figure 4.2: Schematic representation of the experimental setup

4.4 Experimental Results and Discussion

4.4.1 Pure component permeation

Pure water permeation up to 398 K has been measured. Figure 4.3 shgwsédhe
water flux as a function of the feed temperature. High fluxes, upto 26 Kgh—*

are obtained. The flux increases with temperature, but the permeanacenisiiive to
temperatureBapp =-9 k3mol~1, and My =4.1x10"° mol-m-2.s71.Pa’1), yielding

a straight line when plotting the driving force against the flux (Figure 4®B)e

flux shows to be insensitive to an increase in permeate pressure up to 80 mbar
The pure methanol flux is an order of magnitude lower than that of purer wate
and is insensitive to temperature and permeate pressures up to 200 mhae (Fig
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4.4); the methanol permeance consequently shows a strong decreasemysr-
ature Eapp =-32 kdmol~2, and My =1.3x10"° molm 25 1.Pal). The ethanol
flux in Figure 4.5 is determined with more scattering due to the -even two orélers o
magnitude- lower values of the flux compared to water. Although the ethanol fl
increases with temperature, the ethanol permeance also shows a eedtbaem-
perature Eapp = -24 kJmol~1, andMp =4.2x10-° mol-m~2.s~1.Pa’l). If equation
(4.4), assuming a constant permeance, would apply for these condjtiotisg the
flux against the fugacity difference results in a straight line through tiggnorwWa-

ter permeation can be well described using this model, confirming the assuroption
weak adsorption (Figure 4.6). Methanol and ethanol do not comply withrtbiel.
The high water fluxes despite of the low adsorption imply the diffusion coefiiof
water in DD3R must be high (equation 4.3). Negative apparent activatiergies
have also been reported for NaA membranes [1] and are assigned tdéz af
adsorption which is larger than the diffusion energy of activation. Cleadgorption
data are required to properly model the diffusion through the DD3R membran

25
20 T . +03
" il NVJ
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=
; 10 + o L g
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Figure 4.3: Pure water flux versus the feed temperature at different peenprassures.Ppern= 10 mbar @),
50 mbar (@), 80 mbar 0O).

4.4.2 Mixture data

The dehydration performance for the DD3R zeolite membrane has beemihete

for ethanol/water and methanol/water mixtures. The permeate pressurepiea k

a value of 10 mbar during the mixture permeation experiments. Figures 4.7 and
4.8 depict the fluxes and compositions measured for the separation of freater
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Figure 4.4: Pure methanol flux versus the feed temperature at differentgee pressurepern= 10 mbar @),
120 mbar (0), 200 mbar ©).
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Figure 4.5: Pure ethanol flux versus the feed temperature at differemgeee pressuresPper= 10 mbar @),
200 mbar ).

ethanol. The separation factor (up to 1500) and total fluxes (up tor@®gh—1)

are comparable to reported values for zeolite NaA and T membranes [@RireE

4.9 and 4.10 illustrate the fluxes and compositions for methanol dehydratios. T
fluxes are high (5 kgn—2-h~1), but a lower separation factor (up to 9) is observed.
The selectivity is lower than for ethanol/water mixtures, since the size séfgdsiv

less pronounced. Figure 4.11 shows the permeances of water, edimanolethanol

in single component permeation and mixtures as a function of the kinetic molecular
diameter [30]. The presence of water strongly influences the permeértieanol
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Figure 4.6: Pure water flux versus the fugacity difference in kPa at difié permeate pressureéBer= 10 mbar
(@), 50 mbar {J), 80 mbar ©).

and vice versa. Both ethanol and water permeance decreases dugitestece of
the other component. Methanol and water, however, do not show teist.effhis
difference in behavior could be due to the difference in the interacticfficieat Bj;
(equation 4.1), although the small pore size of DD3R suggest the interdetion
should be negligible [22]. Possibly, the slowly diffusing ethanol moleculs&lén
the cages hinder the accessibility of the cage windows for water, while woiéd
influence the rotational freedom of ethanol, required to fit through the wandow.
A more detailed study on adsorption and diffusion of these componentsliseeq
to explain these phenomena.

4.4.3 Ternary mixtures

Mixtures of ethanol and methanol, containirg..5 mol% water have been separated
at 348 K, 360 K and 373 K. Despite the low water content of the feed, the maemb
showed to be able to selectively remove the water. The water content oftimep
ate ranges from 40 to 50 mol% (Figure 4.13). Figure 4.12 shows the totahtflux
two compositionsx;, = 0.30, %, = 0.02 andx,, = 0.50, x, = 0.02). Both methanol
and water permeate preferentially over ethanol. The separation facteafer over
ethanol increases with temperature from 1000 to 1500 (values similar to they bin
mixture), while the water/methanol selectiviy is higher than in the binary mixtie (1
to 30). The methanol/ethanol separation factor is decreasing slightly with tampe
ture from 70 to 55.
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Figure 4.7: Total flux for water/ethanol mixtures for different feed centrations versus the feed temperature.
Molar fractions of waterg,y = 0.18+-0.08 (@), 0.34+0.04 (J), and 047+ 0.01 (O).
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Figure 4.8: Permeate water molar fraction versus the feed water molaidraftr water/ethanol mixtures at =
348K (@), 360 K @), and 373 K ()

A complete interpretation of the presented pervaporation fluxes and siiesti
requires detailed insight in the adsorption behavior of the studied com{soriésev-
ertheless it is clear that in spite of its low affinity for DD3R, the high permeation
of water and its separation from methanol and ethanol is due to the comifieed e

of a high mobility of water within the DDR framework and a size induced hindered
transport of the alcohols.
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Figure 4.9: Total flux for water/methanol mixture for different feed contrations versus the feed temperature.
Molar fractions of wateng,y = 0.10+0.01 (@), 0.19+0.03 (), and 049+ 0.01 (O).
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Figure 4.10: Permeate water molar fraction versus the feed water molaidrafiir water/methanol mixtures at
T =348K (@), 360K (J), and 373 K ()

45 Conclusions

Methanol/water and ethanol/water mixtures can successfully be dehydisiteda
hydrophobic DD3R zeolite membrane. Mixtures of different compositionispame
component permeation of water, ethanol and methanol have been nikatulie
ferent temperatures. High fluxes for pure water up to 20nkg-h—! have been
measured at 398 K. Although the adsorption loading of water is low, the weak
teraction of water with the zeolite host enables high molecular mobility. The water
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Figure 4.11: Permeances of pure watep), pure methanol §) and pure ethanol4) and ethanol/water and
methanol/water mixtures afy = 0.20 andT = 360 K versus the kinetic molecular diameter. The dashed lines
indicate the DD3R pore size..
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Figure 4.12: Total flux for the ternary mixture of ethanol/methanol/water fwo compositions versus the feed
temperature. Methanol molar fractigp = 0.3 (O) and 05 (@), Water molar fractiorx, = 0.018

flux can be well described using a constant permeance, assuming \atalagsorp-
tion. The pure methanol flux is insensitive to temperature at-thkgh=1, while
the ethanol flux increases with temperature up to 0.0mkéh~1 at 373 K. Despite
the hydrophobic character of DD3R, selectivities for the dehydrati@thanol up to
1500 are measured with fluxes up to 2rkg2-h—1. For methanol dehydration, selec-
tivities up to 9 with fluxes up to 5 kgr2-h~* were observed. Since water does not
preferentially adsorb on DD3R, the separation is based purely on sikes®n. The
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Figure 4.13: Feed water molar fraction versus permeate water molar fraftioethanol/methanol/water mixtures
at 348 K @), 360 K (), and 373 K ().

presence of water has a strong influence on the ethanol permeatiocancksa.
Methanol permeation, however, is insensitive to the presence of wadter ¥t con-
centrations below 1.5 mol% can still be removed from an ethanol/methanol mixture
with a water/ethanol separation factor of 1500, whilg. = 70. The flux and water
separation factor in methanol, ethanol and ternary mixtures with water secveth
temperature. The high flux and selectivity combined with the superior chestéal
bility of all-silica zeolites compared to their aluminum containing counterparts make
the DD3R membranes a high potential candidate for dewatering of many &olven
and acids.
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IChapter 5

Adsorption of water, methanol
and ethanol in all-silica DD3R:
Experiments and simulation
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Abstract This study comprises both experimental measurement as well as
molecular modeling of adsorption of water, methanol, and ethanol onytt@phobic
all-silica deca dodecasil 3R (DD3R) zeolite. The simulation data are conhhiith
permeation data of these components, measured using a DD3R menuinidar per-
vaporation conditions. The pure component isotherms are measyreapbr phase
adsorption and are calculated by Grand-Canonical Monte Carlo (GGlia@)lations.
The simulations are conducted using molecular models from literature,wiény ad-
justments. The simulations are in fair agreement with the experimentaiptidsodata.
Computed mixture adsorption isotherms show that the water loading is sagigién-
creased as compared to pure component adsorption. The shagecohtputed water
isotherm changes from type Il to type | when alcohol is present. Therlgaf both
methanol and ethanol at low fugacities is slightly enhanced by the presdéneater.
The mixture adsorption isotherms are used to calculate the transposidiffs from
pervaporation data. The transport diffusivity of water in DD3R is suttistdy larger
than the diffusivites of both alcohols, but is decreased by an ordeaghitude in the
presence of methanol or ethanol. In permeation experiments of nextime ethanol
diffusivity is also decreased by an order of magnitude while the methdifiokivity
is practically unaffected. The mechanism of separation in the de-watefialgohols
using a hydrophobic DD3R membrane is based on the high diffusivityatémas com-
pared to the alcohols, where especially ethanol suffers from diffusiotations.
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5.1 Introduction

Small pore zeolites have gained increasing interest in the fields of membrdme te
nology and sensor applications. All-silica DD3R has been successfyliedfor
CO,/CH,4 separation [1-3] and de-watering of alcohols and other organic gelven
[4, 5]. Also hydroxy sodalite (SOD) membranes have been successfulthesized
and tested for water separation [6, 7]. Because of the pronounaeddextivity of
these small pore zeolites, they are also well-suited for sensor applicafimis-
dration of alcohols is already performed on industrial scale using LTA pgwdite
membranes [8, 9]. To design and optimize these type of membrane separation p
cesses, understanding and modeling the behavior of water and alcolrasliie
membranes is of key importance.

The DDR zeolite topology consists of window-connected cages, which snake
this material a member of the group of clathrasils [10]. The crystal strutumailt
by corner-sharing Sigtetrahedra that are connected to pseudo-hexagonal layers of
face-sharing pentagonal dodecahedr¥ (@ges). These layers are stacked in an
ABCABC sequence and are interconnected by additional 88@ahedra that form
six-membered rings between the layers. Thus, two new types of cagesaasimall
decahedron, 3%°6! cage, and a large 19-hedror’54%6'8° cage (Figure 5.1). By
connecting the 19-hedra cavities through a single 8-ring with an aperftuérd «
3.6 A, a two-dimensional channel system is formed, which is accessible b sma
molecules after detemplation by thermal treatment at 773 K - 973 K or ozonigdtion
473 K [11]. The small decahedron and pentagonal cages are omgsille through
4-ring and 5-ring windows, so they are inaccessible for sorbed mokecliteee dif-
ferent materials with the DDR topology have been reported in the literatursiliedi-
deca dodecasil 3R (DD3R) [10], sigma-1 [12] and ZSM-58 [13]. ther synthesis
of DD3R and sigma-1, 1l-adamantanamine (1-ADA) is used as structureidge
agent (SDA), while methyltropinium iodide (MTI) is used as SDA in the syntheis
ZSM-58. A DDR unit cell contains six 19-hedra cavities, which each laav@lume
of approximately 0.35 nf[14].

NGK insulators (Japan) have developed a high-silica DD3R zeolite membrane
(Si/Al ratio = 980) consisting of a &1m zeolite layer deposited on an asymmetric
a-alumina support [16, 17]. These membranes have been successitely ie gas
separation experiments, e.g. &0H, [2, 3, 18], and in dehydration of solvents and
acids [4, 5]. Adsorption of several gases and vapors on DD3R @owas measured.
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Figure 5.1: The DDR topology unit cell (a): normal to and (b): down on th@IPplane, (c): the window opening,
and (d): the decahedron, pentagonal and 19-hedra cagédsitlthtip the structure. Taken from Reference [15].

Zhu et al. reported adsorption of several saturated and unsaturated hylvosasn
DD3R [14, 19]. The DD3R zeolite exhibits selective adsorption of 1,3diate and
trans-2-butene over 1-butene anis-2-butene, revealing the size and shape selectiv-
ity of the DD3R zeolite [14]. Den Exteet al. investigated the adsorption of water
on DD3R [20] and showed that the zeolite adsorbs water only to a very small
tent, confirming its hydrophobic character. Nevertheless, the DD3R messhave
shown to remove water from alcohols at high selectivity under pervéiporeondi-
tions [4, 5]. Pervaporation is a mode of operation in membrane separatioasses
(Figure 5.2), where a liquid mixture is fed to a membrane while a low pressure or
gas purge is applied to the permeate side. One or more components fronedhe fe
mixture selectively permeate through the membrane, and evaporate into thre vap
phase (hence the word 'pervaporation’). In an earlier study [5]rep®rted pure
component permeation fluxes of water, methanol, and ethanol as well asexrigfu
these components at temperatures ranging from 344 K to 398 K. The mixtare me
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surements were conducted at liquid molar feed fractions of watey ef0.1 to 0.5,
leading to water/ethanol separation factors of um§e = 1500 andaym = 9 for
water/methanol.

> rctentate

inerts
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—7]
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HEATER

SWEED gas wmme e e em— J

Figure 5.2: Schematic representation of a pervaporation process.

The behavior of water in hydrophobic zeolites is complex and simulation studies
on water adsorption and permeation through small pore hydrophobic zedite
branes, such as DDR, is not extensively studied. Molecular simulaticadsofption
and diffusion of several compounds in the DDR structure are repdstedhese in-
volve mainly gaseous components, such ag,GEHO, and N, [21-23]. There is a
large number of simulation studies on water in hydrophobic zeolites, althoegh th
systems considered are nearly exclusively silicalite-1 [24]. Demettid. demon-
strated the complex temperature dependent behavior of water in silicaliteatlbg-
ular dynamics (MD) simulations including full flexibility of both the water molecules
as well as the zeolite framework [25]. Desbiensl. were able to reproduce experi-
mental isotherms of water in silicalite-1 using simple models in GCMC simulations,
applying the Tip4P and MSPC/E potentials for water and a rigid zeolite frankewor
[26]. Similar interaction potentials have also been used to study adsorptioaterf
and aromatics in the hydrophilic NaY zeolite [27]. Puibasseal. used the PN-
TrAZ water model in GCMC simulations of water in silicalite-1, however, the SPC
model describing the confined water had to be adjusted to allow for a quamtitati
agreement with experimental data. [28]. Flesal. used the Compass force field
to reproduce water adsorption isotherms on silicalite-1 and de-aluminatkig 260
[29, 30]. The under-prediction of the water loading at low pressuies attributed
to crystalline defects, resulting in silanol groups within the zeolite framewiodpit
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et al. studied the effect of local defects on water adsorption in silicalite-1,liegab
qualitative reproduction of the experimentally observed adsorption bet{&t]. A
study focused on water in a hydrophobic small pore zeolite is reportedbgettet
al., who studied the behavior of adsorbed water in an all-silica LTA zeolite bynmea
of the Car-Parrinello molecular dynamics method (CPMD) [32].

The adsorption of methanol and ethanol are less comprehensivelydstoylie
computational methods. Usually, this adsorption is studied in the presenca-of w
ter. The works of Vigner-Maedeat al. [33] and Pelmenschikoet al. [34] are two
pioneeringab-initio studies of methanol adsorption in silicalite-1 where the adsorp-
tion energies, enthalpies of adsorption, influence of defects and poteies are
calculated. Hindereet al. [35] proposed a Monte Carlo scheme together with a
lattice representation of silicalite-1 to study the diffusion of methanol, includiag th
possibility of chemical reactions in the system. Planal. studied water/methanol
diffusion in a NaY zeolite, describing the temperature dependence, thedem
bonding and the interaction with the cations [36]. Gugital. studied water/ethanol
adsorption in silicalite-1, indicating the preferential siting of different mdies{B7].

Lu et al. simulated the adsorption and separation performance of water and methanol
mixtures in MFI, MOR, CFI and DON zeolites [38].

Several studies compared the zeolite membrane performance with molecular sim-
ulations. Takabat al. employed dual ensemble Monte Carlo (DEMC) simulations
to obtain the adsorption and diffusivities of water, ethanol and binary nastur
pervaporation across a silicalite-1 membrane [39].eflial. studied pervaporation
of different components and binary mixtures in silicalite-1, zeolite A and &kitd
membranes by MD simulations [40]. Furukaewal. used non-equilibrium molec-
ular dynamics (NEMD) simulations to study adsorption of ethanol/water mixtures
in a hydrophilic NaA membrane, suggesting that the high selectivity for water is
cooperate effect of the adsorption selectivity and the high diffusivityater within
the zeolite [41]. Yanget al. studied methanol/water [42] and ethanol/water [43]
permeation across silicalite-1 membranes by combining GCMC and MD simulations
in the NVT-ensemble. They were able to qualitatively predict the separaiarf
and fluxes, while the discrepancies between simulations and measurementg-we
tributed to the existence of crystalline defects in the experimental systemliktpd
an idealized zeolite will always give a discrepancy with real systems, giwlée
crystals often consist of complex inter-grown structures with internahdraund-
aries and defects containing silanol groups and varying pore orienfdédgn
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This study is focused on measuring and simulating adsorption of water, roéthan
and ethanol on an all-silica DD3R zeolite to elucidate the mechanism of water tran
port and separation in DD3R zeolite membranes. To the best of our kngsyled
no simulation data on these systems and no adsorption data of alcohols on DD3R
have been reported before. Pure component vapor phase adsafatioare mea-
sured and GCMC simulations are conducted to calculate pure componentiand
ture isotherms using interaction potentials from literature without further tul@rg.

The calculated mixture adsorption isotherms are supplemented with permedéion da
measured under pervaporation conditions to obtain transport diffusivitie

5.2 Experimental methods

5.2.1 Synthesis

To perform adsorption experiments, DD3R crystals were preparedeyn#thod
described by Gascast al. [45]. All chemicals were purchased from Aldrich and used
as received, without further preliminary purification. The synthesis nextiad the
molar ratio of 1-ADA : SiQ : ethylenediamine (EDA) : D =47 : 100: 404 : 11240
and it was prepared as follows. 1.72 g of 1-ADA (97 wt%) was dissolvesi 16 g

EDA (> 99 wt%) and was placed in an ultrasonic bath for 1 h. Water (38 g) was then
added rapidly. The mixture was placed in a shaking machine for 1 h. Aféinigeto

368 K for 1 h while stirring, the mixture was cooled down in ice. Aerosil 20811)

was then slowly added while the solution was stirred vigorously. The mixtuse wa
again heated to 368 K in an open vessel while stirring until the solution became
clear (the solution changed from white to almost transparent). As-systioeBD3R
crystals (0.01 g) were added as seeds. The resulting solution is placeefiora
lined autoclave and heated under hydrothermal conditions (autogeressipe) to

433 K for 2 days under rotation at 60 rpm. The synthesized samples aieired

at 873 K for 6 h using a heating and cooling rate of 60 #. The calcination was
carried out in static air (Carbolite CSF1100).

The synthesized DD3R crystals are homogeneous diamond-like crystaks, a
ported by den Exteet al. [20]. The size of the crystals is 2ffm, measured by laser
diffraction and a micropore volume of 0.13 ! was determined by nitrogen
adsorption at 77 K using theplot method [11].
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5.2.2 Adsorption

The synthesized zeolite crystals are used for adsorption measuremexteénfethanol
and methanol. The single component vapor adsorption (QuantachromsofaHoB)
experiments were conducted to determine the adsorption isotherms atrditesre
peratures. Prior to the vapor-phase adsorption measurements, thessaangeried

in vacuum at 573 K in order to remove moisture and other volatile componensts (th
weight of the sample after drying is used in the calculations). The adsogritbdes-
orption isotherms were measured at 273 K, 303 K and 333 K, which is the maximu
temperature for vapor adsorption in this setup.

5.2.3 Analysis of permeation experiments

Pure component, and mixture permeation of water, ethanol and metharmopveer
viously reported [5]. These permeation measurements were conduatedperva-
poration conditions, applying vacuum with a permeate pressu@%t = 1 kPa.

In this study we use the pure component measurements as well as meassi@men
the binary alcohol/water mixtures for comparison and validation of the calculate
adsorption data and for calculation of diffusivity data.

The Maxwell-Stefan (M-S) equations are generally used to model mass tran
port in zeolites and zeolite membranes [46]. They have been succesgipligd to
several systems [47—-49]. These equations balance the driving feittethe friction
exerted on molecules and are consistent with the theory of irreversibladbdgnam-
ics [50, 51]. In the case of transport through a porous membrane, timdraege can
be viewed as a componeM, Using the membrane as frame of reference (choosing
the membrane velocityy = 0), the M-S equations for amcomponent system can
be written as [52]

60w & (AN —agiNj) N
PRT T ;1 705D +qisat9i|v|
J#i

(5.1)

Wherely; + denotes the chemical potential gradient at constant temperature as the
driving force for mass transpomly; denotes the molar flux of componant®;y is
the M-S diffusivity of component in the microporous membran®;j-is the M-S
cross-diffusivity that accounts for the interaction between permeatingooents,
and 6 denotes the fractional loading, defined as the ratio of the loadjrayer the
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saturation loadingy®®

i
|
In small pore zeolites the interaction between species within the zeolite can be
neglected (i.e. Dy = 0) [53]. When only transport in the-direction is considered,

equation 5.1 reduces to
6 dur N

" RT dz  p,05%B

The chemical potential gradient can be converted to a gradient in loadsmy

the thermodynamic correction factdi;, which relates the fractional loadirt§ to
the fugacity,f; [46].

(5.3)

6 dur _ dG
RT dz "dz (5.4)
where sat
@ot _9radh ;._q4 (5.5)

[i=—— =~
& fi aej qisat fi 0qj ’
When the driving force is expressed as the gradient in Ioa(%%g; qisat%, the flux
can be expressed as [52]

Ni = —pBim j@

qsat
Fii 00 + Ilij —oz: 0] (5.6)

In single component permeation, the Fickean, or transport diffusBify, can
be related to the M-S diffusivity by [54]

Div = [iBim (5.7)
For the Langmuir isotherm,
Ki fi
- _sat 11
G =G 1+ K fj (5.8)
the thermodynamic correction factor equals
1
I = .
=18 (5.9)

When Langmuir adsorption is assumed and the loading dependency of $ditvi-
fusivity can be described by

Bim =Bimo(1-6) (5.10)
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the transport diffusivity in equation 5.7 is equal to the M-S diffusivity [5bhis type
of loading dependency is often found for molecules with similar dimensionseas th
pore size of the zeolite [45, 56].

Combining equations 5.3, 5.5 and 5.7, gives

r dg

M 5 (5.11)

—pPD

Integratingdz from the feed sidez = 0, to the permeate side= o, and integrat-

ing dg from the feed side loading; ®®, to the permeate side loading?®™, a

assuming a constabx], gives the ratio of the flux and the difference in Ioadlng as

. Ni pz
qifeed_ Cliperm Po)

Epl, (5.12)

wherein the membrane thicknegs,and the density of the zeolitp,, are constant
for a specific membrane.

The temperature dependence of the diffusivity is generally describeuah Byr-
rhenius type of equation, using an energy of activati€y,

E .
Diw = Diu oeXp< RA1’-I> (5.13)

In pervaporation processes, the liquid feed side fugat;f , can be calculated
using [57]

feed feed , sat .sat (p plsat>
=X yp e exp — 5 (5.14)
RT
WherexfeeaI is the liquid molar fraction angt denotes the activity coefficient in the

mixture, p is the system pressure, a‘w{:{i is the partial molar volume of componént
in the liquid feed. The Antoine equatibn is used to calculate the vapor pecgstir
as a function of temperature [58]. The fugacity coefficigh and the Poynting fac-
tor (exponent term in equation 5.14) can be assumed to equal unity appeation
conditions. In this study, the activity coefficients were calculated using fRELN
Gibbs excess energy model.

To calculate the adsorption from a given liquid feed, the fugacities aralatéd,
and these are used as input for the GCMC calculations. The compositidoecan
expressed as the ratio of the component fugacity over the sum of thetfagaf all
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species in the mixture
fi

n
> f
j=1

Y = (5.15)

As the permeate side is operated at low pressures, it is well approximatea by
ideal-gas limit

fiperm: piperm _ ipermpperm (5.16)

Therefore, the fugacity ratid{, equals the vapor molar fractiog, at these condi-
tions.

In experimental studies, the permeation is often described by the perméknce
defined as the ratio of the flux and the difference in fugacity over the mem5a].
The temperature dependency of the permeance is then characterizecyaaent
energy of activationEapp, Which can be seen as the sum of the activation energy of
diffusion and the enthalpy of adsorption [54].

5.3 Simulation methods

Adsorption isotherms in confined systems are conveniently computed usiMfCGC

simulations, in which the temperature, the volume and the chemical potential of the

system are prescribed. The imposed chemical potential is directly relateel fio-th

gacity, which is used as input for the simulations. At high densities, the pildpa

of successfully inserting a molecule in the system is very low. Therefoeeinth

sertion and deletion of molecules in and from the system were performegl th&in

configurational-bias Monte Carlo (CBMC) technique [60] in combination witieo

MC moves, namely: regrowth, rotation, and translation. In the case ofafharer

mixtures, identity change moves were also used to increase the perforpfahee

simulation [61]. More details on this simulation technique can be found elsewher

[62, 63]. The saturation loadings were calculated from a single adsogitinulation

at a high fugacity. The enthalpies of adsorption were computed as theisbstats

of adsorption at zero loading using MC simulations in the NVT ensemble [64].
There are several diffusion coefficients that can be used to deshabmotion

of molecules within a zeolite. Generally, the Fick, or transport diffusi@q&, is the

most intuitive definition of a diffusion coefficient, relating a molar flux to a grad

ent in concentration [65]. The actual thermodynamic driving force famgport is,

however, the gradient in chemical potential [66]. Using the framewoik@fersible
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thermodynamics, the collective, corrected, or Maxwell-Stefan (M-Syslifity, B;,

can be defined, relating the thermodynamic driving force to a molar flux [bAg

self diffusivity, D}, describes the motion of individual particles and can be related
to the mean square displacement of the individual molecules during equiliMDim
simulations by the Einstein relation [67]. The M-S and the transport difiysban

be obtained from NEMD but also from equilibrium MD simulations by considgrin
the collective motion of molecules [67].

In this study, water is modeled using the Tip5SpEw potential [68]. The alcohols
were described with the TraPPE force field [69], which was also appjiddkobtor-
weihenet al. for modeling ethene, propene, attedns-2-butene in DD3R [23]. No
hydrolysis is expected during the adsorption of these molecules in zeolides tre
conditions applied [36, 70]. Intramolecular potentials are included to itbestire
flexibility of alcohols, while the water molecules are kept rigid. The bond length
are fixed for all molecules. Bond bending potentials are considered fiiama and
ethanol, and a torsion potential is used for ethanol [69].

The crystallographic positions of the zeolite atoms were obtained from X-ray
diffraction (XRD) characterization data of the structure [71]. The simulatiwere
performed using X 2 x 1 unit cells with periodic boundary conditions, so that the
size of the simulation box was more than twice the Lennard-Jones cut-airafl
12 A. To reduce the calculation time, the simulations were performed using a rigid
framework [72]. Since the%5°.6! and the %? cages of the DDR structure only
contain five membered ring windows, they are inaccessible for sorb@iespelo
ensure no molecules are adsorbed in these cages during the simulatignsetbe
blocked [23].

The models of Beerdsest al. [73, 74] and Caleret al. [75, 76] are used to
assign partial charges to the zeolite atoms. The Coulombic interactions were ca
culated using the Ewald summation with a relative precision of®1@7]. The
non-Coulombic interactions between non-bonded atoms or atom-groupsoake
eled using 12-6 Lennard-Jones potentials, truncated and shifted tatzbecut-off
of 12 A.

The Van der Waals interactions between the adsorbates and the frameeork
dominated by the dispersive forces between the atom-groups of thelsodbecules
and the oxygen atoms of the zeolite [78, 79]. For this reason, they areledode
through an effective potential that only takes the oxygen atoms of the zswlie
ture into account. One set of potential parameters that has been useaVioupr
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studies on water adsorption in zeolites has been implemented [80], together with
Lorentz-Berthelot mixing rules in order to account for the rest of theacténs. All
parameters for non-bonded interactions used in this work are listed in 5dble

Table 5.1: Force field parameters used in the simulations. The water madetwo off-center charges that are
labeled M in the table. The name "alcohol’ refers to both methand ethanol molecules.

Atom [ e/ka/K [ a/A ] ale [ Ref.
Si (zeolite) - - 2.05 | [75]
O (zeolite) 93.53 3.0 | -1.025| [80]
O (water) 89.516 | 3.097 - [68]
H (water) - - 0.241 | [68]
M (water) -0.241 | [68]

CHs (methanol) 98.0 3.75 | 0.265 | [69]

CHs (ethanol) 98.0 3.75 [69]
CH, (ethanol) 46.0 3.95 | 0.265 | [69]
O (alcohol) 93.0 3.02 -0.7 [69]
H (alcohol) - - 0.435 | [69]

5.4 Experimental Results

5.4.1 Single component adsorption

The experimental adsorption and desorption isotherms and calculategtamsisotherms
for water, methanol and ethanol are shown in Figures 5.3, 5.4, anceSggatively.
No significant hysteresis effects were observed in the desorption neeasots.

Adsorption data for water was previously published by den Eeteal. [20].
Our measurements @it= 333 K and 323 K correspond well with the previous data;
whereas at 303 K we find a somewhat lower adsorption loading. The dbtime
water adsorption isotherms (type Il) is consistent with simple BET models valid fo
free surfaces or fine capillaries with no constraintimposed on the gdsoffom the
opposite wall. However, it is expected to resemble type IV adsorption vdaahing
saturation [81]. The calculated water loading, however, under-fisetlie experi-
mental values (Figure 5.3). The calculated water isotherms resemble tyuisdiip-
tion behavior at low fugacities, which is typical for water adsorption orrbydobic
surfaces [82].

The alcohol isotherms show a type | adsorption behavior, which is contsigité
Langmuir adsorption (Figures 5.4 and 5.5). The fitted Langmuir parameisng
eqguation 5.8, are given in Table 5.2. The calculated methanol and ethath@riss
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show a similar shape and order of magnitude as the experimental data. étpatev
low methanol fugacities, the loading is under predicted while at higher figmthe
calculated values are higher than the measured data.

0.8 7 —=*273Kexp © 273K sim
™ 303 Kexp 303 K sim
=303 K den Exter et al.
—+ 333 K den Exter et al.
333 Kexp * 333K sim

10° 10! 102 103 10
fw /Pa

Figure 5.3: Water adsorption isotherms at 273 K (this study, experimg@land simulation ()), 303 K (this
study, experimentallf) and simulation{J), and den Exteet al. (x)[20]), and at 333 K (this study, experimental
(a) and simulation {\), and den Exteet al. (+)[20]). The solid lines and the dashed lines are a guide td@ythe
experimental and calculated isotherms, respectively.

Table 5.2: Fitted Langmuir parameters from the measured isotherms of n@thad ethanol on DD3R at 273 K,
303 K, and 333 K.

Methanol Ethanol

T ¢ Ki gt Ki

/K | /molkg™? | /x103Pas! | /molkg~! | /x1073/Pas?
273 ] 1.39+£003 | 1818+1.77 | 1.38+0.03 16.81+1.82
303 | 1.53+0.03 3.30+0.29 1.51+0.02 352+0.29
333 | 1.6040.06 0.53+0.05 1.55+0.05 0.70+0.07

The saturation loading is estimated by calculating the loading at a fugacity of
1 GPa and 303 K. This yields a saturation loading of 13.9, 4.2, and 3.&gné|
for water, methanol and ethanol, respectively (Figure 5.6), corneipg with 33,
10, and 9 molecules per 19-hedra cage, respectively. The calculatedadsorption
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Figure 5.4: Methanol adsorption isotherms at 273 K (experimenggl &nd simulation ©)), 303 K (experimental

(M) and simulation[(J)), and at 333 K (experimentaA] and simulation {\)). The bold lines indicate the Langmuir

fit through the experimental data, the thin solid lines andigehed lines are a guide to eye for the experimental and
calculated isotherms, respectively.

isotherm at 303 K resembles type V behavior. It should be noted that tter wa
loading still showed a slight increase when increasing the fugacity framivVia to
1 GPa, but the increase is within the accuracy of the simulations.

Figures 5.7, 5.8, and 5.9 show snapshots of the simulation box in single compo-
nent adsorption of water, methanol, and ethanol, respectively, at 3@3dkboth
at low fugacities and at 100 MPa. The hydrogen bridges between tlebads
molecules are indicated in the figures. The water molecules form clusterg insid
the 19-hedra cages, whereas methanol, and especially ethanol shmvsitwe dis-
tributed over the DD3R topology.

5.4.2 Mixture adsorption

Mixture adsorption isotherms have been computed at 303 K and 360 K attaod

ratio of the water fugacityf,,, divided by the sum of the water and the alcohol fu-
gacity, f4, of ¥, = 0.1, 0.2 and 0.5. At low fugacities, this equals the vapor molar
fraction,yy. Figures 5.10 and 5.11 show the mixture adsorption isotherms, together
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Figure 5.5: Ethanol adsorption isotherms at 273 K (experimer@glgnd simulation©)), 303 K (experimentallf)

and simulation((J)), and at 333 K (experimentak] and simulation {)). The bold lines indicate the Langmuir fit
through the experimental data, the thin solid lines and tlsheld lines are a guide to eye for the experimental and
calculated isotherms, respectively.

with the single component isotherms at 303 K for methanol/water and ethanal/wate
mixtures, respectively. The loading of each component is given asdidanof

the component fugacity. The isotherms show that, at low fugacities, the gp&din
increased compared to pure component adsorption for all componehits effect

is more pronounced for water adsorption than for the alcohols. The=sbiajhe
water isotherm changes from type V to type |, resembling the shape of thieohlc
isotherms. For methanol/water mixtures the water loading decreases with water f
gacity ratio, while for the ethanol/water mixures the water loading is insensitive to
the water feed fraction between 0.1 and 0.5. The alcohol loading at loacityg
shows a small increase with water fugacity ratio, although the shape of theriso
remains the same as for single component adsorption.

Figure 5.12 shows the binary adsorption isotherms as a function of the fsum o
the water and alcohol fugacities up to 180 kPa at 360 K at a constant firgsanity
ratio of 0.2, which corresponds to a feed molar fractionxpf= 0.5 and 0.2 for
methanol/water and ethanol/water mixtures at 360 K, respectively. Thad#@ioas
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Figure 5.6: Water @), methanol @), and ethanol£) adsorption isotherms up to 1 GPa at 303 K.

@ (b)

Figure 5.7: Snapshots of single component water adsorption on DD3R aK28@a): 50 kPa and (b): 100 MPa.
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(@) (b)

Figure 5.8: Snapshots of single component methanol adsorption on DD360{ &t (a): 15 kPa and (b): 100 MPa.

(a) (b)

Figure 5.9: Snapshots of single component ethanol adsorption on DD3BEK 3t (a): 12 kPa and (b): 100 MPa.
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correspond to the feed conditions of the conducted pervaporatiorimgmds, which
are indicated by the dashed lines. The loading of each component aethsitke
under the pervaporation conditions can be directly read from the veatéal The
calculated water loading remains lower than the alcohol loading within the nge
calculated total fugacities. The ethanol loading at the experimental fewlition is
lower than that of methanol, while the water loading is equal in both systems.
Figures 5.13a and b show snapshots of the mixture adsorption of methaeol/wa
and ethanol/water, respectively. The figures show a higher loadingeadltiohols
compared to water. The water molecules show a preferential adsorpti@wicithity
of the alcohol groups of the adsorbed methanol and ethanol moleculesviith
hydrogen bonds are formed.

5.4.3 Combination with permeation data

To elucidate the mechanism of separation of the selective water transppogththe
hydrophobic DD3R membrane, the simulation data are combined with permeation
measurements conducted under pervaporation conditions. To asseiistiaty of

the components, the feed conditions of the pervaporation experimentseo€ -
ponent and mixture permeation are taken as input to calculate the loadingegdhe
side. Using equation 5.12, these loadings are used to calculate the ttadifper
sivities regarding the transport as single component permeation. Inlthaatens,

a zeolite density op, = 1700 kgm~2 was used, which follows from the unit cell
dimensions [15], and a membrane thickness ph2is assumed.

At the conditions of the pure component permeation experiments, the caloslatio
predict a water loading at the feed side of the membrane which is a factor 2 to 3
lower than for the alcohols (Table 5.3). The calculated feed side loaditidhan
transport diffusivities for the methanol/water and ethanol/water mixturdsséed in
Tables 5.4 and 5.5, respectively. The measured permeate side water racti@nf
ybe™ and the feed compositiorie®® are also given, which give a measure for the
selectivity. Although the presence of alcohol enhances water adsuorptithe feed
conditions of the mixture permeation experiments, the simulation data suggest that
the molar water loading is still only half of the alcohol loading.

For mixture permeation at 360 K, the transport diffusivities are giverfasaion
of the feed side compositiornx, (Figure 5.15). The diffusivities were calculated
similar to the single component permeation (negledfjpgand, therefore, only give a
first approximation of the actual values. The calculated transport liffies of water
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Figure 5.10: Experimental (exp) pure component, and calculated (sim) melfreater adsorption isotherms at
303 K for water fugacity ratios ofy, = 0, 0.1, 0.2, 0.5 and 1. The loading of (a): water and (b): methiarshown

as a function of the component fugacity. The dashed linesatelithe experimental pure component isotherms. The
dashed lines indicate the experimental pure component isoshe
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Figure 5.11: Experimental (exp) pure component, and calculated (sim) etlveater adsorption isotherms at 303 K
for water fugacity ratios of(y = 0, 0.1, 0.2, 0.5 and 1. The loading of (a): water and (b): ethenshown as a
function of the component fugacity. The dashed lines indithe experimental pure component isotherms. The
dashed lines indicate the experimental pure component isothe
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Figure 5.12: Simulated mixture adsorption isotherms of wat@) @nd methanol®) in methanol/water mixtures
and water ©) and ethanol({) in ethanol/water mixtures at 360 K and a water feed fugaeityrof ¥y = 0.2 as a
function of the total fugacity.

(a) Methanol/Water (b) Ethanol/Water

Figure 5.13: Snapshots of (a): methanol/water and (b): ethanol/waterumgxdsorption on DD3R at 360 K and
15 kPa.
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Table 5.3: Calculated transport diffusivities and pure componentilogslat the feed and permeate side for pure
component permeation of water, methanol, and ethanol. The pé&msiele pressure was maintained at 1 kPa.

T qifeed qiperm D;Rn

/K | /'molkg~® | /mol-kg~? /m2.st
Water

348 0.87 0.004 7.2x10°10
360 0.97 0.003 9.1x10°10
373 1.11 0.002 12.8x10°10
Methanol

348 2.46 0.09 5.0x10 11
360 2.39 0.05 5.5x10°11
373 2.36 0.03 6.1x10 11
Ethanol

348 1.49 0.23 8.4x10°13
360 1.42 0.15 10.4x10°13
373 1.39 0.10 13.7x10°13

are higher than for the alcohols and increase with temperature and t@ticen
The increase with temperature and concentration also holds for etharitd, thd
calculated methanol diffusivity is practically constant.

Table 5.4: Methanol/water feed and permeate side composition and Igadid transport diffusivities. The permeate
side pressure in the pervaporation experiments is 1.5 kPa.

T x&eed qLeed qfnt-zed y'|I?lerm q;A)lerm q%erm DLM D.rlllm M
/K | Ref.[5] | /mol-kg~t | /molkg~t | Ref.[5] | /mol-kg~! | /molkg~t | /m2s ! Im2s1
348 0.20 0.69 2.15 0.59 0.011 0.067 2.2x10°10 | 4.9x1011
360 | 0.10 0.42 2.18 0.45 0.062 0.006 2.5x10°10 | 58x10°11
360 0.20 0.59 2.12 0.63 0.031 0.004 3.4x10710 | 56x10° 11
360 | 0.50 1.00 1.94 0.84 0.015 0.005 5.0x10°10 | 51x10°11
373 | 0.20 0.59 2.08 0.64 0.002 0.018 4.2x10710 | g4.9x1012

Table 5.5: Ethanol/water feed and permeate side composition and logatintransport diffusivities. The permeate
side pressure in the pervaporation experiments is 1.5 kPa.

T X‘Leed qI«eed qf“eed y&em\ querm qelerm DI:M DIM
/K [5] | /mol-kg~t | /molkg™* | [5] | /molkg | /molkg™t | /m2s? /m2st
348 | 0.10 0.80 1.63 0.993 0.0056 0.013 0.8x10°10 [ 2.6x10°13
360 | 0.20 0.83 1.59 0.996 0.0017 0.007 1.6x10710 | 3.3x10°13
360 | 0.30 0.94 1.56 0.998 | 0.0004 0.004 2.4x10710 | 2.5x10°13
373 | 0.20 0.83 1.53 0.997 0.0043 0.001 2.1x10710 | 3.0x10°18

The activation energies of the single component transport diffusiviteesalcu-
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Figure 5.14: The logarithm of the transport diffusivity)], calculated as single component diffusion, versus the
reciprocal temperature for pure component permeation of W@gmethanol W), and ethanol£), and water ©)

and methanol({)) in methanol/water mixtures, = 0.1, and water @) and ethanol{) in ethanol/water mixtures
xw = 0.2. The data are also listed in Tables 5.3, 5.4, and 5.5. Theeddmes indicate a linear trend as a guide to
the eye.

lated using equation 5.13 and are listed in Table 5.6. The same table also shows th
apparent energy of activation calculated from the permeance, agp@sad earlier

in Reference [5] and the average enthalpies of adsorption calculathd &®steric
heats of adsorption at zero loading at 348 K to 373 K. The enthalpy afrpiisn
increases with temperature, but the values at 348 K to 373 K only differdsythean

6%.

Table 5.6: Average enthalpies of adsorption computed by GCMC at 348 K8K3 the energy of activation for the
transport diffusivity and the apparent activation enesgiepervaporation as reported in [5] for water, methanol and
ethanol on DD3R.

Component AzgH Ea Eapp [5]
kJ-mol~1 | kJ-mol~1 | kJ-mol-1
Water -26.3 24.9 9.1
Methanol -39.6 8.2 -32.4
Ethanol -46.6 20.9 -23.6
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Figure 5.15: The logarithm of the transport diffusivitp], calculated as single component diffusion, versus the
water feed molar fractiong,, for pure component permeation of wat@)( methanol @), and ethanol £), and
water (O) and methanol[{) in methanol/water mixtures, and wat@)(and ethanol4\) in ethanol/water mixtures

at 360 K. The data are also listed in Tables 5.3, 5.4, and hé.dashed lines indicate a guide to the eye.

5.5 Discussion

The measured water adsorption isotherms are in fair agreement with the piatized
by den Exteret al. [52]. The calculated loading under-predicts the actual loading at
low fugacities. The measured adsorption resembles type I1I/IV behaviule the
calculated isotherm corresponds to type llI/V (Figures 5.3 and 5.6). Gdrisbe
partly attributed to the presence of crystalline defects in the zeolite sampleasuc
silanol groups, which have a strong effect on the water adsorptipecidly at the
low-end of loadings (and fugacities) [31]. This is also the region, wHewations of
the simulations are most apparent. Furthermore, a deviation from the expt&ime
values is expected since the molecular models and force field parametersaem
directly from literature, without further adjustment.

Both the calculated as well as the measured alcohol isotherms resemble type |
adsorption. The experimentally determined alcohol loading is fairly wellrdest
by a single-site Langmuir adsorption isotherm (Figures 5.4 and 5.5). Tingniuair



134 CHAPTERDS

adsorption parameters of methanol and ethanol are very similar (TableHoR)-
ever, the decrease in saturation loading with temperature shows this vaseaoio
resemble complete saturation.

The water adsorption is enhanced by the presence of alcohol anderga- This
adsorption behavior is comparable to that observed for methanol/waéetsooption
on activated carbon [83, 84]. The increased adsorption in the mixturerapared
to single component adsorption is significantly more pronounced for wadarftr
the alcohols. Such an increase in water loading was also observeddtyaliavho
conducted molecular simulations for ethanol/water in silicalite-1 [40]. Howéwer
the study on silicalite-1 it was observed that the ethanol loading decrealsie in
this study the alcohol loading at constant total fugacity is not significarfiged by
the presence of water. This effect can be attributed to water adsorptios #cinity
of the polar OH-groups of the adsorbed alcohols (Figure 5.13). Tdyeesbf the water
isotherm changes in the presence of the alcohols from a type llI/V to d,tgpeilar
to the alcohol adsorption (Figure 5.10a and 5.11a). Because of this cobgblavior,
the estimation of mixture adsorption behavior from pure component datatisvialit
and estimating mixture adsorption from pure component data is not expeaise to
a good description of the mixture adsorption.

The calculated pure component molar loadings at the feed side of thedrere ¢
sidered pervaporation conditions (Table 5.3) reveal that water atsoipcreases
with feed temperature, whereas the alcohol adsorption decreasesshols that
the increase in vapor pressure for water, and therefore the drienag for adsorp-
tion, overcompensates the decrease in the host-guest interaction. Tlaglis@ment
with the lower enthalpy of adsorption for water as compared to the alcohaltde(T
5.6). At high fugacities£100 kPa), the calculated pure component water adsorption
surpasses the alcohol adsorption (Figure 5.6).

The calculated saturation loadings are comparable to values reportdd\foyme
zeolites, which are 15, 6, and 4 rial—! (204, 82, and 55 molecules per unit cell)
for water, methanol, and ethanol, respectively [85, 86]. Adsorptichrablkg—! in
DD3R correspond to 14.4 adsorbed molecules per unit cell, and 2.4 maqurie
19-hedra cage (6 cages per unit cell). In the LTA zeolite structure,hadoatains
only onea-cage and ong-cage per unit cell, 1 métg~—! equals 13.6 molecules per
unit cell. Since in DDR only the 19-hedra cages are accessible, and itheléom-
plete internal void volume is accessible for water, the saturation loading @RO®
expected to be lower. Corned al. reported a water loading of 0.6 mkg—* at 298 K
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and 2 kPa on all-silica LTA [87], which is higher than the measured 0.35kgol
on DD3R at 303 K and similar pressure. Coudsral. reported a water saturation
loading in the all-silica LTA calculated by GCMC simulations of 1.5 rkgt? [32],
suggesting the pressure at which this loading was calculated was netesufto
obtain full saturation.

The calculated alcohol saturation using GCMC simulations are higher than the
values found by fitting the Langmuir isotherms. This deviation and the incafase
the fitted saturation loading with temperature could indicate the Langmuir adsorp-
tion isotherm fitted at low pressures does not describe the full adsotmioavior.

The fitted saturation loadings (Table 5.2) are similar to reported values afbtayne
fitting Langmuir isotherms for methane (1.7 ni@ ') and ethane (0.8 mdig™1),
and lower than for carbon dioxide (2.8 riai~t) in DD3R [19, 88]. Both the cal-
culated and experimental values of the ethanol loading are approximatedytitmes
higher than reported loadings for ethane [19]. The loadings of metlzagoéthanol
are also higher than reported loadings for methane, ethane, and eth&se58
[89]. The calculated water saturation loading on DD3R is substantially hibaer
the 6.9 molkg ! (41 molecules per unit cell) reported for water in silicalite-1, which
corresponds to a density inside the zeolite of 85% of the bulk fluid value2&6,
To obtain the actual saturation loading of water on DD3R, adsorption nmezasuts
over a wide pressure range need to be conducted, as was alreadgddpr water
in silicalite-1 [31].

The enthalpies of adsorption show a small increase with temperature, bet sin
the values in the temperature range concerned differ less than 6%, ragevalue
is used (Table 5.6). The calculated values for the alcohols (-40 and}-#iplk?! for
methanol and ethanol, respectively) are comparable to values repartadsbrption
on silicalite-1 [90]. For water, the computed value of -2akdl~* was comparable
to the -20 kdmol~! reported by Fleyst al. for silicalite-1. Den Exter obtained an
enthalpy of adsorption of -50 kdiol~* at zero loading by fitting the experimentally
measured water isotherms on DDR (which is in agreement with the data obtained in
this study) to a BET isotherm [81].

The sum of the energy of activation, calculated from the transportsilifies,
and the enthalpies of adsorption, obtained by the GCMC simulations, conesp
well with the apparent energy of activation calculated from the pure comiqer-
meances (Table 5.6). This indicates that the temperature dependendthef tiee
adsorption nor the diffusion is dominating.
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At equal component fugacities, the water loading (represented by tB@Hip
force field) is similar to that of the alcohols. But, despite the improved water ad-
sorption in the presence of the alcohols, the calculations indicate the watardas
the feed side during pervaporation experiments is at most 50% of the bloatling
(Tables 5.4 and 5.5). This shows that preferential adsorption is noatiee ©f the
observed separation selectivities of the membrane. Therefore, the high selec-
tivities obtained in the pervaporation experiments are attributed to the diéeian
diffusivity.

For methanol and ethanol, the adsorption behavior is consistent with Langmu

adsorption. Moreover, the size of DD3R cage window is similar to the molecular
diameters of the alcohols [5]. When assuming a linear loading dependétioe o
diffusivity (equation 5.10), the calculated transport diffusivity is ecioathe M-S
diffusivity. For water, the assumption of a constant transport difftysisver the
membrane length is probably not realistic [53], Nevertheless, the calcdatedge
transport diffusivities give an indication of the diffusive behavior o tifferent
components and mixtures. The calculated transport diffusivities of all onemis
increase with temperature and feed concentration. The calculated pupoent
transport diffusivity of water is one order of magnitude higher than the ameth
diffusivity, and even three orders of magnitude higher than the ethatffioidity.
This identifies the difference in diffusivity as the major separating mechdiisthe
de-watering of alcohols using DD3R membranes. The calculated diffusifitsater
is lower than reported values for water in silicalite-1 [25], whereas theisiifity
found for methanol is about one order of magnitude higher than thetezpaalue
for methane and ethanol has a similar diffusivity as reported for ethy&93je [

The binary thermodynamic factor§j(in equation 5.6) are not taken into account
in this study. Therefore, the influence of the binary adsorption on thegeaihdiffu-
sivity is not taken into account. Since the component loading in mixture aiitsorp
is increased this would yield a positive valuelgf, which would imply an increase
in flux in mixture permeation as compared to pure component permeation, while
the opposite is observed. The decrease in flux in mixture permeation exptgiine
therefore attributed to the decrease in diffusivity. Calculafipgrom GCMC simu-
lations or applying mixture adsorption models like the ideal adsorbed solutiorythe
(IAST), will give a more accurate approximation of the mixture diffusivities.

In methanol/water mixture permeation, the methanol diffusivity remains practi-
cally unchanged as compared to pure component permeation, while thediffater
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sivity is reduced with about one order of magnitude. In the ethanol/wasezrsy the
diffusivities of both water and ethanol reduce by an order of magnitad®@pared

to pure component permeation. As the adsorption of the components issedrea
in the mixture, competitive adsorption does not explain this reduced mixtumeeper
ance. The stronger interactions, leading to higher adsorption in the mixtmes
bined with steric hindrance of the adsorbed molecules, blocking the cagiewsn
are likely to reduce the diffusivity, leading to a lower permeance in mixturés T
seemingly unaffected permeance of methanol may be explained by a peffitee

of the increased adsorption, balanced by a negative effect of agddliffusivity.

To further elucidate this mixture diffusion behavior, MD simulations are cur-
rently being conducted. However, it should be noted that the diffusivitiégined in
MD simulations assume a perfect crystalline membrane without micro- and macro-
scopic defects. This will not resemble the actual membrane, which conkigime
plexly inter-grown crystals with internal and external grain boundaN&seover, the
DD3R membrane synthesized by NGK insulators, consisted of a thin zeolitaleye
posited on amr-alumina support. During the membrane synthesis, aluminum can be
leached out of the support material, and be incorporated in the zeolittusgutak-
ing the membrane material less hydrophobic than the separately synthegstetsc
and the simulated zeolite framework. Furthermore, despite the high calcinatien te
perature of the DD3R zeolite [11], silanol groups can still be presenteirzéolite
as crystalline defects. In silicalite-1 it has been observed that up to 8% &itis
present as Si-OH [91]. These groups linearly increase the framegvadakity, and
therewith the hydrophilicity [91, 92].

Considering that no force field parameters were fitted here, the calcaldsedo-
tion isotherms show a reasonable fit with the experimental adsorption dat@tdia
a quantitative result that better matches the experimental isotherms, a reftredme
the force field would be required, while taking proper account of the mahterper-
fections, such as silanol groups. The simulation results could also be iethbyv
accounting for framework flexibility. Including framework flexibility has sfmoto
increase the ethanol/water loading in silicalite-1 without affecting the sorptiec-s
tivity [40].
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5.6 Conclusions

Adsorption isotherms for water, methanol and ethanol on all-silica DD3R haen
measured by single-component vapor phase adsorption and calcwa@@MC
simulations. The measured alcohol adsorption can be described by asitedlang-
muir adsorption isotherm. The MC simulations were able to qualitatively repeoduc
the adsorption behavior of the experimental isotherms. For water, theptdso
resembles type Il adsorption. The water loading is under-predicted byathela-
tions at pressures up to 2.5 kPa. The calculated loadings at high meséwall the
components are higher than reported values for gases in DDR type zeolitese
comparable to loadings on LTA type zeolites. The molecular models and fetde fi
parameters were taken directly from literature without further adjustmenerhhe-
less, the order of magnitude and the shape of the pure component isothsemble
the experimental data well.

Mixture adsorption isotherms have been computed and combined with perme-
ation data measured under pervaporation conditions. The calculated nisxtinerms
show that the loading of both alcohols and water at constant comporgatityin-
creases as compared to pure component adsorption. Moreoverapieedtihe water
isotherm changes from type IV to type I. The decrease in water andaibamme-
ance in the mixture as compared to pure component permeation is not caused b
competitive adsorption. The increase in loading in mixture adsorption is seymifjc
more profound for water than for the alcohols, but this does not leaddotse water
adsorption at the feed conditions of the pervaporation experiments.

The transport diffusivities calculated from the permeation data and thelatdd
mixture isotherms show that the water diffusivity is one to three orders of itoaign
higher than those of the alcohols. The selective water transport thi2DR zeolite
membranes can be explained by the higher diffusivity of water in the hidiop
DD3R.

List of symbols.

symbol | name | unit

c concentration mol-m3
DS self diffusivity m?.st
D' transport diffusivity m2.s1
i) M-S diffusivity m2.s1
Ea energy of activation for diffusion| J-mol—1
Eapp apparent energy of activation Jmol!
f fugacity Pa
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List of symbols. (continued)

symbol [ name [ unit

AagH adsorption enthalpy Jmol1

K Langmuir adsorption parameter| Pa !

ks Boltzmann constant m2-kg-s~2.K~1
N molar flux molm=2.s71
M molar mass kg-mol—1

p pressure Pa

psat vapor pressure Pa

q equilibrium loading mol-kg~1
gt saturation loading mol-kg~!

R gas constant Jmol~1.K-1
T temperature K

Vin partial molar volume mé-mol—1

X liquid molar fraction —

y vapor molar fraction -

z length coordinate m

1) membrane thickness m

£ Lennard-Jones energy parameterJ

r thermodynamic correction factor

y activity coefficient

g Lennard-Jones size parameter | m

6 fractional loading

u chemical potential Jmol1

I density kg-m~3

n permeance molm=2.s71.pg!
e fugacity coefficient -

Y fugacity ratio —

sub and super scripts

| liquid

exp experimental

feed feed side

perm permeate side

pred predicted

a alcohol

e ethanol

i component i

M membrane

m methanol

w water

2 zeolite
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Abstract Pervaporation through zeolite membranes involves local heat effects
and combined heat and mass transport. The current state-ofttkievawell-Stefan (M-
S) models do not take these effects into account. In this study, traregpaations for
the coupled heat and mass transport through a zeolite membranerizesl deom the
framework of non-equilibrium thermodynamics (NET). Moreover, #ssumption of
equilibrium between the adjacent bulk phases at the feed and permest®Eitie ze-
olite layer is abandoned in favor of local equilibrium. The equations haea lised to
model pervaporation of water through guen thick NaA type zeolite membrane, de-
posited on an asymmetréc-alumina support, at a feed temperature of 348 K. Assuming
a flux of 10 kgm~—2-h~1 (0.15 molm—2.s~1), the transport through the zeolite layer, as
well as the liquid feed side boundary layer and the support layers isletbd€he ac-
tivity, fugacity, and temperature profiles are calculated with and withourigadoupling
effects and surfaces into account. The profiles show distinct diffessbetween the two
cases. Including the surface effects leads to discontinuities in the actidtyeaper-
ature at the membrane interfaces. A significantly higher temperatupecdrd.3 K is
calculated across the zeolite, compared to 0.4 K when surface antincpefiects are
not accounted for. The calculated decrease in temperature overdite f@yer is dom-
inated by the surfaces. This could indicate that temperature polarizatitmasarge
extent, a surface effect. The heat flux induces an extra driving fmrcmass transport,
reducing the activity difference over the membrane. A positive jump fivigcis ob-
served at the interfaces, revealing the mass transport across tfieciesas governed by
the coupling with the heat flux. The support layers contribute significantljedotal
mass transport resistance.
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6.1 Introduction

The transport through zeolite membranes is generally described followiadsarption-
diffusion mechanism, where molecules first diffuse from the bulk feed ta¢béte
surface. Next, they adsorb to the sites on the zeolite surface and in ite peces.
The adsorbed molecules diffuse through the zeolite, driven by the chgroteatial
gradient within the pore. At the permeate side of the membrane, molecule® deso
from the zeolite and into the support pores to the bulk permeate [1]. Naifibgoum
thermodynamics in the form of the M-S equations, are generally used to madgsl
transport in zeolites and zeolite membranes [2]. They have been siutiyemsplied

to several systems [3-5]. The equations balance the driving forcesheitiction
exerted on molecules [6]. The M-S equations have also been used to gasdahd
vapor permeation [7-9] and pervaporation processes in zeolite [t0$ikca [11]
membranes.

Pervaporation is a mode of operation in membrane separation procegges (F
6.1), where a liquid mixture is fed to a membrane, whereas the permeate side is in
gaseous, either by maintaining a low pressure or by introducing a pusgége or
more components from the mixture selectively permeate through the memhbmdne, a
effectively evaporate into the vapor phase. The phase-changdpntiighe perme-
ating components can be added by pre-heating the liquid feed. In the oakege
membrane surface area, intermediate heating steps are required. Tenepeotar-
ization is a local temperature drop at the membrane surface due to evapofdtie
permeating components. This effect has been observed in pervapgredicesses
and has a detrimental effect on the membrane performance [12].

Zeolites are microporous aluminosilicates, and are generally chemically and the
mally robust. Zeolite membranes are also well suited for pervaporationgeese
which is already a commercially applied process [13, 14]. Because zeuditesa
uniform crystalline porous structure, and don't swell, they are well dddemodel-
ing studies [15]. Adsorption in a zeolite from the vapor phase is usuallgipbsption
and is therefore an exothermic, non-activated process [10]. Whempanent ad-
sorbs from the liquid phase, the net enthalpy change is derived froredwption
enthalpy and the phase-change enthalpy. In current modeling it isadigrassumed
that the membrane has a uniform temperature [16]. However, the adsogptib
desorption step and the phase change of the permeating substancetdunrépgrt
from the feed to the permeate side of the membrane impose strong localfeets, ef
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which can result in large local temperature gradients. The combined meahass
transport in current modeling studies only involve a reduction in the drifance

due to temperature polarization on the liquid side, and incorporate the tenmperatu
dependency of adsorption equilibria and diffusivities [11, 17].

- rctentate
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Figure 6.1: Schematic representation of a pervaporation process

The theory of non-equilibrium thermodynamics (NET) is based on the assump
tion of local equilibrium and linear flux-force relations. Furthermore, NEThe
only theory capable of describing coupling between fluxes. Thesdingugffects
have shown to be essential to correctly describe the dissipation of engrglymer
fuel cells [18]. It has been shown that in a membrane/permeant systeogupkng
effects can differ greatly from that in a continuous system [19]. H@&wnetw our
knowledge, there are no studies on the coupling between mass and hspottan
pervaporation processes.

In current modeling of zeolite transport, equilibrium between any two adjace
phases is assumed, i.e. the adsorbed phase in the zeolite is assumed taidin eq
rium with the bulk fluid at the zeolite surface. Only recently, Kjelstrup andeect
[20, 21] abandoned the assumption of equilibrium across the interfadededined
the interface properties using local equilibrium instead. Inebél. have concluded
from a non-equilibrium molecular dynamics study on the adsorption of mbuia a
silicalite-1 membrane, that the surface is rate-limiting to heat transfer anddhat tr
port in zeolites should include a thermal driving force, in addition to the chemic
driving force [22].

In this study we use the framework of NET and the dividing surface tovéleri
transport equations for pervaporation. For simplicity, the equationsdirgge com-
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ponent system are described, but the generalization to a multi-compységings
straight-forward. The equations shall be applied to calculate the activdtyemmper-
ature profiles across a hydrophilic NaA zeolite membrane during pure pertea-
poration. The chosen process conditions and physical propertiessed on exper-
imental data. NaA is the sodium form of the LTA type zeolite, a highly hydrophilic
zeolite with small pores, that has shown to give high water fluxes undeaipenation
conditions [23]. This type of membrane is already being used on commeceial s
for de-watering of solvents under pervaporation conditions [13, Athough NaA
membranes often contain defects and pinholes [24], for simplicity, we wilinass
perfect crystalline, defect-free zeolite layer.

To show the effect of considering the coupling and surface effectaass and
heat transport, the temperature, fugacity and activity profiles acrogedttiee mem-
brane will be calculated (NET model) and compared to a model where no cou-
pling and no surface effects are taken into account (no coupling,nfeces (nCnS)
model). The terminology will follow that introduced by Kjelstrup and Bede&¥.[

6.2 Non-equilibrium thermodynamics description of trans-
port

Figure 6.2 gives a schematic representation of the mass and heat flgeegenbin a
pervaporation process. Using the framework of NET and the conéépé alividing
surface, the transport of mass through the zeolite membrane can beddiviodive
steps

1. diffusion from the bulk to the liquid/zeolite interface
2. transfer across the liquid/zeolite surface

3. diffusion through the zeolite layer

4. transfer across zeolite/support surface

5. diffusion into the bulk permeate through the support pores

In Figure 6.2 the mass flux,, is directed from left to right, following the above
mentioned five steps. At the liquid/zeolite interfaces (step 2), the adsorptthin
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zeolitic pores takes place, releasing the enthalpy of adsorption as hetlite 2¢0-
lite/support interface, the permeating molecules desorb into the gas pbaqieing
the enthalpy of desorption. By neglecting the temperature dependenessuittialpy
and the heat capacity, the observable heat figxpnly changes at the interfaces,
where the permeating water undergoes an enthalpy change. The erthalme at
the liquid/zeolite interface is denoted By, H;. Since we assume steady state oper-
ation, the mass flux, is constant throughout the whole system. The erelagyce
over the liquid/zeolite interface, relating the observable heat flux in the zélite,

J{]Z, to the heat flux in the liquid boundary Iayég',, then becomes

Y= =30 H (6.1)

At the zeolite/support interface, an enthalpy chamye, Hi, occurs. The ob-
servable heat flux in the suppodt’ ", can be related to the heat flux in the zeolite
Iayer,J{f, by the energy balance

JéSUp = Jéz —J Az,su pHi (6-2)

The double arrows in between the heat and mass flux in Figure 6.2, indieate th
coupling between these heat fluxes and the mass flux.

The entropy production rate in the absence of a chemical reaction, is abtaine
as the sum of the product of the thermodynamic driving forces and catejdigixes.
When linear relations between the fluxes and the driving forces arenassthis

results in [25] 0T .
o-5 (-5 )+ (-24) (6.9

The driving forces can be written in local-linear form using the resistivitigs For
combined mass and heat transport this results in

~ Ot

T~ Fupdi +rugd (6.4)
aoT

The component molar fluxi, can be written as;v;, wherec; = cx denotes the
concentration of componentIn equation 6.4[1u; + denotes the chemical potential
gradient at constant temperature as the driving force for mass transpihe case of
transport through a porous membrane, the membrane can be viewedmapanent,
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Figure 6.2: Coupling of mass and heat transport in a membrane under peatggoconditions.

M. Using the membrane as frame of reference, the velaajty,equals zero 0. The
thermal resistivity is related to the Fourier thermal conductivity by [26]

1

By defining a diffusivity, describing the interaction between the membradeaan
permeating compoun®jyr, as

cDim iM rqq ( )

we can write the coupled transport equations in a form comparable to therdflax
Stefan equations, often used for membrane transport modeling [1].

Uit Ji o'y
— = — oT 6.8
RT b’ RT2 ©8)
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~AOT =g+ (6.9)

Wherel},e,\,lf "is an effective diffusivity defined as the ratio of the diffusivity descripin
the interaction between the membralg,and component and the molar fraction
of the membranegy [2], as
peff = Bm (6.10)
iM — XM '
and\](’1 again denotes the measurable heat flux. The coupling is described lsathe h

of transfer,q’, which is defined as

K J/ r
o = (;) = —rq—“ (6.11)
I/ dT=0 qq

Equations 6.8 and 6.9 describe the combined mass and heat transportén-the z
lite layer. Under isothermal conditions, equation 6.8 reduces to

COpir

=— (6.12)
RT CiDieM

This equation is often referred to as the M-S equation [2]. When equati@i$to
be applied to non-isothermal conditions, an error is made because thavuthiing
terms are omitted. In this study, we will show the influence of neglecting thdiogup
terms on the calculated temperature and activity profiles. Moreover, we wakiia
gate the influence of taking the coupled mass and heat transfer acrossrtitgane
interfaces into account.

6.2.1 Coupled heat and mass transport across interfaces

Recently Bedeaux and Kjelstrup introduced transport equations atndases which
incorporate coupling between heat and mass transport [20, 25]. Téréace was
considered as a separate thermodynamic system between the two adfesa. p
Although the system is always at local equilibrium, the assumption of glohg eq
librium (requesting the temperature and chemical potential to be continu@ss) w
abandoned. In pervaporation processes, there is a phase chémmambrane sur-
faces, where the species adsorb from the liquid phase, and at thegpesite, where
the adsorbed species desorb into the vapor phase. The adsorptidesanption also
induce heat effects at these surfaces.

Figure 6.3 gives a schematic representation of a dividing surface asthtigard
notation, as used by Kjelstrup and Bedeaux [25]. This notation is basdtedwo
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phasesi(ando) adjacent to the surfacs, e.g. the molar flux from thesside across
the surfaces, is denoted byl °. Or alternatively stated, the first superscript indicates
the phase on one side of the surface and the second superscriptaadizaadjacent
phase.

i,0 0,i
N

, As <

N 7

/ Ai,s \N/ As,o N

N\ 7\ 7

Figure 6.3: Standard notation for transport across surfaces [25].

For a surface with heat and single component mass transport, theesexizgss
entropy productiong?, can be written as [25]

. 1 V!
o° = e <ALST>+J{]°*' <AS,OT> (6.13)

; 1 i 1
+Ji|’0 <—T3Ai,suj,T> +Jio’| <—T5As,ollj7T>

At steady state, there is no accumulation of mass at the interfaces, ﬂ,%hee,
Jii’o. In the measurable heat flux, however, there is a discontinuity at theaosrf
(equations 6.1 and 6.2), due to the macroscopically discrete nature ofrtheesu
Therefore, derivatives in equations 6.8 and 6.9 are here replacdiffdrgnces. We
can choose to eliminate eithﬂﬂ\”0 or J{f’i, because they are inter-linked by the energy

balances. If we assume feed conditions are known, and we want tdatalthe
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temperature and activity difference over the interface, it is best to eIimDé:RteFor
a one-component system in steady state, equation 6.13 then reducds to [25
1 Aopr (T

O.S _ J(/qO,iALOf o JI Ti (614)
From the linear flux force relations the transport equations for heatreass of
a single component over the surface, after some algebra and using tie@ihem

relation and the Onsager relations, it follows [25]

~ AT =TT (0"~ 6% (6.15)
A opir (T :
_“TT() SRR (6.16)

The chemical potential is here definedratwhich is the temperature on the left hand
side of the surface (Figure 6.3). Equations 6.15 and 6.16 can be usedrie the
resistivity coefficientst},, andrg,. These are properties of the surface, and correlate
the discrete difference in, respectively, chemical potential and tempemter the
interface to the mass and heat fluxes across the surface.

5% s defined as

The heat of transfeq
10,i
0= (ﬁ) (6.17)
'/ 8oT=0

|
Theq >° and the corresponding value wmg}@, qs

i ., are inter-related by

% — g% = —AioHi (6.18)
The chemical potential can be written as a function of the activity by
pi = p’+RTIn (&) (6.19)

Wherep? is the chemical potential at the reference state, which can be a function of
temperature and; denotes the activity of componeintwhich is defined as the ratio
of the fugacity at local conditions and the fugacity at the reference state.

f

a = on (6.20)
i
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Combining equation 6.19 with equation 6.16, we can now write the difference in
chemical potential over the surface as

A T i,0 Ti )
okt (M) _ gy (a, il )> = 15,0 — 1o >0 (6.21)

T a'(my) M
For the reference state in equation 6.20, we choose the fugacity of a liquid in

equilibrium with a vapor at local temperature. Using the Gibbs-Helmholtz relation

combined with equation 6.19, we can correct the activity abtsgle of the surface

' (T') to the activity at the local temperatua;' (T°), by

defined afl’, &
' (T _ 1o_ oy (ol
| . = (hY —h . 6.22
Rn(eﬁ'(m) " ')<T'T°> 0

whereh? and h? are the partial molar enthalpies of componewn theo-side of
the surface, and at the reference state, respectively. As in equatiyritée reference
state is a liquid in equilibrium with a vapor at local temperature. So, when tifecgur
resistivities and the heat flux out of the surface are known, the tempei@td fu-
gacity differences over the membrane can be determined, using equafisns.al
and 6.22.

6.2.2 Heat and mass transport through the multi-layer systen

In this section the equations for the above combined heat and mass ttaaspor
adapted to a single component pervaporation process, consistingusialifthrough
the liquid boundary layer, a zeolite membrane and a porous support. Tie tra
port equations are presented according to the different steps whigretheeating
molecules undergo, as shown in Figure 6.2.

6.2.2.1 Transport in the liquid boundary layer

All transfers in the liquid phase can be assumed to take place in the laminatdygun
layer [27] (step 1 in Figure 6.2). For single component bulk diffusiontethe no
gradient in chemical potential. The heat flux, in the absence of a driwirw ffor
mass transport, can be described by the Fourier equation,

—AOT =3, (6.23)
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When the heat flux within the boundary layer is constant, the temperaturias-a
tion of the laminar film thicknesg, becomes

/N

J
T(@ =Tz (6.24)

This sets the-coordinate at zero at the liquid bulk phase, odatim, at the lig-
uid/zeolite surface.

6.2.2.2 Transport through the zeolite layer

The adsorbed species diffusing through zeolitic pores (step 3 in FigRyexperi-
ence a strong interaction with the pore walls. The dominating diffusion mechanis
in this case is configurational or zeolitic diffusion. The driving forcerfass trans-
port is the chemical potential gradient, which can be expressed as tiliergran
fractional loading of the adsorbed speci@susing [2]

WTRy

RT
The interaction with the pore walls is expressed by the so-called thermodynamic

correction factor/[;y, which can be determined from equilibrium experiments. It

is defined by the Darken equation [6], which for single component ddfusan be

written as

6 =Iim06 (6.25)

. aln fi . 9. dfi
~dIng fio6
Combining equation 6.25 with equation 6.8, and writing the concentragicas
p.0°2'6;, we find

Tim

(6.26)

g q
— oT
P02 (6) RT?
Where p; is the zeolite densityg®® is the saturation loading, anl denotes the
fractional loading inside the zeolite pores.

When the coupling terms are neglected, the transport in the zeolite layatie@qu
6.27 reduces to

—hivde =

(6.27)

Ji
-l = —+— 6.28
iM I pzqisatDierf (6) ( )
We now have equations 6.27 and 6.9 to describe the coupled heat andanass tr
fer (NET model), and equations 6.28 and 6.23 to describe non-coupi¢dime mass

transfer of a single component in a zeolite (hCnS model). Comparing the t&/0 se
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of equations, we see equation that 6.27 can be seen as the M-S equedjoatson
6.28) with an extra term describing the molar flux caused by the temperaadge gr
ent, while equation 6.9 can be seen as the Fourier equation (equation &2anw
extra term describing the coupling effects.

6.2.2.3 Transport across the liquid/zeolite interface

The molecules at the membrane surface transfer to an adsorbed prashedig-
uid/zeolite interface (step 2 in Figure 6.2). Since the feed temperature iskaoa

the temperature at the liquid/zeolite interface was determined using equatign 6.24
the temperature difference over the interface can be calculated usiaticeq.15.
Using the calculated temperature difference and by combining equation &R21 w
6.22, we can find the activity difference over the surface using

!70 Ti * 10, Ai T
n (:’?i ((TO))> =53 — 13 s,OJqO,l — (h?— hio) <Ti7'ol'°> (6.29)

Where, at the liquid/zeolite interface, thside denotes the liquid phase, while the
o-side is the adsorbed phase in the zeolite.

6.2.2.4 Transport across the zeolite/support interface

From equation 6.27 and 6.9 the conditions atitisede of the zeolite/support inter-
face are calculated. Therefore, equation 6.15 and 6.29 for the liquiidéziaterface
can also be applied to calculate the temperature and activity differencesabm
zeolite/support interface (step 4 in Figure 6.2). In the equations-side now de-
notes the adsorbed phase in the zeolite,@sile is the gaseous phase in the support
material.

6.2.2.5 Transport through the porous support material

After the permeating molecules have been transferred across the zepptatsater-
face, they diffuse through the support pores toward the bulk permastghgse (step
5in Figure 6.2). The resistance in the support layer of a ceramic memhaareee
a profound contribution to the total mass transport resistance [28, 28t fdodeling
on transport in membranes is based on the dusty gas model (DGM) [Al#&)ugh
the model neglects the Maxwell slip term [30, 31], it has been shown to ntloeel
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transport in porous media with relative high accuracy, therefore thefuke DGM

is widely accepted. In the DGM, the membrane is considered as a pseudesspe
in the mixture which is motionless and of infinite molar mass. The flux through the
support is described by a combination of Knudsen diffusion and visitows The
viscous flow is not molecular diffusion, and therefore has no couplifegst Using
eqguation 6.8, the coupling between mass and heat flux can be incorpordted
Knudsen flow. When the support is assumed to have cylindrical poees)dhar flux

in the porous support can be written as

. Kneff s«sup ; 2
Kneff Ui T ChporeDisup 4 X Cl,poredp

J= _Ci.,poreDisup oT — =

RT RT2 T 32 op (630)

. . .. Kn,eff .
Wherec; pore is the concentration of componerin the support pores arfdig; o is

the effective Knudsen diffusivity, given by [2].

Kmeff_f% 8RT
sup T r 3\ vy

For a single component gas on the low pressure permeate side of the membran
the ideal gas law can be applied. By substituting equation 6.19 in equation 6.30,
whereby the fugacity of the permeating component equals the pressupFessure
drop over the support can be written as

(6.31)

3 Ci.,pore'BiKs,Tj’Sff i*supDT
R - 5
—-0P= Kneff > (63 )
Ci.pore‘Bisup £ Ci,poredp

P tiaym

Analogously to the zeolite layer, equation 6.9 is used to describe the hesgtdran
through the support, using the heat of transport of the permeating cemipiniside
the support Iayelqi*S“p. For the temperature gradient in the support we can write

oT

JsUP— —) 5t P (6.33)

When the coupling between heat and mass transport is neglected, eduagon
simplifies to
Ji
] ore‘B:(sTje” i, pored?
e g g
Equation 6.32 describes the coupled mass transport in the porous ts{por

model), while the non-coupled mass transport is described by equatioririC8%

—OP= (6.34)
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model). The coupled heat transport in the support layers is describeduation
6.33 (NET model), which, for the nCnS model, again reduces to the Foguetien
when the coupling is neglected.

6.3 Calculations

To illustrate the impact of the surface and the coupling effects on a peatapo
process, the equations presented in the previous sections were appliedgbpure
water pervaporation through a NaA zeolite membrane, deposited on an asjgnme
a-alumina support. In the calculations we considered a membrane with a zeolite
layer thickness of 2um deposited on an three-layer asymmetri@lumina layer.
Although there are not many values of pure water permeation reportedx affl

10 kgm~2-h~1 (0.15 molm~2-s~1) pure water was assumed at a feed temperature of
348 K. A similar flux has been measured for pure water pervaporationafi-aitica
DD3R zeolite membrane at a temperature of 398 K [32]. The values of the raambr
thickness, feed temperature and flux represent the performancégbf penformance
NaA membrane [29].

6.3.1 Estimation of transport parameters

In this section, the parameters, required to solve the presented traegpations for
water pervaporation trough a LTA-type membrane, are estimated. Therssgin
which the estimated parameters are presented follows the different stegiedién
Figure 6.2.

6.3.1.1 The liquid boundary layer

To obtain the boundary layer thickness, we assumed turbulent flolReé= 50 x
10°) and a geometric lengthyeo Of 5x 103 m, which is a typical value for the inner
radius of a zeolite membrane tube. The Nusselt nuniberfor turbulent flow in a
tube was determined using the Dittus-Boelter correlation [33]

Nu= 0.023R&"/°pr03 (6.35)
Or is then determined using [33]
%Igeo I eo
Nu= = & (6.36)
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Using equation 6.35 and 6.36, a laminar film thickness of 28mwas calcu-
lated. This value was then used as a boundary condition in equation 6.24utatza
the temperature profile across the liquid boundary layer.

6.3.1.2 Zeolite layer: adsorption

Water adsorbed in hydrophilic zeolites has a density and diffusion behavige-
tween that of a solid and a liquid [34, 35]. In hydrophobic zeolites the\hehaf
adsorbed water lies in between that of a liquid and a vapor [36]. For timag®n of
adsorption and diffusion parameters we used results from molecular simugeitib
experimental data.

Water adsorption on NaA was described by a single-site Langmuir adsorptio
behavior [34].
aw _ Kufw
G T+ Ko
The Antoine equation was used to correlate the vapor presgjifeto the tempera-
ture [37]. The liquid fugacity was then determined by [38]

By = (6.37)

VI P_Psat
fwzpviatmatexp! m,W(RT W )] (6.38)

The fugacity coefficientg$® is unity for the conditions considered. The adsorbed
water in the zeolite layer is transported through the membrane and finallyodestur
the support layer. At the liquid/zeolite interface, the enthalpy chakg#,, is the
adsorption enthalpy of water on NaA, -18bl~1. At the zeolite/support interface,
the desorption step is accompanied by a phase change, this results in @pyenth
change A, sypHw of 65 kJmol! [39]. Table 6.1 gives the values of the adsorption
parameters used in the calculations. Because of the steep adsorptiomisdties
loading of water in the highly hydrophilic zeolite is close to saturation at all positio
in the membrane.

Table 6.1: Parameters for adsorption of water on a NaA type zeolite.

parameter [ value [ unit | reference
Kuw 1073 Pal [40]
ot 15 moky-kg; 1 | [40]
A Hy -18x10% | Jmol™? [39]
Az supHw 65x10° | Jmol ! [39]
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6.3.1.3 Zeolite layer: diffusion

The diffusivities of adsorbed species in zeolites with cage like structueesften
a strong function of the loading [41, 42]. To model the loading dependehthe
diffusivity, the Reed - Ehrlich formulation was used [43]. This method rel#e
diffusivity to the loading via [44]

11
et gy (ITEN (6.39)
’ (1+¢/9)
whereing ande are defined as
@ = azexp(az6) (6.40)
_(B-1+20)¢
£="3i1-8) (6.41)
with
B=\/1-46(1-6)(1-1/9) (6.42)

The Reed-Ehrlich equations were fitted to NEMD data of water diffusion ity Na
[45]. Table 6.2 shows the fitted parameters for calculating the water ditfjssince,
in this system, the loading is always close to saturation, the calculated valD%};fof
are ~ 4x10-1°m?.s1 and do not differ significantly over the membrane thickness.

Table 6.2: Fitted Reed-Ehrlich parameters for NEMD data [45] of watdfugivity in a NaA type zeolite.

parameter [ value [ unit
a 122

az 0.165

az 3.05x10°10 | m?s?t

6.3.1.4 Zeolite layer: heat of transfer

The adsorbed phase in the zeolite is assumed to resemble liquid-like prapédties
the heat of transfer of water in the zeolite we used the same estimation which was
used by Kjelstrupget al. for water in a polymer fuel cell [25].

GZ=—SuT (6.43)
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where S, is the entropy of the adsorbed phase, which in this case is assumed to
be equal to the liquid entropy of wate, . The calculated heat of transfer is -
6.3 Jmol~?, which lies in a range of values found fq? of butane in a silicalite-1
membrane [22].

6.3.1.5 Zeolite layer: thermal conductivity

We assumed the effective thermal conductivity; ¢, to be a linear combination of
the volume fractionsyj, and the thermal conductivities;, of the sorbent and sorbate

species.
n

Aeff = Zi\/i/\i (6.44)

=
The volume fraction of adsorbed water in a zeolite can be written as a furafttba
fractional loading as
B ewq\?\,athPw
Pzt B G My
The thermal conductivities used in the calculations are shown in Table 618y Us
these data, an effective thermal conductivity of the zeolite Ia@é&;q, is found to be
~0.6 Wm—1.K-1,

(6.45)

w

Table 6.3: Thermal conductivity data and densities for water, NaA zea@d ara-alumina support.

parameter [ value [ unit | reference
A 0.65 | wm 1K1 | [46]
Awg ~0 w-m-L.K-1 | [46]
Az 0.10 | wm 1K1 | [47]
Asup 30 wW-m LK1 | [46]
Pw 1000 | kg-m~3 [46]
Pz 1415 | kg-m~3 (48]

6.3.1.6 Dividing surfaces

At the dividing surfaces, the values fqjf;>° were estimated as a fraction of the en-
thalpy difference across the surface [49].

w0 = —KAi oHw (6.46)

Previous studies on vapor-liquid equilibria, gdv equation 6.46 equal to 0.3
for the vapor side of the interface [50]. The valuesif° for the liquid zeolite q\’,‘v"z)
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and the zeolite/supporty{”°“P) interfaces, using = 0.3, are listed in Table 6.4. The
enthalpy differences, used in equation 6.46, are listed in Table 6.1.

Because of the novelty of the concept of the dividing surface, thaérestrans-
port parameters are not readily available. The resistiviti%a(ndrfw) of the sur-
face were assumed to be the same at the liquid/zeolite and the zeolite/suppert inte
faces. The values were estimated based on work oét<al. who performed non-
equilibrium molecular dynamics (NEMD) simulations of a vapor-liquid interfawre f
argon-like particles [51].

Table 6.4: Parameters used for transport across the liquid/zeolite@olite/support interfaces.

parameter [ value [ unit | reference
Vi 5.4x10° | Jmol? [39, 49]
auSUP -19.5x10° | Jmol?! [39, 49]
rSq 6x1071° | m?sJ K1 [51]

riu 5x10~4 JmZsmol2.K-1 | [51]

6.3.1.7 Support layers: diffusion

In our model the zeolite layer is deposited on an asymmetradumina support,
which consists of three layers with increasing thickness and pore singtimmem-
brane side to the permeate side. The values used for the calculation ast vgpies
[52, 53], given in Table 6.5. These data include the porositythe tortuosity,t,
the layer thicknessy, of the support material, and the average pore diameger,
estimated from ther-alumina particle sizedpart, using [54]

_ gdpartg
31-¢

dp (6.47)

Table 6.5: Parameters for the asymmetdealumina support.

parameter | value unit
£ 0.4

T 3

Ssup1 13x10°® | m
dp1 0.22x10°% | m
Ssup2 70x10°8 m
dp2 1.1x10°® | m
dsup3 1.75x10°% | m
dp3 54x106 | m
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Using these data we find Knudsen diffusivities of B1D 6 3.1x10°°, and
1.5x10~4 m?.s1, and viscous flow contribution of 10%, 20%, and 60% for layer
one, two, and three, respectively.

6.3.1.8 Support layers: heat of transfer

The low pressure gas inside the support layer mainly resembles Knudbamwidr
[28]. Rastogiet al. have obtained expressions from kinetic theory for describing the
linear transport equations for thermo-osmosis of a Knudsen gas [18§.h&at of
transfer of a Knudsen gas was estimated by

. RT

The value ofg:X" in the support layers is typically —1.4 x 10° Jmol~1, which is
substantially higher than in the absorbed phase in the zeolite.

6.3.1.9 Support layers: thermal conductivity

Also in the support layers, equation 6.44 was used to determine the overafiah
conductivity. The volume fraction of the low pressure vapor in the postugture
is equal to the porosity. The thermal conductivity in the support is dominated by
the conductivity ofa-alumina, so the conductivity of the low pressure vapor was
neglected Awg = 0). Using equation 6.44 and the data in Table 6.5 and 6.3 the
effective thermal conductivity in the support was calculated. Equati@&dhd 6.9
were then used to calculate activity and temperature profiles in the support.

The data in Table 6.3 yields a typical valuedtf = 18 Wm-1.K 1.

6.3.2 Solution procedure

To single out the influence of the coupling and surface effects on mak$eat
transport, the transport equations have also been solved while neglibetisgrface
and coupling effects (i.e.rgq, rfm, and all heats of transfeq;, are zero), which
resulted in a model consisting of the M-S equations describing mass trarespodr
the Fourier equation describing heat transport. Since there is no gy possible
after the water has passed the zeolite/support interface, we have sutahéux
inside the support);™P, equal to zero. From this equation, it is then evident that

when the coupling is neglected, the nCnS model will predict no temperatanegt



A NON-EQUILIBRIUM THERMODYNAMICS APPROACH TO MODEL. .. 165

in the support. The boundary conditions used in the calculations are listebia T
6.6.

Table 6.6: Boundary conditions used it the model, giving the feed tentpegamass flux, and observable heat flux
in the support layer.

parameter | symbol | value | unit

feed temperature TrRUK 77348 [ K

molar water flux Jw 0.15 | molm2s1
heat flux in support layers JgP 0 Jm2s1

We have considered a one-dimensional system, with transport mdinection,
as depicted in Figure 6.2. The equations were solved in the sequencasgfdra
using Matlab (ode45).

Using equation 6.1, 6.2, and 6.33, the heat fluxes in each layer werdatattu
for a given steady state molar water fluilg, The temperature and activity gradients
in each layer were calculated using the presented equations for the NEI amad
the nCnS model. From the temperature and activity gradients the activitgityga
and temperature profiles were obtained.

In the NET model, equations 6.8 and 6.9 were used to model the mass and heat
transport in the homogeneous phase, and equations 6.21, 6.22 andeselGssd
to describe transfer across the surfaces. By neglecting the couplétgsedind the
contribution of the interfaces, the model was simplified to equations 6.12 aBd 6.2
which is referred to as the nCnS model.

6.4 Results

For the water feed temperature of 348 K, and a flux of 0.15mmcl-s 1, the profiles
for activity, fugacity and temperature were calculated. The activity is the od
the fugacity at local conditions and the fugacity at the reference stategapmpo-
nent liquid at the local temperature. Figures 6.4, 6.6 and 6.8 show the tdorpera
fugacity and activity profiles in the complete membrane system, including laminar
liquid film and support layers. In these figures the length coordideteis given in
logarithmic scale. Figures 6.5, 6.7, and 6.9 give an enlargement of thiepriofthe
2 um zeolite layer and at the dividing surfaces.

With the saturated liquid as the reference state, it follows that the activity in the
liquid boundary layer is always unity, which corresponds to the absafreeriving
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force for mass transfer. The enthalpy at the reference state is theeszfoal to the
liquid enthalpy. For the enthalpy differences in equation 6.22 this now yiekls th
enthalpy of adsorption at the liquid/zeolite interface and the heat of exaporat
the zeolite/support interface.

348.0

3475
v
&~
347.0
346.5 i T -} T
10° 10! 102 103 104
Az /um

Figure 6.4: Temperature profile across the liquid film, zeolite layer amcbtkalumina support, calculated using the
NET model (solid line) and the nCnS model (dashed line). Theécatdashed lines indicate, from left to right, the
liquid/zeolite interface, the zeolite/support interfacel the boundary of the different support layers.
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Figure 6.5: Temperature profile across the zeolite layer and the dividinméaces calculated using the NET model
(solid line) and the nCnS model (dashed line). The figure iséargement of Figure 6.4. The vertical dashed lines
indicate the liquid/zeolite interface and the zeolitefsup interface.
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Figure 6.4 shows a temperature difference over the membrane systemkof 1.3

is calculated using the NET model. Neglecting the coupling effects, results im mor
than a three fold lower total temperature difference (0.4 K). The largesetieiype

drop is observed at the interfaces (Figure 6.5).
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Figure 6.6: Profile of the fugacity of water across the liquid film, zeolager, thea-alumina support, calculated
using the NET model (solid line) and the nCnS model (dashedl lifiee vertical dashed lines indicate, from left to
right, the liquid/zeolite interface, the zeolite/suppioterface and the boundary of the different support layers.

£,/ kPa

32 —
28.0 28.5 29.0 29.5
Az /um

30.0 30.5 31.0

Figure 6.7: Profile of the fugacity of water across the zeolite layer dr@dividing surfaces calculated using the
NET model (solid line) and the nCnS model (dashed line). Thadigrian enlargement of Figure 6.6. The vertical

dashed lines indicate the liquid/zeolite interface andzeimite/support interface.
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0.8 : e et
10! 102 103 10%
Az /um

Figure 6.8: Profile of the activity of water across the liquid film, zeolitger, thea-alumina support, calculated
using the NET model (solid line) and the nCnS model (dashe)l Iifiee vertical dashed lines indicate, from left to
right, the liquid/zeolite interface, the zeolite/suppiaterface and the boundary of the different support layers.
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Figure 6.9: Profile of the activity of water across the zeolite layer anel dividing surfaces calculated using the
NET model (solid line) and the nCnS model (dashed line). Thedigaian enlargement of Figure 6.8. The vertical
dashed lines indicate the liquid/zeolite interface andzeimite/support interface.
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Figure 6.9 shows that at the liquid/zeolite and the zeolite support interfidees,
activity increases with, respectively, 11% and 6% of the total differeridee fu-
gacity shows a drop at the liquid/zeolite interface of 6%, while at the zeolitedstip
interface, there is a small positive jump in fugacity (-0.5%).

Table 6.7 gives an overview of the relative contributions of the laminar dieyn
layer, the zeolite layer, and the support layers, as well as the surtacde total
temperature, fugacity and activity difference over the total system thrthe case of
incorporating (NET model) as well as neglecting (hCnhS model) surfacksampling
effects.

Table 6.7: Relative contributions to temperature and fugacity diffieeover the membrane systenTat 348 K,
Jv=0.15motm2-s71, andJ*'P=0JIm 251,

NET model nCcnS model

Layer e | e | e | R | R | R
liquid film 25.2% 6.8% 0.0% 90.5% 7.1% 0.0%
surface liquid/zeolite | 52.9% 6.1% -10.6%

zeolite layer 2.9% 44.7% 59.2% 9.5% 48.1% | 51.4%
surface zeolite/support 17.2% | -0.5% -6.3%

support layers 1.8% 32.8% 57.7% 0.0% 44.8% | 48.6%
total difference -1.3K | -74kPa| -0.15 | -0.35K | -7.1kPa| -0.17

Calculations have shown that neglecting the viscous flow term in the support
increases the activity and fugacity drop over the membrane by 70% andé286c-
tively.

When the heat flux in the suppod’™®, is chosen larger than zero, the temper-
ature and fugacity difference over the membrane increase. Becatise pbsitive
coupling between the heat and mass flux, the activity difference desreath in-
creasing heat flux. This suggests the possibility of enhancing the madsyflysn-
erating a heat flux across the membrane, which can be done by coolingrthegie
side of the membrane. The effect of the heat flux inducing mass transfiegied
out under thermal osmosis conditions [19, 25], meaning the mass flux is z&tto
while a positive heat flux is imposed on the system. In this system, this results in
a positive activity difference over the membrane, showing the heat flucesla
driving force for mass flux in the direction of the heat flux.

At mass fluxes above 0.73 mi—2-s 1, the permeate side activity becomes zero,
marking the maximum flux physically attainable in this system.
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6.5 Discussion

The profiles in Figures 6.4, 6.6 and 6.8 illustrate the impact of taking the surfac
effects and the coupling between mass and heat transport into accoaractical
system. Since many of the transport parameters are estimated based mntiffe
systems, the comparison between these models is meant as a qualitative Hugasure
the impact of the surface and coupling effects. The activity represaneaaure for

the driving force for mass transport at constant temperature ansupegsvhile the
fugacity can be seen as a corrected pressure, which in the suppals ¢ge actual
pressure. The profiles for the nCnS and the NET models show distinetetiffes,
particularly for the temperature profiles.

Figure 6.5 clearly shows that the discontinuity in the temperature at the lig-
uid/zeolite and zeolite/support interface. The temperature drop at tteeearflomi-
nates the temperature drop over the zeolite layer. At both surfaces andeapper-
ature is observed, despite the fact that at the feed side an exothermesparcurs.
This shows that the temperature difference over the surface is domingtteel value
of rgq- Approximately 70% of the temperature drop over the whole system is gen-
erated at the surfaces. Using these parameters, it was found that tidézkglite
surface has a higher contribution than the zeolite/support surface.

The total fugacity and activity difference over the system is similar for th& NE
and the nCnS model (Table 6.7). The discontinuities are also observedimgtuity
and activity profiles (Figures 6.7 and 6.9), albeit much smaller than for thestemp
ture. The positive jumps in activity at the interfaces reveal that there is a ffpla
across the surfaces against the activity difference. This means tkizd, iaterfaces,
the mass transport is driven by the temperature gradient.

For the NET and the nCnS model, the fugacity and temperature differeece ov
the laminar boundary layer are equal (0.5 kPa and 0.3 K, respectivdly)ever,
the liguid/zeolite interface causes an additional 0.7 K temperature drop. diid ¢
indicate that temperature polarization effects are not only limited by conduiction
the liquid phase, but also by the surface resistance. Because in thecginglenent
liquid phase there is no driving force for mass transport, the NET modktian
nCnS model are described with the same equations in the liquid boundaryHayer
a multi-component system, this will not be the case.

The support layers contribute significantly to the overall mass transesig-r
tances figures 6.8). This holds for both the NET and the nCnS model. Smbedt
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flux on the permeate sid& ™", is set to zero, the temperature gradient in the support
in Figure 6.4 is only caused by the coupling effects. The temperatureatitferover

the support predicted by the nCnS model is, evidently, zero, while thdingugs-
fects in the NET model cause a small temperature difference. The heansfdr is
estimated based on a pure Knudsen gas, the actual value of the heasfittia the
support could be lower, reducing the coupling effect in the support.

The temperature dependency of the adsorption and diffusion is not taden
account in this model. The absolute temperature differences are limited to a few
Kelvin and the highly hydrophilic zeolite will be close to saturation in the casei p
water feed within this temperature range. The temperature dependeriffusii/dy
and loading are therefore expected to be negligible. In the case of gasgi®n,
or water transport through an apolar membrane, these temperatureldepies are
expected to be of more importance.

In practice, conduction at the permeate side of the membrane could indeeé¢ a h
flux deviating from the assumed value of zero. Moreover, when thesswadion of
the permeate vapor would occur close to the permeate membrane surfaceathe
flux would be determined by the mass flux and the heat of condensatioertNev
less, unless heat is added on the permeate side there would be a posittmile
from zero, enhancing the mass flux through the coupling effects. Tiastefas
observed doing simulating thermal osmosis experiments, which showed gibipos
ity of enhancing the flux in pervaporation processes by increasing thestatope
gradient over the membrane. This has interesting technical consequence

Because of the novelty of the concept of the dividing surface, the alailieans-
port parameters are limited. For the system of water in a zeolite membranethere a
no experimental or simulation results available yet which give the surfageepres
and the coupling constants. Although the transport parameters are estlraatst
on simulation data and theory, and the values correspond to values fouathér
systems, actual data are not available. The valuegfat the interfaces and of the
adsorbed phase, and the valuespf andrg, should be determined by experiments
[55, 56] or molecular simulations [22, 57] to give a better description of #resfort
in this system.
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6.6 Conclusions

Based on the theory of non-equilibrium thermodynamics, transport eqedtiocou-
pled mass and heat transport are derived. The calculated activiagifygnd tem-
perature profiles are compared to a model neglecting surface and apefiticts.
Taking coupling and surface effects into account, reveals discontinintiesnper-
ature, activity and fugacity at the liquid/zeolite and zeolite/support intesfathe
positive jump in activity shows that the transfer across the interfacesecgoverned
by the temperature gradient. The temperature difference over the zeobtenag
here dominated by the interfaces. This could indicate that temperature pbtariz
occurring in pervaporation processes could, to a large extent, bedcayssurface
effects. The calculated total activity difference over the membrane was laven
coupling effects were considered. The influence of the support ocovierall mass
transport resistance is significant for both cases.

Increasing the temperature gradient across the membrane, decreagetvity
gradient. This shows the possibility of enhancing the mass flux by geneiating
energy sink at the permeate side of the membrane.

The transport parameters used to model this system are, to a large estent, e
mates based on data of different systems. Molecular simulations or thenmasiss
experiments can provide better estimates for these transport parameters.

List of symbols.

symbol | name unit

a activity

c concentration mol-m—3
dp.a pore diameter in material A m

dpart particle diameter m

Bjj M-S diffusivity of componentiinj m2.s~1

f fugacity Pa

Haji enthalpy of component i in phase A Jmol1

J molar flux molm—2.s1
N/ observable heat flux wW-m—2

K Langmuir adsorption parameter Pal

Mi molar mass of component kg-mol—1

P pressure Pa

psat vapor pressure of component i Pa

q* heat of transfer of component i Jmol~t

g equilibrium loading mol-kg~?!
gsat saturation loading mol-kg~t

R gas constant Jmol1.K-1
i resistivity coefficient
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List of symbols. (continued)

symbol name unit

SA entropy of componeritin phaseA Jmol 1K1
T temperature K

Vim partial molar volume m3-mol—1

v volume fraction -

X molar fraction —

z length coordinate m

o thickness of layer A m

£ porosity —

n viscosity Pas

r thermodynamic correction factor

[Z] fractional loading of component i

A heat conductivity of component i w-m 1K1
u chemical potential of component i Jmol~t

p density kg-m—3

o entropy production in a homogeneous phasé-s 1.K~-1.m—3
o’ surface entropy production Js LK Im2
T tortuosity -

v velocity m-s~t

> fugacity coefficient —

sub and super scripts

eff effective

| liquid

sup support material

z zeolite

i component i

q heat

w water

U molar

Kn Knudsen

i-side of interface
o-side of interface

o —

s surface

0 at standard state

Iz liquid/zeolite interface
zsup zeolite/support interface
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Abstract Ozonication is a technique which can be used to remove the template
from zeolites at much lower temperatures than conventional calcinatioa tefplate
removal by ozonication has been investigated for small pore zeoliteg @R topol-
ogy. The pore size of the DDR type zeolites (448.6 A) is smaller than the molecular
diameter of ozone (4.6 A). The detemplation of these zeolites confirnasgunption of
ozone breaking down into radicals at the zeolite surface before difftisiough the pore
system. All-silica DDR (DD3R), all-silica ZSM-58 and aluminum containing S&EZ
58 (Si/Al=170) have been synthesized. The crystal size distributionseofntiterials
show the DD3R crystals have an average size of/2n7 while the ZSM-58 sample con-
sists of 6.1um hexagonal shaped crystals. The NaZSM-58 material consists aflgtob
aggregates of 3fim, consisting of small um primary particles. The ozonication was
carried out at 473 K using»610—3 m3.h~1 (STP) of a mixture of 80 gn—2 (STP) ozone
in oxygen. DD3R was completely detemplated in 38 h of ozonication, shquargity
characteristics equal to that of a calcined sample. The all-silica ZSM-&b8ladSM-58
samples were detemplated for 75% in 38 h and 90% in 8 h, respectivelyngzmared to
the calcined samples. The incomplete detemplation is expected to be due tm#re la
size of the SDA for ZSM-58 (MTI) compared to the SDA for DD3R (1-APAhe lower
template removal of the all-silica ZSM-58 is attributed to the larger crystal size
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7.1 Introduction

Small pore zeolites have gained increasing interest in the fields of membcanelte
ogy and sensor applications. All-silica deca-dodecasil 3R (DD3R) &éas buccess-
fully applied forCO,/CH, separation [1-3] and de-watering of alcohols and other
organic solvents [4, 5]. Dehydration of alcohols is already done orsinidliscale
using zeolite LTA type membranes [6]. Also hydroxy sodalite (SOD) memisrane
have been successfully synthesized and tested for absolute watexteep@]. Be-
cause of the pronounced size selectivity of these small pore zeolitesatheatso
well suited for sensor applications.

Most zeolites require an organic structure directing agent (SDA) faceessful
synthesis. After the synthesis, this organic molecule needs to be remowvedHe
zeolite structure. Conventionally this is done by calcination at temperatungedre
623 K and 973 K. High detemplation temperatures are very undesired itefrag-
terials with unusual framework compositions, or in applications such as magsra
or coating of sensors, or other materials with a low dielectric constant. Irageeaf
coatings and membranes, heating can lead to crack formation. Even whigimgp
low heating rates the chance of creating defects is profound. Moreueey sensor
materials are not capable of withstanding the high temperatures requitednfoliate
removal.

Several low temperature detemplation techniques have been develogeq. [8—
In this chapter, we will apply ozonication, in which a zeolite is contacted with an
oxygen/ozone mixture at elevated temperatures. At these temperaturas, de-
composes into atomic oxygen and radical species, which are highly agtilants
[12—14]. Henget al. have successfully detemplated MFI type zeolite membranes
using 50-100 gn—3 (STP) ozone in oxygen at temperatures up to 473 K [12]. Where
standard conditions are defined at 293 K and 1.01 bar. Ozonicatioridtabeen
successfully applied for coke removal from MFI and FAU type zeolités-[T7]. Be-
cause of the mild thermal conditions, this method is well suited for detemplating
zeolite coatings on temperature sensitive substrates; or for detemplating amesbr
Although it is suggested that the decomposition of ozone into radical speg&ies
place at the zeolite surface [17], and the formed radicals diffuse intaotteesystem,
oxidizing the template, this mechanism has not been proven yet.

This chapter focuses on applying ozonication to remove the template from dif-
ferent zeolites of the DDR framework topology. The structure of DDRsixig
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Figure 7.1: Structure directing agents used in the synthesis of zeakitth the DDR topology: 1-adamantanamine
(left) and methyltropinium lodide (right)

of window-connected cages, which makes this material a member of the gfoup
clathrasils [18]. The crystal structure is built by corner-sharingsSérahedra that
are connected to pseudo-hexagonal layers of face-sharing peatadpdecahedra
(5% cages). These layers are stacked in an ABCABC sequence and aoefiate
nected by additional Sigxetrahedra that form six-membered rings between the lay-
ers. Thus, two new types of cages arise, a small decahed¥igl4age, and a large
19-hedron, 35126182 cage. By connecting the 19-hedra cavities through a single 8-
ring with an aperture of 4.4 3.6 A, a two-dimensional channel system is formed,
which is accessible to small molecules after thermal treatment at 773 K - 973 K.
Three different materials with the DDR topology have been reported in thatliter:
all-silica deca dodecasil 3R (DD3R) [18], sigma-1 [19] and ZSM-5§.[ZDr the
synthesis of DD3R and sigma-1, 1-adamantanamine (1-ADA) is used asv@ila
methyltropinium iodide (MTI) is used as SDA in the synthesis of ZSM-58 (Fgur
7.1). The small pore size of DDR materials excludes ozone from enterinupties,
since the molecular diameter of ozone is larger than the DDR pore window [21]
Since the molecular diameter of oxygen (3.4 A), atomic oxygen (1.4 A) and many
radical (i.e.OH- or CHz-)) species are smaller than the DDR pore window, successful
detemplation of these zeolite types would confirm the proposed mechanistard o
degradation at the zeolite surface, and the diffusion of the active tagfiegies.
Moreover, the detemplation of the same structure topology but with two differe
SDAs and both all-silica and aluminum containing frameworks would demdestra
the range of applicability of this technique.
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7.2 Experimental methods

7.2.1 Synthesis

All the chemicals were purchased from Aldrich and used as receivdthuwt further
preliminary purification. DD3R crystals were prepared by the method ibbeskelse-
where [22]. The synthesis mixture has the molar ratio of 1-ADA :;Siéthylenedi-
amine (EDA) : HO =47 : 100 : 404 : 11240 and it was prepared as follows. 1.72 g
of 1-ADA (97 wt%) was dissolved in 5.76 g EDA>(99 wt%) and was placed in
an ultrasonic bath for 1 h. Water (38 g) was then added rapidly. The miwtase
placed in a shaking machine for 1 h. After heating to 368 K for 1 h while stiytime
mixture was cooled down in ice. Aerosil 200 (1.41 g) was then slowly addeldw
the solution was stirred vigorously. The mixture was again heated to 368 K in an
open vessel while stirring until the solution became clear (the solution cidraya
white to almost transparent). As-synthesised DD3R crystals (0.01 g)asieled as
seeds. The resulting solution is placed in a teflon lined autoclave and hested u
hydrothermal conditions (autogenous pressure) to 433 K for 2 dajer watation at

60 rpm.

For the synthesis of ZSM-58 [20], first the SDA, methyltropinium iodide (MT
was prepared by adding 25.1 g methyl iodide (99 wt%) dropwise to a solution o
25.0 g tropine (98 wt%) in 100 g ethanol at 273 K under stirring and keethieg
suspension under reflux for 72 h. After cooling and filtration, the reguitigstalline
MTI was washed with 100 g ethanol and dried at 353 K. The synthesis raiidur
characterized by a molar ratio of MTI : S§O Al,03 : N&O : H,O =17.5: 70 X
: 11.5 : 2800, where the amount of alumixadepends on the desired Si/Al ratio.
The Si/Al ratio of the zeolite is equal to that of the synthesis mixture and can be
varied between infinite and 70, corresponding tokdretween 0 and 0.125. In this
case 0 and 0.051 are used for the all-silica ZSM-58 and the NaZSM<ji:atvely.
The synthesis mixture was prepared as follows: 10 g of Ludox HS-4(addesd to
a solution of 4.7 g MTl in 8.7 g bO and stood overnight while stirring (solution
A). 0.78 g sodium hydroxide and the corresponding amount of sodiumirdue
(Al,03: 50-56 wt%, NaO: 40-45 wt%) were dissolved in 33.3 g@ (solution B).
The resulting solution (A+B) is stirred for 30 min, placed in a teflon lined autecla
and heated under hydrothermal conditions (autogeneous press4&3 ¥ under
rotation at 60 rpm for 48 h in the case of all-silica ZSM-58, and 7 days inake of
NaZSM-58.
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Figure 7.2: Schematic illustration of ozonication setup

7.2.2 Template removal
7.2.2.1 Calcination

As a reference, the synthesized samples are thermally calcined at 82378 ¢ 9
for 6 to 16 h using a heating and cooling rate of 60# in static air (Carbolite
CSF1100). The sample is placed in a ceramic dish, which is placed insideghe ov

7.2.2.2 Ozonication

The detemplation is carried out by ozonication in a glass u-tube (diameter 6 mm
and length 900 mm), placed in a programmable oven (Binder FP53) whichtis kep
at a temperature of 473 K. A zeolite sample (0.2 - 1 g) is placed, as a thin layer,
inside the glass tube. After a certain amount of time, part of the zeolite sample is
taken out after which the ozonication is continued. Dry oxygen from acgasder

is passed through a Corona discharge ozone generator (A2Z Oysters, SOZ-
16GLAB). The inlet pressure of oxygen at the ozone generator & 465 bar. Using

a mass flow controller (Bronkhorst Hi-Tech B.V.), the zeolite sample is &@ts

a flow of 6x10-2 m3-h~1 (STP) dry oxygen containing 802 (STP) of ozone
where normal conditions are 298 K and 1.01 bar. The ozone concentadtitie
outlet of the oven is monitored using an ozone detector (Lenntech, BM 9t
whichitis send through a manganese dioxide/copper oxide catalytic oestractor.
Figure 7.2 gives a schematic representation of the setup used for dimmid&efore
ozonication, the system is flushed with pure oxygen at 473 K to ensurées-free
atmosphere.
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7.2.3 Characterization

The crystal morphology is examined by scanning electron microscopy ( §&Mips
XL20). X-ray Diffraction (XRD) is used to verify the crystal structuigr(ker-AXS
D5005). Elementary analysis is done by inductively coupled plasma opiiission
spectrometry (ICP-OES) (PerkinElmer Optima 3000 DV). The crystal s&teluli-
tion (CSD) is measured in water by Laser diffraction (Microtrac S3503uming a
refractive index of the zeolite of 1.5. Ultra-sound of 40 W was appliedfify s to
break up any agglomerates of crystals before performing the CSD neeasuoir. The
determined size is an average since the crystal shape is anisotropic, s seen
from the SEM micrographs.

The degree of detemplation is determined using several measurementteshniq
(differential) thermogravimetric analysis/differential thermal analysis (DT&A/DTA)
(Mettler Toledo, TGA/SDTA 851e) measuring the mass decrease upondneasir
upto 1173 K with a heating rate of 600K ! and Diffuse reflectance infrared Fourier
transform spectrometry (DRIFT) (Thermo Nicolet, Nexus) using KBraakiground.
The adsorption capacity of a zeolite is generally described by a BETcauafea. To
determine the BET surface and to confirm the removal of the SDA from thigeze
framework, nitrogen adsorption tests were conducted (Quantachrotoedkb-6B).
Prior to the nitrogen gas-adsorption measurements, the samples were drégd in
uum at 573 K in order to remove present moisture and other volatile comfgonen
(the weight of the sample after drying is used in the calculations). The nitrage
sorption and desorption isotherms were measured at 77 K. The BET metdsd w
used to calculate the specific surface area of the samples, the t-plot meth@pw
plied to determine the micropore volume, while the total pore volume was obtained
at p/p°=0.99. The DD3R stucture was also examined{8i Magic Angle Spinning
Nuclear Magnetic Resonance (MAS NMR) (Bruker Avance 400). ThMRN\mea-
surements were conducted using a 4 mm zirconium holder at 298 K withwzefney
of 79.449 MHz, a relaxation delay of 15 s and a spinning frequency &HizZL The
chemical shifts were referenced with respect to tetramethylsilane (TMS).
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Figure 7.3: SEM micrograph and CSD of DD3R crystals after 300 s of ultnarsh showing small diamond shaped
crystals, which give a single peak at 4.

7.3 Experimental Results

7.3.1 Characterization

Figures 7.3 to 7.5 show SEM micrographs and CSD data of the synthesizlitd ze
samples. The crystal structure of the samples is confirmed by XRD. Figush@ws

the XRD patterns of the calcined samples. It is noteworthy that the relativesityte

of the characteristic peaks of the DDR topology differ for the three matetiathe
case of NaZSM-58 and DD3R the most intense peak is locatef=ail2 °, but this
peak is less intense for the all-silica ZSM-58 sample. In all three cases témsiiy

of all peaks below B= 15 ° increases considerably after calcination, as reported by
den Exteret al. [23].

The DD3R sample reveals homogeneous diamond-like crystals, as repgrted
den Exteret al. [23], while the CSD measurements show a single peak augh7
(Figure 7.3). Itis interesting that, as reported by Ernst and Weitkamp §2fjange
in the crystal morphology of ZSM-58 occurs when aluminum is incorporiteiae
framework. In the all-silica sample, hexagonal crystals are found, tier@&sure-
ment shows a narrow peak at §ufin (Figure 7.4). In the aluminum containing sample
spheres are formed, but also small diamond shaped crystals can beuiistathon
top of the particles, as reported by Olsetral. [24]. These spheres appear to be ag-
glomerates of smaller particles. The CSD before applying ultra-soundsshsak
at 36 um, however, after ultra-sonic treatment, the peak shiftsgionl(Figure 7.5).
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Figure 7.4: SEM micrograph and CSD of ZSM-58 crystals after 300 s of wdtvand, showing hexagonal crystals
of 6.1 um.

W
S

[N}
(=]

f—
(=]

volume fraction | %

0.1 1 10 100
crystal size/ H1m

o

Figure 7.5: SEM micrograph and CSD of NaZSM-58 (Si/Al=170) crystals bef@ashed line) and after (solid line)
300 s of ultra-sound, showing the aggregates consistinmafl €rystals, giving an initial peak at 36m and 1um
after ultra-sound treatment.

7.3.2 Detemplation

Figure 7.7 shows the ozone concentration measured at the oven outitiéand
temperatures using an empty tube and a flowofl® 3 m3-h~1 (STP) oxygen/ozone
mixture. The ozone concentration sharply decreases above 433 K 8heolite
sample is placed inside the reactor, the outlet ozone concentration is lowefotha
an empty tube and increases gradually during detemplation.

The DD3R sample was ozonicated at 473 K for 18 and 38 h, the thermal cal-
cination was done at 873 K for 6 h using a heating and cooling rate of-BO'K
The TGA shows the progression of detemplation with ozonication time (Figuye 7.8
Although a small decrease in mass is still observed in the ozonicated sample, the
DTA shows no exothermic peak, confirming the complete removal of template (Fig
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Figure 7.6: XRD patterns of DD3R, ZSM-58 and NaZSM-58 after calcinaiioair at 973 K (ZSM-58) and 873 K
(DD3R) for 6 h.
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Figure 7.7: Ozone concentration in % 10~3 m3-h—1 (STP) oxygen/ozone mixture measured at the outlet of the
glass reactor as a function of the oven temperature



DETEMPLATION OF DDR TYPE ZEOLITES BY OZONICATION 187

100% T o calc 873 K

38h

i 18h
95% T

relative mass

90% T

] as-synthesized
85% : 1 : 1 : 1 : 1

300 500 700 900 1100
Temperature | K

Figure 7.8: TGA of DD3R: as-synthesized, calcined (at 873 K for 6 h usifgating and cooling rate of 60K 1)
and ozonicated after 18 and 38 h at 473 K.

ure 7.9). For the DRIFT measurement DD3R samples ozonicated for &id232ah

are compared. In the DRIFT spectra (Figure 7.10), the absorbamsedre 800

and 1300 cm? changes after ozonication and calcination. The absorbance at 810,
1010 and 1900 cmt increases, while the absorbance at 1230 tdecreases. The
C-H stretching vibrations (2800-3000 c#) and the C-H bending vibration (1400-
1500 cnt?) are clearly visible in the as synthesized sample, but are strongly reduced
after ozonication and are not visible in the calcined sample. The abserban2920

and 2850 cm?, which are present in the as-synthesized sample correspond to the
peaks observed in the spectrum for 1-ADA [25]. Although there is a smsildiual
absorbance at 2970 crhof the ozonicated sample, the nitrogen adsorption data con-
firm the complete template removal. The nitrogen isotherms show type 1 behavior
with high uptake at low pressures. At moderate and high pressurdy laangdnitro-

gen uptake is observed suggesting the absence of a significant ctotribfiboth
meso- and small macropores. The ozonicated and the thermally calcined saenple
purely microporous and show identical porosity characteristics. Sudeza, pore
volume and micropore contribution are within the experimental error of the setu
(Table 7.1).

The NaZSM-58 sample was ozonicated at 473 K for up to 30 h. After 8 h no
further mass loss was observed (Figure 7.11). As reference, th&N&B has
been calcined at 823 K for 16 h and at 973 K for 6 h using a heating/cordieg
of 60 K-h~. Figure 7.12 shows the DRIFT spectra of the as synthesized, ozoni-
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Figure 7.9: DTA of DD3R: as-synthesized, calcined (at 873 K for 6 h usitigating and cooling rate of 60K 1)
and ozonicated after 18 and 38 h at 473 K.
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Figure 7.10: DRIFT spectra of DD3R: as-synthesized, calcined (at 973r6fh using a heating and cooling rate
of 60 K-h~1) and ozonicated after 8 and 24 and 32 h at 473 K.
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cated and calcined samples. The disappearance of the absorbarncatnigdhe
C-H stretching and bending vibrations corresponding to the organic templtte
as-synthesized crystals after ozonication, confirm the detemplation.h@ing geak
at 1320 cmi! decreases, broadens and shifts to 1370caiter 8 h of ozonication
and for the calcined sample. After 24 h of ozonication the absorban@¥atchr?
is further reduced. The ozonicated samples show a higher absoria@6e cnr!
compared to the calcined sample.

The all-silica ZSM-58 was ozonicated at 473 K for 38 h. After 38 h, nthierr
detemplation occurs. The calcined sample shows a more pronounced initel mas
decay compared to the ozonicated samples (Figure 7.13). The ozoniaatptks
still show a mass decrease of 4% between 600 K and 900 K, indicating thaifpa
the template is still present in the framework, also condensation of silanopgro
could contribute to this mass loss. The DRIFT spectra (Figure 7.14) shiewl&f h
of ozonication the C-H stretching and the C-H bending vibrations are of amabje
intensity as the calcined sample. An increase in the absorbance betwdkeargP0
3700 cnt, and at 1630 cm! for the ozonicated sample is observed, correspond-
ing to physisorbed water. The calcined sample shows a lower absoraatieese
wavenumbers and also at 950 thwhich corresponds to silanol nests. The ni-
trogen adsorption data are shown in Table 7.1. The nitrogen adsorptbte(7.1)
shows the ZSM-58 samples are purely microporous and show very simiiasityo
characteristics to the DD3R sample. The micropore volume and BET surfftice o
ozonicated and calcined samples are similar for DD3R, but somewhat lowiref
ZSM-58 samples.

The ?°Si MAS NMR spectra of DD3R (Figure 7.15) only show clear signals in
the Q* region (-105 to -120 ppm), which correspond to the Si(@§ipups of the
zeolite framework. The ozonicated sample shows a slight increase @3thegion
(-90 to -105 ppm), which is attributed to silanol groups [26]. The spectlithe
calcined sample shows a signal at -109 ppm, which is not visible as a tepignzal
in the ozonicated sample but is part of the broader band at -111 ppm.igrtadssat
-111, -117,-119, and -121 ppm are visible in both samples.

7.4 Discussion

The applied ozone concentration is within the range of 50 to 100°%(STP) sug-
gested by Hengt al. [12]. Since the outlet flow still contains ozone, the ozone
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Figure 7.11: TGA of NaZSM-58: as-synthesized, calcined for 16 h at 823 { fin 6 h at 973 K using a heating
and cooling rate of 60 ki~1), and ozonicated after 2, 4, 8 and 24 h at 473 K.
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Figure 7.12: DRIFT spectra of NaZSM-58: as-synthesized, calcined (8tkTor 6 h using a heating and cooling
rate of 60 Kh~1) and ozonicated after 8 and 24 h at 473 K.
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Figure 7.13: TGA of all-silica ZSM-58: as-synthesized, calcined (at &/r 6 h using a heating and cooling rate
of 60 K-h~1) and ozonicated after 18, 24, 30 and 50 h at 473 K and 18 and 82284 (dashed lines).
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Figure 7.14: DRIFT spectra of all-silica ZSM-58: as-synthesized andicad (at 973 K for 6 h using a heating and
cooling rate of 60 kKh~1) and ozonicated after 50 h at 473 K.
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Table 7.1: Nitrogen adsorption characterization of DD3R, all-sili€8M-58 and NaZSM-58 after ozonication and

calcination
Sample Temp. | Time SBET Ext. area | Micropore vol. | Tot. pore vol.
K h m2.g-1 m2.g-1 cmé.g ! cmé.g !
DD3R
Ozonicated | 473 38 327 9 0.13 0.15
Calcined 873 6 331 14 0.13 0.16
ZSM-58
Ozonicated | 473 18 270 13 0.10 0.12
473 38 301 25 0.11 0.15
Calcined 973 6 397 7 0.16 0.17
NaZSM-58
Ozonicated | 473 30 319 18 0.12 0.15
Calcined 823 16 310 19 0.12 0.15
973 6 348 17 0.14 0.16
Calcined
Ozonicated
-80 -90 -100 -110 -120 -130 -140
chemical shift / ppm

Figure 7.15: 29Si MAS NMR spectra of DD3R: calcined (at 873 K for 6 h using ath@pand cooling rate of
60 K-h~1) and ozonicated for 38 h at 473 K.

concentration can be further reduced to economically optimize the pratasgher
temperature results in faster decomposition of the ozone (Figure 7.7)vépwee

to the short life time of the radical species further increasing the temperedare
eventually have a detrimental effect on the detemplation process. The mwoha
describing the thermal decomposition of ozone [13, 27] reduces to ad@rder de-
pendence on the ozone concentration, for both high and low concengrafiozone

in oxygen. Zaslowskt al. [27] noted that impurities in the oxygen (except water)
and the presence of other materials (such as mercury or vacuum)giessatically
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increased the decomposition rate and gave non-reproducible resudtpréddence of

the zeolite and the reactions of the radical species with the organic template make
the ozonication a complex process of which the exact mechanism is natoeealsy
cidate. The nitrogen adsorption data tabel 7.1) of all the samples prooftthbm
microporous with very similar porosity characteristics. The ozonicated alcthed
DD3R samples have identical micropore volumes. From these data it cambe co
cluded that complete detemplation is achieved in 38 h, but from the TGA anB DRI
data of the DD3R sample it can be assumed the complete detemplation can likely
be achieved in less than 38 h. The ozonicated all-silica ZSM-58 shows &08@8
micropore volume than the calcined sample. This is comparable to the diffarence
mass loss above 473 K (25%). For the NaZSM-58 sample, nitrogen didsotgst
shows that surface area, pore volume and micropore contribution anéyshigher

for the sample calcined at 973 K than for the ozonicated and calcined &t 828)-

ple, which is consistent with the TGA and the DRIFT data. The micropore vaume
of the ozonicated sample and the sample calcined at 823 K are 14% lowerresimpa
to the sample calcined at 973 K. The larger size of MTI compared to 1-ADA-C
bined with the larger crystal size of the all-silica ZSM-58 could be the caligeo
incomplete detemplation.

According to Ernst and Weitkamp [20] calcination at 813 K for 16 h shoeld b
sufficient to remove the template. Calcination of zeolites at higher temperaames
cause collapse of the framework due to dealumination [28]. For the Si/Al oétio
170, however, XRD analysis shows that the crystal structure is pegbduring cal-
cination at 973 K for 6 h. It should be noted, however, that at lower S##ib the
high-temperature calcination could result in dealumination.

The DRIFT spectra of the all-silica DD3R sample do not show significant in-
crease in the absorbances corresponding to physisorbed watér (3200 cn! and
1630 cn1l) after detemplation. Th€Si MAS NMR measurements confirm this, as
the spectra show no significa@® signal which is attributed to silanol groups. Al-
though there is a slight increase in 0 signal in the ozonicated sample compared
to the calcined sample. The DRIFT spectra of the all-silica ZSM-58 shows-an in
creased intensity in the 3200 - 3700 chregion for the ozonicated samples but not
for the calcined sample, whereas the more hydrophillic NaZSM-58 shoimsi@ase
of these intensities for both the ozonicated and calcined samples. The higgler
at 950 cn! of the ozonicated NaZSM-58 and all-silica ZSM-58 samples compared
to the calcined sample can be assigned to silanol nests which are condemnsed
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ing calcination, but retained at the lower temperatures of ozonication. Ajththis
effect is not observed with the all-silica DD3R sample. The adsorbarsignasl to
SiO,-overtones (1800 and 2100 cr) are visible in all detemplated samples. For the
all-silica ZSM-58 sample these peaks develop during detemplation, while fahuthe
minum containing NaZSM-58 these peaks are already visible in the as-sipatie
sample. For the DD3R sample, the as-synthesized as well as calcined showle s
these peaks, while the ozonicated samples show a development of thes@ypea
time. These changes as well as the changes in the adsorbances bei®@esTd9
1200 cm!, which are assigned to silicon oxide vibrations, can be due to small
changes in the crystal structure during detemplation. The doublet at @879

in all samples, corresponds to @@nd varies due to the variation of G the at-
mosphere during measurement of the samples. The water adsorption SiVINGEZ

is also reflected in the TGA data, where the initial mass loss (up to 473 K) frem th
detemplated samples is due to desorption of water. The ozonicated samp¥eg sho
larger initial decrease of mass, which can be explained by the higheotyiticity

due to the presence of silanol groups. The mass loss of the ozonicatptesat
temperatures above 723 K and above 823 K for the sample calcined at 888 K
can be (partly) due to condensation of silanol groups [9]. To asseskethmplation
only the mass loss corresponding to the loss of the template should be cedsider
The difference in mass loss above 473 K for the sample calcined at 978 §aced

to the ozonicated and 823 K calcined sample is 10%, which correspondsdd-the
ference in BET surface (10%) and micropore volume (14%) measurettiogen
adsorption.

Contrary to the ozonicated NaZSM58, the ozonicated all-silica samples show a
lower initial mass decrease compared to the calcined one. The mass deafeas
the all-silica ZSM-58 between 600 K and 750 K is similar for the as-synthesized
sample as for the ozonicated samples, indicating part of the template moleaules ar
still present in the framework.

The all-silica ZSM-58 and the aluminum containing ZSM-58 zeolite have the
same SDA and show similar TGA curves of the as-synthesized samples. dithou
the NaZSM-58 is more hydrophilic than the all-silica ZSM-58, as is evidemh fro
the DRIFT spectra, the TGA curves of the calcined samples are similar. lIFhe a
silica ZSM-58 and NaZSM-58 samples show an initial mass decrease (up Q)47
associated with the loss of physisorbed water of, respectively, 3%andde DD3R
sample only shows a mass loss of less than 1% in this temperature range. ultiis co
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indicate the pores of ZSM-58 are more accessible compared to DD3R.

Tiscorniaet al. have attempted to use ozone to detemplate ITQ-29 (all-silica
LTA) membranes, however, only 40% of the template could be removed &8¢e
the membrane thickness is onlyn, the diffusion path length is not expected to be
the cause of the incomplete detemplation. The temperature required for détempla
is similar to the DDR type zeolites calcined in this study. Regarding the results of
this work, the incomplete detemplation could be explained by the applied low ozone
concentration of 50 ppmv (0.1 3 (STP)) and the bigger size of the templates used
for the synthesis of ITQ-29.

7.5 Conclusions

The detemplation of zeolites by ozonication is a very suitable technique fongdkte

tion of membranes and coated sensors. The low temperatures requiretvevitss
thermal stress and will allow detemplation of zeolite coatings on temperature sen-
sitive substrates. The low temperatures during ozonication also prakersédanol
groups within the zeolite structure. The small pore zeolites, DD3R and ZN&8 h
been synthesized and detemplated using ozone at mild thermal conditiorszorhe
ication was carried out at 473 K using a flow of6.03 m3-h~1 (STP) oxygen
containing 80 gn—2 (STP) of ozone.

The DD3R crystals are diamond shaped particles with an average sizeloh2.7
The ZSM-58 material consists of a mixture of ufin hexagonal shaped crystals. The
NazZSM-58 material consists of globular aggregates ofu&4 consisting of small
1 um primary particles. DD3R could be completely detemplated in 38 h of ozonica-
tion. No further detemplation of the all-silica ZSM-58, and NaZSM-58 oatafeer
38 and 8 h, respectively. The porosity characteristics of the ozonisatagle were
equal to that of the calcined sample, confirming complete template removal and no
loss of micro porosity. The ZSM-58 samples were not completely detemplated an
showed a lower BET surface area by 25% (all-silica ZSM-58) and 1082 8W1-58)
as compared to the thermally calcined samples. This difference can be adtfibute
the larger size of MTI compared to 1-ADA, combined with the larger crystal of
the all-silica ZSM-58.

Since ozone has a larger molecular diameter than the pore size of theseszeolite
the detemplation confirms the assumption of the degradation of ozone at tihe oute
zeolite surface, and the diffusion of radical species causing the digra of the
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template.
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Abstract Silanol nests within zeolites can be used as catalytic centres, or to
facilitate T atom insertion. Deboronation provides a way of increasing thebau of
silanol nests. However, at high calcination temperatures, requiredroveethe tem-
plates, the silanol nests are condensed. Using ozone, the tempeeguired for calci-
nation can be decreased drastically. Boron containing MFI type zeolitdgrq{B]MFI)
has been successfully detemplated by means of ozonication. Aftert#¥B K under a
flow of oxygen containing 80-gn—2 (STP) ozone, the template molecules are removed,
while 80% of the boron is retained in the framework. The detemplation is rooedi
by TGA as well as DRIFT analysis. The boron can subsequently beddamint us-
ing a HCI solution leaving silanol nest&’Si Magic Angle Spinning Nuclear Magnetic
Resonance (MAS NMR) shows the ozonicated and deboronated [Bislffble ex-
hibits an increased number of silanol groups (13 (Si-OH)/u.c.) coedpt® convention-
ally deboronated [B]MFI (9 (Si-OH)/u.c.) and ozonicated silicalite-1$8QH)/u.c.).
This method provides a faster and easier way of synthesizing MFI zeathieaviarger
number of silanol groups, than previously developed methods, eibauvleaching of
boron.
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8.1 Introduction

Conventionally, the conversion of cyclohexanone oxime-{Gaprolactam is done
through the Beckmann rearrangement with oleum or sulfuric acid astoreaedium.
Sulfuric acid is then neutralized with ammonia, which results in the production of
large amounts of ammonium sulfate as a by-product. Recently, Sumitomo Chem-
ical Co. developed the vapor-phase Beckmann rearrangemensgrosieg a ze-
olite as a catalyst instead [1-4]. High-silica MFI type zeolites have showreto b
well suited, especially due to the presence of silanol nests as defecf3jiteAt
present, silicalite-1 is used as a commercial catalyst. In order to furthevaser
the amount of H-bonded silanols, the deboronation of [B]MFI catalysisbeaper-
formed through post-synthesis modifications [5]. Hoeldeeithl. have investigated
the vapour phase Beckmann rearrangement on [B]MFI zeolites thismyginal post-
synthesis modifications [4]. The good catalytic performance is a consegué the
high concentration of comparably weak acidic sites on the external suofathe
zeolite. Their results indicate an enhancement in catalytic performancegMf[B
upon treating with basic or acid solutions at different concentrations][2Cén-
ventional thermal calcination methods cause the loss of framework boerere®
non-thermal detemplation techniques have been developed using nitricnaciy-a
drogen peroxide [6], ozone [7], Fenton chemistry [8] or short-wength UV-light

[9]. Maeseret al. have investigated the detemplation of [BJMFI using oxygen plasma
[10]. After 28 days of plasma treatment less than 50% of the template wasedmov
moreover part the framework boron was lost due to hydrolysis with amiitetr. In

the protonated form, the boron is coordinated trigonally within the framewsthe
proton forms a silanol group with the (Si-O) unit. Sodium as the counteraoses

the boron to attain a tetrahedral coordination [11]. De Ruéteal. have developed

a calcination procedure which prevents the loss of framework borois rmathod
comprises calcination under Nltmosphere at 723 K, followed by an ion exchange
step using a NaBr solution and calcination under oxygen at 823 K. Suéstyyg
boron is leached out, leaving silanol nests consisting of four silanobgrf]. The
silanol nests in the deboronated MFI structure ([de-B]MFI) can alsodeel to re-
incorporate othefl-atoms, such as Ti or Si [12]. Although this method is effective,
it is laborious and time consuming. It has been shown that ozone/oxygenr@esixtu
can be used to remove coke deposition in MFI and FAU type zeolites at mild therma
conditions [13-15]. Under similar conditions also thin MFI zeolite membranes ha
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been detemplated [7]. Because this detemplation procedure is done at nvwach lo
temperatures than conventional calcination, we suspect that the bor@sésyed in
the framework. Even if extraction of boron occurred during ozonicatiois would
not lead to loss of silanol nests, since the condensation of the silangsytakes
place at higher temperatures [5, 6]. In this chapter we investigate the datemp
of [B]MFI zeolite powder using ozonication. After detemplation the borom lba
leached out from the framework, leaving silanol nests. The amount obsigmoups

is then determined usiri§Si MAS NMR.

8.2 Experimental methods

Boron containing MFI type zeolite powder is prepared by in-situ hydrotlaécrys-
tallization at 458K for 24 h in a Teflon-lined autoclave, according to the faligw
recipe: 4.44 TPAOH : 19.46 SiQ 1.55 B(OH} : 500 KO [16, 17]. Ludox AS-40
(Aldrich) is used as the silica source, Boric acid (99.99%, Sigma Aldrictoasn
source, as structure directing agent tetrapropylammoniumhydroxideQHPAL M
solution in water) is used, sodium hydroxide (97.6%, VWR) is added foagH
justment and demineralized water is used as solvent. After synthesis thelsrys
are filtered, rinsed with water and dried over night at 373 K. The syigimeixture
contains a Si/B ratio of 12.5, while inductively coupled plasma - optical emission
spectrometry (ICP-OES) (Perkin EImer Optima 3000 DV) shows the zeolite pow
der contains~2 B/u.c, corresponding to a Si/B ef50. Silicalite-1 crystals were
synthesized according to Nold¢ al. [18]. The detemplation is carried out by ozon-
ication in a glass u-tube (diameter 6mm, length 900 mm), placed in a programmable
oven (Binder FP53) which is kept at a temperature of 473 K (Figure 81).oxy-

gen from a gas cylinder is passed through a Corona discharge oeneeatpr (A2Z
Ozone Systems, SOZ-16GLAB). Using a mass flow controller (Bronklitifr$ech
B.V.), 400 mg [B]MFI zeolite powder is exposed to a flow of $203 m3.h!
(STP) dry oxygen containing 80rg—2 (STP) of ozone, where standard conditions
are 298 K and 1.01 bar. The ozone concentration is monitored using ag detec-

tor (Lenntech, BMT 964) after which it is sent through a manganese ditoogper
oxide catalytic ozone destructor. Prior to feeding the ozone, the systeusied
with pure oxygen at 473 K to ensure a water-free atmosphere. Beo#tlse mild
thermal conditions during ozonication, the silanol groups that stem frgetailine
defects are not condensed and remain present in the framework. théhezoni-
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Figure 8.1: Schematic illustration of ozonication setup.

cated [B]MFI crystals are treated with HCI solution (pH = 1) at 373 K fortR4he
boron can be leached out of the framework, leaving four more silaoolpgrper re-
moved boron atom [5]. The amount of silanol groups is quantified \’S®igMagic
Angle Spinning Nuclear Magnetic Resonance (MAS NMR) (Bruker Aea#00).
The NMR measurements were conducted using a 4 mm zirconium holder &t 298
with a frequency of 79.449 MHz, a relaxation delay of 15 s and a spinnéugiéncy

of 11 kHz. The chemical shifts were referenced with respect to tetratsisme
(TMS).

The degree of detemplation is determined by thermogravimetric analysis (TGA)
(Mettler Toledo, TGA/SDTA 851e) measuring the mass decrease upon dnématin
air up to 1173 K with a heating rate of 600, and by Diffuse reflectance in-
frared Fourier transform spectrometry (DRIFT) (Thermo Nicolet, Ngxising KBr
as background. The morphology and crystal structure of the samptesxaained
using scanning electron microscopy (SEM)(Phillips XL20) and X-RayrBitfion
(XRD) analysis (Bruker-AXS D5005). Also nitrogen adsorption testsewenn-
ducted (Quantachrome Autosorb-6B) to confirm the removal of the SD¥ the
zeolite framework. Prior to the nitrogen gas-adsorption measurementsrtises
were dried in vacuum at 523 K in order to remove present moisture andwvatiatile
components (the weight of the sample after drying is used in the calculatibne).
nitrogen adsorption and desorption isotherms were measured at 77 K.
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Figure 8.2: SEM micrograph of the as-synthesized [B]MFI crystals shovdggregates of small crystals.
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Figure 8.3: XRD spectra of the [B]MFI crystals confirming the MFI struauthe 18 h ozone detemplated pattern
is equal to the thermally calcined sample. The squares iredibatMFI reference reflections.

8.3 Experimental results

The SEM micrograph of the zeolite powder shows that the material consiatg of
glomerates of small crystals (Figure 8.2). XRD analysis confirms the pedg®er of
the MFI structure of the zeolite (Figure 8.3) during ozonication.

Figure 8.4 shows the DRIFT spectra of the sample as-synthesized, the dzo
templated sample before and after deboronation, and the sample that wagldetd
according to the recipe of de Ruitetral. [5] as well as an ozonicated silicalite-1 sam-
ple. In these spectra, the C-H stretching vibrations (2981, 2943 argi@288") and
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Figure 8.4: DRIFT spectra of [B]MFI: as-synthesized (a), ozonicated18 h at 473 K before (b) and after de-
boronation (c), deRuiter detemplated and deboronatedrid)siéicalite-1 ozonicated for 18 h at 473 K (e).

the C-H bending vibration (1473, 1459 and 1382 ¢jrcorresponding to the organic
template in the as-synthesized crystals, have vanished after 18 h of azomid-ur-
thermore, a broad band is observed in the range of 3200-3708, corresponding

to perturbed OH groups, the peak at 950 ¢éncorresponds to silanol nests. The
TGA curves of the detemplated samples (Figure 8.5) show an initial massadecre
due to the loss of physisorbed water. The as-synthesized sample skargs mass
decrease between 650K and 750 K, corresponding to the oxidatiorfofThieé sam-

ple detemplated according to de Ruigtral. shows practically no mass loss in this
temperature range. Although the mass loss in this region decreases witbabipon
time, the ozonicated samples still show a small decrease in mass. Nitrogep-adsor
tion experiments (Table 8.1) reveal that the ozonicated sample and the sahple c
cined according to the method devioped by de Rugteal. show identical porosity
characteristics, confirming complete detemplation by ozonication.

Table 8.1: Porosity characteristics of [B]MFI after ozonication aretemplation according to de Ruiteral. deter-
mined by nitrogen adsorption.

Detemp. Temp. SBET Ext. area | Micropore vol. | Tot. pore vol.
method K /m2.g1 | /m2g? Jem3.g~t Jem3.g~t
deRuiter 823 311 36 0.14 0.18
Ozonication | 423 322 21 0.15 0.17

ICP-OES shows 80% of the boron is preserved in the zeolite framewtek af
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Figure 8.5: TGA and DTGA curves of [B]MFI: As-synthesized, detemplatedading to de Ruiteet al. and
ozonicated for 6 and 18 h.
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Figure 8.6: 2°Si MAS NMR Q® normalized intensities of [de-B]MFI treated at 423 K and 1X73zonicated
silicalite-1 and ozonicated and deboronated [B]MFI

ozonication, the loss of framework boron has been attributed to hydrohzafit
ambient water [10]. After leaching of the boron using HCI solution, the remalb
silanol groups in the zeolite structure is determined udft®& MAS NMR (Figure
8.6). For comparison, th¥Si MAS NMR spectra of ozonicated silicalite-1, as well
as [de-B]MFI according to the method developed by de Ruiteal[5] before and
after heat treatment at 1273 K, are shown. The NMR spectra are noechalzthe
Q2 intensity. TheQ® signal in the?®Si MAS NMR spectrad = -103 ppm) is ascribed
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to the (Si-OH)(Si-0) groups, while theQ* signal @ = -113 ppm) is ascribed to the
Si(Si-O) units [19]. The right shoulder of th@* peak increases with increasing
Q2 intensity. For the normalized intensities, shown in Figure 8.6, a |@esignal
corresponds to a higher amount of silanol groups. The ozonicatedisdlitasample
and the [de-B]MFI sample both show a simil@f intensity, while the ozonicated
and deboronated [B]MFI sample shows a higher amount of silanol grditpe MFI
structure contains 98 -atoms per unit cell [20], so the number of silanol groups
equals 96(Q*/Q3+1). Because of the small error, we neglect the effect of the
reduction inT-atoms by deboronation. TH@*/Q? ratios and the number of silanol
groups per unit cell, calculated from that number are shown in Table 8.2.

Table 8.2: Q*/Q?® ratios and the number of silanol groups per unit cell for [BJMEtemplated and deboronated
and ozonicated silicalite-1

Sample Detemp. | Temp. | Q*/Q® | Si—OH
method /K Ju.c.
[de-B]MFI deRuiter 423 9.8 8.9
[de-B]MFI-calc. deRuiter 1273 21.9 4.2
[de-B]MFI Ozonication | 473 6.3 13.2
Silicalite-1 Ozonication | 473 11.0 8.0

8.4 Discussion

The results of our analysis indicate that after 18 h of ozonication at 478ekiem-
plate is removed from the zeolite. Nitrogen adsorption (Table 8.1) showsidden
porosity characteristics of the ozonicated and the calcined sample. Tladssign
the DRIFT spectra corresponding to the template are significantly redEcether-
more, the TG analysis (Figure 8.5) shows no evident mass decrease &0 K,
typical for the oxidation of TPA. The larger decrease in mass betweerK3aid
400 K of the ozonicated sample compared to the sample detemplated according to
the method developed by de Ruitgral. [5] may be assigned to higher amounts of
water adsorbed in the ozonicated sample due to the higher number of sitanptg
present.

The silanol groups formed after the loss of boron are not conderemlibe of
the mild thermal conditions. The increased number of silanol groups of the- oz
icated sample, measured B38i MAS NMR confirms this. Also the DRIFT spec-
trum (Figure 8.4) of the ozonicated and deboronated sample shows a inigimesity
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of the absorbances corresponding to silanol groups as compared dachieated
[B]MFI sample and the [de-B]MFI sample. TIi@#/Q? ratio of the?°Si MAS NMR
spectrum equals the ratio of (Si-O)/(Si-OH) units. Figure 8.6 shows th8slkE|
sample which was heated to 1273 K contains the lowest nhumber of silangdggrou
(4 (Si-OH)/unit cell). The ozonicated silicalite-1 and the [de-B]MFI samplevs
similar Q*/Q?3 ratios corresponding to, respectively, 8 and 9 (Si-OH)/unit cell. This
corresponds to the initial boron content of 2 boron per unit cell. The auatibn

of ozone detemplation and deboronation yields the highest number of Sijiangis
(13 (Si-OH)/unit cell). The DRIFT spectra show the increase in silanstsnef the
deboronated sample as compared to the boron containing one. Also theabedn
silicalite-1 sample shows a high intensity at 950 ¢rtypical for silanol nests*H-
NMR could give more insight in the difference type of silanol groups [5].

Ozonication provides a faster and easier manner compared to previewsly d
oped methods [5, 10] to detemplate boron containing MFI type zeolites, wilibggit
of silanol groups. The time required for calcination is considerably shagiag
ozone as compared to using oxygen plasma [10]. Although not all the li®pre-
served in the framework, ozonication is less laborious than the calcination dnetho
developed by the Ruitaat al. [5]. This study may facilitate further developments in
catalysis, e.g. for the Beckmann rearrangement reaction.

8.5 Conclusions

[B]MFI crystals have been successfully detemplated using-ali® 3 m3.h~1 (STP)
feed of 80 gm~2 (STP) of ozone in oxygen at 473 K for 18 h. The complete removal
of the template molecules is confirmed by nitrogen adsorption, DRIFT and TGA.
After ozonication, 80% of the framework boron was retained while, at tivetéon-
peratures at which the ozone detemplation is conducted, there is no satidarof
silanol groups during detemplation. This method provides an easy anchdaster

to detemplate [B]MFI zeolites with limited loss of framework boron and without the
loss of silanol groups?°Si MAS NMR shows that, even when applied to silicalite-
1, ozonication yields a high number of silanol groups within the zeolite framewo
The amount of silanol groups is even further increased by combining@a@mn and
deboronation compared to either ozonication or deboronation.
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Abstract

New selective gas sensors utilizindgp-@riented silicalite-1 layer-Metglas assembly
are presented. The sensors have been prepared by coating aoeéagtie Metglas rib-
bon with an oriented, thin silicalite-1 zeolite layer. The thickness of the zeolitr lay
is that of a single crystal and the crystals are oriented irbtb@ection, meaning the
straight channels are perpendicular to the sensor surface, asrehby X-ray diffrac-
tion (XRD) analysis. Since the Curie temperature of the Metglas materiallésvbe
the temperature required for conventional thermal calcination metlodslitalite-1,
this method of detemplation can not be applied. The silicalite-1 coating wassaic
fully detemplated by means of ozonication at 473 K, opening the possibilapplying
templated zeolite coatings on sensors materials with limited thermal stability. i§his s
nificantly increases the number of zeolite types that can be used for ghlisajon.
These sensors operate by monitoring the resonance frequencyzeftlite coated Met-
glas ribbon in response to concentration changes of a component ingtghgse. The
sensor showed an increase in resonance frequency when expasetion dioxide and
n-butane as compared to exposure to air, while it showed negligiblenssgo the
presence of iso-butane, indicating sensing selectivity.
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9.1 Introduction

Chemical and biochemical sensors are becoming of great importance wtriatiu
applications. Many sensors are based on selective adsorption optidasof certain
analytes from gas or liquid environment. The significant parameters detegntire
performance of these sensors are selectivity, sensitivity, reversibildyresponse
time. The mechanism of sensing can be based on the selective alteratiori of va
ous sensor properties, such as: electrochemical, electronic, optioasti@oor other
properties.

Magnetoelastic sensors are magneteostrictive materials that, in respongxio a
ternally applied magnetic field impulse, emit a magnetic flux with a characteristic
resonance frequency. These type of sensors efficiently convgrietia energy into
elastic energy, which acts to mechanically deform the sensor. As ther seasbani-
cally deforms, it generates magnetic flux wich allows wireless detection byaupic
coil or, when the amplitude of the signal is sufficiently high, by acoustic mandgor
[1]. Magneto-elastic sensors have the advantage that they are mornitonetely,
without the need for direct physical connections such as wires org;aime line-of-
sight alignment as needed with optical detection methods [2]. Metglas [3inthére
composed of amorphous iron- and nickel-based alloy metals, which areuwiteld
as a platform for magnetoelastic sensors. Depending upon the applicatgnge-
toelastic sensors can be sized from micrometer to millimeter size, and havewery lo
material costs, allowing for their use on a disposable basis. Metglas matsial-h
ready been used in various sensing applications, such as positionjragridh [5],
humidity [6], liquid viscosity and density [7], flow rate, and temperature Fijss
ing. By applying a suitable deformation of the Metglas material, it can respond to
changes in ambient pressure [8] and by applying a responsive potyrating on the
Metglas material, it can be made sensitive to pH [1], or to the presence afsgluc
[2] or ammonia [9]. Coating these sensors with a zeolite layer can make thaahater
selective for various gaseous species. A magnetoelastic Metglas ribatedavith
a FAU type zeolite layer has been successfully applied as a carbon dexider
[10]. Zeolites provide a large internal surface area, which leads toredugorption
capacity. The Metglas-zeolite composite combines the magnetoelastic propérties
the Metglas with the adsorption selectivity of the zeolite [10, 11]. This prevale
great potential for making selective sensors for many compounds, asdlie type
can be adjusted to the required analyte.
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At small mass loads, the increase in the adsorbed mass correlates linearly with
a negative shift in the resonance frequency of the Metglas sensoH\ever, it
has been observed that the adsorption of gases in the zeolite coating sensos
can influence the elastic properties of the film, resulting in signals deviatingtfre
expected negative linear behavior [12].

As the zeolite coating increases in thickness, so does the response timeebeca
of an increase in mass transport resistance, as was shown for Z8blite ¥13] and
polymer films [9]. In order to decrease the response time, the zeolite lagaldsh
be thin, and oriented with its channels perpendicular to the sensor syfaterably
without grain boundaries in the mass transport direction [14]. Decrgdsinthick-
ness of the zeolite coating, on the other hand, reduces the adsorbedtarhgas
molecules, leading to a smaller frequency shift [9]. Clearly, there is an optimu
the thickness of the zeolite coating. Moreover, strong adhesion betweétezayer
and sensor is needed for good durability.

Over the past years, several sensor materials have been sultgesshibined
with coatings of zeolites [15—-17] or mesoporous silicates [15, 18]. Coafilngy-
gen selective sensors with a zeolite film has shown to improve the detectigygsio
due to molecular sieving and adsorption selectivity of the zeolite layer [1&jlit&
coated on attenuated total reflection (ATR) spectroscopy crystals eaverbported
as selective gas sensors and have been used to study the adsorpéiaioref thin
zeolite films [20-23]. Zeolite layers, deposited by dip-coating, have bsed to in-
troduce chemical selectivity into surface acoustic wave (SAW) devieldsYlaseca
et al. coated semiconductor gas sensors with MFI and LTA layers making them sele
tive for several gases and vapors [17]. Mint@tal. have reported a thin LTA-type
zeolite coating grown on a quartz crystal micro-balance as a humidity sgtigor
Allendorf et al. showed that a microcantilever coated with a layer of a metal organic
framework (MOF) material yields a sensor for water, methanol and etapor
[26]. Many zeolites, and particularly all-silica types (such as silicalite-& uaually
synthesized using a template-assisted synthesis [27, 28]. To make th@pthre ze-
olite layer accessible, it is necessary to remove the organic template afteesign
Conventionally, the template is removed by calcination in air at temperaturesdretwe
623 K and 973 K. However, many sensor materials are not capable otavitlisg
the high temperatures required for this template removal. The piezoelectperpro
ties of a-quartz, used in SAW devices and microbalances, degrade at tempsratur
above 573 K [29]. Metglas has a Curie temperature of 620 K, but the rajastic
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properties of these materials shatter at temperatures above 573 K [3@nBy this
drastically limits the number of zeolite types that can be applied as coating material
for these types of sensors. Several non-thermal detemplation techriigue been
developed. Masudat al. have used nitric acid and hydrogen peroxide in detem-
plating a silicalite-1 membrane [31]. Hemg al. used a mixture of oxygen and 50

to 100 gm~3 (STP) ozone at elevated temperatures (473 K) to remove the template
from silicalite-1 and ZSM-5 membranes [32]. Melian Cabretal. have success-
fully detemplated zeolite beta crystals under mild conditions by means of Fenton
chemistry, using hydrogen peroxide and an iron salt [33]. Fenton ctrgrfidg] is

the reaction of OH radicals with an organic molecule. The radicals are fopyed
reaction between hydrogen peroxide and a Fenton reagefitfieé"). Parikhet al.

have detemplated a thin silicalite filmc600 nm) using short-wavelength UV-light
(184-257 nm) [35] and Maesest al. have investigated the detemplation of [B]MFI
using oxygen plasma [36]. In detemplation by means of ozonication, therigidee
highly reactive atomic oxygen and radical species which are formed lget@mpo-
sition of ozone at elevated temperatures [32]. Ozonication has alreadyshecess-
fully applied to detemplate silicalite-1 and ZSM-5 membranes [32] and [B]ZSM-5
[37] and DDR [38] type zeolite powder at temperatures around 473 K,betow

the temperature limit of the Metglas material. In this study, new selective gas sen-
sors utilizing a monocrystal-thib-oriented silicalite-1-layer-Metglas assembly are
presented. A synthesis procedure for ltheriented coating has been developed and
combined with a novel detemplation technique. The thin and oriented layer is in-
tended to reduce the response time of the sensors by minimizing the massrtranspo
resistance. By applying ozonication, the silicalite-1 coating was detemplataittat
thermal conditions, preventing the loss of the magnetoelastic properties iethe
glas material. The resonance frequency of the Metglas strip in relation tonterd

of adsorbed gases in theoriented silicalite-1 coating is measured to determine the
sensor performance.

9.2 Methods

9.2.1 Synthesis and detemplation

Theb-oriented silicalite-1 layer was synthesized on both sides ok& & 0.03 mm
Metglas 2826 MB (F&N3sMo4B1g) magnetoelastic ribbon (Dacpol, Poland [39] and
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Allied Signal [3]). Before the synthesis, organic residues were rethbyeclean-

ing the Metglas ribbon with acetone. A synthesis mixture was prepared by mixing
tetrapropylammonium hydroxide (TPA, Aldrich, 1 M in water), de-ionisetawvand
tetraethylortho silicate (TEOS, 98%, Aldrich), resulting in a synthesis mixtone c
position of 107.7 SiQ: 32.68 TPA : 32.68 OH : 120004®. The reaction mixture
was aged with stirring for 1.5 hours prior to synthesis. The Metglas ribla@ne
placed vertically in a 55 ml Teflon-lined autoclave and placed in a convectien o

at 453 K for 70 to 150 min. After synthesis, the autoclaves were cooled vatarw
and the zeolite coated ribbons were rinsed with water and dried over righdra
temperature.

Due to the upper temperature limit for Metglas sensor of 573 K [30], ozere d
templation was applied to detemplate the zeolite layer of the coated sensors. The
experimental setup and methods for the ozonication procedure arébéeselse-
where [37, 38]. The ozonication was carried out for 2 h, in a stainkess shodule,
using a flow of 6x 10~2 m3-h~1 (STP) of oxygen containing 80m 2 (STP) ozone
(37 x 10° ppmv) at 473 K with a heating and cooling rate of 6K!, where stan-
dard conditions are 298 K and 1.01 bar. The oxygen was fed to the gmmezator
from a gas cylinder. The outlet pressure of the oxygen cylinder waayal set at
1.5-2 bar gauge and the flow was regulated with a mass flow controller.

9.2.2 Analysis and testing

An optical microscope, Olympus BH2, was used for the estimation of magimzsco
integrity and coverage and the presence of cracks in the layer befdrafter calci-
nation. The crystal morphology and the layer thickness of the silicalitetingpaas
examined by scanning electron microscopy (SEM) (Philips XL20). The kiéeh
crystal structure and the orientation were determined by XRD. The measote
were performed on a Bruker-AXS D5005 Theta-Theta diffractometeiipped with
a graphite monochromator in the diffracted beam using €uiavelength. The
6 — 260 scans were made in the range of 5 to°8&ith a stepsize of 0.08 and a
counting time per step of 0.5 s. The detemplation of the ozonicated sensor-was in
vestigated by means of diffuse reflectance infrared Fourier trans$paatrometry
(DRIFT) (Thermo Nicolet, Nexus), using KBr as background. Both tRbXas well
as the DRIFT analysis did not involve any pre-treatment of the sample.

The response of the sensors was measured by monitoring the diffénaese-
nance frequency during the exposure of the samples to differers fE3el2]. To
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remove any adsorbed molecules from the zeolite layer, prior to any sesgqiegi-
ments, the sensors were kept overnight in contact with atiéam at room temper-
ature. This gentle cleaning was performed to mimic use at practical condifibes.
measurements were carried out at room temperature and atmosphesio@rethe
methods of measurement and the experimental setup used are desciivdbms
[10]. During the sensing measurements, the sensor was placed in a 2.56gcgides
tube, in which the measured gases were set to flow. A magnetoelastictorsema
cited the sensor with a time-varying magnetic field and recorded the voltagesthduc
by the sensor’s vibrations using a detection coil. The shift in the reserfeaguency
was measured while the sensor was alternatingly exposed to an air andlge an
gas flow. Three different gases, namely £@®-butane, and iso-butane were used as
analytes.

9.3 Results

The silicalite-1 layer thickness was controlled by adjusting the time of hydrmogiler
synthesis. Figures 9.1a-f show top views and cross-sections of teersespated
with silicalite-1, after different crystallization times. The cross section wapared

by etching away a small portion of the coating at the edge of the film with hydrofl
oric acid. The SEM micrographs confirm complete coverage of the sessoface.
Individual crystals grow on the surface of the sensor with their laftpgsturfacesd-

c plane) parallel to the surface of the sensor. The visible crystals arergrimano-
crystals, unlike the more composite crystals which are observed at Gigsallarger
than ~1 um [40]. Due to the anisotropic growth of silicalite-1 crystals, the sensor
can be covered with a thin continuous layer of zeolite crystals. The fagt@sing
direction of silicalite-1 ¢-direction) is parallel to the sensor surface, while the slow-
est growingo-direction is perpendicular to the sensor surface. After 90 min of in-situ
crystallization, the sensor was fully covered witha800 nm thick, well inter-grown
mono-layer ofb-oriented silicalite-1 crystals.

The silicalite-1 crystal structure and orientation was confirmed by XRD (Eigu
9.2). Mainly peaks corresponding tok(®) planes appear in XDR analysis, confirm-
ing that the straight channels of the crystals are perpendicular to theatelsur-
face. At higher B, also peaks corresponding to tH®Q) plane are observed, these
become more apparent at increasing synthesis time. Prolonging the crastailiz
time above 90 min, results in a multi-layer of inter-groavandb oriented silicalite-1
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Figure 9.1: SEM micrographs ob-oriented Metglas-silicalite-1 composite sensor. Syrighase: 70 min top view
(a); 90 min top view (b) and cross section (c); 120 min top vieyy 180 min top view (e) and cross section (f).

crystals. Silicalite-1 crystals forming the primary sensor coating are stillopned
nantly b-oriented. With further increasing crystallization time, deposition of loose
crystals from the solution on top of silicalite-1 mono-layer occurs, resultingfiac-
tions corresponding to random crystal orientation. Even at the inceasghesis
time, the silicalite-1 layer is predominantbyoriented. All further measurements are
conducted on a sensor with a zeolite coating with 90 min synthesis time.

The ozonication was carried out using a flow ok @03 m3h~1 (STP) of 80
g-m~3 (STP) ozone in oxygen at 473 K for 2 h. To assess the degree of temgplate
moval, DRIFT analysis of the zeolite coated sensors was performed ¢EQR): The
absorbances corresponding to C-H stretching vibrations (2981,£8#2883 cm?)
and the C-H deformation (bending) vibrations (1473, 1459 and 1382 )care ap-
parent in the spectrum of the as-synthesized sample, but are significedtiged
in the spectra of the detemplated sample. Increasing the ozonication time from 2
to 28 h did not result in a further decrease of these absorbancesoZbheated
sensor showed a broad peak in the adsorbance at wavenumbersy firam 3200
to 3700 cnt! and an absorbance at 1600 tincorresponding to adsorbed water
and indicating an appreciable accessibility of the pore space of the silicdéited
Although there is still a weak signal corresponding to C-H vibrations, thextee
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response of the sensor to génd n-butane, indicated sufficient detemplation.

To show the reversible sensing capacity of the Metglas-silicalite-1 comptbste,
response of the sensor was measured at 298 K and atmospheriecgrassufunction
of time during alternating exposure to air and, either,@&igure 9.4), or n-butane
(Figure 9.5), or iso-butane (Figure 9.6) environment. All these analgesgare able
to adsorb in the silicalite-1 pores (Table 9.1). Switching from air to & G&s flow
increases the resonance frequency. The same effect is obsdrgadwitching from
an air to an n-butane and iso-butane environment, with only a small obsdraade
in resonance frequency in the latter case. The sensor shows a lesgense time for
n-butane than for C@and the resonance frequency in air does not return to its initial
value after exposure to n-butane. The resulting shift in the resonestgsincy in air
shows a slight decrease in time.
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Table 9.1: Adsorption loadingg;, and diffusivities D;, of CO,, n-butane and iso-butane at 303 K and 100 kPa.

component M Gi Dj reference
/gmol~ | /mol-kg* | /gkg™! m2.s71

CO, 44 1.6 70 22x10°10 | [41,42]

n-butane 58 1.7 99 50x 10710 | [42,43]

iso-butane 58 14 81 6.4x 10713 [42, 43]
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9.4 Discussion

To cover the Metglas ribbons with a closed mono-laydr-ofiented silicalite-1 crys-
tals, 90 min of synthesis time is required. At longer synthesis times gatsented
and, eventually, some randomly oriented crystals are observed by bbthrEto-
graphs (Figure 9.1d and e) and XRD analysis (Figure 9.2), althougletiitezlayer
remains predominantlg-oriented.

Essentially complete removal of the template molecules from the zeolite coating
of the sensors by the ozone treatment was confirmed by DRIFT analigis€R.3).
After 2 h of ozonication, the intensities indicating the presence of the orgamic
plate were significantly reduced. The ozonicated sensor shows iadrahsorbances
corresponding to water (3200-3700 th. Since an ozonicated zeolite contains a
larger amount of silanol groups as compared to a calcined zeolite [3fjcerased
adsorption of water in the detemplated zeolite is expected. The increaseémoimb
silanol groups in ozonicated silicalite-1 can also have an impact on thepaidsor
and diffusion behavior of analyte species in the zeolite layer.

Theb-oriented Metglas-silicalite-1 sensor was able to repeatedly sense/kEh
alternatingly exposed to an air and a £fow. Figure 9.4 shows a good reproducibil-
ity in the dynamic behavior of C&detection. The measured resonance frequency of
the Metglas-silicalite-1 composite was stable and depended only on the enemon
(air or CQ). The measured shift in resonance frequency during adsorptio®ef C
is less than that of n-butane, which is in concordance with the differenoading
at ambient conditions (Table 9.1). The adsorption o, @@d n-butane results in an
increase in resonance frequency, as compared to exposure to aiougtitihis is
an effect opposite to what is expected from an increase in mass, thigidiehas
been observed before and can be explained by the change in the alagédips of
the detemplated zeolite with loading of adsorbed species [12]. The chaedgsin
tic properties of the zeolite is temperature dependent and alters the reggchs
sensor, to an extent that can surpass the effect of mass increase.

To asses the selectivity of the silicalite-1 coated Metglas sensor, it's respom
iso-butane (diameter 5 A) and n-butane (diameter 4.3 A) was measured ugtitho
at moderate conditions, n-butane adsorbs to higher loadings than iseepbtah
isomers are able to adsorb into the silicalite-1 pores (diameter 5.4 A) [43F48].
diffusivity of n-butane in silicalite-1 is three orders of magnitude higher thah of
iso-butane (Table 9.1), indicating that the diffusion can be the limiting factoreto th
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response of iso-butane.

The sensor showed a clear response to n-butane, while no signifisgunse
during exposure to iso-butane was observed (Figures 9.5 and 98inghthe se-
lectivity of the sensor. The difference in the resonance frequenciasuredl does
not correspond to the expected difference in mass loads (Table 9.)inticates
that the sensor’s response is not only determined by the mass load ofstirbexd
analyte.

Because of the large difference in diffusivities of iso-butane andtaray the
difference in response of the sensor could purely be a kinetic efferciloriging
the sensing experiments would reveal if this is the case. Since iso-butdne an
butane adsorb at different locations within the zeolite structure [45], #rnisresult
in a different impact on the zeolite’s elastic properties. Therefore, fhetadf mass
increase, and the effect of change in elastic properties could candel the case of
iso-butane.

The reversible transition of the crystal symmetry with temperature of the zeolite
layer anchored to the Metglas surface can induce stress, altering fog’'seesponse
and adsorption properties [46]. Detemplation can also induce stress ardtite-
sensor assembly since MFI type zeolites change symmetry group after teneplate
moval [47]. It has been shown that, after detemplatidmosiented silicalite-1 layer
contracts, while aa-oriented layer expands in the direction parallel to the surface on
which it is coated [48]. This anisotropic deformation shows that the indatreds
on the Metglas-zeolite composite is strongly dependent on the orientation od-the
olite layer. Thin and oriented zeolite films can have different propertieszbalite
powder [23, 49]. This is attributed to the induced stress, which can alsendé the
the adsorption capacity of the zeolite layer [22].

The adsorption of large molecules, such as naphtalene (diameter 5.8 A)lin MF
requires a deformation of the zeolite structure [50]. But also adsorpfismaller
species, including iso-butane and n-butane, can induce deformatior aktlite
structure which has shown to alter the performance of zeolite membrarjeM@gc-
ular dynamics simulations have shown that the influence of framework flexibagy
a larger influence on the diffusivity of iso-butane as compared to n-by&#j. The
adsorption of p-xylene in a thin oriented silicalite-1 film coated on an ATRtalys
has been shown to differ from bulk adsorption, showing a lower sataraiading
and the shape of the isotherm, while the adsorption of n-hexane was simdar as
zeolite powder [22]. The discrepancy in the adsorption behavior oflgre was
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attributed to the effect of silanol groups, grain boundaries, and imtsicain in the
crystals anchored to the substrate [22]. Comparing XRD analysis bafolafter
template removal for the coated sensor and bulk zeolite material would rieeal
stress induced by the template removal. Also, measuring the frequenoysesur-
ing ozonication would yield information on the stress induced during detemplation

The thin layer of the zeolite only allows for a small amount of adsorbed mass.
Increasing the layer thickness would increase the adsorbed amouatsbuhe re-
sponse time [9]. Moreover, an increased thickness reduces the apisofithe layer
(Figure 9.2), which could reduce the deviation in elastic properties of thitee
layer, as compared to bulk zeolite material. This might eventually lead to a fiegue
response of the sensor which decreases with adsorbed mass. dfeasts at dif-
ferent analyte concentrations and temperatures as well as determininifetieoe
the zeolite layer thickness can further elucidate the observed resporibesanalyte
gases. Measuring the frequency response during ozonication wiaddarect in-
sight in the progress of the detemplation process and the stress inducemhdyal
of the template.

It should be noted that a small amount of residual template material left in the
framework (Figure 9.3) could cause an extra mass transport bawitref reducing
the uptake of iso-butane. This could be verified by coating the sensoralwitiinum
containing MFI type zeolites which can be synthesized without a template [53] o
with templates which are more easily removed than TPA [27].

A shift is observed in the measured resonance frequency of therserdoafter
initial exposure to n-butane. This effect can be attributed to incompleteptasoof
n-butane. Since the sensing experiments are carried out at relativelgrigverature
and atmospheric pressure, the hydrocarbons adsorb strongly toolite 43]. The
strong adsorption can result in a slow and incomplete desorption undepplieca
conditions. Moreover, the switching times between gases could be insuffficie
completely reach saturation or desorption. Increasing the time in betweés) shif
increasing the temperature to promote desorption could improve the congisfenc
the measurements.

9.5 Conclusions

Novel gas sensors have been manufactured by applying a monoHargstiain, b-
oriented silicalite-1 film on a magnetoelastic Metglas ribbon. Ozonication at 473 K



REFERENCES 225

was successfully applied to detemplate the zeolite coating without losing the magne
toelastic properties of the Metglas material. This enables the use of templaliéel zeo
coatings on sensors which are vulnerable to high temperatures, so thatntier

of zeolite types that can be used for this application is significantly increddweel
Metglas-silicalite-1 composite combines the selective adsorption capacity béthe
olite coating with the magnetoelastic property of the Metglas alloy to convert mass
loads of adsorbed gases into measurable shifts in the sensorSs estregnency.

The sensors have shown to successfully detecti@@ir, and are able to distinguish
between iso-butane and n-butane. A shift in the resonance freqiremdyis ob-
served after an initial exposure to n-butane, indicating partial irreverdésorption.

The higher number of silanol groups of ozonicated silicalite-1 can infli¢me ad-
sorption and diffusion behavior of analyte species. The weak resgoriso-butane

can be caused by canceling out of the effect of mass increase angecimaelastic
properties of the zeolite. Also diffusive limitations, possibly enhanced byettheced
flexibility of the anchored silicalite-1 crystals and residual template material within
the zeolite framework can play a role.
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CHAPTER 10

Abstract The concept of membrane assisted crystallization using reverse 0s-

mosis (MaC-RO) shows a high potential in decreasing energy conmeasicompared
to evaporative crystallization. A setup has been constructed for MaQiBi®g two

separate loops for membrane separation and crystallization. In thisstiflycus on
the characterization of the membrane performance in solvent rerfiowalan aqueous
adipic acid solution under reverse osmosis conditions. A semi-empirimaéhwas de-
veloped for the flux as a function of temperature, concentration arsdye difference
across the membrane. The presence of adipic acid strongly rededistht the same
feed temperature and pressure, as compared to the flux from a ptee feed. This
effect could be attributed to competitive adsorption on the membranacsuahd, to a
lesser extent, concentration polarization. For a batch MaC-RO proahssanic opti-

mization was conducted by changing the operational policy (membradepiessure,
flow rate and temperature). The energy conversion is minimized whiletamaiimgy a

high, prior optimized product yield, defined as the volume based mean $ize so-
determined optimal operational policy results in a 6 times lower energyecsion as
compared to evaporative crystallization with a final mean size that closelgsponds
to the maximum mean size that can be achieved in a crystallizer with ideabtohsiu-

persaturation. This study demonstrates the potential of the concept@R@ain terms

of control over product quality and reduction of energy conversion.
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10.1 Introduction

Membrane assisted crystallization (MaC) offers an interesting opportuniggrne
erate supersaturation by removing the solvent from a crystallizer. Htitotes an
alternative to conventional evaporative crystallization processeshwhige high en-
ergy demands. By using membranes instead of a boiling zone for solveavag
the surface area available for solvent removal per unit crystallizemelcan be in-
crease. Since membranes can, in principle, be placed at any locationystallcer
vessel, areas of low supersaturation can be chosen as membrane lozagdace
the gradients in supersaturation within the crystallizer. This can lead to smdler a
more efficient equipment. In terms of operational flexibility, it has been shitat
application of membranes within a task based design framework for crystialtiza
processes showed an increase in operational flexibility [1]. Finally, seeotimem-
branes enables operation at low temperatures and outside boiling condit@reas-
ing flexibility for design and allowing crystallization of thermally labile compounds
[2, 3].

The number of studies on the combination of membranes and crystallization has
been increasing over the last decade. These studies emphasize ribiednityh po-
tential of the concept, but also the main challenges in process design eratiop.
The main focus has been on two modes of operation, namely MaC usingaaser
mosis (MaC-RO) and membrane distillation (MaC-MD), of which the latter method
received most attention. Although MD is generally less affected by potanzaf-
fects than RO and is not limited by the osmotic pressure [4], the MD procedsésv
a phase change and thus requires the enthalpy of vaporization, makiegdtgy
demand comparable to evaporation processes [5]. Therefore, NbakaRa higher
potential in reducing the energy requirements, as an alternative to cmmadrevap-
orative crystallizers [6, 7]. For MD to be energetically competitive with R@ M
membranes should be approximately 100 times more permeable than current com-
mercial membranes [4]. Moreover, MD requires the use of hydropholuimporous
membranes for water removal, making these materials more susceptible for nucle
ation of organophilic compounds on the membrane surface. Furthermmr¢g the
evaporation in MD, the temperature decrease along the membrane indresleesl
supersaturation, which increases the risk of scale formation on the messundace.

The high potential of MaC-RO to control the generation of supersaturatsn
recognized by Azoungt al. [8], who applied MaC-RO for the precipitation of cal-
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cium oxalate, but they also concluded that fouling of the membrane needs to b
prevented for successful operation. Fouling of the membrane indudesliae in

flux which is proportional to the blocked surface area [9, 10]. Funtioee, ex-
cessive fouling has shown to reduce the long-term stability of membrate4 2].

To reduce crystal growth on the membrane surface in an MaC-MD @dogo-
duce NaCl crystals, Curciet al. [13] separated the membrane module from the
crystallizer vessel. Although the results confirmed the potential of MaC-tMDe-
designing traditional crystallizers, crystal deposition inside the membraregmed a
major obstacle. Weckessetral. found MaC-MD enabled better control over product
quality in crystallization from a NaCl/KCl/water solution [14]. Teh al. [15] pro-
duced NaSQ, and NaCl crystals, also by means of MaC-MD. Although reasonable
mass fluxes were obtained, temperature and concentration polarizatiamysiel
formation on the membrane surface were identified as limiting factors. @tyah
observed membrane wetting induced by salt deposition inside the poreh, avigic-
tually leads to loss of selectivity [16]. Concentration polarization has shovaave

a significant detrimental effect on the membrane performance in MaC-MInGi

[16]. Polarization effects can also lead to a critical supersaturation abéngrane
surface, above which crystallization on the membrane surface can, cetising a
significant drop in flux [15]. Generally, the design of membrane prasessaimed

at minimizing scaling and polarization effects [17]. However, severalietutiaim

to utilize the membrane as a template to induce heterogeneous nucleation [g], 18-2
As a general observation, however, it is stressed by these studigsothéaration
effects need to be minimized and scaling ought to be prevented in orderueens
successful operation of membrane assisted crystallization processes.

In this study, MaC-RO of adipic acid (AA) is investigated experimentally and by
modeling and optimizing the process operation. The concept of MaC-R@G @ftidi-
tional process actuators and design variables compared to converiiapatative or
cooling crystallization. To investigate the potential of this technique, an expef
tal program was conducted in order to characterize the membranermarfoe as a
function of temperature, pressure and solute concentration. Theyreafignamic
optimization of the MaC-RO process, focused on optimizing product qualiemun
minimal energy conversion by manipulating the operational policy is conducted
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10.2 Experimental methods and materials

A schematic drawing of the experimental setup is given in Figure 10.1. Thp se
consists of a crystallizer vessel connected to a buffer vessel whistused to in-
crease the concentration of the solute. Two liquid circulation loops werk (ls®p

A and loop B) with individual flow rates, pressure levels, and tempermsitiu@op A
(Fci andFc ) circulated a liquid stream between the crystallizer and the buffer ves-
sel at relatively low flow rate. To prevent scaling, circulation loog g (andFy o),
feeding the membrane from the buffer vessel, was set at a higher teaorpettzan
the temperature of the crystallizer. The supersaturation at the membrfasedarin
this way reduced. Moreover, loop B was operated at high flow r&es=(20,000)

to minimize polarization effects. Since loop B was kept at constant temperttigre
large flow did not need to be cooled or heated for every pass throughehedrane
module.

LOOP A
PERISTALTIC PUMP
5 MEMBRANE
ci LOOP B MODULE
CRYSTALLIZER Fe, SCREW-DOWN
l VALVE
—— PERMEATE
VESSEL
Fu;

BUFFER
VESSEL BALANCE

THERMOSTATIC BATHS PLUNGER PUMP

Figure 10.1: Schematic representation of the membrane assisted crystializetup
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A stirred 5-I jacketed vessel with a draft-tube was used as crystallizerein
a funnel combined with an overflow was placed to prevent the crystatfsffowing
out of the vessel and to maintain constant liquid level. The buffer vesselan 0-1
jacketed vessel in which mixing was provided by a tangential inlet of the #tuvm-
ing from the membrane module. The buffer vessel as well as the tubing irBpop
were jacketed and were connected to a thermostatic bath (Lauda RK8HKdP) wids
connected to an external Pt-100 to control the temperature inside thé Vdsseolu-
tion in the buffer vessel was pumped through the membrane module with aoeadipr
pump with three plungers (Cat Pumps 5CP6221), which allowed for caoftkmth
pressure and flow rate. The setup was operated at retentate side@udthe mem-
brane module up to 40 bar, which could be adjusted using a pressureandind a
screw-down valve after the membrane module. The pressure of 40 baufiient
to obtain reasonable fluxes, since the molar solubility of adipic acid is low regurdtin
osmotic pressure of the membrane feed which are always below 30 hal{2@op
B, the flow rate was maintained at 3304 m3.s71 (20 - min—1). A pulsation damp-
ener (Cat Pumps 6028) was installed to minimize fluctuations in flow and peessur
A shell and tube type reverse osmosis membrane module (ITT Aquious MIC-R
240) was used with a total surface area of 0.024 Tihe module was mounted with
polyamide membranes (ITT Aquious AFC99) with an apparent retentiond@1 Nf
99% and a normal operational range 0&3H < 11 and 273 kK T <343 K. The
module contained two membrane tubes with a length of 0.3 m and an inner diameter
of 0.01 m. The feed flowky j, was introduced at the tube side, while at the permeate
side the liquid,Fp, was allowed to flow out of the module into the permeate vessel.
The permeate vessel was placed on a balance (Mettler PM30) to measweighe
increase of the vessel due to solvent permeation through the membrane.

Using this setup, a characterization of the membrane performance hasdreen
ducted at temperatures ranging from 293 K to 333 K and a retentate ssuipre
of 10 to 40 bar. In these experiments only loop B was used, where ther vefsel
was filled with water, or an adipic acid solution with a concentration 0f<163§A <
342 molm~3. Because of the high flow rate in loop B compared to the permeate
flow, the retentate side concentratiaff,, was assumed to be constant, and equal to
the buffer vessel concentratioe},.
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10.3 Modeling membrane transport in MaC

10.3.1 Reverse osmosis

Figure 10.2 gives a schematic figure of a reverse osmosis processhBatientate
side R) and the permeate sid@)(are in the liquid phase. A pressure difference is
applied over the membrane, resulting in a chemical potential differencehvgtice
driving force for mass transport.

R
_> retentate

—7]

V4
EMBRANE

P
M/ODULE - permeate

feed

PUMP

Figure 10.2: Schematic representation of a reverse osmosis process

In RO, the selectivity is often expressed as a retention factor. In theotdlse
retention of adipic acid the retention factBaa, is defined as [23]
Caa
Rwa=1- g (10.1)
AA
For selective water permeation from an adipic acid solution through a an RO
membrane, the chemical potential difference across the membrane cdated te
the pressure difference by [24, 25]
P PP
_ % —1In (%) n RiT [ vowdP (10.2)
wherevgp, denotes the water partial molar volume at the permeate side. At equilib-
rium and when the permeate is assumed to be pure water, and the presgseme d

dency ofvg,y is neglected, this yields the osmotic pressdra,[25].

A= PRdP— ﬂ|n( ) (10.3)
o Jpr B Vo,w Ky '
At low adipic acid concentrations, equation 10.3 can be approximated by
RT
AT= —xXR5 (10.4)
Vo,w
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10.3.2 Modeling of the permeate flux

At high water selectivities, the permeation of adipic acid can be neglectény the

same assumptions that lead to equation 10.4 and assuming a linear relatiombetwee
the water molar flux and a difference in chemical potential and Henry typelofion
behavior of water in the membrane material, the pressure differefleecan be
related to the water flux across the membraxg, by the solution diffusion model

[25].

o KWMDWM _ o
N = —Rrq, (AP—Am) =Ry(AP—Am) (10.5)

The permeancd?,, comprises the membrane thicknedg, and the solubilityKywm,
and diffusivity, By, of the permeating component in the membrane. B and
B are temperature dependent parameters, which can be described bhanids
type of equation [26]. Where the temperature dependencies of the solunitity
diffusivity are related to the heat of solutioAgHwwm, and the activation energy of
diffusion, Ea, respectively.

*ASHWM
Kw= K —_— 10.6
wM WM,OeXp< RT > ( )
Buv= Bumoexp( —2 (10.7)
wM = wM,0EXP RT .

These temperature dependencies can be combined in an appareitioactina
ergy, Eapp, describing the temperature dependency of the permeance by

Ry = PO’Wexp<_Eapp> (10.8)

By substituting equation 10.8 into equation 10.5 we find

In <AF')\'W_TM> = In(Pow) + <_EF§"°"> % (10.9)

The permeance can also be dependent on the solvent feed concenffaimis
a complex relation, which involves the interaction of adipic acid with the membrane
material, and the influence on the water solubility. Rautenkschl. found that
the total concentration adsorbed in the membrane can be assumed condttre a
adsorption can be described by a Langmuir isotherm [27]. This implies Suelzet
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adipic acid can partly block the membrane, decreasing the effectiveeswafaa for
water transport. The concentration dependendgfcan then be written as [28]

1
peff _ - 10.10
ow PO’W < 1+ KoCAA> ( )

10.3.3 Concentration polarization

Concentration polarization is the increase of the concentration of the retzongo-
nents at the membrane surface, reducing the driving force for thdigelgpermeat-
ing species. Minimizing this effect is one of the main challenges in the MaC ptnce
Since the MaC process is operated close to saturation, an increase émtcation
can lead to scale formation on the membrane surface. In the case of hitddy se
tive membranes, polarization can have a profound detrimental effecteomém-
brane performance. Assuring turbulent conditions at the retentate fside mem-
brane module can significantly reduce polarization effects [17]. FigQrg dives

a schematic representation of the concentration profile near the membréae su
showing an increase in the adipic acid concentration at the membranees(ehfgc
compared to the bulk concentraticeRy).

membrane

M
Ca4
R
CAa4

z

Figure 10.3: Schematic representation the concentration profiles ofnaatkadipic acid near the membrane surface.

When the liquid feed is in a turbulent flow regime, the mass transport reséstanc
can be assumed to be in the laminar boundary layer close to the membrame.surfa
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For the water and adipic acid flux in the liquid boundary layer, we can aithapt
Maxwell-Stefan equations in a simplified form [29]

d XaaANw — XwNaa

T - = = 10.11

dz CDW,S ( )

O _ XwNaa — XaaNw (10.12)
CDAAW

Wherez is the length-coordinate in the direction of transport ansl the total con-
centration in the system which, at low solute concentrations, can be assguad

to the molar density of the solvent, water. The diffusivity of adipic acid in wister
denoted byDaaw, While Bys denotes the self diffusion coefficient of water, which
can be used because of the low solubility of adipic acid. At these low ctratiens,

the total concentratiorg, can be assumed to be molar density of water. When the
membrane is assumed to be highly selective for watigi & 0), we can find the
concentration gradient of adipic acid in the boundary layer by integratingten
10.12 over the linearized boundary layer thicknéssSince the adipic acid concen-
tration, caa = CXaa an expression for the adipic acid concentration at the membrane
surfacech,, can now be found.

N = CEAexp< Nwo > (10.13)
cBaaw
The diffusivity of adipic acid in water can be expressed as a functiomgbéea-
ture as [30]
BPaaw= (—53.735+ (0.205/K)T)10 1°m?.s71 (10.14)

The effective boundary layer thicknegs,depends on the geometry of the membrane
module and can vary over the length of the membrane. The boundary l@lerabs

for a turbulent fluid flowing in a pipe, the Chilton-Colburn relation can bdiaggo

the Dittus-Boelter correlation [31]

Sh= 0.023R€&"5prY/3 (10.15)
Where the ReynoldsRe= pvd/n) and PrandtlRr = n/(pB)) numbers are related
to the Sherwood number, defined as
k

=1 [
__5'geo  lIgeo
Sh= 5920 = & (10.16)
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For the geometric lengthyeo, the radius of the membrane tube can be used (63 m).
Using equations 10.5, 10.8, 10.14, and 10.13, the water flux can be relates
pressure difference across the membrane and retentate side carmentra
ff
T

N exp(_Eapp> (AP—RTE) (10.17)

RT

10.3.4 Model validation

To characterize the membrane performance and determine the transponefers,
the flux across the membrane was measured for an aqueous feed, asfaeldipic
acid solutions of different concentration at different temperaturepeggbures. The
adipic acid concentration was kept below saturation during the experimeetiitoe

the chance of scale formation on the membrane. Figure 10.4 shows the water fl
as a function of the pressure difference across the membrane. Foteeguerature,
the measured fluxes showed a linear trend with the pressure, which issienagmt
with equation 10.17. For the aqueous adipic acid solution feed, a similar lireeal tr
was observed (Figure 10.5). The intercept of the pressure-axigvao, is no longer
zero, but corresponded to the osmotic pressure of the solution. TaldlesiOws

an overview of the osmotic pressures calculated from the concentratioa buffer
vessel and the extrapolated intercept from Figure 10.5. From equdtidnit.fol-
lows that the permeanck,,, equals the slope of the flux as function of the pressure
difference across the membrang2. The maximum pressure is set to 40 bar as the
pressure difference is constraint by the mechanical strength of the rmeendond the
membrane module.

Table 10.1: Osmotic pressures at different temperatures and retentetesicentrations, calculated assuntfig=
c,EiA, using equation 10.4 and extrapolated to the intercepteptiessure-axis in Figure 10.5 and the permeances,
Ry, as the slopes‘% from Figure 10.5.

T & Amt/ bar

/K | /molm~2 | extrapolated | calculated | kg-m~2h~1.par—?
313 164 3.8 4.3 5.9

313 253 6.5 6.6 5.6

323 164 3.4 4.4 6.3

323 253 6.0 6.8 6.2

323 342 8.7 9.1 6.1

333 164 2.4 45 6.5

333 253 5.6 7.0 6.4




240 CHAPTER 10

160 -
120t

< 1 6.9
‘s ]
e 80 +
'& o

~ | 6.2
=z 40 |

0 1 | | :

0 10 20 30 40

AP /bar

Figure 10.4: Pure water flux versus the pressure difference over the memhbt&98 K ), 308 K (@), and 323 K
(®). The numbers indicate the permeargkg-m~2-h~1.bar !, as the slope of the Iine%.
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Figure 10.5: Total flux for adipic acid solutions of 164 mai—2 (open symbols, dashed line), 253 mat3 (closed
symbols, solid line) and 342 mat—3 (grey symbols, dotted line) versus the pressure differenieethe membrane
at 313 K (J), 323 K (0), and 333 K 0).
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The adipic acid in the permeate has been measured, and an averagerretentio
factor of Raa = 0.994 was determined. A small decrease in retention was observed
with increasing temperature. Nevertheless, the lowest measured retetionvias
above 0.98, validating the assumption of pure water permeation.

The linear relations between the fluxes and pressure difference ¢Figus) in-
dicate concentration polarization does not have a profound influentieediux, as
that would result in a deviation from the linear trend. The good corresgure of the
osmotic pressures calculated from the bulk concentration with the valugpebdrad
from the permeation measurements (Table 10.1) also confirm this.

The values of the permeance of pure water (Figure 10.4) and of adigis@a-
tion (Table 10.1) show an increase of the permeace with temperature, acteask
with adipic acid concentration. The concentration dependency of the fliestgibed
by equation 10.10, whet& is fitted to the experimental data. Figure 10.6 shows the
measured data in comparison to correlations using equation 10.9. Qraitie the
termNiot/ (AP — A ) are taken from Table 10.1 The data is adequately correlated by
the transport model confirming that the temperature dependency of thmeaece
can be described by equation 10.8 for all measured conditions.
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Figure 10.6: Arrhenius plot of pure water feed1) and adipic acid solution feed at 164 mot 3 (0), 253 molm—3
(@), and 342 mom2 (@).

The measured water fluxes from a pure water and an adipic acid solutidare
used to fit the pre-exponential fact®y o, the apparent activation enerdsapp, and
the Langmuir adsorption paramet&, in equation 10.17 using general PROcess
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Modeling System (gPROMS Modelbuilder 3.1.4, PSE Ltd., London, UK). fittexl
parameters are listed in Table 10.2. The boundary layer thickdies8,49x 106 m,

is calculated using equations 10.15 and 10.16 and is assumed to be comstant o
the length coordinate of the membrane. From the feed temperatures, agever
diffusivity of 1.25x 10-° m?.s~ was calculated and the physical properties of the
mixture are approximated by pure water propertips-(10—2 Pas, p = 10° kg-m~3),
resulting in a concentration at the membrane surface which is 1% to 10% ligimer
the bulk concentration, depending on the flux.

Table 10.2: Fitted parameters, including 95% confidence interval, fer flermeance pre-exponential factor and
activation energy for the water permeation from a pure watelr adipic acid solution (164 ¢ < 342 molm~3)
feed, at 293< T < 333 Kand 10< AP < 40 bar.

parameter [ value [ unit

Puo (79+11)x10° | kgm2-h~tbar?
Eapp (29.2+£0.4) x 10° | Jmol~*

Ko (9.2+0.4)x 1072 | mmol!

The calculated permeance is comparable to literature data for water permeation
across other RO membranes [23]. Figure 10.7 shows a parity plot of theedita,
showing the water flux is well described by equation 10.17, with the prerexgial
factor, the apparent activation energy and the Langmuir adsorptiameter as fit-
ting parameters (Table 10.2).
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Figure 10.7: Parity plot of the predicted and observed total flux for a pueger feed at temperatures of 293 K,

308 K, and 323 K @) and adipic acid solutions of 164, 253 and 342 mof® at temperatures of 313 K, 323 K, and
333K (0), atAP = 10to 40 bar
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The correlation found for the flux as a function of temperature, presand
concentration is valid within the range of measured conditions but is alsmassu
to be suited for extrapolation to higher concentrations below saturationighdrh
or lower temperatures within the recommended operation range of the membrane
It should be noted that MaC-RO will usually be operated at higher caratems
and temperatures than conventional RO. The operating conditions (teameesiad
pH) in our experiments are close to the boundaries of the operationa wdrthe
polyamide membranes, this can influence the long term stability of the prodess. T
process could be further optimized by using membranes which show lesciidar
with adipic acid, reducing the effect of competitive adsorption.

10.4 Dynamic optimization of MaC-RO of adipic acid

10.4.1 Modeling of batch MaC-RO

To explore the potential of the MaC-RO concept in improving the contral omyes-
talline product quality, a model of a batch wise membrane assisted crystallization
process as illustrated in Figure 10.1 was set up.

In general, the quality of crystalline products is not only determined by purity
but also by properties such as shape, polymorphic form and crystadlisizibution
(CSD). The focus of this optimization study will be on size distribution as, igdiye
speaking, it determines to a large extent the cost of downstream pes@ssalso the
functionality of the final product. The dynamic development of the numbesitie
distribution,n, describing the CSD, is given by the population balance [32]:

%1 + G% =0 (10.18)
with
n(L,t=0) =0 (10.19)
n(L=0t) = % (10.20)
n(L=Ly,t) =0 (10.21)

The growth rate(, can be seen as a velocity in the direction of the length coordinate,
L. WhenG is assumed to be independent of length, it can be described by a power
law function

G = kgoX (10.22)
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Wherekg denotes the growth rate constant, amds the relative supersaturation.
Mohanet al. estimated the kinetic parameters in equation 10.22 for describing crystal
growth at different temperatures [33]. The relative supersaturatidefised as

Wiy W

0= ————7-—
at
T

(10.23)

wherewaa denotes the mass fraction of adipic acid, which is related to the molar
concentrationg, by

caaMaa caaMaa

WaA = ~ 10.24
AT caaMaa + CuMu Pw ( )

The solubility behavior of adipic acid in water is described by
\NZ%E (T) = \NSA?OI\ (Tmin) exp[a (T - Tmin)] (1025)

wherea is an empirical parameter which was fitted to experimental solubility data,
obtained from literature [34].

Nucleation was assumed to introduce particles at zero length only, whilemagglo
eration and breakage processes were neglected. The populatiooebedarbe clas-
sified as a hyperbolic partial differential equation, which is challenginglieesrom
a numerical point of view. The model equations will be used for an invensglem,
as an optimal operating profile will be calculated from a desired outcomereThe
fore, instead of solving the full population balance, only the first four mumef
the distribution are considered, transforming the original partial diftexkaigebraic
equation (PDAE) system into an ordinary differential algebraic equatRiDAE)
system, in which the momentsy, of the CSD are defined as

L=Lg
m = / LndL i=01234 (10.26)
L=0

The numerical value of the first four moments can easily spd orders of
magnitude, which will result in an ill-defined optimization problem. Therefore, th
moments are scaled with the growth rate constantSubstitution of equation 10.26
into the population balance 10.18, gives the moment equations describing-the d
namic development of the first four moments of the CSD as

Mo — B xo=mokd (10.27)
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M —o*xo X1 =mKk3 (10.28)
P =20, X2 =mks (10.29)
W —30%% , x3=mg (10.30)
B —40%%s , Xa = mukgt (10.31)

Where xo to x4 represent the scaled momenisgenotes the scaled nucleation rate,
given by
B =Bokd (10.32)

WhereinBg denotes the nucleation rate. In this study, only secondary nucleation is
taken into account, making the model only valid within the metastable zone. It is as-
sumed that effective seeding keeps the supersaturation within the metastadale\
power law function is used relating the nucleation rate to the relative supersan

and solid content [35]

_ i Ps j

Bo=kgo' |(1—¢) — (10.33)
Maa

Typical values for the kinetic parametdss i, andj are taken from literature [36].

The component balance for the crystallization vessel (loop A) is given by

d [pLchngs + (l — E)chs]
dt

= FeiPLWaa — Fc.opLWEa (10.34)

and the total mass balance is expressed in terms of the solid volume fragtian,

as
K % . PL(FC,i - I:C,o)

Yt Ve(pr—ps)
wherep, denotes the liquid density, which is assumed to be constant. The liquid
volumetric flow into the crystallizeFc j, is controlled and the liquid fractiom, can
be related to the third moment of the size distribution by

(10.35)

e=1—-kvxs (10.36)

The model is completed by describing the component and the total mass balance
loop B, given by

d (W5,
(Ag\thL) =pL FC,O\N%A - pLW;AFC,i (10.37)
d\s
pL—— = pLFco—pLRci —NWA (10.38)

dt
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The energy requirement of the process is the sum of the pump duty, ttieghea
capacity needed to heat the crystallizer outlet flow as well as the initial voldme o
the buffer vessel. Because the temperature and concentration claegesall, a
constant heat capacity and liquid density are assumed, giving

Eiot = /FQO(t)AP(t).dt

t=0
t=t¢

+Cpp (Te—To) /cho(t)-dtJrVB(t:O) (10.39)
t=0

10.4.2 Obijective functions and constraints

The water mass flux across the membra¥g,can be manipulated by changing the
pressure or temperature in the membrane module, as described by eq@ation 1
The model was implemented in gPROMS Modelbuilder (v. 3.1.4, PSE Ltd., Lon-
don, UK) with parameter settings as given in Tables 10.2 and 10.3. ToedHac
difference in order of magnitude of the parameters, the time scale is set tts, hou
the energy conversion to kWh, and the pressure to bar. The initial camditithe
buffer vessel corresponds to a clear liquid with a concentration satuatfe. In the
crystallization vessel a seed population of 8 g is introduced with a log-natistait
bution characterized by a volume-based mean size ofiiand standard deviation

of 35 um from which the initial moments are derived.

The objective of the dynamic optimization is to produce crystals with a volume-
based maximum mean size from a given seed population within a certain time at
minimum energy conversion. Two sequential dynamic optimizations are pextbr
to achieve this objective, first optimizing the volume-based mean size angk-sub
quently, minimizing the energy conversion. The flow rate between loop A and B
(Figure 10.1),Fc, and the pressure in loop B\P, are taken as time-dependent
continuous-manipulated variables, while the temperature and initial volume pf loo
B (Vs(t = 0) andTg) are chosen as time invariant manipulated variables. The con-
stant time horizons is divided into 125 equally spaced intervals for optimization of
the time dependent manipulated variables. The objective function of thefitist
mization problem (labeled as OP1), maximizing the volume-based mear{%jz’s,
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stated as
my (t =ty)

m _

AP(t),Fac(t),Ta Ve (t=0) Mg (t = tf)

while the second optimization problem (labeled as OP2) minimizes the total energy
conversionkE;qt, according to the objective function

(10.40)

min Etot (1041)
AP(t),Fec(t), Ts,VB(t=0)

The constraints in both OP1 and OP2 are given by

0<AP(t) <40 te|0,tf] (10.42)
104 < Fei(t) <01 te oty (10.43)
Tc < Te < 343 (10.44)
0< Vs <V (10.45)

A (Tc) <WhA() <WRA(Te) te[0.t] (10.46)

The obtained maximum value of the mean size, resulting from OP1, sets a con-
straint on mean size for the second optimization (OP2) which minimizes the energy
conversion required to achieve this maximum mean size. In addition to theaotstr
stated before (equations 10.42-10.46), a constraint on mean size éstadagiation
10.41, using the maximum mean size which is found from equation 10.40, giving

my (t =ts)
mg (t =ty)

Note that there are several manipulated variables that can affect teesatyration
profile in the crystallization vesser{;, AP, Vg(t = 0), andTg). Different values or
trajectories of these variables might lead to the same or similar supersaturafite p
and, therefore, final mean size. But they can have a completely diffienpact on
energy conversion. Hence, the optima found in OP1 and OP2 can dilistastially.

> maxOP1 (10.47)

10.4.3 Results and discussion

The optimal values for mean size, total energy requirement and time inveoiainol
variables are given in Table 10.4. The optimal trajectories of the applisdymein
the membrane module and volumetric flow rate between loop A and B are depicted
in Figure 10.8 for both OP1 and OP2. The development of supersatueattboon-
centration in the buffer vessel and at the membrane surface are shéguie 10.9.
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Table 10.3: Parameter settings dynamic optimization study

parameter value unit physical meaning
Ve 0.005 m3 Fixed volume crystallization vessel
A 0.0240 m? Membrane surface area
Trin 283 K Minimum temperature solubility curve [34]
W}‘QX‘ 0.0108 kg-kg~t saturated concentration Bin
Tc 313 K Temperature crystallization vessel (loop A)
widt 0.0490 kgkg™t Saturated concentration &
Cp 2420 Jkg~1.K~1 | Heat capacity of the liquid
Maa 0.146 kg-mol~t Molecular weight adipic acid
ke 457%x 1073 m-h~1 Growth rate proportionality constant [33]
k 0.85 — growth rate exponential constant [33]
kg 25x 10 | #mol~th~! | Nucleation rate proportionality constant [36].
Estimated power number of the stirrer is 0.4
i 2 — Nucleation rate exponential constant
j 1 - Nucleation rate exponential constant
oL 1000 kg-m~3 Density liquid phase
Ps 1344 kg-m—3 Density solid phase
ky /6 - shape factor [34]
o 0.0519 - exponential factor solubility curve
6 0.7 - Pump efficiency
ts 5.0 h final batch time

In OP1, Both the applied pressure and flow rate work together to maximize- the fi
nal mean size. In general, the strategy is to keep the supersaturationebetwtain
threshold (Figure 10.9), above which secondary nucleation, which hagher order
dependency on supersaturation compared to crystal growth, becomésating. In

the very beginning of the batch both pressure and flow rate are highstowratime

to quickly generate supersaturation in the crystallization vessel until thehibicefor
nucleation is reached (Figure 10.9). In the next phase of the batch, préssure
and low flow rate are applied to gradually increase supersaturation agthessarea

of the crystal population is still relatively small. Simultaneously, the concentratio
in the buffer vessel steadily increases (Figure 10.9) to store supetsatufor later
use. It should be noted that the flow rate is low, but not constrained bynihesed
minimum value in equation 10.43. In the final phase of the batch, both the applied
pressure and the concentration in the buffer vessel reach a maximunis didiment,

the flow rate is sharply increased to generate a final, high supply ofsatpeation
with corresponding high growth rate and also a high nucleation. The higjeation

rate hardly affects the mean size because the mean size is volume, ratheurtinan
ber based and the large amount of crystals that are produced in the iasnmof
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the batch have a small volume. The experimental policy described is kteria
literature as a late growth operating policy and is the direct result of theenhuls
jective function, which is based on higher moments (volume-based mearj3ite)
An objective function based on lower moments (number based mean sizedswill r
in a different optimal supersaturation trajectory.

L “——\0P2
40 y w 0.10
] oP 1 1 0.08
30 -
5 T s
S +0.06 £
A 20 7 3
= wul--- op2 OPZ( )___”0.04 ~
Fe, Feity
10 -l ci(to) i
A 0.02
0 BB At S e syt ananaratetata ereseseeeseeeerereressteresesesesesesessstatavanasasasasss it L LU I 000
0 1 2 3 4 5

Figure 10.8: Optimal trajectories of manipulated variablép (OP1 @), OP2 &)) andF:j (OP1 (O), OP2 (1)) .
OP1 and OP2 refer to the first and second optimization problespectively (equations 10.40 and 10.41). Note that
the optimal trajectories for the crystallizer inlet flow rate almost identical for both optimization problems with
exception of the start and final value (indicated by dashemhes).

In OP2, the total energy conversion is reduced by a factor three asatechip
OP1. Comparing the profiles of OP1 and OP2 (Figure 10.8) shows that tivaizan
tion of the energy conversion for the same final mean size results in a nooningnt
use of different process actuatorsR, Fcj, Tg, andVg). In OP2 the pressure is used
to its full extent to generate supersaturation, it is at a maximum value thratititeo
complete batch (Figure 10.8). The flow rate between loop A and B shows arsimila
trend for both optimization problems. The optimal valuesHgr determined in OP1
and OP2 differ at the very beginning and in the last phase of the bat¢hre3Bits in
a lower optimal flow rate as high flow rates increase pump duty and heatiagitap
At lower flow rates, a higher concentration in the buffer vessel is reeemlsupply
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the same amount of supersaturation to the crystallization vessel (Figule TS
increase in concentration is limited by the constraint (equation 10.46), lgedpEn
concentration at the membrane surface below the saturated value totsesimngy

on the membrane surface. The minimization of the energy conversion algts lies

a lower temperaturdg. In OP1 and OP2, the concentration polarization results in an
increase of concentration of 3 to 8% at the membrane surface as conptredbulk
concentration. This is within the range of the experimentally measured data. No
that the optimal supersaturation profiles for both optimization problems are talmos
identical. Supersaturation is the driving force for both nucleation andtgrand
therefore determines the development of the seed population.
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Figure 10.9: Trajectories of supersaturation (OR@)( OP2 ()) and the concentration at the membrane surface,
wh andcl,, (OP1 (x), OP2 (+) and the bulk concentrationf , andct,, (OP1 (), OP2 (A). OP1 and OP2 refer

to the first and second optimization problem, respectivelydéqns 10.40 and 10.41). Note that the supersaturation
profiles for both cases are almost identical. The horizordaahdd line indicates the saturated concentration at the
membrane surface for OP2

The model that is being optimized has a strong non-linear character duéto bo
crystallization kinetics and the model describing the permeation through the mem-
brane. The fact that two completely different operational policies leadetadme
mean size raises the question whether the found maximum mean size is a true max-
imum. To verify the maximum mean size calculated in OP1, a third optimization
(labeled OP3) is performed, which only involves the moment equationst{egsa
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10.27 to 10.31), following the objective function

max et =11) (10.48)

a(t) mg(t =tf)

In other words, we assume that we can generate any supersaturafitmipithe
crystallization vessel to optimize mean size. It provides an upper valuedanéan
size compared to previous optimization problems since in case of objectietdfioin
of OP3 (equation 10.48) less constraints are imposed. Figure 10.10 gtofesind
optimal supersaturation profile combined with the development of mean sigydur
the batch. For comparison, Figure 10.10 also contains the results obtaine@P2,
showing that the profiles of both OP2 and OP3 are almost identical. Clopeciitn
of Figures 10.9 and 10.10 shows that in OP1 and OP2 the supersatutaiios a
sharp initial increase to the optimal trajectory. The time needed to reach this aptimu
trajectory is mainly determined by equipment limitations (e.g. available membrane
surface area) and properties of the seed population. For the remairitierbatch,
the supersaturation profiles of OP1 and OP2 follow the optimal trajector$)(@ih
the exception of the very end of the batch time, which is again a region corestra
by equipment limitations.
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Figure 10.10:trajectories of supersaturation (ORg)( OP3 (1)) and mean size (OPA], OP3 (0)).
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Table 10.4: Values for time invariant variables for both optimization iplems

Objective function Unit
Parameter equation 10.40 | equation 10.41
Mean sizet(=t;) 315.8 315.8 um
Etot 0.58 0.21 kwh
Ve(t=0) 0.0050 0.0040 m3
Ts 341.9 335.3 K

Note that the concentration and temperature in the buffer vessel arestinsiek-
perimentally validated region of the membrane characterization experiments. Ho
ever, since the concentration is kept below saturation, and the tempewéthirethe
operating window of the membrane, the correlation describing the membreboe pe
mance is assumed to be valid at the conditions concerned.

Due to the high number of possible process actuators in the MaC-RO proces
different operational policies can lead to the same optimal supersaturaide for
maximization of final volume-based mean size. In our case, the profileslb&f@Pto
a certain extent, dictated by the initial values since no additional constraiolgem-
tives are imposed. In OP2 such an additional objective involving energynizition
is imposed. As was already observed and characterized for the mentiznasigort,
both temperature and pressure can be utilized to manipulate the flux andpribere
supersaturation. The temperature has a significant impact on enekgyrsion as the
duty of the heat exchanger contributes to a large extent to the total erezpgiye-
ment of the process. The energy conversion is minimized by applying a teghyre
in combination with a low temperature difference between crystallization vasdel
buffer vessel. This difference should be high enough to prevemtrsapration close
to the membrane surface, as was assured in this study. A strong tempedegiare
dency of the solubility allows for a small temperature difference betweenufferb
vessel and the crystallizer, while maintaining a concentration below satuedtibe
membrane surface. Therefore, MaC is most attractive for systems witbrey ste-
pendency of temperature on supersaturation.

It should be kept in mind that the optimized energy requirement is significantly
lower compared to a conventional evaporative crystallization procésshus one of
the strong points of the MaC-RO concept. At minimum energy conversionotake
yield at the end of the batch is 113 g with a total permeate volume of 3.0 kg, using
0.21 kWh (756 kJ). To obtain the same crystal yield by evaporating thesmwnding
amount of solvent afc =313 K (2.2 kg) requires 1.4 kWh (4956 kJ), showing the
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energy conversion for evaporative crystallization or MaC-MD in thigesysis over

6 times higher than that for MaC-RO. Note that the difference in solventvaihar
the same yield is due to the increased final concentration in the buffer.v@$se
difference does not apply for continuous operation, which would @&urthcrease
the difference in energy conversion. It should be noted, howevat,bacause of
the steep dependency of the solubility of adipic acid on temperature, cooliag ¢
tallization would be applied for this system in favor of evaporative crystaidina
Comparing the energy conversion of MaC-RO with cooling crystallizatiowgher,

is not trivial since cooling crystallization inevitably leads to different massasts.
Since also cooling does not involve the energy intensive liquid vaporeptiznge,

it is expected that cooling crystallization performs competitive from an grnasmt

of view. Generally, cooling crystallization requires less investment castheshigh
pressure RO system is avoided. The MaC-RO process on the othehlagritie addi-
tional benefit of being efficient in treating feed streams available at low texryes
and with a low solute concentration, leading to higher yields per volume ofrgolve
MaC-RO could also be combined with cooling crystallization, where the membrane
process can increase the product yield, either by in-situ removal ofollierns or
recovering of product from the waste stream.

Finally, it should be noted that the objective functions used in the optimizations
did not contain any elements regarding capital costs. For the designaildeero-
cess, a trade-off has to be made involving product quality, and enedgiynaestment
costs. Whichever is more important is often case specific. However, tpogpzd
models and methods in this work can easily be extended to optimize other specific
cases.

10.5 Conclusions

The membrane performance in a MaC-RO process of adipic acid has $ssssed
and the feasibility of the MaC-RO process has been investigated by dynatitic o
mization of final mean size with minimal energy conversion.

A MaC-RO setup has been designed and constructed, which can zeaupat
pressures upto 40 bar, while maintaining an elevated temperature in the membran
module as compared to the crystallizer temperature.

High selectivities were obtained for water removal from an adipic acid salutio
justifying the assumption of pure water permeation for mass transport mod€lieg
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water flux from a pure water feed and adipic acid solutions is well destilyea
model, correlating the flux to the pressure difference over the membrarbaos-
motic pressure on the membrane retentate side (equation 10.17) using thrge fittin
parameters. The temperature effect can be described by an Arrttgpaugqua-

tion, using the apparent energy of activation as fitting parameter. Thea$ecin
permeance in the presence of adipic acid can be described by assumipetitive
Langmuir adsorption of adipic acid and water on the membrane surfaceadety

the effective surface area for water transport, and, to a lessert éxtguolarization
effects.

Dynamic optimization of final mean size with minimum energy conversion by
manipulating the operational policy of the batch MaC-RO process revedlditha
ferent operational policies can approximate the ideal supersaturatdite prery
closely. This indicates the MaC-RO system has a high degree of flexibilitgifor
sign and control. The optimal operational policy was obtained by perfortming
consecutive optimization, yielding a maximum mean size and, subsequently, mini-
mum energy requirements. The found optimal operational policy opera&tsystem
at maximum pressure difference across the membrane. The flow rateebetives
membrane and the crystallization vessel is used to deliver the optimal amount of
supersaturation to the crystal population. The concentration at the mesduan
face can be constrained to prevent scaling and osmotic pressuresliegctihe pump
pressure. As this is easier in moderately soluble substances with a stroreyatumg
dependency of the solubility, such as adipic acid, these systems are mastiagtr
for the MaC-RO process.

The energy conversion of the optimized system is 6 times lower for MaC-RO
compared to evaporative crystallization or MaC-MD, while approximating tealid
supersaturation profile very closely.

This study demonstrates the potential of the MaC-RO concept to redugyene
conversion and improve control over crystalline product quality. Futtudies will
focus on conducting crystallization experiments using the constructed teetep-
ify the modeling results and on determining the operating window of the MaC-RO
process.

List of symbols.

symbol | name | unit
2

A membrane surface area m
Bo nucleation rate m3-h—1
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List of symbols. (continued)

symbol name | unit

c total molar concentration mol-m-3

Gi concentration of component mol-m—3

Bij diffusivity of i in j m?.s 1

E energy conversion kwWh

Eapp apparent activation energy Jmol~?

Ea activation energy for diffusion Jmol~1

F volumetric flow rate m3.h~1

Kij solubility ofiin j —

Ko Langmuir adsorption parameter | |-mol~1

L crystal growth length coordinate | m

lgeo geometric length m

Mi molar mass of component i kg-mol—1

m ithmoment mi-m—3

N; flux mol-m~2s-1
kg-m—2.h1

n density distribution —

P pressure Pa

2] permeance molm-2.s1.pgl
kg-m=2.h~1.bar?

Po; pre-exponential factor molm=2.s71.pa?l
kg-m~2.h~L.bar !

R ideal gas constant Jmol~1.K-1

R retention factor of component —

T temperature K

t time h

\Y volume m3

Vo, partial molar volume m~3mol-1

w weight fraction —

X molar fraction —

z length coordinate m

B scaled nucleation rate h—4

AT osmotic pressure Pa

AgHij enthalpy of solution of in j Jmol1

o effective boundary layer thickness m

£ liquid fraction -

Vi activity coefficient of componernit | —

o density kg-m—3

X scaled moment

sub and super scripts

B buffer vessel

C crystallizer

M at membrane surface

P permeate

R retentate

i in

o} out

w water
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