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Summary

Future chemical production is faced with a chalkeng limited material and energy
resources. However, process intensification miday @ significant role to alleviating this
problem. Vision of process intensification througtultifunctional reactors has stimulated
research on membrane-based reactive separatiopsgax; in which membrane separation
and catalytic reaction occur simultaneously in ané&. These processes are rather attractive
applications because they are potentially compast capital intensive, and have lower
processing costs than traditional processes. Merethey often enhance the selectivity and
yield of the target product.

For about three decades, there has been a greati@vdn p-Xylene production
technology, with many equipment improvements béirggituted in the industry. Typically,
these improvements bring economic as well as psing®dvantages to the producers. Such
developments are vital, as the capital costs focgss equipment to produce and separate
p-Xylene from xylene isomers, especially into higlrity p-Xylene, still remain very high.
However, with numerous advantages of membrane-basadtive separation processes
compared to the conventional processes, the résdaous has been channelled toward
application of MFI-type zeolite membranes forsitu separation and isomerization of xylene
in extractor-type catalytic membrane reactors. dotigbute to this research line, this study
has focused on characterization and optimizatiomrofextractor-type catalytic membrane
reactor (e-CMR) equipped with a nanocomposite M&irdna membrane as separation unit
for m-Xylene isomerization over Pt-HZSM-5 catalyst.

Nanocomposite MFI-alumina zeolite membranes (tudoesd hollow fibres) used in
this study were prepared via a so-called “hydratiadrpore-plugging synthesis technique”
developed by Dalmon and his group more than a éeagd. In this concept, MFI material is
grown by 'pore-plugging’ direct hydrothermal syisieén a porous matrix rather than forming
thin films on top of the support. The advantagethis type of architecture over conventional
film-like zeolite membranes include: (i) minimizati of the effect of thermal expansion
mismatch between the support and the zeolite,eéify to scale-up, and (iii) easy module
assembly, because the separative layer (zeolistatsy are embedded within the pores of the
ceramic support, reducing the effects of abrasiod thermal shocks. After membrane
synthesis, the membrane quality and separationoqmeaince of these membranes were
evaluated through single gas permeatios),(binary gas separation (n-butang/eEind ternary
vapour mixture of xylene isomers using the vaparneation (VP) method with p-Xylene as

the target product. After evaluating the xylenemso separation performance of the




membranes, the membranes were used in extracteregfalytic membrane reactors to carry
out m-Xylene isomerization over Pt-HZSM-5 catalyih p-Xylene as the target product.

This dissertation has shown that nanocomposite alllthina membrane tubes and
hollow fibre membranes were selective to p-Xyleraf xylene isomers. The dissertation
also reports for the first time in open literattie excellent xylene separation performance of
nanocomposite MFIl-alumina membrane tubes at highlene loading (or vapour pressure).
Unlike their film-like counterparts, the membrarstgl maintain increased selectivity to p-
Xylene at higher xylene vapour pressures withowotwshg a drastic decrease in selectivity.
This outstanding property makes it a promising cador pervaporation applications where
concentration profile is usually a major problenmigher loading of xylene.

With the use of nanocomposite MFI-alumina hollolr& membranes, this research
has demonstrated that membrane configuration dadtee membrane wall thickness play a
prominent role in enhancing cross membrane fluxsuRe presented in the study show, for
the first time in open literature, that nanocommMFI-alumina hollow fibre membrane
could enhance p-Xylene fluxes during the separaifarernary vapour mixture of xylene due
to the smaller effective wall thickness of the memleremembrane thickness <1 um) when
compared to conventional randomly oriented MFI itedllms (membrane thickness >3 um).
During xylene isomers separation with nanocompdsitbow fibre membrane, about 30%
increase in p-Xylene flux was obtained comparethéomembrane tubes, operated under the
same conditions. Additionally, hollow fibres offigre added advantage of membrane surface-
to-volume ratios as high as 3006/m’ compared to conventional membrane tubes. Using
this type of system could be instrumental in redgddoth the size and cost of permeating
modules for future xylene separation processes. edew obtaining high quality
nanocomposite MFl-alumina membrane fibres is suliigdhe availability of high quality
fibre supports.

Regarding the application of nanocomposite MFIl-ahanmembrane tubes as
extractor-type catalytic membrane reactors (refeiiee as extractor-type zeolite catalytic
membrane reactor (e-ZCMR) in this study) for m-Xygdsomerization over Pt-HZSM-5, the
results presented in this study further substantatd confirm the potentials of e-ZCMRs
over conventional fixed-bed reactors (FBRs). In tt@mbined mode (products in the
permeate plus products in the retentate), the e-R@idplayed 16-18% increase in p-Xylene
yield compared to an equivalent fixed-bed reacpmrated at the same operating conditions.
On the basis of the high p-Xylene-to-0-Xylene (pamd p-Xylene-to-m-Xylene (p/m)
separation factors offered by the membranes, pa¢yleompositions in the permeate-only
mode (products in the permeate stream) in the rd@i§é-100% were obtained in the
e-ZCMR. When a defect-free nanocomposite MFI-al@amirembrane tube with p-Xylene-to-

o0-Xylene (p/o) separation factor >400 was usedaydure p-Xylene with p-Xylene purity




approaching 100% in the permeate-only mode wasirmunta Moreover, the e-ZCMR

displayed 100% para-selectivity in the permeatg-anbde throughout the temperatures
tested. This is not possible with conventional filke MFI-type zeolite membranes.

Therefore, the application of nanocomposite MFhR@ha membranes in extractor-type
catalytic membrane reactors could catalyse the Idpment of energy-efficient

membrane-based process for the production of ugity p-Xylene.

Furthermore, in this dissertation, a report on niogeand sensitivity analysis of an
e-ZCMR equipped with a nanocomposite MFI-aluminanieane tube as separation unit for
m-Xylene isomerization over Pt-HZSM-5 catalyst regented. The model output is in fair
agreement with the experimental results with pdsgsn errors (absolute) of 17%, 29%,
0.05% and 19.5% for p-Xylene yield in combined mopeylene selectivity in combined
mode, p-Xylene selectivity in permeate-only modé am-Xylene conversion, respectively.
Therefore, the model is adequate to explain theawebr of e-ZCMR during m-Xylene
iIsomerization over Pt-HZSM-5 catalyst. The modedlso adaptable to e-ZCMRs of different
configurations such as hollow fibre MFI-alumina niane-based e-ZCMRs. To gain more
insight into the behaviour of the model to smallmbpes in certain design parameters,
sensitivity analysis was performed on the model. épected, the sensitivity analysis
revealed that intrinsic property of membrane (pitypstortuosity), membrane effective
thickness and reactor size (indicated with reaicti@rnal diameter) play a significant role on
the performance of e-ZCMR during p-Xylene producticom the mixed xylenes.
MFIl-alumina zeolite membranes with optimized pareare such as membrane porosity,
membrane tortuosity, and membrane effective watlktltess might enhance transport of
p-Xylene through the membrane and thus resultindpigher p-Xylene flux through the
membrane. This eventually would translate into ardase in p-Xylene yield in
permeate-only mode. As far as it could be ascexthithis is the first report in open literature
on modelling study with sensitivity analysis of €&MR equipped with nanocomposite
MFIl-alumina membrane tubes as separation unit fotyfene isomerization over Pt-HZSM-
5 catalyst.

In addition, the results of this study have conéd previous research efforts
reported on the application of extractor-type gaialmembrane reactors, having MFI-type
membranes as separation units, for p-Xylene praztustia m-Xylene isomerization over a
suitable catalyst. Also, new ideas were developested and proposed that now provide a
solid basis for further scale-up and techno-econahstudies. Such studies are necessary to
evaluate the competitiveness of the technology with traditional processes for the
production of high purity p-Xylene from mixed xylken

In summary, the encouraging results, as documeintdfiis dissertation and also

communicated to researchers in the area of memitnased reactive separation (in the form




of four peer-reviewed international scientific pohtions and four conference proceedings),
could provide a platform for developing a scaledHmgmbrane-based energy-efficient

industrial process for producing high purity p-Xy$ethrough isomerization.
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Opsomming

Die produksie van chemiese stowwe word belemmer diewitdaging van beperkte
materiaal- en energiebronne. Prosesuitbreiding égter ‘n noemenswaardige rol in die
verligting van hierdie probleem speel. Die moomtlgebruik van multi-funksionele reaktore
in prosesuitbreiding het navorsing in membraan-gebale reaktiewe skeidingsprosesse
(waar membraanskeiding en die katalitiese realaligktydig in ‘n enkele eenheid plaasvind)
aangemoedig. Hierdie prosesse is aantreklik omdde tpotensieel kompak en minder
kapitaal-intensief is en ook teen laer koste afigi@nele prosesse bedryf kan word. Dit is ook
dikwels die geval dat die multi-funksionele reakthie selektiwiteit en opbrengs van die
gewenste produk verhoog.

In die afgelope drie dekades was daar 'n sterkn¢bnang in die tegnologie wat
gebruik word in die produksie van p-Xileen, meteveérbeterings aan nuwe toerusting wat in
die nywerheid in bedryf gestel is. Hierdie verbetge hou gewoonlik ekonomiese-, sowel as
bedryfsvoordele vir die produsente in. Ontwikke$ing hierdie veld is noodsaaklik aangesien
die kapitale uitgawes vir die toerusting om p-Xilgeveral baie suiwer p-Xileen, van
xileenpolimere te produseer en te skei, steedshmg is. Met talle voordele gekoppel aan
membraangebaseerde reaktiewe skeidingsprosessagalyking met normale prosesse, is
die navorsing egter gekanaliseer na die gebruikMB&htipe zeolietmembrane vir die in-situ
skeiding en isomerisasie van xileen in ekstrakipie-tkatalitiese membraanreaktore. As
bydrae tot hierdie navorsingsveld het hierdie swp die karakterisering en optimering van
‘n ekstraksie-tipe katalitiese membraanreaktor ¥R, toegerus met 'n nanosaamgestelde
MFIl-alumina membraan as skeidingseenheid vir mefilésomerisasie in die teenwoor-
digheid van ‘n Pt-HZSM-5 katalis, gefokus.

Nanosaamgestelde MFI-alumina zeolietmembrane (lauid®ol vesels) wat in hierdie
studie gebruik is, is voorberei deur die sogenaatimidrotermiese porie-sperring sintese
tegniek” wat meer as ‘n dekade gelede ontwikkedlésir Dalmon en sy groep. In hierdie
tegniek word MFI-materiaal gekweek deur direkte rbiermiese sintese in ‘n poreuse
matriks, eerder as die vorming van dun films badigpondersteuningsbasis. Die voordele van
hierdie ontwerp bo dié van die konvensionele filtigay zeolietmembrane sluit in: (i)
minimering van die effek van termiese uitsettingdig gaping tussen die ondersteuningsbasis
en die zeoliet, (ii) die gemak van opskalering, (8 die gemak waarmee die modules
aanmekaar gesit kan word, omdat die skeidingslzegjiétkristalle) binne die porieé van die
keramiek-ondersteuningsbasis geleé is, wat diek etfen erodering en termiese skok
verminder. N& die membraansintese is die membraaitkit en skeidingsvermoé ge-

evalueer deur enkel-gas-deurdringing,)(Hbinére-gas-skeiding (n-butaanjHen ternére
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dampmengsel van xileen-isomere deur die gebruikdianrdamp-deurdringingsmetode met
p-Xileen as die teikenproduk.

Hierdie tesis het gewys dat nanosaamgestelde Miriiah membraanbuise en hol
vesel membrane selektief was ten opsigte van EXilenuit xileen-isomere. Die tesis doen
ook, vir die eerste keer in die oop literatuur lsmgsoor die uitstekende p-Xileen skeidings-
vermoé van nanosaamgestelde MFl-alumina buise By xiteenladings (of dampdrukke).
Anders as hulle filmagtige eweknieé het die membrsteeds hul verhoogde selektiwiteit vir
p-Xileen by hoér dampdrukke behou, sonder ‘n mekkbaerlaging in die selektiwiteit.
Hierdie merkwaardige eienskap maak dit ‘n belowekelese vir pervaporasie toepassings,
waar die konsentrasieprofiel (as gevolg van hoégeriadings) gewoonlik 'n noemens-
waardige probleem is.

Met die gebruik van nanosaamgestelde MFI-aluminelbmane het hierdie navorsing
gewys dat membraankonfigurasie en —wanddikte ‘mprente rol speel in die verbetering
van vloei oor die membraan. Resultate wat in dielist voorgelé word, wys, vir die eerste
keer in oop literatuur, dat hol vesel nanosaamiggstdFl-alumina membrane die deurvioei
van p-Xileen kan verbeter gedurende die skeidingteanére dampmengsels van xileen, as
gevolg van die kleiner effektiewe wanddikte van miiembraan (<1 um) wanneer dit vergelyk
word met konvensionele kansgewys-getrienteerde 2dBliet films met ‘n membraandikte
van >3 um. Tydens die skeiding van xileen-isomeret manosaamgestelde hol vesel
membrane is ‘n verbetering van ongeveer 30 % in darvioei van p-xileen verkry,
vergeleke met membraanbuise, by identiese bedegtstnde. Hol vesels bied ook die verdere
voordeel van oppervlak-tot-volume verhoudings varheog as 3000 #m® vergeleke met
konvensionele membraanbuise. Die gebruik van heetigie sisteem kan deurslaggewend
wees in die vermindering van die grootte en koste #leurlatingseenhede in toekomstige
xileen-skeidingsprosesse. Die vervaardiging van -Kvedliteit nanosaamgestelde MFI-
alumina membraanvesels is egter onderworpe aarbelkikbaarheid van hoé-kwaliteit
vessel-ondersteuningsbasisse.

Wat die gebruik van nanosaamgestelde MFI-aluminenlbn@anbuise as ekstraksie-
tipe katalitiese membraanreaktore betref (ekstealige zeoliet katalitiese membraanreaktor,
of e-ZKMR in hierdie studie) vir m-Xileen isomersa in die teenwoordigheid Pt-HZSM-5,
bevestig die resultate die potensiaal van e-ZKMtga bo konvensionele vaste-bed reaktore
(VBR). In die gekombineerde verstelling (met progukn die permeaat sowel as die
retentaat) toon die e-ZKMR ‘n 16 — 18% verbetelimglie opbrengs van p-Xileen vergeleke
met ‘n ekwivalente VBR by dieselfde bedryfskondisi&egrond op die hoé p-Xileen-tot-o-
Xileen (p/o) en p-Xileen-tot-m-Xileen (p/m) skeidisfaktore wat deur die membraan gebied
word, is p-Xileen-samestellings in die slegs-perameaerstelling (produkte in die

permeaatstroom) van tussen 95 en 100% in die e-ZKWMFry. Toe ‘n defek-vrye
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nanosaamgestelde MFI-alumina membraanbuis mefo) ¢geidingsfaktor van >400 gebruik
is, is p-Xileen met ‘n suiwerheid na aan 100% ie sliegs-permeaat verstelling verkry. Die
e-ZKMR het ook 100% para-selektiwiteit in die slgggmeaat verstelling getoon by alle
toets-temperature, iets wat onmoontlik is met gesfilmagtige MFI-tipe zeolietmembrane.
Om hierdie rede is dit moontlik dat die gebruik WiRI-alumina membrane in ekstraksie-tipe
katalitiese membraanreaktore die ontwikkeling vanergie-doeltreffende membraan-
gebaseerde prosesse vir die produksie van suiv@depn kan bevorder.

Verder word daar in hierdie tesis verslag gedoem deée modelering en
sensitiwiteitsanalise van ‘n e-ZKMR wat toegerusnist ‘n nanosaamgestelde MFl-alumina
membraanbuis as skeidingseenheid vir m-Xileen isiziase in die teenwoordigheid van ‘n
Pt-HZSM-5 katalis. Die model-uitsette is redelik aoreenstemming met eksperimentele
resultate met absolute fout-persentasies van 10.03 en 19.5 % vir die p-Xileen opbrengs
in die gekombineerde verstelling, p-Xileen selekii in die gekombineerde verstelling,
p-Xileen selektiwiteit in die slegs-permeaat vdhstg en m-Xileen omsetting,
onderskeidelik. Om hierdie rede kan die model @iérgg van ‘n e-ZKMR verduidelik tydens
die m-Xileen isomerisasie in die teenwoordigheid ra Pt-HZSM-5 katalis. Die model kan
ook aangepas word na e-ZKM reaktore met verskidekahfigurasies, soos hol vesel MFI-
alumina membraan-gebaseerde e-ZKMRe. Om meertiadigy in die gedrag van die model
op klein veranderinge in sekere ontwerpparameiers, sensitiwiteitsanalise op die model
uitgevoer. Soos verwag, het die sensitiwiteitsaraliewys dat die intrinsieke eienskappe van
die membraan (porositeit, tortuositeit), die effekte van membraandikte en die
reaktorgrootte (gemeet as die interne deursnitdiameaktor) ‘n noemenswaardige rol speel
in die gedrag van die e-ZKMR gedurende p-Xileerdpksie vanuit gemengde xilene.

MFIl-alumina zeolietmembrane met geoptimeerde patensiesoos membraan-
porositeit, -tortuositeit, en —wanddikte mag dalkk dordrag van p-Xileen deur die membraan
bevorder en sodoende ‘n hoér vlioei van p-Xileen diermembraan bewerkstellig. Dit sal
uiteindelik lei tot ‘n verhoging in die opbrengsnvp-Xileen in die slegs-permeaat verstelling.
So ver dit vasgestel kon word, is hierdie die eersdrslag in die oop literatuur wat die
modelering en sensitiwiteitsanalise van ‘n e-ZKMBegerus met nanosaamgestelde MFI-
alumina membraanbuise as skeidingseenheid vir ®@eHXil isomerisasie in die
teenwoordigheid van ‘n Pt-HZSM katalis, aanspreek.

Verder ondersteun die resultate van hierdie studrgge navorsingspogings op die
gebruik van e-KMRe, met MFI-tipe membrane as skgjsitenhede, vir die produksie van
p-Xileen deur middel van m-Xileen isomerisasie ie teenwoordigheid van ‘n geskikte
katalis. Verder is nuwe idees ontwikkel, getoety@orgestel wat dien as 'n stewige basis vir
verdere opskalering- en tegno-ekonomiese studi€ndanige studies is nodig om die

vatbaarheid van die tegnologie relatief tot dielisimnele prosesse te bepaal.




Ter opsomming, die bemoedigende resultate, sodieitesis gedokumenteer (en ook
gepubliseer in vier ewe-knie beoordeelde intermad®d wetenskaplike joernale en vier
konferensiestukke), kan as ‘n platform dien vir dietwikkeling van 'n opgeskaleerde

membraan-gebaseerde energie-doeltreffende nywspreiks vir die produksie van suiwer
p-Xileen deur middel van isomerisasie.
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Chapter 1: Motivation for the study and research ob  jective

In this chapter, the motivation for this study &hd research objectives are clearly
defined. The benefits of the research effort tostientific and industrial community are also
highlighted.

1.1 Motivation

Energy efficiency and energy saving are becomingrei@singly important
components of government policies around the wirldesponse to a range of challenges,
which include perceptions of resource scarcityhhegergy prices, security of energy supply
and environmental protection. In 2006, the total rldloenergy consumption was
495.6 quintillion Joule (J) and the industrial seciccounted for about one-half of the total
world energy consumption [1]. Despite the curresdr®mic downturn, it is expected that the
world energy consumption will increase up to 71duntillion Joule (J) over the 2006 to
2030 period due to the expected growth of the i®rieal Gross Domestic Product (GDP) on
the purchasing power parity averaged 3.5 percenually [1]. Over the next 25 years,
worldwide industrial energy consumption is expedtedrow from 183.8 quintillion Joule (J)
in 2006 to 257.9 quintillion Joule (J) in 2030 at average annual rate of 1.4% [1]. In
petrochemical industry, energy accounts for moas 0% of the industry’s cost structure. In
2006, five industries accounted for about 68% @ tbtal energy consumed in industrial
sector while the chemical sector is the largestistrial consumer of energy with about 29%
of the energy [1]. Therefore, more energy-efficieethnologies in the chemical industry
could contribute significantly to nationwide andndwide energy savings and a reduction of
CO, emissions.

One of the high energy-intensive industrial proesds the production of high purity
p-Xylene via separation/isomerisation from mixedexyes and in the last 30 years, there has
been a great evolution in p-Xylene production tetbgy, with many equipment
improvements being instituted in the industry. Tglly, these improvements bring economic
as well as processing advantages to the produsect. developments are vital, as the capital
costs for process equipment to produce and sepgrafglene from xylene isomers,
especially into high-purity p-Xylene, still remanary high.

Mixed xylenes (from the Greekylor=wood), first discovered in crude wood spirit in
1850 by Cahours, constitutes a family og-a&fomatics with molecular formula g8
including three constitutional isomers: o-XyleneX{Om-Xylene (MX) and p-Xylene (PX).
These constitutional isomers are referred to agdiylenes. The xylene isomers differ from
one another by the relative position of the two hyegroups in the benzene ring. The

molecular structures of these isomers are depintEdyure 1.1.
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Figurel.1: Molecular structures of the three xyleoeners.

Xylene isomers are important chemical intermediaté® world demand for xylene
has been increasing steadily for more than a de€ateexample, in 1999, the world demand
for xylenes was about 22 Mt, p-Xylene holding ab8086 of the market share [2]. The
production value of mixed xylenes was estimatedgproximately 5 billion US$ in 1999,
second only to benzene in aromatic production P3Kylene is almost exclusively used as
raw material in the production of terephthalic aCi®®A) and dimethyl terephthalate (DMT),
which are reacted with ethyleneglycol to form pdhytene terephthalate (PET), the raw
material for polyester resin. Polyester resin isdu® manufacture polyester fibres, films and
fabricated items (e.g. beverage bottles). Accordingecnon OrbiChem [4], world p-Xylene
demands are expected to rise at an average rateoqgber year in the period 2008-2013,
driven mainly by TPA and PET demand increase imghother Asian countries and in the
Middle East (Figure 1.2) - other countries not etiéel by this occurrence are excluded from

Figure 1.2. Asian markets are foreseen as partlguleght, with demands exceeding the

supply.
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Figure 1.2: World supply /demand for xylenes (eggcPX) [5].




The principal industrial sources of xylene isomeixtares are high-severity
catalytically reformed naphtha and pyrolysis dstds. The @ aromatic cut obtained from
these sources contains a mixture of xylenes (5046% m-Xylene and 20-25 wt.% o- and
p-Xylenes) and ethylbenzene (EB) (15-30 wt.%) ia @ fractions obtained from naptha
reforming and steam cracking [6]. The surplus oexy and m-Xylene can be converted into
more valuable p-Xylene through catalytic isomer@atwith further purification by using
convenient separation techniques.

The use of distillation is discouraged for p-Xyleseparation and purification due to
the close boiling points of xylene isomers (Tahlg) ltranslating into high energy demands.
For example, petrochemical and chemical industaieEunted for 13.7 quintillion Joule (J)
in 1998 with about 35% of the energy consumptiogdua the manufacture and separation of
organic chemicals (mainly for heating/cooling) [Koreover, in 2004, the United States
consumed nearly 105 quintillion Joule (J) on pdimmical and chemical industries’
processes, corresponding to approximately one Hoaftthe world energy demand [8].
Therefore, it becomes imperative to move to morergyrefficient and environmentally-
friendly processes for p-Xylene separation andfjgation involving the lowest number of

heating/cooling steps.

Table 1.1: Physical pradjasrof xylene isomers

M Normal Normal AH
Xylene isomers " . |Boiling point| Freezing van,
(g-mol) () point (K) (kJ.mol")
PX 106.17 411.37 286.26 42.04
MX 106.17 412.12 225.13 42.04
OX 106.17 417.41 247.82 43.41

For the production of high purity p-Xylene via segigon from xylene isomers and/or
isomerization of less used isomers, membrane téatponight be a promising option to
achieve this goal. The technology behind membrapplications is potentially an
energy-saving one, because the separation proe&ss place without phase transition.
Besides, it is better for the environment, since tembrane approach requires the use of
relatively simple and non-harmful materials and tleovery of minor but valuable
components from a main stream using membraneseaaoie without substantial additional
energy costs. Therefore, compared with conventigeahniques (such as adsorption or

crystallization), membranes can offer a simple,ygasoperate, low-maintenance process




option [9-12]. In addition, extractor-type catatytimembrane reactors (e-CMRs) for
simultaneous xylene isomerization and p-Xylene isdjma are receiving increasing attention
by researchers. A special benefit of these intesieactors is that the removal of one of the
products provides a shift in equilibrium and also iategrated product purification thus

decreasing the number of process units. Moreoveliyity improvements are possible

through selective removal of reaction rate irnoits.

Against this background, therefore, this studytabutes significantly in the research
area through the further characterization and op#tion of extractor-type catalytic
membrane reactors, having nanocomposite MFI-typpditegemembranes as separation unit,
for the production and purification of p-Xylene ffinacylene isomers.

Production of p-Xylene via isomerization is a cheahiequilibrium restricted
reaction process. To obtain total conversion duriygene isomerization process in
conventional catalytic reactors (fixed-bed reagtors impossible. Therefore, existing
industrial technology could only produce equililnivor near equilibrium xylene mixtures.
Recycling the xylene streams back into the prodiees might ensure higher p-Xylene
productivity, but at the expense of higher operatlaosts due to higher energy consumption.
However, the use of e-CMRs could eliminate equiilifor restriction associated with
production of p-Xylene in fixed-bed reactors withdeastic reduction in operational costs
resulting from a reduction in energy consumptiohe Tenormous potential of large-scale
applications of xylene isomerization in oil and rpehemical industries promises major
advances and development of such systems in afuteme. However the development of
such systems for high purity p-Xylene from xyleisemerization is retarded due partly to
inadequate understanding of the system and to hkenae of high-flux MFI-type zeolite
membranes that have high selectivity for p-Xyleespecially at high loadings/partial
pressures of xylene. To overcome this obstaclelepth understanding of the fundamental
behaviour of the system and availability of higlidlmembranes, having high selectivity for
p-Xylene, is essential.

Regarding the use of nanocomposite MFI-ceramic mengs in e-CMRs for
isomerization of m-Xylene to p-Xylene, the firstepminary study was reported by
van Dyket al.[13]. However, the study was limited to selectivityprovement in e-ZCMR,
having a nanocomposite MFI-alumina membrane tulseparation unit, but with little detail
on the influence of the operating variables on pleeformance of the system during the
isomerization. Additionally, influence of operatingariables (sweep gas, Xxylene
loadings/partial pressures and sweep gas flow rate)the separation performance of
nanocomposite MFI-alumina membranes during Xxylesmmer separation has not been
evaluated and reported. Furthermore, modelling sindilation study of an extractor-type

catalytic membrane reactor, having a nanocompd4kealumina membrane as separation




unit, has not been done and reported in open tliteraHaving in-depth understanding of all
the aforementioned suggestions could be instrurhemtaptimization of the system and thus
pave the way for speedy development of membranecbgesactive separation system for the
production of high purity p-Xylene from mixed xylken

As a result of this, the objective of this reseawnds to characterize and optimize
extractor-type zeolite catalytic membrane reacterZCMR), having nanocomposite
MFl-alumina membranes as separation unit, for peXgl production and purification via
separation and meta-xylene isomerization over P82 catalyst. Therefore, to realize the
aforementioned objective, the study was divided thtee parts:

» Characterization, performance evaluation and optititon of nanocomposite
MFI-alumina membranes (tube and hollow fibres) migirtylene isomers separation,

e Characterization, performance evaluation and opttion of e-ZCMR, having
nanocomposite MFI-alumina membranes as separatinity during m-Xylene
iIsomerization over a Pt-HZSM-5 catalyst via expemtal study and ;

* Modellling and sensitivity analysis of e-ZCMR, haginanocomposite MFI-alumina
membranes as separation unit, during m-Xylene isaateon over a Pt-HZSM-5
catalyst to understand better the fundamental hehawf e-ZCMR during xylene

isomerization.

1.2 Dissertation overview

The dissertation is subsequently organized thusp@n 2 discusses the state of the
art of the technology and reviews the literaturev@mbrane technology and its application to
the production and purification of p-Xylene fromlese isomers. The emphasis was on the
application of MFI-type zeolite membranes for proalon and purification of p-Xylene from
xylene isomers.

Chapter 3 outlines the preparation and charactemrzaof MFI-type zeolite
membranes with more emphasis on MFI-type zeolitenbmanes with nanocomposite
architectures. The chapter also describes instrtatien and calibration as well as the
experimental procedures used to produce the resi@teribed in subsequent chapters.
Chapter 4 reports a study of the influence of dapegavariables on the separation
performance of tubular nanocomposite MFI-ceramiomim@ne during the separation of
ternary vapour mixture of xylene isomers. This ¢Baplso showcases for the first time the
relative goodness of MFI-Zeolite membrane with ramoposite architecture over “film-like”
type, particularly at higher loading of xylene. @tex 5 reports for the first time in open
literature, the performance of tubular nanocomgoBiFI-ceramic at higher partial pressure
of xylene isomers during ternary vapour mixtureasapon of xylene isomers.

Chapter 5 reports the evaluation of the separgberiormance of nanocomposite




MFI-ceramic hollow fibre during the separation efrtary vapour mixture of xylene. In this
chapter, advantages of hollow fibre configuratiorerothe tubular are demonstrated via
experimental study. The study also reports, for fivet time, the application of
nanocomposite MFI-ceramic hollow fibre membranestfe separation of xylene vapour
isomers

In Chapter 6, report of studies of the performaotextractor-type zeolite catalytic
membrane reactors (e-ZCMR), which have nanocongdiitl-ceramic membrane tube as a
separation unit, during the production of p-Xyleftem m-Xylene isomerization over
Pt-HZSM-5 catalyst is presented. The chapter funphevides information on the influence of
operating variables on the performance of e-ZCMRndum-Xylene isomerization with a
view to understanding the fundamental behavioue-@CMR for m-Xylene isomerization
and to optimizing the process. From this study, likst catalyst packing in e-ZCMR was
obtained while the membrane displayed 100% p-Xylselkectivity with p-Xylene purity
reaching 100% at the permeate side.

For in-depth understanding of the fundamental biehavof e-ZCMR during
m-Xylene isomerization over Pt-HZSM-5 catalyst, mllidg and simulation study of the
e-ZCMR for m-Xylene isomerization over Pt-HZSM-5talgst is presented in Chapter 7.
Sensitivity anaylsis was also conducted on the intmlainderstand the behaviour of the
model to changes in certain parameters. The modgbub was compared with the
experimental results for model validation and talenstand the e-CMR during m-Xylene
isomerization over Pt-HSZM-5 catalyst.

Chapter 8 summarizes the novel contributions of tleisearch and suggests some

useful recommendations for future research work.

1.3 Research benefits and novel contributions

This study is an extension of a previous study tvHaoked at the application of
catalytic membrane reactors based on MFI-type teatiembranes for the production of
p-Xylene [13].Preliminary work done in the previous study hasvigted solid evidence and
platform for further extension of the study andimiation of the system. In this dissertation,
new ideas were proposed. The ideas were develapktested. The novel contributions from
this research, as highlighted below, could be #agsta upon which further researches in this
area can be built:

e Separation performance of nanocomposite MFIl-alunmeanbrane tube, at higher
loadings/higher partial pressures of xylenes, @dupiglene isomers separation has
been demonstrated and reported for the first time@pen literature. Unlike their

“film-like” counterparts, the membranes still maim increased selectivity to




p-Xylene at higher xylene vapour pressures withghawing a drastic decrease in
selectivity.

* For the first time in open literature, the studys tdemonstrated and reported the
performance evaluation of nanocomposite MFl-alumiddlow fibre membranes
during xylene isomer separation. Furthermore, namposite hollow fibre
membrane prepared and evaluated displayed higttisélieto p-Xylene and showed
about 30% increase in p-Xylene flux compared t@aocomposite membrane tube
prepared in a similar way as hollow fibre and ofetaat the same conditions.

* The study reports, in details, the influence ofrapeg variables on the performance
of an e-ZCMR, having a nanocomposite MFI-aluminamene tube as separation
unit, during m-Xylene isomerization over Pt-HZSMeatalyst. Furthermore, the
study has shown a significant improvement on p-Rglgield compared to the work
of van Dyket al[13] and also for the first time in open literaumpossibility of
producing ultra-pure p-Xylene (~100%) in e-ZCMRridg m-Xylene isomerization
over Pt-HZSM-5 has been demonstrated and reported.

* The study reports, for the first time, modellingmglation and sensitivity analysis of
e-ZCMR, having a nanocomposite MFl-alumina membrae as separation unit,
during m-Xylene isomerization to p-Xylene. The stvisy analysis revealed that
intrinsic property of the membrane (porosity, todily), membrane effective
thickness and reactor size play a significant methe performance of e-ZCMR

during p-Xylene production from the mixed xylenes.

In summary, the outcome of this research open wgsaarch line to scale-up and
optimize catalytic membrane reactors based on Mpe-tzeolite membranes for p-Xylene
production. The encouraging results, as documeiriethis dissertation, can provide a
platform for developing scaled-up energy-efficiemustrial process for producing p-Xylene
through isomerization based on membrane technolégythermore, for quick and easy
access to the novel contributions from this stuthe novel contributions have been
communicated to researchers working in the samearels area and other related areas
through articles published in international sci@ntjournals (four published, two under
review) and in conference proceedings (four comi@eeproceedings). The published journal

articles can be found in Appendix E.




Chapter 2: Literature review and state of the art

In this chapter, relevant literature highlightirgetcurrent trends in the development
and applications of MFI-type zeolite membranes tgleme isomer separation and

isomerization are critically discussed

2.1 Commercial technologies for production and pur ification of p-Xylene

The existing commercial technologies for separatiod production of high purity
p-Xylene from its isomers can be divided into thnegn groups: (1) fractional crystallization,
(2) adsorption and (3) hybrid crystallization/aggmn [14]. Fractional crystallization and
adsorption are currently commercially availablescamting, respectively, for about 40 and
60% of the p-Xylene world production. Although, tibrid crystallization/adsorption
process is yet to be commercialized, it has beenessfully field-demonstrated and the first
commercial unit is expected to be put in servicthnear future. In addition to separation of
p-Xylene from the € cut, p-Xylene can be industrially produced via ussie
disproportionation or o-Xylene and m-Xylene isoration. This latter process is especially
interesting for valorisation of leftover streamsming from adsorption and/or crystallization
processes, highly enriched in o- and m-Xylenes.r&ully, the industrial process for
producing this involves either isomerization of th®-Xylenes or o-Xylene or
disproportionation of toluene. Approximately, 40%ttoe currently used p-Xylene production
processes, relying on either isomerization or todualisproportionation, are based on

ExxonMobil technology [15].

2.1.1 Fractional crystallization

Low temperature fractional crystallization was thet and for many years the only
commercial technique for separating p-Xylene fromxed xylenes. A number of
crystallization processes have been commercialmext the years (e.g., Chevron, Krupp,
Amoco, ARCO [Lyondell] and Phillips). A typical camercial crystallization process is
shown in Figure 2.1.

This technology relies on the freezing point of ylefie which is much higher than
that of the other xylene isomers (see Table 1.bhusT upon cooling, a pure solid phase of
p-Xylene crystallizes first. Upon further cooling,temperature is eventually reached where
solid crystals of other isomers also form (eutegboint). P-Xylene usually begins
crystallization at about 269 K and the p-Xylene/iyleéfie eutectic point is reached at about
205 K. In commercial practice, p-Xylene crystaltina is carried out at a temperature just

above the eutectic point. At that condition, p-Xydeis still soluble in the remainingsC




aromatics mother liquor solution. This limits thiéiGency of crystallization processes to a

per-pass p-Xylene recovery of about 60-65%.
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Figure 2.1: Chevron p-Xylene crystallization praegks].

The solid p-Xylene crystals are typically separatesin the mother liquor by
filtration or centrifugation. With regards to thésep, achieving good separation depends on
the p-Xylene crystal size distribution, thus, ilmygng larger crystals. The p-Xylene crystal
size is affected by the degree of supersaturatma ¢herefore by nucleation mechanism)
upon crystallization, which is affected in turn k& number of parameters including
temperature, agitation and the presence of crysieki. To obtain good separation, p-Xylene
is typically crystallized in one or two consecutivsteps and further separated by
centrifugation.

Commercial crystallisers use either direct contaidndirect refrigeration to promote
crystallization. The latter has the disadvantage the walls of the cooled surface tend to
foul, which reduces heat transfer. The first ciljigition step is usually carried out at the
lowest temperature, the p-Xylene cake from thip sé&ching a purity of about 80-90%. The
impurities in the p-Xylene cake arise from the neothiquor, wetting the crystal surface or
being occluded in the cake. The efficiency of tlidsliquid separation depends on the

temperature and the loading of the centrifugesth&stemperature falls, the viscosity and




density of the mother liquor rise sharply, makingmore difficult to achieve effective
separation.

In the second crystallization step, p-Xylene crigstae usually re-slurried from the
former cake with a higher purity p-Xylene streanmang from the latter purification step.

This second centrifugation step is enough in maseés to reach a p-Xylene purity >99%.

2.1.2 Adsorption process

Adsorption constitutes the second and the mostnteoethod for separating and
producing high-purity p-Xylene. In this processsaidbents such as molecular sieves are used
to produce high-purity p-Xylene by preferential aqigion of p-Xylene from a mixed xylene
stream. Separation is accomplished by exploitirgdifferences in affinity of the adsorbent for
p-Xylene relative to the others@omers. The adsorbed p-Xylene is subsequentlgrided by
displacement with a desorbent liquid stream. TypieKylene recovery per-pass is >95% in a
single step. Recycle rates to separation and ispatien units are much smaller in adsorption
units than in crystallization systems.

At present, three processes based on adsorptiorcarenercially available for
p-Xylene separation and purification: UOP's Pat&®'s Eluxyl and Toray's Aromax (this
latter should not be confused with the Chevron'smax process for reforming of naphtha
into aromatics). A comprehensive description ofsth@rocesses is given by Minceva and
Rodriguez [17]. In all of them, the feed and desathnlet and the product outlet ports are
moved around the bed, simulating a moving bed (SNHB) example, Figure 2.2 shows the
flowsheet diagram of the UOP's Parex adsorptiorcge®. Several adsorbent/desorbent
combinations have been proposed in the literataorgoromote p-Xylene recovery from
different mixtures. Typically, Ba- and K-exchangeeolite molecular sieves are used as
adsorbent and toluene (or tetraline) as desorli@ht Qther examples of processes relying on
selective adsorption for xylene separation andfipation from the @ cut have been reported

in the patent literature [19,20]
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Figure 2.2: UOP Parex simulated moving bed for gatse separation. Nomenclature: AC,
adsorbent chamber; RV, rotary valve; EC, extracturoa; RC, raffinate column.
Lines: 2-desorbent; 5-extract; 9-feed; 12-raffindté other ports are closed at this time [21].

2.1.3 Hybrid crystallization / adsorption process

In 1994, the Institut Frangais du Pétrole (IFP) a@tevron announced the
development of the Eluxyl hybrid process that régly combines the best features of
adsorption and crystallization. In this proceshjgh concentrated p-Xylene stream (90-95%)
is first produced from an adsorption unit and fartlpurified in a small single-stage
crystallizer with the filtrate recycled back to thdsorption unit [22]. Ultra-pure (>99.9%)
p-Xylene can be easily and economically produceth wthis scheme for both retrofits of

existing crystallization units as well as grasstsoanits. This process has been successfully

field-demonstrated but is yet to be commercialized

2.1.4 P-Xylene from xylene isomerization

In 1975, ExxonMobil introduced into the market fisst generation of xylene

I5™), relying on the

isomerization processes callbtbbil Vapour Phase IsomerizatiqVP
use of a high-activity xylene isomerization catal{acid zeolite). The process was further
improved in 1978 by introducing the Mobil Low Press Isomerization process (ML)

with lower xylene losses and longer catalyst lifeti In 1981, aromatics production was
revolutionized by the introduction of the Mobil MigTemperature Isomerization process

(MHTI®™), capable of operating at higher ethylbenzene (E@)versions and with lower
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xylene losses than in ML, providing increased p-Xylene yields. To furtheduce xylene
losses, the Mobil High Activity Isomerization Prese(MHAFFY) and the Advanced Mobil
High Activity Isomerization Process (AMHAY) were introduced to the market in 1990 and
1999, respectively. In 2002, ExxonMobil introdudbd most recent technology to date called
XyMax (see flowsheet in Figure 2.3). This procesdudes the conversion of EB to benzene
and ethylene, cracking of non-aromatics and isaragaon of the p-Xylene-depleted

feedstock to an equilibrium xylene mixture.
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Figure 2.3: Flowsheet of the ExxonMobil XyMax isaization process [22].

2.2 Catalysts for xylene isomerization

The choice of a catalysts for a particular reactiepends largely on some factors
such as activity, selectivity, stability and evesstc A high activity is reflected either in the
high productivity from relatively small reactors carcatalysts volume or mild operating
conditions, particularly temperatures, which enleamgelectivity and stability if the
thermodynamics is more favourable [23]. Moreoveghlselectivity produces high yields of a
desired product while suppressing undesirable cttiyge and consecutive reactions.
Therefore, to make a catalyst highly selectiveddarget product, its pore volume and pore
size distribution should be improved toward redgciimitations by internal diffusion. In
addition, a catalyst with good stability changes$yaiowly over the course of time under
conditions of use and regeneration. At the same thre catalysts must withstand comparison
with competitive catalysts or processes with edeiviafunctions from the point of view of
cost [23]
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The most currently used catalysts in xylene isopagion plants are based to date on
acid zeolites HMOR [24-26] and HZSM-5 [27, 28]. étltatalysts that have been studied for
this reaction include zirconia modified with turgstoxide [29], amorphous silica [30], and
zeolites HY [31-34], beta [31], ITQ-13 [34], UZM-#&nd UZM-6 [35], and HFER [36]. The
reaction takes place at operating temperaturdseimange 543-653 K. Acid-catalyzed xylene
iIsomerization can occur either through an intracwEr mechanism involving
bensonium-ion intermediates or through an intermdée mechanism involving successive
xylene disproportionation reactions and fast triaytation between trimethylbenzene (TMB)
and xylene molecules. The former mechanism is fe@a@dwhen steric constraints in the
vicinity of the acid sites inhibit the formation &iulky diphenylmethane intermediates of
transalkylation (e.g., zeolite beta) or in the cakeatalysts possessing very strong acid sites
(e.g., zeolite HY). As a general rule, irrespectiveheir Si/Al ratios, larger pore size opening
zeolites provide lower selectivities for p-Xylenempared to ZSM-5 zeolites, promoting
TMB production by disproportionation. However, Higueset al. [24] reported that H-MOR
with Si/Al ratio of 75 provides higher resistancedeactivation (coking) due to its large pore
size. Suppression of disproportionation reactiod promotion of secondary isomerization
reaction for p-Xylene is enhanced by inactivatidmon-selective acid sites on the external
surface, leading to an increase in internal acas$B87]. Dealuminated Y zeolites (DAY) with
high Na content catalyze primarily the isomerizatiof m-Xylene and improve the
conversion, but as the cation is exchanged by, NHisproportionation becomes more
pronounced [38,39], promoting formation of toluemal TMB. Laforgeet al. [40] have used
zeolite MCM-22 (Si/Al=10) dealuminated with ammomithexafluorosilicate for m-Xylene
isomerization. Their results reflect that cupsnusiform of the catalyst give higher p-Xylene
yields due to pore mouth poisoning of the sinugloictive sites or poisoning of the
hemicages by adsorbed 2,4-DMQ which hinders thigigc of the neighbouring inner sites

and that isomerization of m-Xylene occurs prefaadigtin sinusoidal channels.

Para-selectivity in xylene isomerization by zedliteas been improved by doping the
zeolites with metals such as Pt, Ga and Zr thraugiface modification [37, 41]. At these
conditions, in the presence of metals, m-Xylenenmgzation proceeds via an intermolecular
1,2-methyl group shift model [37]. H®t al [42] have reported a gradual activity in the orde
Pt/MOR<<Pt/USY<Pt/ZSM-5<Pd/ZSM-5 for m-Xylene andB Esomerization, increasing
with temperature. The higher activity of Pt/ZSM-Brmpared to USY is attributed to the
higher acidity of the former, while the modest wityi of Pt/modernite is attributed to a fast
catalytic deactivation by coking. P-Xylene seleityivof Pt/ZSM-5 and Pd/ZSM-5 can reach
values >90% at 573 K, but decreasing with tempegatimcorporation of oxides, P [43-45],
Mg [46, 47] or B [47, 48] in the zeolite framewaakows tuning of the diffusivity of xylenes

into the zeolite pores [27].
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2.3 Membrane-based technology for the productiona  nd purification of PX

The crystallization and adsorption techniques foiXyfene separation and
purification, discussed in section 2.1 of this dieapare highly energy intensive (although to a
lesser extent than in fractional distillation) andke use of batch processes. In an attempt to
design less energy-intensive and more environnigstandly processes for p-Xylene
production and purification, membrane-based tedygywhas been proposed recently, as a
promising alternative.

A membrane is defined essentially as a barrier clvideparates two phases and
restricts transport of various chemicals in a galecmanner. A membrane can be
homogenous or heterogeneous, symmetric or asynmietstructure, solid or liquid; it can
either carry a positive or negative charge or it ba neutral or bipolar. Transport through a
membrane can be affected by convection or by ddfusf individual molecules, induced by
an electric field or concentration, pressure orgerature gradient. The membrane thickness
may vary from as small as 10 microns to few hunadnédometers.

In gas-separation membranes, classification hadudad porous and dense
membranes [49-52]. Materials such as ceramic anglsnbave been used as supports. In
some cases, the driving force in a gas-separatembrane is the pressure difference between
the feed/retentate and the permeate; the heatwigigocosts can be dramatically reduced
compared to crystallization or adsorption techngqueurthermore, due to their modular
nature and compact size, membranes can be intdgeasly in already existing plants,
offering the possibility of continuous operatiorthgut requiring sorbent regeneration.

Despite these general advantages compared to lirpggtan and adsorption
techniques for p-Xylene separation and purificgtibie technico-economical feasibility of a
membrane-based process will depend on the devetdpmignembrane materials with good
affinity for p-Xylene for selective separation frats isomers. A first possibility deals with
the use of polymers. Although specific xylene isorseparation has been studied with
polyurethane [53], polyvinyl alcohol (PVA) [54] angblyamides [55-57], so far, none of
these materials has provided substantial p/o ama x/lene selectivities at reasonable
permeabilities. Furthermore, whereas some reseaarblage proposed the introduction of side
groups displaying strong interaction with xylenes the polymer matrix [58-63], no
remarkable improvement has been reported. This &Hckelectivity, in addition to the
inherent limitations of polymers in terms of thetpehemical and mechanical stability, has
triggered off the development of porous ceramic imemes for p-Xylene separation and
purification. A general comparison of the charastms of polymeric and ceramic

membranes is provided in Table 2.1.
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In particular, zeolites have been the major mdtegaployed in the preparation of
ceramic membranes for the separation of aromatidsaveral reviews on their synthesis and
applications have been published [64-66], includingmall overview by Fongt al. [67]
focusing on catalytic membrane reactors (CMRs) iagfbns for xylene isomerization.
Although, the use of zeolite membranes for gasragipa is still in an early technological
stage (only one application of solvent dehydrabgrpervaporation has been commercialized
to date [68]), they are expected to encounter egipdins at large scale and compete with
other existing technologies in the coming yearse Titure gas separation applications will
rely on their selectivity, permeability and stalyilcharacteristics. Moreover, the development
of such materials will depend on the availability rogh quality, defect-free membranes,

preferentially synthesized through simple protodedsling to cost-effective processes [69].

Table 2.1: Comparison between polymeric and ceramaimbranes

Ceramic membranes Polymeric membranes

Do not swell Do swell
Paossibility of uniform, molecular ,

. . Do not have uniform moleculaf
sized pores allowing for moleculan _.

T sized pores
sieving
Chemically resistant to solvents andNot chemically stable.
low pH Denatured at low pH

Not thermally stable, denatured
at high temperature

High cost of production Lower cost of production
More brittle Less brittle

Thermally stable

Among the different available membrane technolqgigdene isomer separation
using MFI membranes has been carried out eitherpégvaporation (PV) or vapour
permeation (VP). These techniques rely both orhitpeer affinity of one or more species in a
mixture to the membrane material and only diffenfrthe phase of the feed (liquid in PV and
vapour in VP, see Figure 2.4) and the permeatsspreguse of primary vacuum in PV). In
addition, in VP, a sweep gas is applied to the patsis side to reduce the surface coverage
and thus it enhances the cross membrane flux gi¢hmeating molecules due to an increase
in the driving force. A detailed description of tfisndamentals and applications of both

processes can be found in some reference book®waeds [66, 70-73]
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Figure 2.4: Schematic representation of pervapmdteft handside) and vapour permeation
(right handside) across a membrane.

2.3.1 MFI-type zeolite membranes for xylene isomer  separation

Zeolites are tridimensional crystalline aluminasites constituted by Si and Al
tetrahedra linked through bridging oxygen atomsingjvrise to the so-calledecondary
building units(SBUs), constituted by rings and prisms of varisizes. These units combine
to generate frameworks with a regular distributddmolecular-sized pores and cavities. The
general formula of zeolites is M(AIO,)x (Si0y),].zH,0, with M defining the compensating
cation (usually from groups | or Il) with valenoeThe Si/Al ratio of the zeolite structure and
amount of cations control the surface propertiezeafites (e.g., hydrophobicity and acidity),
and determine their adsorbent, catalytic and iafxarge properties.

Among the different natural and artificial zeolitameworks, the MFI structure
consists of two main types namely ZSM-5 (Zeolite @t Mobil-Five), discovered by Mobil
in 1972 [74,75], with a natural analog (mutinaiféd], and silicalite-1, developed by Union
Carbide a few years later [77,78]. Both structudiger in their Si/Al ratio, showing a value
in the range 10-10000 for ZSM-5 and >10000 forcallte-1. The higher Si content of
silicate-1 provides a higher thermal stability dmdher hydrophobic character than in the

case of zeolite ZSM-5.

The elementary mesh in MFI zeolites contains 96 tE@®ahedic units (T = Si or Al), as

can be deduced from the chemical formula [79]:

[M x/n (Hzo)la] [Alx Sbe« Oz | With  x<27 (2.1)
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MFI-type zeolites possess a channel network basednear-circular straight
(0.54x0.56 nrf) and elliptical sinusoidal (0.51x0.55 Amchannels both defined by
10-membered rings (medium-pore zeolite) [80,81fai§ht and elliptical channels run
parallel, respectively, to crystallographic direag a(1 0 0) andb(0 1 0), generating
perpendicular intersections with diameter of 0.88 he key morphological features of MFI
zeolite are schematically depicted in Figure 28 Ppores provide three potential adsorption
sites: (1) at the intersections, (2) along the £r@sg-zag) channels and (3) in the straight
channels between the intersections (see Figure @GiGgn the available pore sizes of its
channel network, MFI is expected to promote diffasof p-Xylene (kinetic diameter=5.8 A)
over bulkier o- and m-Xylene isomers (kinetic diaene6.8 A). This offers unique shape

selectivity properties in adsorption and catalgsisipared to larger pore zeolites

Figure 2.5: Key features of MFI zeolite: (1) crysteorphology, (2) straight and sinusoidal
channels with intersections, (3) crystal framewarld (4) detailed atomic structure (with
permission from [82]).

Cross channel

wuge’|

Straight channel

10-ring cross channel

(zig 229) 10-ring straight channel Site A

Figure 2.6: P-Xylesdsorption in the MFI zeolite framework.
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All MFI-type zeolites show a polymorphic, monoctinto orthorhombic, phase
transition. Phase transitions are induced by teatpsr changes and the presence of adsorbed
molecules (for instance aromatics or branched aawithin the framework. The transition
temperature and mechanism are closely linked toctimaposition (Al content and other
substituted elements) and defect density of thahetral framework, besides the size and
nature of the molecules adsorbed in the zeolitdieavFor instance, at room temperature, the
as-synthesized ZSM-5 is orthorhombic (space gnm3g, although H-containing ZSM-5
has monoclinic structure (space grolg/n.1.1) [83]. Silicate-1 is monoclinic at
temperatures below 225-275 K (space grobBpza) and reversibly transforms into
orthorhombic (space grolgnmg at higher temperatures [82, 84]. Moreover, upeatimg, it
has been shown through molecular dynamics (MD) ttathermal expansion coefficient of
silicalite-1 becomes negative above 450 K, indigatihe existence of a higher temperature

orthorombic phase [82]

2.3.1.1 Adsorption of xylenes in MFI-type zeolites

As stated in section 2.3.1, the framework symmetiyIF| zeolites is strongly related
to the nature and amount of guest molecules addarbéhe channel network. It has been
reported in the literature that at higher tempeesy(>323-353 K), aromatic species (e.g.,
benzene, toluene, xylenes) adsorb in MFI zeoltéewing aLangmuirianadsorption pattern
with a maximum adsorption capacity of 4 moleculeg/cell (silicalite-1 and HZSM-5). This
adsorption pattern is similar to what is observadniost zeolites irrespective of their nature
(i.e. cage-like or channel-like) and pore size §8%- At lower temperatures, however, the
isotherms of benzene, toluene and p-Xylene on M$play increased capacities with a step
or inflection point at about 4 molecules/unit d&i-96] (see Figure 2.7), giving an overall
characteristic step-isotherm sometimes referreastdype VI according to the classification
of the IUPAC [85]. These abnormal adsorption prtpsrof MFI at lower temperatures can
be ascribed to a subtle interplay of increasedaterborbate interactions and to the role of

highly energetically heterogeneous surfaces
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Figure 2.7: Characteristic inflection in p-Xylendsarption isotherms on silicalite in the
temperature range 273-323 K. Adapted from [84].

A number of XRD/neutron diffraction and calorimetrstudies has revealed that
orthorombic MFI undergoes a phase transition frohe tso-called ORTHO phase
(orthorombic Pnma 2<molecules/uc<4) to the PARA phase at higheryfeiXe loadings
(orthorombicP2,2,2;, 4<molecules/uc<8) [97-106]. Besides the fact thatcross channels in
PARA MFI are rather skewed, there is little struatuifference between the ORTHO and
PARA phases. In both cases, the differential hedtentropy of p-Xylene adsorption show
similar values, about -80 kJ.nolnd -32 J.mal.K™, respectively, for HZSM-5 [107,108].
Moreover, the adsorption strength and transitiomprature of the zeolite framework
induced by p-Xylene adsorption can be stronglycaéfeé by the Al content and nature of the
exchangeable cation present in the ZSM-5 frame\d¥K].

A series of FTIR, Raman and NMR experimental stwdi09-111], supported by
theoretical calculations (Molecular Dynamics andntéoCarlo) [112-117] supports the effect
of size entropy effects (i.e. the ability of a nmlke to fit in a confined space) on the observed
inflection of the p-Xylene adsorption isotherm orMthe sorbate-sorbate interaction driving
the phase change in the zeolite structure. In #se ©f silicalite-1 and HZSM-5, below
4 molecules/unit cell, the sorbate p-Xylene molesulre mainly located in the channel
intersections, while above 4 molecules/unit celtbate molecules tend to occupy sites along
the cross channels. The sites along the straiginingis between intersections are left largely

unoccupied owing to steric hindrance by the sorbaikecules at the intersections.

The preference of certain aromatic molecules twodalin different MFI sites giving

rise to an inflection in their corresponding adsiom isotherm can be modelled using a
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dual-site Langmuir adsorption isotherm [118]:

Ky P

_*AT 4 ‘B~ 2.2
1+ K, P qM‘Bl+KBP :2)

d=0u a

where subscriptd andB indicate independent adsorption sites, correspgnidi the channels
and intersections in the MFI framework (see Fig2i@ for details). This isotherm has also

been used to model the adsorption of long-chainbaadch alkanes in MFI [119-121].

Discrimination of the active sites can be done esfgrming adsorption experiments
at low loadings. In this situation, Eqg. 2.2 canlibearized to a Henry's adsorption isotherm

with a characteristic slope or Henry's coefficient:

_im 9 _ s A0
HA—Q%E—QQEHQM,AKA (2.3)

where, according to the nomenclature of Eq. 22 stibscript A refers to channels. Table 2.2
collects some values of Henry's constants repantétake literature for p-Xylene adsorption at
several temperatures

In the case of co-adsorption of aromatic mixtureduding p-Xylene or mixtures of
xylene isomers, p-Xylene adsorbs preferentialliigher enough p-Xylene partial pressures
by locating specifically in the MFI channel inteciens [122-126]. The adsorption behaviour
of aromatic mixtures is highly competitive and nideal due to structural (and energetic)
heterogeneity of MFI zeolite channels ascribedh#otight fit of the aromatic molecules in the
MFI channels. This particular behaviour can be Mledeusing the classical Ideal Adsorbed
Solution Theory (IAST) developed by Myers and Praizs[127]. Unlike the extended
Langmuir isotherm, the approach provides a thermanycally consistent framework for
modelling mixture adsorption in zeolites withouetheed of detailed physical models for the
sorbate. This model has been applied with sucog€hkbmpattet al.[116] and Li and Talu
[122] for modelling, respectively, p/m-Xylene/tohe and p-Xylene/benzene binary
adsorption in silicalite-1 at 300 K.
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Table 2.2: Henry's constants (mmdi@a®) for p-Xylene adsorption in silicalite

T (K) Taluet al. |Richard ar)d Rees Liand Talu Grahnet al.
[95] [108] [128] [120]"
323 0.022 1.06 0.53 0.18
343 0.0054 0.18 0.11 0.029
368 0.0010 0.022 0.016 5.7x10
393 2.2x10 0.0037 0.0032 9.4x10
423 2.6x10 3.0x10° 3.2x10* 5.5x10°

Extrapolated from the complete isotherm dathltrathin silicalite layer

Following the guidelines of solution thermodynamite IAST approach relies on an

analogy with the Raoult’s Law for vapor-liquid elijotiia through the expression:

Py, =P°(T.®)x (2.4)

wherey; and x; are the molar fractions of th' species in the gas and ‘fluid' phases,
respectively,T is the absolute temperatur®, is the surface potential, arfel is the total
pressure of the gas phase. This equation allowsrapsesentation of g-x equilibrium
diagram using the following definition of surfacetential (formally equivalent to the

classical spreading pressure):

@= _[Opi %dp, with @ = @ for L (2.5)

It is noteworthy that, taking into account the idelaaracter of aromatic mixtures, no
further correction of Eq. 2.4 including 'surfacetidty coefficients is necessary. Moreover,
compared to the Raoult’s Law, there is a subtleidifice in the meaning &f°. In the case of
vapour-liquid equilibria, P°(T) is the saturation vapour pressure of spedieat the
temperature of the solution, while°(T,®) is the adsorptive saturation pressure (actual
saturation vapour pressure) at the solution tenwperand surface potentig. Beyond the
y-x equilibrium diagram, a loading diagram is also essary, which connects the total
adsorbed amounty, with the gas phase mole fraction of specidhe following expressions

are proposed:
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N
==y =xq' (2.6)

- (cD)

whereq' is the total loadingy°(®) is the loading of pure specieat surface potentia®, and

g is the loading of speciédor the given mixture.

2.3.1.2 Diffusion of xylenes in MFI-type zeolites

Two types of diffusivities can be measured in zeeli[130]: Fick or transport
diffusivities, D, and self-diffusivitiesP". The fundamental difference between both relies on
the presence of finite gradients. Transport diffitiis are measured undeon-equilibrium
conditions in which finite gradients of loading sxi(/f20), while self-diffusivities are
measured undexquilibriumconditions (gr=0) where finite gradients of loading do not exist
and involve mass transfer of identical but labettiemlecules.

The channels (straight and sinusoidal) in MFI zesliare sufficiently wide to allow
diffusion of single aromatic molecules with a kinetliameter approaching the pore size.
Transport diffusivities of aromatics in zeolitesncde measured using conventional
macroscopic techniques (e.g., zero-length columavigetry, FTIR) [131-137], while self-
diffusivities have been measured using microscopahniques (e.g., pulsed-field gradient
NMR, quasi-elastic neutron scattering, neutron smho, frequency response) [138-142].
Figure 2.8 shows an example of uptake curves medday gravimetry for the diffusion of
several aromatics in HZSM-5 at low vapour pressuresontrast to this diffusion pattern, at
sufficiently high xylene loadings distortion of thé-I framework leads to faster diffusion of
bulkier xylene isomers (i.e. 0- and m-Xylene) [L4Bible 2.3 summarizes some of the values
reported in the literature for transport diffusiest of aromatics in MFI zeolites at low
loadings (<1 molec/unit cell). The diffusivity vas listed in Table 2.3 should be considered
as only indicative for comparison purposes betwdiffierent sorbates, since the measured
values depend strongly on the analytical technige@ on the pre-treatment of the zeolite

samples prior to the adsorption measurements.
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Table 2.3: Transport diffusion coefficients of par@matics on silicalite-1 and ZSM-5
single crystals at low coverage (<1 molec/uc)

gﬁg’;g‘gc Zeolite (Si/Al) |D at 400 K (ifis)| E, (kJ/mol)| Technique | Refs.

Benzene Silicalite-1 5.0x16 7.4 ZLC [131]
Benzene Silicalite-1 5.0x16 4.3 TGA [132]
Benzene HZSM-5 (135) ~10 6.2 TGA [132]
Benzene Silicalite-1 6.0x10 6.7 TGA [133]
Benzene Silicalite-1 2.0x10 6.5 ZLC [134]
Benzene HZSM-5 (335) 1.5x10 55 FTIR [135]
Benzene Silicalite-1 2.5x10 5.8 CS [151]
Benzene Silicalite-1 2.7x10 19.4 TGA [153]
Benzene Silicalite-1 9.0x10 16.0 CVM [154]
Benzene Silicalite-1 8.0x10 = CVM [155]

Benzene HZSM-5 (40) 1.8x10 48.0 CVM [155]
Benzene HZSM-5 (1000 4.5x10 44.0 CVM [155]
Benzene HZSM-5 (39.7) 4.5x1b 5.3 VOL [144]
Benzene Silicalite-1 5.6x10 21.0 TGA [156]
Toluene Silicalite-1 1.2x1Y = CVM [155]
Toluene HZSM-5 (40) 2.1x10 51.0 CVM [155

Toluene HZSM-5 (39.7) 9.0x16 5.5 VOL [144

p-Xylene Silicalite-1 8.0x16 6.4 ZLC [131]
p-Xylene Silicalite-1 1.8x16° 7.2 FTIR [151]
p-Xylene Silicalite-1 [1o*? 7.2 ZLC [152]
p-Xylene Silicalite-1 1.0x1¢ 19.0 TGA [153]
p-Xylene Silicalite-1 3.2x16° 18.0 DRP [154]
p-Xylene Silicalite-1 9.0x16 - CVM [155]
p-Xylene HZSM-5 (40) 7.0x18 58.0 CVM [155

p-Xylene HZSM-5 (39.7) 9.0x18 18.1 VOL [144

p-Xylene Silicalite-1 3.1x1¢" 15.0 TGA [156]
0-Xylene Silicalite-1 1.1x16° 24.0 DRP [154]
o-Xylene HZSM-5 (39.7) 3.0x18 35.5 VOL [144

m-Xylene HZSM-5 (39.7) 8.0x18H 37.7 VOL [144

EB HZSM-5 (39.7) 1.2x16 21.9 VOL [144

EB Silicalite-1 5.0x10" 22.0 TGA [156]

"323 K, ZLC, zero-length column; TGA, thermogravimetriaysis; VOL, Microvolumetry; CS,
circulating system; CVM, constant volume method;H)Ronstant-pressure desorption.
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Figure 2.8: Adsorption kinetics of benzene, tolyeathylbenzene and p/o/m-Xylenes in
HZSM-5 at low loadings (<1 molec/uc). Adapted friid4].

Self- and transport diffusivities have also beeltudated by molecular simulations
(Monte Carlo and Molecular Dynamics). In generahtg self-diffusivities tend to agree
fairly well with the values measured by microscopiethods [145,146]. The diffusivities
measured by macroscopic methods are often foundieket one and three orders of
magnitude lower than the values measured by miopdsanethods, especially for p-Xylene.

Ruthven [147] has interpreted this discrepanceims of anisotropic diffusion behaviour.

The diffusivity of aromatics in MFI depends stronglon the degree of
polycrystallinity of the sample and on the partislape. For instance, Mullet al. [148],
using time-resolved FTIR spectroscopy, have shohet the p-Xylene diffusivity on
silicalite-1 single crystals is about three ordafsnagnitude higher than the value measured
on polycrystalline samples. Furthermore, usingegdency response method (FR), Sengl.
[149] have reported self-diffusivities between bflers of magnitude higher in spheric
(twinned) than in cube-shaped silicalite-1 partickt the same loading and temperature
conditions. In addition, the acidity of the MFI fnework, as well as the history of the
samples (number of calcination steps between catigexylene uptake experiments), might
also affect the diffusion behaviour of aromaticaes [137].

The generalized Maxwell-Stefan theory (GMS) earligveloped byKrishna
[145,150] from mixture diffusion on bulk fluids pridles an adequate basis for the description
of multi-component mass transfer of adsorbed speitiezeolites when surface diffusion

along the surface within the zeolite pores is fthie limiting step. Since the size of the
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permeating molecules is of the same order as thdheo micropores, the GMS theory
conventionally assumes that movement of a spesiesised by a driving force, which is
balanced by the friction experienced from the otmecies and the pore walls. Taking the
isothermal gradient of chemical potential of iflespecies; /%, as the driving force, and
treating vacancy sites as active species. The gefeem of the GMS equations applied to

surface diffusion is described as follows:

c {g NS-qg NS s
b iDTy.:Z(qJ A )+N_i ij=1,...,C (2.7)
*RT I i=1 qM,jDijS Bi\sl

JZi

whereq and N;° are the molar loading and the surface flux of ithepecies, respectively.
Note that in this equation, the MS formalism imvesthe use of MS diffusivities rather than
Fickian or transport diffusivities, because surfdleexes are related to chemical potential
gradients instead of loading gradients.

The first term on the right-hand side in Eq. 2.fles the friction exerted between
two sorbate molecules, while the second term repissthe friction between a sorbate
molecule and the pore wall. Both interactions camiodelled, respectively, by meansuws
counterexchange diffusivitig@ijs, andMS surface or 'jump’ diffusivitie®;>. Note that, in the
particular case thaDijS_»oo the first term in the right-hand side of Eq. 2anishes. This
implies that the surface motion of the sorbate igséaoes not affect the motion of sorbate
specieg.

Mechanistically, the MS surface diffusivit§, can be related to the displacement of
the sorbate molecules,and the jump frequency(q'), which, for strongly confined aromatic

molecules, is expected to depend on the numberaipied sitesy’ as follows [157]:
B3 )= Av (@ )=2 #10) (@) (2.8)
I 7 | 7 |

The expression of functiof(q') depends on the degree of confinement of the
diffusing molecules within the zeolite host andthe sorbate-sorbate interactions [158]. In
the case of multicomponent diffusion, thkS counterexchange diffusivitiean be modelled

using theVignesrelationship [157]:
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Bijs (qT ) — [Bis (O)] 6,/(6:+6;) [Bjs (O)] 9;/(6:+6;) 2.9

The temperature-dependence of the MS surface ilifies at zero coveragé)30)

can be modelled according to an Arrhenius-type #gu§l59,160]:

S
Bs (o) =B . (O)exp[— %J (2.10)

where Bf’n - (0) =AS, the pre-exponential factor a&F is the activation energy.

The surface chemical potential gradients may beesged in terms of the molar

loadings gradients by introduction of the matrixfeérmodynamic factorg; [157]:

i Ow =) I LM g, 2.11
RT - J M J (2.11)
1 9iwm q; 0P
Iy =| —— J—' — ij=1,..C 212
! (qi,M P, aqj S (212)

The form of the thermodynamic factors is determimbgdthe form of the mixture
adsorption isotherm. In the case of pure p-Xyleifeuglon, Krishnaet al. [161] have
developed an expression to account for the inflactif the adsorption isotherm on the
thermodynamic factors by using the dual-site Langrisotherm (Eq. 2.2). This expression
turns into the classical Darken equation at swdfidiy low loadings (<4 molec/uc) relating
Fickian and MS surface diffusivitie®€ vs. D% as follows [162,163]:

DS = _ Bv (2.13)
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For example, Figure 2.9 illustrates the evolutidnttee p-Xylene 'Fickian' surface
diffusivity as a function of loading. In the padlar situation of infinite dilution

<<1 molec uc), bot Iffusivities converge aremm to e equa I.@.i —>Di .
( lec/uc), both diffusiviti dtob 1.5~ DY)
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Figure 2.9: Intracrystalline diffusion time condtdor p-Xylene at 283 K in a fresh sample.
Adapted from [83].

2.3.1.3 Xylene pervaporation (PV) within MFIl-type  zeolite membranes

Only few useful studies which deal with the PV safian of xylene isomers using
zeolite membranes have been published in the tliteya Table 2.4 collects the most
representative separation data obtained at ampressure and near-room temperature. In a
series of papers, Nishiyama and co-workers [164-hé6e studied the PV performance of
aromatics within ferrierite (FER) and mordenite (ROmembranes synthesized by dry gel
conversion. The highest selectivities have beerorted on FER membranes, achieving
values as high as 600 for benzene/PX separatiorz€be feed concentration=0.5 mol%) at
303 K and higher than 16 for p/m-Xylene separatidowever, in all cases, the pervaporated
fluxes are very low, showing values lower than Qu@dol.mi’.s" in the case of p/m-Xylene
separation. Moreover, PV fluxes can be drasticgatuced as a result of fouling probably due
to the role of nanosized defects and grain bouadaras has been pointed out by
Wegneret al.[167].

In the case of MFI-type zeolite membranes, the riaitation of PV for p-Xylene

separation is ascribed to the high xylene loadigs are achieved in the MFI structure,
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especially at near-room temperature. As stateduimsgction 2.3.1.2 high xylene loadings
might cause a distortion of the MFI unit cell (s&ion from ORTHO to PARA phase)
involving channel 'swelling', leading to singlesfitliffusion, xylene isomers not being able to
diffuse one another in the zeolite channels. Sifitgadiffusion of xylene isomers can also be
promoted in nanosized grain boundaries betweercajezeolite grains. In this diffusional
regime, xylene isomers with the slowest permeatide (i.e. o-Xylene and m-Xylene) might
limit diffusion, blocking p-Xylene separation andducing (or even inversing) p-Xylene
selectivity. Unlike the separation of lighter gasesergetic and entropic effects play a major
role in xylene isomer separation and ultimatelyedmine the membrane performance

The best p-Xylene separation performance by PV fkgtane isomer mixtures has
been reported to date by Yuah al. [168] on template-free hydrothermally synthesized
silicalite-1 membranes, showing p-Xylene fluxes afotselectivities up to 13mol.m?s*
and 40, respectively. Xiang and Ma [169] have akgmorted MFI membranes displaying
partial selectivity to p-Xylene, but with much highp-Xylene fluxes (about 7&mol.mZ.s?).
Yuan et al. [168] have reported that the room-temperature [gixy selectivity of MFI
membranes depends strongly on the p-Xylene coraténtr in the liquid feed
(see Figure 2.10). At higher p-Xylene loadingsghirfile diffusion is promoted due to an
increased distortion of the MFI unit cell, the mearte losing its ability to discriminate
p-Xylene among the other xylene isomers. The samieoes have also reported extremely
long stabilisation periods (>24 h) to achieve syestdte p-Xylene selectivities on the grounds
of a slow and progressive distortion of the MFItucell upon p-Xylene adsorption and

diffusion.
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Figure 2.10: Membrane response as a function oylps€ feed concentration during PV of
an equimolar p/o xylene feed at 208Adapted from [170].

Table 2.4: Separation of xylene binary/ternary onigs by PV at ambient pressure using
zeolite membranes preparedalumina support

Membrane| Thickness Mixture T (K) FIu>§2 . Selectivity, Ref.
type (pm) (%) (pmol.m".s”) ()
MFI 15 géz:gﬂg Eggg 299 388 uil [167]
MEI" : rﬂ);)cl‘zrr‘]‘z 299 ) 15 [169]
MFI 35 g;z:zﬂg Eggg 323 o 40 [168]
MFI 20 rﬂﬁyy'feﬂee ((251)) 303 o pm: 2.3 1 1474

0-Xylene (25) 0.2 p/o: 11.5

MFI 15 gig:gﬂg gggg 303 é:g ® [170]
MOR 10 F?ir;fee:g 295 B 164 | [164]
FER 10 g’i’;feer?g ((558)) 303 327 100 [165]
FER | - | Dldene | %3 | ocos | 16 | [ise

" Experiments performed at 17 atm.
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2.3.1.4 Xylene vapour permeation (VP) in MFI membr anes

A relatively higher number of studies comparedYohave been published in the past
years reporting on the xylene isomer separatiofopeance of MFI membranes by VP.
Table 2.5 collects the most representative redultke PV, at sufficiently low xylene partial
pressures (<2 kPa) and in the temperature range62®X, MFI membranes can show
optimal selectivity for p-Xylene separation by VPhe permeation performance of these
membranes is more dependent on molecular sieving tin preferential adsorption. In
particular, Laiet al.[172] and Xomeritaki®t al.[106,173] have shown that b-oriented MFI
membranes show much better p-/o-Xylene separatictorfs (up to 480) than in the case of
c-oriented or random MFI membranes, the p-Xylenempgance achieving a value of
200 nmol.nf.s*.Pa* at 473 K for a feed mixture of 0.45 and 0.35 kPamqul o-Xylene partial
pressures, respectively

The evolution of pure p-, m- and o-Xylene fluxesthwitemperature shows a
characteristic maximum in the range 523-673 K (tlethaas Ty for all the membranes
considered in Table 2.5. In the case of xylene eoseparation from ternary mixtures,
p-Xylene still shows a maximum with temperature;Xgiene and o-Xylene fluxes now
displaying minimum values (for example, see Figd)4.The value of the maximum
temperature for p-Xylene flux depends not onlytlee competition between adsorption and
surface diffusion phenomena in the zeolite chapnélst also on the amount and
characteristics of nanosized defects and grain demies in the zeolite matrix. A detailed
parametric study on the effect of temperature aged fpartial pressure on the xylene
permeation and separation performance of MFI mengdxrdnas been recently published by
Yeonget al. [174].

In the case of randomly oriented MFI membranes,hilghest p/o and p/m-Xylene
separation factors and fluxes at low xylene parpagssures have been reported by
Gumpet al. [175] on self-supported isomorphous BZSM-5 filriffswe consider supported
MFI membranes, the best trade-off between p-Xykzlectivity and flux has been reported
on nanocomposite materials either in tubular otolefibre configurations (see Table 2.5
and Table 5.2).

Unlike membrane films, the improved separation gueneince of these materials
should be ascribed to a reduction of intercrystalldefects in the zeolite material due to its
intimate confinement in the porous network of thpport. The p-Xylene separation capacity
of ZSM-5 zeolite membranes can be tuned to a ceeteient by exchanging the cation in the
zeolite frameworkTarditi et al. [176] have reported that Ba-exchanged ZSM-5 mendsa

show much higher p/o and p/m-Xylene separatiorofaatompared to Na and Sr-exchanged
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counterparts (up to the double, see Fig. 2.11)itea strong reduction of p-Xylene fluxes

probably due to the decrease in the pore sizeeothannels.

Table 2.5: Literature survey on xylene isomer safam by VP at low xylene partial
pressures (<1 kPa) using MFI-type zeolite membranes

Support material [Thickness Tmax | Mmax P-Xylene SF (p/o)
Membrane geometry (um) | (K) (nmol.n2s*.Pal) ) Refs.
proriented MFL | o atumina /disk | 1 | 423 200 480 H;a
conented MF! | o alumina /disk | 30 | 423 30 3 H;a
hOh-oriented : . [172]
MEI films? a-alumina / disk 2 403 40 60 [179]
B-zSM-5 fime | S5/ tubular 30 | 425 26 60 [175]
(inner surface)
" R
MFI film (self- [Temporary Teflo 90 473 82 250 [178]
supported) support
Ultra thin MFI : . 300 (663 K) 3
films? a-alumina / disk 0.5 663 600 (373 K) 16 [180]
Silicalite-1 film” | a-alumina / disk 3 400 12 60 [177]
Silicalite-1 filmp [Y-alumina /tubulay ;5 | 4q, 4 1 [181]
(outer surface)
Silicalite-1 filn? SS/disk 4 | 373 1220 2.4 [182]
HZSM-5° SS/disk 7 | 373 711 2.3 [182]
MPFI filmP® o-alumina / tubular 573 9.5 (523 K) 17.8 [183]
MFI film® a-alumina / disk | 1-40 | 548 20 (398 K) | 60-300 [106]
zsM-5 fime  [SS/ubular (uter 5 g | 473 51 4 [184]
surface)
Silicalite-1 filmf [SS / tubular (uter 55 | 673 11.9 8 [185]
surface)
HZSM-5-
alumina o-alumina / tubulaf  2-3 673 10 (450 K) 7.0 [186]
nanocomposite
ooy | aaluminardisk| - |49 200 483 [187]
Al-ZSM- Sintered porous
5/Silicalite-1 ke digk 12 | 373 0.4 B [188]
(bi-layered§
BaZSM-5 (1009 ] ) [176]
Ba2+)f SS / tubular 15-20| 543 65 19 [189]
Silicalite-1 film® | a-alumina / disk 2-3 573 23 (20 [190]

®Prepared via seeded hydrothermal synthesis

®Prepared vian situ seeded hydrothermal synthesis
‘Prepared via hydrothermal synthesis
Prepared via pore-plugginip situ hydrothermal synthesis

*Prepared vidn situ seeded hydrothermal synthesis (3 cycles)
'Prepared via secondary growth
%Prepared vian situ hydrothermal crystallization
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The xylene permeation and separation performanceeofite membranes can be
modelled on the basis of the Maxwell-Stefan (MS)aipn as in the case of xylene diffusion
modelling within zeolite crystals. Combining Eql2.and Eq. 2.12 and using the single-site
Langmuir isotherm to derive the thermodynamic feto5, the following classical

expression is obtained for pure xylene permeatiateu'weak confinement' [189,191]:

£pun B°(0
= P ()CIM In{1+ K PR} (214

10 1+KP,

where P,and P, are the retentate and permeate pressures, regheetndK andp;® are the

adsorption constant and the MS surface diffusiattyero loading:

K= expkd—So -4 OJ
R RT (2.15)

pSs (o) =D3 . (O)exp[— E—'_SFJ (2.16)

The set of EQ. 2.14 to Eq. 2.16 has also beed @ee modelling p-Xylene
permeation in ternary xylene mixtures at low xyl@agtial pressures, at the conditions where
the membranes show higher selectivity. This apgréaschowever, restricted to systems with
moderate distortion of the MFI framework. Otherwisaportant discrepancies are observed
when using the set of Eq. 2.14 to Eq. 2.16 for rivdexylene mixture permeation, as has
been reported by Tardigt al.[189] from their study on BaZSM-5/SS membranes.

Gardneret al. [192] have shown through modelling ofbutane permeation that
xylene permeation within MFI membranes can be fiigantly enhanced compared to single
supported films when zeolite films are on both sidéthe porous support (see Figure 2.12).
It is well known that partial pressure drop acrigssupport makes the loadings higher on the
downstream side of the zeolite in the presencesufpport, the lower driving forces resulting
in lower fluxes. Depositing films on both sidestbé support might reduce the effect of the

support at high loadings, far from Henry's regime.
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Figure 2.11: Effect of cation exchange on the VEgmmance of ZSM-5 zeolite membranes
in the separation of ternary xylene isomer mixtae€73 K and for p/m/o partial pressures of
0.23/0.83/0.26 kPa. Adapted from [176].
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Figure 2.12: Normal-butane fluxes through an unsuep (F), a single supported (FS), and a
double-sided (FSF) zeolite membrane as a functiga)dhe sweep gas flow rate (the shaded
region represents common sweep gas flow rate mxpantliterature), and (b) the adsorption
equilibrium constant. Graph reproduced from [192].

2.3.2 CMRs for xylene isomerization

Limited material and energy resources have incnghsibecome a challenge for
future chemical production. Process intensificat@@n contribute to the solution of this
problem. From an engineering point of view, theiorsof process intensification through
multifunctional reactors has activated researcltaialytic membrane reactors. According to
the IUPAC definition, a membrane reactor is a devaombining a membrane-based
separation and a chemical reaction in one unit][188 far this engineering vision of a
chemical membrane reactor could not be realizedtowelack in temperature resistant and

chemically stable highly selective membranes. DOyrithe last few years, inorganic
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membranes based on ceramics, zeolites, metalsprcanbas a hybrid material have been
developed so that the realization of a chemical brane reactor is increasingly possible.
Catalytic membrane reactors (CMRs), where membsaparation is coupled with a
catalytic reaction in the same unit, are attractyplications because they are potentially
compact, less capital intensive and have lower atjpgy costs than more conventional
processes. On the basis of the way the membrantharghtalyst are combined, CMRs have
been broadly classified [194] as: (1) extractoretyp-CMR), (2) distributor-type (d-CMR),
and (3) contactor-type (c-CMR which also includewfithrough or interfacial), these latter
being operated in either flow-through or interfacanfigurations. Figure 2.13 compares
schematically these three CMR configurations. Ircases, the membrane can show inherent
catalytic character or only act as a separatiotémbor unit between the phases and the
catalyst. More specific details about these coméiians and application domains can be

found in reference books and reviews [195-197].

A
A+B—P1+ P2 =B P
(a) (b)

<
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Figure 2.13: Classification of CMRs: (a) extractn) distributor, (c) flow-through contactor
and (d) interfacial contactor. A and B represeattants while P, P1, P2 are the products.

Extractor-type CMRs are by far the most widesprapglication of CMRs. Classical
applications of this configuration range from detogknation, isomerization and
esterification/etherification reactions to hormomsgnthesis and wastewater biological
treatment. In this configuration, selective remowgélone/more products from the reaction
zone enhances the conversion of the reaction biyinghithe equilibrium position or by

promoting the catalytic activity.
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The combination of a MFI membrane with an isomdr@acatalyst in an e-CMR has
been proposed by several authors to promote p-Xytegovery. Table 2.6 compiles the
available data published in the literature. In toscept, selective p-Xylene by the membrane
promotes the p-Xylene yield and productivity wheampared to a convectional fixed-bed
reactor. The scheme of this concept is represeime@ig. 2.14. Figure 2.15 shows the
evolution of the equilibrium reaction constantsagdl as the equilibrium product distribution
for the three xylene isomers. Note that from thgure the influence of temperature on

0-Xylene and m-Xylene equilibrium conversions igh@r than in the case of p-Xylene.

Zeolite membrane

CHj CH,
CH H.C
3 3
44— Isomerization
+—> ¥ reactor
CHj

Figure 2.14: Schematic representation of {n&ylene selective extraction in a MFI
membrane from an isomerization reactor. The isaragdn mechanism considered here
corresponds to a metal-doped HZSM-5 catalyst.
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Figure 2.15: Chemical equilibrium for the o/m/p-Egk ternary system as a function of
temperature in the range 250-1500 K. (b) evolutadnequilibrium constants K[x=1
(m-Xylene = o0-Xylene), x=2 (p-Xylene= m-Xylene) and x=3 (p-Xylene- o0-Xylene)];
(b) equilibrium product distribution (molar bas#&)the standard state [199].
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Table 2.6: Literature survey on xylene isomerizatising extractor -type zeolite CMR based
on MFI membranes compared to fixed-bed reactors.

T p-Xylene yield| p-Xylene selectivity
Membrane type K) (%) (%) Ref.
e-CMR| FBR | e-CMR FBR

Inert silicalite /a-alumina 577 11.2 10.2 65 58 [186]
tubé'

Inert Ba-ZSM-5/S5 643 25 21 69 52 [198]
Inert silicalite /a-alumina 603 21.3 18.5 44.6 35 [190]
disk

Catalytic H-ZSM-5/SS disk | 673 11.8 9.45 - - [182]
Catalytic H-ZSM-5/SS disk | 673 6.9 5.87 66.7 55.6 [182]
Catalytic H-ZSM-5/SS digk | 673 7.3 6.98 30.1 30.1 [182]

Feed compositiofm-Xylene feed ternary mixture of xylene feeth-Xylene feed®o-Xylene feed

An application relying on this combined membrantlyat concept for xylene
isomerization has been recently patented by MokibEx[200]. A general scheme of this
process is depicted in Fig. 2.16. In this proctss fresh feed containing a mixture of xylene
isomers is fed into a xylene splitter where therists are separated. The exit stream from the
splitter (which contains xylenes and EB) entersyl@ne recovery unit relying on fractional
crystallization and/or molecular sieving to separptXylene from other components. The
p-Xylene depleted stream is sent to an e-CMR todyeverted into benzene and/or xylenes,
p-Xylene being selectively extracted from the risczone using a zeolite membrane.

In all the above stated applications, the MFI membr acts as a non-catalytic
p-Xylene extractor. Nevertheless, the MFI membraaa also display catalytic activity.
Figure 2.17 illustrates the different membranedtatyst combinations in e-CMRs for xylene
isomerization [188]: (a) combination of a catalygth an inert MFI membrane used as
separation unit, (b) an e-CMR provided with aabaically active membrane (the membrane
acts both as a catalyst and a separation unit)(@nru-functional zeolite membrane where a

catalyst thin film (e.g., HZSM-5) is placed on tofpan inert silicalite-1 membrane.
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Figure 2.16: ExxonMobil patented process for p-Xglg@roduction [200].

Silicalite-1

(@) (b) (c)

Figure 2.17: Different extractor-type zeolite CM@sZCMRSs) for xylene isomerization: (a)
Inert Zeolite CMR (IZCMR), (b) Active Zeolite CMRAZCMR) and (c) Bi-functional
Zeolite CMR (BZCMR) reactor. Adapted from [188].

Tarditi et al. [198] have reported isomerization of m-Xylene aednary xylene
vapour in a ZCMR using a Ba-exchanged HZSM-5 memdbrand a commercial
Pt/ silica-alumina catalyst. In the case of ternaylene mixtures, the feed p/m/o xylene
partial pressures were kept at the values 0.23/ KP83 kPa / 0.26 kPa. These authors have

reported an enhancement of about 26% of p-Xyleall yduring m-Xylene isomerization at
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643 K compared to a fixed-bed reactor operatedoatparable experimental conditions
(see Fig. 2.18). Comparable results have beentegpby Zhanget al[190] in a recent paper
(see Fig. 2.19).
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Figure 2.18: P-Xylene yield (top) and p-Xylene protion increase (bottom) as a function of
temperature for xylene isomerization in an inertVdC based on Ba-ZSM-5/SS membrane
[198].
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Figure 2.19:M-Xylene isomerization in a e-ZCMR with varying mdd temperature (Feed
flow rate: 20mL/min, sweep flow rate: 20mL/min; IBBR, feed flow rate: 20mL/min) [190].
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In the case of xylene isomerization using MFI mesnles with nanocomposite
architecture, van Dylet al. [186] have reported an increase of about 10% X¥lene yield
(when retentate and permeate amounts are comhired)y conventional FBR. In this study,
xylene isomerization was carried out at 577 K wittiXylene saturated in dry Nip to a total
feed gas flow rate of 7 mL(STP)/min and with a sweas flow rate of 10 mL(STP)/min.
Additionally, 100% p-Xylene selectivity at the perate side was reported when the reactor
was operated at permeate-only mode. Again, whenetin@erature was increased to 633 K
and sweep gas flow rate decreased to 7 mL(STP)/aidecrease in p-Xylene yield was
observed while the p-Xylene selectivity remainedhanged.

Deshayeset al. [201] have reported a simulation and modellingdgtof xylene
iIsomerization reaction in an industrial FBR and ¢fffect of the incorporation of multi-tubes
containing Na-ZSM-5/SS membranes upon the catapgidormance of the reactor. In the
latter case, an increase of about 12% in p-Xylemoelyction over a conventional FBR has
been computed.

In the case of catalytically active MFI membrarts, only example of application in
the open literature has been reported by Haag andockers [182]. In this study, the
membrane consisted of a HZSM-5 layer grown on tbp porous stainless steel (SS) disk.
The authors have reported an increase by 15% of/ler¥ conversion at 673 K compared to
a FBR, while p-Xylene selectivity is enhanced b$4alAt higher temperatures, however, no
further improvement of either conversion or p-Xydeselectivity was achieved, probably due
to the poor separation quality of the membraneilzsdrto a high number of intercrystalline
defects.

2.4 Concluding remark and scope for research

In this chapter, a short overview of the statehef art of the application of MFI-type
zeolite membranes for gas/vapour separation, edpeciylene isomer separation and
purification has been presented. Various challemge® been highlighted. Above all, it has
been shown that the use of MFI-type zeolite mendsdar p-Xylene separation/production is
promising. However, availability of high-flux setae membranes for the production of high
purity p-Xylene from mixed xylenes is still a majgroblem. Furthermore, in-depth
understanding of the fundamental behaviour of e-GMRving nhanocomposite MFI-type
zeolite membranes as separation units, during tbduption of high purity p-Xylene via
isomerization of m-Xylene is essential.

Based on the aforementioned problems, the remaiciagters of this dissertation
will demonstrate the promising potentials of namoposite MFI-type zeolite membranes for

the production and purification of p-Xylene fromxad xylenes through:
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The study of the influence of operating variablesnperature, sweep gas flow rate
and xylene loading/partial pressures) on the séparaperformance of
nanocomposite MFI-alumina membranes during xylesmner separation. Results
from this study might provide useful information dhe behaviour of these
membranes, especially, at higher xylene loadingse Tnformation might be
instrumental in optimizing preparation protocokioé membranes for high selectivity.
Preparation and evaluation of the separation pmdoce of nanocomposite
MFI-alumina hollow fibre membranes during xylenerigers separation. The results
of the investigation will provide information abotiite behaviour of nanocomposite
MFI-alumina hollow fibre membranes during xylenensers separation. Furthemore,
the results might give insight into the possibild§ enhancing p-Xylene flux in
e-CMR having nanocomposite MFI-alumina hollow fibreembrane as separation
unit.

Investigation of the influence of operating vareggknd reactor configuration on the
performance of an e-CMR, having nanocomposite Méikeéa membrane as
separation unit, during m-Xylene isomerization teXylene over Pt-HZSM-5
catalyst. The investigation will provide detailedfdrmation on the fundamental
behaviour of the e-ZCMR during m-Xylene isomeriaati to p-Xylene.
Understanding the role played by the aforementioraethbles on the performance of
the e-CMR might be helpful in the optimization bftoperating conditions and as
well as the reactor configuration.

Modelling and sensitivity analysis of e-CMR, havingnocomposite MFI-alumina
membrane as separation unit, during m-Xylene ismagon to p-Xylene over
Pt-HZSM-5 catalyst. Results from the investigatiwill explain and solidify the
observations from the experimental studies. Funtbee, results from the sensitivity

analysis might give insight into the scaling-ugtoé system.
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Chapter 3: Membrane preparation, characterizationa  nd experimental

procedures

In this chapter, a short overview of techniques [oeparing MFI-type zeolite
membranes is presented with a focus on the préparaf nanocomposite MFI-alumina
membranes (hollow fibres and tubes). Also, expamiadeprocedures and methods of result

analysis employed in this study are presented

3.1 Membrane preparation techniques

Several strategies have been proposed for theesiatbf MFI zeolite membranes on
porous supports (most usuattyalumina). Among them, dry-gel conversion and ligphase
hydrothermal synthesis are commonly used for thghggis of zeolite films onto a porous
support in one or several batch cycles. The fommethod consists of the deposition of a layer
containing the Si and Al precursors as a dry anmuphaluminosilicate gel onto the support
using sol-gel techniques, followed by zeolitizatiamder the presence of vapours [202,203].
This has the advantage of promoting nucleatiorherstipport, avoiding crystal nucleation in
the homogeneous phase and reducing the wastentsacthae advantage of this technique is
that it allows strict control of the zeolite amoudegposited but formation of cracks in the
amorphous layer could be a major setback.

Most often, MFI zeolite membranes have been prepdrg direct orin situ
hydrothermal synthesis in an autoclave at 443-47@nHer autogeneous pressure using an
organic template as structure-directing agent (Syally tetrapropylammoniunhydroxide
(TPAOH) and/or tetrapropylammoniumbromide (TPABBO4]. In this one-step process,
nucleation and growth processes take place inrtmepce of a support. However, this simple
strategy presents some drawbacks. As a matterctf tfee zeolite layer should be formed
from nuclei that appear during the hydrothermahtireent. Their number and distribution
homogeneity on the support depend on a number odnpgers, such as the surface
properties, that are difficult to control. Moreoyehe formation of nuclei competes with
crystal growth processes, which might limit the leucdensity due to mass-transfer
limitations. This implies in practice the need tow thick zeolite films to obtain continuous
and well-intergrown layers.

The quality and reproducibility of zeolite membraran be improved by seeding the
support prior to hydrothermal synthesis, decouplihg nucleation and growth steps
[205,206]. This method is referred to in the liteara as 'seed hydrothermal synthesis' or
'secondary growth method' [205,206]. Since theienitrconcentration needed for secondary

growth is lower than that required for situ hydrothermal synthesis, further nucleation is
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strongly reduced and almost all crystal growth sagkace over the existing crystal seeds.
Furthermore, by carefully controlling the seed kageating the support using a convenient
technique, crystallization of undesired zeolite ggsacan be discouraged, and the rate and

direction of crystal growth can be controlled toestain extent.

3.2 Preparation of MFI zeolite membrane by “pore-p  lugging” technique

For more than a decade, the engineering group eatlrktitute of Research on
Catalysis and Environment, Lyon (IRCELYON) situateéd France, has been actively
involved in the development of nhanocomposite Metyzeolite membranes for separation
and catalytic reaction processes [191,207-210fhikconcept, the MFI material is grown by
'pore-plugging’ direct hydrothermal synthesis ipaous matrix rather than forming thin
films on top. The advantages of this type of asdtitre over conventional film-like zeolite
membranes include: (i) reduced effect of thermglagsion mismatch between the support
and the zeolite, (ii) easier to scale-up, and €é@yier module assembly because the separative
layer (zeolite crystals) are embedded within theepaf the ceramic support, reducing the
effects of abrasion and thermal shocks. Moreovatiker film-like zeolite membranes
[211,212], the confinement of the zeolite mateatlthe nanoscale avoids pore opening at
high temperatures (>400 K).

3.2.1 Preparation of tubular and hollow fibre nano  composite MFI-alumina
membranes

At IRCELYON, standard procedure for preparatiomahocomposite MFl-alumina

zeolite membranes involves 5 stages:

3.2.1.1 Support characterization

The membrane supports are usually asymmetrical-BXakia a-alumina tube
(o.d. 10 mm, i.d. 7 mm, length 15 cm) for membrdanbes and alumina supports of
dimensions (0.d. 1.65 mm, i.d. 1.44 mm) with pdsodB8% for nanocomposite MFI-alumina
hollow fibres. The quality of the supports coulddeermined using porosimetry technique.

In this study, the membrane supports used were rasymncal a-alumina supports
supplied by Pall-Exekia for the tubes and asymmaitr-alumina fibres supplied by Dr.
Thomas Schiestel of Interfacial Engineering and rilat Science Group in Fraunhofer
Institute for Interfacial Engineering and Biotechogy in Germany. The cross-section of the
supports and a picture of the typical supportsegsuaind fibres) are depicted in Fig. 3.1 and
Fig. 3.2.
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Figure 3.1: The cross-section of the tubular supgapplied by Pall-Exekia.

Figure 3.2: Picture of the typical supports (tubd &bre) (picture not to scale).

At IRCELYON, the technigue used to evaluate theliguaf support is gas-liquid
displacement test. During the test as performethim study, one end of the support was
sealed and the other end was connected to an aitg@uoeometer (WSI, USA). In the case of
hollow fibres’ supports, one end was sealed witkeglvhile the other was connected to the
porometer via a Swagelok connector (see Fig. 318. mounted supports were then soaked
in ethanol for at least 24 hours to ensure propee filling by capillarity in a similar way as
that proposed by the ASTM standard procedure F&LE2&3]. Subsequently, the wetted
supports were subjected to an increasing diffesieptiessure across the support and the N
flux through the support was monitored. Figure shdws the typical curves ohbXlux versus
differential pressure across the support obtainetiese tests. The 'wet' curve represents the
N, flux for the wetted sample starting at the firstbble point (FBP) and showing a rapid
increase with the pressure across the supporeasotiient is expelled from the support pores.
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After complete removal of the solvent, the pressuas automatically reduced to the starting
value and then increased again, thereby obtainimg 'dry’ curve. At sufficiently high
pressures across the support, the ‘wet' and 'dryes should converge, the trend becoming

linear as expected from the Hagen-Poiseuille egumafor a system accomplishing the

heuristic conditionpm.d >0.1 Pa.m (omission of Knudsen contribution) [214], W.hPm is

the mean pressure between the retentate and perswges of the fibre, being computed as:

AP
I:)m = I:)ret +7 (3.1)

The pore size distribution was obtained from thgeeinental trend of the Mlux with the

pressure across the support by solving the Fredtegjoation of the *1 kind defined by
Eg. 3.2:

Jy :TK(d,Pm,AP)f(d)&j (3.2)

whereJNZ is the N flux, K is the Kernelf(d) is the number pore size distribution ahi$ the

pore size, the latter being related to the diffeatpressure across the support by Laplace
Law:

_4ycosb
AP

d (3.3)

where d is the pore sizeyis the surface tension of ethanol (taken as 23on), 6 is the

contact angle (taken as 0) alMP is the transsupport differential pressure.
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Figure 3.3: Picture of a fibre support sealed witlagelok connector before porosimetry test)
(picture not to scale).
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Figure 3.4: Typical curves of Nlux versus transsupport differential pressureaiigd from
gas-liquid displacement and corresponding pore gslribution obtained after data
processing according to the set of Eq.3.1 to Eq.3.3

3.2.1.2 Precursor preparation and maturation

In this study, the precursor solution consistedsificture directing agenSDA,

1 M tetrapropylammonium hydroxide, TPAOH, suppliegd Sigma-Aldrich), and the silica
source (Aerosil 380 from Degussa). For the synshekieolite, 45 ml of the SDA (TPAOH)
1M (Aldrich) and 6.0 g of the source of silica, Asit 380 (Degussa) were mixed and slightly
diluted with 5 ml of demineralized/distilled wateto form a clear solution of the molar
composition 1.0 Si© 0.45 TPAOH: 27.8 kD (pH ~ 14). The solution was then stirred on a
magnetic stirrer at 500 rpm for 72 hours at roomperature for maturation. To prepare
hollow fibore membranes, the quantity of precurssuired was calculated on the basis of a
previous experiment on membrane tubes, considering ratios of volume of
precursor/porous volume/surface of the membrane éi@amples of the calculation, see
[215]).
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3.2.1.3 Hydrothermal synthesis of nanocomposite MF | membranes

At the expiration of the 72 hours, the resultingaclsolution was centrifuged at 4000
rpm for 30 minutes using a Universal-32 centrifiigettich Zentrifugen). After centrifuging,
the support was inserted in a Teffdined autoclave (see Fig 3.5) and the clear pseur
solution carefully poured on it until the Tefl6hwas filled up. The TeflolY tube was left for
about 10 minutes and then covered with the lid. Thi# was placed in a stainless steel
autoclave. Some water drops were added into theespatween the TefloW tube and the
stainless steel autoclave to avoid a reductionhi@ $olution during the synthesis by
condensation. Then the stainless steel autoclagecarafully sealed with 6 nuts and bolts and
put into a pre-programmed oven for synthesis adoegrdo the temperature programme
depicted in Fig. 3.6. During this stage, there wastallization of zeolite MFI inside the
pores of the alumina matrix. Subsequently, thelsgis was subjected to an interruption for 9
hours at ambient temperature, and then increaset3oK for 72 hours after which the
temperature was reduced to ambient temperaturethiEopreparation of hollow fibre MFI-
alumina membrane, nine fibres of 23 cm length eaehe inserted entirely in a Teflon
autoclave containing approximately 25 ml of thauioh of precursor in order to maintain the
conditions as close as possible to the preparafitilee membrane tubes.

At the end of the hydrothermal synthesis, the tobébres containing zeolite were
recovered. The membrane tubes or fibres then umahértinree successive washings with
demineralized/distilled water to get rid of the t#eowhich crystallized outside the support,
until the pH of water is neutral. The sample wasnthiried at 373 K in a furnace under
nitrogen flow for 12 hours to remove water condéensethe mesopores, before measuring
their weights. The fibres/ membrane tubes were hezigbefore and after the synthesis to

obtain the mass of zeolite deposited

Figure 3.5: Pictures of Tefl6Hined autoclave used for hydrothermal synthesisrfiembrane
tubes (left handside), for hollow fibre membrageéght handside) (pictures not to scale).
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Figure 3.6: Temperature programme for membranehsgig.

3.2.1.4 Single gas permeation before calcination

After the hydrothermal synthesis, in order to eadhiat the precursor penetrated well
in all the pores, the single gas permeation wittogen gas was conducted and measured. At
this juncture, it is expected that the membranesnatshould not show N\gas permeation in
as much as the porosity of the support is occupjethe zeolite whose pores themselves are
occupied by the molecules of the structuring ageRAOH). This test of nitrogen permeation
conducted at ambient temperature is an indica@tr ttrere are no defects in the membrane.
During the test, the pressure difference was fixed00 mbar. To indicate that the precursor
penetrates well in the pores, the nitrogen flow hineszero or very lowt 0.02 mL(STP)/min

(lower than the limit of detectioaf the apparatus).

3.2.1.5 Membrane calcination

In order to release/void the porosity of the crigstaf zeolite, it is necessary to
eliminate the molecules of TPAOH imprisoned in thieropores. This is done by calcination
of the membrane. To calcinate the membranes (lmtbvihfibres and tuubes), the membrane
was placed in a quartz cell and subjected to caticin under air flow at 773 K for 4 hours

based on the procedure of previous studies [1912207. This condition was adopted to
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avoid any damage to the structure of the suppaittha zeolitic matter. The temperature

profile adopted for the calcination is depictedrig. 3.7.
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Figure 3.7: Temperature programme for membranénzdion.

3.3 Membrane characterization techniques

Several techniques have been used for defect dheration in polycrystalline
zeolite membranes. Such techniques include micpyso@.g. SEM, HRTEM, AFM)
[216,217], Mercury porosimetry [218] and permportmye [219,220]. Concerning
permporometry, it has been shown that dynamic g@ésor of a gas adsorbed beforehand
(e.g., water or n-butane) under pressure differaica non-adsorbing gas (e.g., hydrogen)
provides valuable information of the defective stmwe of a membrane. Separation properties
of a zeolite membrane are determined by the presasfc defects, their adsorption
characteristics and the gas properties in the max221]. In zeolite membranes, permeating
molecules are able to pass through both the imystalline pores (zeolite pores) and
inter-crystalline pore (gaps between the zeoliystals). Some techniques for characterization
of porous media have surfaced in literature. Peropetry technique [222], bubble point
technique [223], Coulter porosimetry [224], adsmmpidesorption technique [221,225-228],
mercury penetration [229,230] have been succegsdplplied [219,221,223,231]. However,
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some of these methods are complicated and vyielatigfectory results for asymmetric
ceramics [223].

Meanwhile on adsorption/desorption technique, Raehtand his co-workers [221]
described a simpler technique for characterizatfareolite membrane. This method involves
dynamic desorption of a gas adsorbed beforehandeofite membrane, under pressure
difference of a non-adsorbed gas.

During the adsorption process, zeolite membrarter hfigh temperature pretreatment
to remove moisture, is submitted to a certain phpressure of an adsorbing gas. At this
stage, different types of pores are filled up amastplugged for all sizes up to a certain
diameter called “critical diameter’[221]. With tressumption that zeolite pores are totally
plugged by the adsorbing gas (such as n-butanehgd@dsorption (because the kinetic
diameter of n-butane is within the range of intrgstalline pores of MFI zeolite:
0.51-0.56 nm), the remaining opened pores afteatls®rption will be inter-crystalline pores
or defects. Therefore, during the desorption pmcesy defects larger than the critical
diameter, which are not plugged easily during gotsmm process, allow non-adsorbed gas
(such as Blor H,) to permeate. The permeation significantly incesasith time and it could
be attributed to desorption of the adsorbed gam fitwe inter-crystalline pores or channels
smaller than the critical diameters into the pasaays resulting from the defects. Thus, it is
expected that the relative and absolute permeanse Ime very low with slight increase with
time for a higher quality membrane while a poorlguanembrane should show a higher
relative and absolute permeance with time.

At the same time, single-gas permeance measuremestides rapid and rough
assessment of the quality of zeolite membranesrtsasaie determination of the presence of
defects [232-234] but this method does not allovedi discrimination of intercrystalline
domains.Therefore, the most reliable and straighdiod way to do this is by mixture gas
separation such as n-butane/hydrogen mixture d@parg235]. The low-temperature
n-butane/H separation is so sensitive that different laboreso have reported different
separation factors on the very same material. Jlmgests a role of adsorbed species in grain
boundaries, either by blocking [236] or promotingrmpeation [221] of the non-adsorbing

species (Hlin this case).

3.3.1 Physico-chemical techniques for characterizi  ng MFI membranes

Various techniques are used for physicochemicakdearization of MFI membranes,
such as (i) the adsorption of nitrogen, (ii) difftometry with X-rays, and (iii) Scanning

Electron Microscopy (SEM) coupled with the microlgse by x-emission.

49




3.3.1.1 Adsorption of Nitrogen gas

The complete isotherms of,Nwdsorption-desorption allows the characterizabbn
the porous texture of a material: the specific aef porous volume and the shape of the
pores. The properties of the texture of fibores/meme tubes crushed before and after the
synthesis of zeolite are obtained through compkettherms of adsorption-desorption of N
at 77 K on an entirely automatic equipment, ASAR@®Micromeritics. A computer makes it
possible to exploit the isotherms to extract theous characteristics texturally from the
studied materials (specific surface, total porookime, microporous volume, distribution of
the diameter of pores). This technique makes isiptesto study the microporosity and the

mesoporosity of the membranes.

3.3.1.2 X-ray Diffraction (XRD)

This technique allows the determination of the reatof the crystallized phases by
measuring the angles of diffraction of X-rays b ttrystalline plane of the solid. These
angles of diffraction are related to the charastes of the crystal lattice
(dhkl=inter-reticular distance from the familie§ the plane HKL) and to the incidental

radiation vavelength ). by the law of Bragg:

2dhkising =k A (3.4)

where “dhkl” is the distance between 2 planesndek of Miller HKL in A; 0 is the Bragg
angle;i is the wavelength of radiation in A. In this stutlye zeolitic structure of synthesized
material was analyzed by using a diffractometefipthPW 1050/81 (Cu K.1+2 radiation).
The analyses were carried out on the powder oldaedore and after the hydrothermal

synthesis.

3.3.1.3 Scanning Electron Microscopy (SEM) and EDX

Scanning Electron Microscopy makes it possible iseove the morphology of the
membranes (thickness, infiltration in the suppdefects, homogeneity) and also to have
first-hand information about the size and shapthefgrains of supported samples (ZSM-5).
To examine the morphology of the zeolite crystals the synthezised zeolitic
fibres/ membrane, a small part of the membranaiisand examined with HITACHI S800

functioning at 10 KV.

3.3.1.4 Characterization of the synthesized membra  nes in this study

In this study, the physical characterization of fiyathesised membranes was done

using Scanned Electron Microscopy (SEM) and X-rdffréxtion (XRD). For these tests,
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some crushed membrane supports (tube or fibre)haesized membranes (tube or fibre) and
zeolite powder collected from the bottom of theoaldave were X-ray diffracted with a
Philips PW1050/81 diffractometer (Cual., radiation) to qualify the structure of the
synthesized zeolite material. The morphology of la@ membrane supports (tube or fibre)
and membranes was inspected by SEM using a HITAS300 microscope operated at 15
kV. A typical result from X-ray diffraction analysshowing the XRD pattern for hollow fibre

membranes is presented in Fig. 3.8.
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Figure 3.8: XRD image analysis of the membranesfdirowing the formation of the
membrane.

To evaluate the transport or dynamic property of tmembranes, single gas
permeation measurement,(lgas permeation), Basic Desorption Quality Test @BI) and
binary gas mixture separation test (n-butapefidere used. Figure 3.9 depicts the process

flow diagram of the set-up used for BDQT and n-heta, mixture separation.
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Figure 3.9: Process Flow Diagram (PFD) for BDQT.

Before any gas permeation or separation, firstig, membrane was mounted into a
stainless steel module depicted in Fig. 3.10 arjested to high temperature pre-treatment
(HTP) under the flow of 20 mL(STP)/min;Njas, at both the tube side and the shell side as
proposed by Ashebamit al[232]. High temperature pre-treatment, carried aedording to
the temperature programme depicted in Fig.3.13eisessary to desorb any moisture or
contaminants from the membrane as this might affeet transport performance of the
membrane. Figure 3.11 and Figure 3.12 also showdiigrams of a typical stainless steel

module, the PID controlled electrical oven anddrephite seal used in this study.

Shell side inlet Shell side outlet
membrane

W o Y
[ p— | ! | —
tube !mmmvlﬁ Emmmmmm mmmnm”mﬂ ‘wmmmng tube
s IR () s
inie
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Figure 3.10: Schematic of the permeation test negdthowing the nanocomposite MFI-
ceramic membrane unit sealed inside the modulegvéphite seals.
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Figure 3.11: Pictures of the stainless steel moslsving its components: A&C are O-rings
and B is the stainless steel module (picture netéie).

Figure 3.12: Pictures of the controlled electrimetn (left hand side) and the graphite seals
(right hand side) used in this study (picture ndadale).
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Figure 3.13: Temperature programme used for higipégature pre-treatment of membranes
pre-treatment.

3.4 Experimental set-up for xylene isomers separat  ion

This research was conducted at two different looatinamely the Department of
Process Engineering situated at Stellenbosch WsityeiStellenbosch, South Africa and the
Institute of Research on Catalysis and Environmeyon (IRCELYON), France. At these
locations, two different experimental set-ups wased. Both set-ups consist of a saturation
system, PID controlled oven, mass flow controlléBsooks (5840 series) or Hastings
(HFM/HFC 200 series))/flow meters, and a GC equippéh FID. All these major units are
linked with 0.25 inch stainless piping. ProcesswFDiagrams (PFDs) for these set-ups are
shown in Fig. 3.14 and Fig. 3.15 and their pictuard operational procedures are presented
in Appendix D. The lines were heated with heatiagets to a desired temperature and
maintained at this temperature (393 K in this sjudyavoid vapour condensation and thus
ensure proper xylene vapour during experimentaesh/ The GC coupled with the set-up
made online analysis of the feed, retentate anthgete streams possible because samples

can be sent directly to the GC online without amtgriruption.
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Figure 3.14: Process Flow Diagram (PFD) of the medliset-up used for separation and
isomerization tests at IRCELYON.
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Figure 3.15: Process Flow Diagrams (PFD) of the ifieatl set-up used for separation and
isomerization tests at the Department of ProceagmEering, Stellenbosch University.
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The mass flow controllers/flow meters used in 8tigdy were pre-calibrated Brooks
meters and Hastings meters. For accuracy of floasmements, the mass flow controllers
were re-calibrated for Ngas (used as carrier and sweep gas), anglasl (used as feed gas
and during activation of the catalyst). The calilorawas carried out with the use of gas flow
meters (ADM1000 and soap bubble flow meter). A dpton of the calibration technique is
pretented in Appendix B.

Two types of Gas Chromatograph (GC) were used ig régsearch. The first was
Shimadzu GC-14AFig. 3.16) and the second,Varian 3400(Fig. 3.17). Both GCs were
equipped withSolgel Waxcapillary column and Flame lonization DetectiotFthat ensure
organic vapour detection and separation (see Tallefor the characteristics of the column
and Table 3.2. for the GC operating conditions)oBeany analysis with the GCs, the GCs
were calibrated using a multiple point externahdtad method. Detailed information on GC

calibration can be found in  Appendix B.

Figure 3.16: Pictures of thighimadzu GC-14Ased in this study.
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Figure 3.17: Picture of théarian 3400used in this study.

Table 3.1: Column characteristics

Column feature Value
Code SOLGEL WAX 054785
Film thickness (um) 1
Internal diameter (ID) (mm) 0.53
Cross-sectional area (n 2.21x10°
Length (m) 30
Table 3.2: Operating condition for GC analysis
Operating condition FID
Carrier gas Helium
Carrier gas pressure ( kPa) 24
Oven temperature (K) 343
Analytes 0-,m- and p-Xylene liquid
Temperature of the FID (K) 553
Carrier gas flow rate into the column ( ml/min) 3
Flow into the splitter ( ml/min) 60
Split ratio 1:20
Injector Temperature (K) 523
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The saturation system consists of two saturatioits ucombined in series (see
Fig. 3.18). The saturation system was equipped wittontrolled heating system (at SU, a
waterbath was used) to raise the temperature ofigh&l in the saturation system to the
desired temperature. After coupling the systemh&oseparation/isomerization testing bench,
the saturation efficiency of the system was evelllat he detailed procedure employed in the
evaluation of the saturation efficiency is desaliie Appendix A. After evaluating the
saturation system, the GCs were calibrated. Detageocedure employed in the GC

calibration is described in Appendix B.

VA VB
—
carrier gas (Na) J J satu)r(ggg?n N
2
/_ gas to CMR
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sintered glass |

ternary mixture of
Jd— liquid xylene isomers

controlled — |
heating system k j r— j

T4 >T,. Tq & T,are temperatures in K; VA & VB are closing valves

| pyrex glass tube

Figure 3.18: Schematic of the saturation systamytene vapour saturation in;lgas.

3.5 Result analysis and evaluation of membrane per  formance

Evaluation of membrane separation performanceuallysbased on (i) the flux or the
permeance of the species through the membranem@nbrane separation factor and

(iif) membrane ideal selectivity.
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3.5.1 Membrane flux and permeance

In this study, the permeance was obtained usinéptieving equations:

N, =—— [mol.n?.s".Pd]
AAP
where
=Y g
2240(

T

bubbleflowmeter

QSTP = Qmeasured(ij [mlls'l]

P ZZR"'PNZ [Pa]

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

The change in partial pressure was estimated tisenipg mean partial pressure

difference (analogous to the estimation of tempeeadifference (the driving force) in shell

and tune heat exchanger) as shown by Eq. 3.10:

1 feed ermeate
AR =P, -p P

iin iout

AP?

P retentate _ P sweep
iout i,in

Since the sweep contains no xylefg,****"= 0. Therefore:
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APiZ — P retentate (313)

i,out

3.5.2 Membrane separation factor (SF)

In this study, membrane separation factor (SFeifhdd as the enrichment factor of

one component to another in the permeate, as cechpathe feed composition ratio:

.

St = [] 3.14)

where y is the mole fraction and in this casesp-Xylene; | =m-Xylene or o-Xylene

3.5.3 Membrane ideal selectivity

Membrane ideal selectivity was defined as the maitive permeance of one

component to another. Thus, the selectivity is:

M.
M) :# [-] (3.15)
i

In this study,i is p-Xylene andj refers to m-Xylene and o-Xylene as the case may be

3.6 Concluding remark

In this chapter, a short overview of the techniqaewloyed in the synthesis and
characterization of MFI-type zeolite membranesrespnted. Also, procedures for the series
of experiments conducted in this study are desdribtowever; some of the experimental
procedures that are not described in detailed drereliscussed in subsequent chapters, where
necessary. In subsequent chapters, results obtisradhe experimental protocols described

in this chapter are displayed and discussed.
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Chapter 4: Tubular MFI-alumina membranes for xylene isomer separation

In this chapter, results of the study of the infiloe of operating variables on the
separation performance of a nanocomposite MFI-alammembrane tube during the
separation of ternary vapour mixture of xylene isognare presented. Specifically, we shall
focus on the evaluation of the behaviour of the hrame at higher loadings of xylene/higher

partial pressures of xylene

4.1 Introduction

The relevance of p-Xylene as intermediate in th&th®sis of polymers necessitates
the development of processes for its separation pamification. Because of their similar
physical properties, xylene isomers can hardly bpasated by distillation [3,237,238].
Currently, industry relies on fractional crystadifion and preferential adsorption to separate
xylene isomer mixtures. Both techniques are batokgsses and energy-intensive, therefore
inflating the production costs and their environtaéimpact. For example, the United States
consumed nearly 105 x 0J in 2004, corresponding approximately to one tfowf the
world’s energy [8]. Petrochemical and chemical stdes accounted for 13.7 x ¥@ in
1998 with about 35% of the energy consumption besed in manufacturing and separating
organic chemicals (mainly for heating/cooling) [[f]seems therefore imperative to move to
more energy-efficient and environmentally-friengigocesses involving less heating/cooling

steps (and operating in continuous mode) for p-Kelseparation.

Membrane technology constitutes a promising optmrachieve this goal. As the
driving force in a gas-separation membrane is thessure difference between the
feed/retentate and permeate, the heating/cooliats @an be dramatically reduced compared
to more conventional separation processes (e.gfijlation, crystallization or adsorption).
Furthermore, the combination of membrane separatitm (reactive) distillation in hybrid
separation processes (for instance for distillagidue separation) can also help to reduce

cooling/heating costs and promote process inteasifin (see references [239,240]).

For the fact that polymeric membranes (e.g., Pi&je not proven to be successful
for xylene isomer separation, researchers have dntwveeolites and other molecular sieve
membranes. Several recent studies have pointetheyiotential of MFI zeolite membranes
for xylene separation and purification, either bgryaporation (PV) [168] or by vapour
permeation (VP) [171,175,177,178,180,181,183,184,2As the kinetic diameter of p-
Xylene (5.8 A) is smaller than that of o- and m-yé (6.8 A each) and close to the pore size
of the MFI channels (5.4 x 5.6 A and 5.1 x 5.6 28]} p-Xylene is expected to diffuse faster

within the MFI framework therefore allowing its seption from a mixture of isomers.
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Moreover, the lower size and ordered packing ofyee promotes its adsorption in MFI

channels, mainly driven by configurational entragffects [144].

It has been established that the MFI frameworkeogrerience distortions induced by
p-Xylene adsorption [81,104,106,115]. These diging translate into phase changes,
especially pronounced at near-ambient temperatudehggh p-Xylene loadings, leading to
channel 'swelling' that renders the material unébldistinguish between the different xylene
isomers. As a result, single-file diffusion may oc the zeolite channels. This implies that
xylene isomers with the slowest permeation rage @- and m-Xylenes) might limit diffusion,
blocking p-Xylene separation and reducing thereforembrane selectivity. This strong
limitation of MFI materials hinders the applicatioh MFI membranes for xylene separation

at high loadings, for instance in PV separations.

Nevertheless, at sufficiently low xylene partialegsures (<2 kPa) and in the
temperature range 295-673 K, MFI membranes can stypgunal selectivity for p-Xylene
separation by VP. By now, the best separation @mch@ation results have been obtained by
Lai et al. [172] using 'microstructurally optimized' b-oriedt MFI films prepared by
secondary growth hydrothermal synthesis using @dnted seed layer and trimer-TPA as a
template in the secondary growth step. The membrafier p-Xylene permeances of about
200 nmol.nf.s*.Pa' at 473 K for a feed mixture of 0.45 and 0.35 kPaapd o-Xylene,
respectively, with p/o-Xylene separation factorsasen 200-500.

Meanwhile first preliminary results reported on kgaiion of MFI-alumina zeolite
membranes with nanocomposite architecture for »ylesomer separation via PV [186]
showed very encouraging xylene isomer vapour séparproperties. P-Xylene permeances
of about 10 nmol.fAs™.Pa* with p/o and p/m of 7 and 21, respectively, haserbreported at
473 K [186]. Compared to most commonly used filkeliMFI membranes (either with
preferential or random channel orientation), thentmeanes prepared here consist of randomly
oriented MFI crystal nanocomposite grown inside alamina porous matrix via a
pore-plugging hydrothermal synthesis technique.

Therefore, this section reports additional mixtpegmeation data on xylene isomer
separation using nanocomposite MFI-alumina tubmambranes, focusing specifically on
the effect of the main operational variables (terapge, xylene vapour pressure and sweep
gas flow rate). The goal was to show that, by congj the zeolite material, a nanocomposite
MFI-alumina membrane can show high selectivity tXypene at high xylene loadings

compared to more conventional film-like MFI membean

4.2 Membrane preparation, characterization and sep  aration test

The nanocomposite MFl-alumina membrane used in shisly was prepared by

pore-plugging hydrothermal synthesis technique gisin asymmetrical Pall-Exekia
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a-alumina tube (0.d. 10 mm, i.d. 7 mm, length 15 ettjve permeation area 26 Ynas
support. Details of this technique have been desdrin Chapter 3. The cross-sectional layers
of the support have pore dimensions: outer lay2rufn; intermediate layer, 0.8 um and
innermost layer, 0.2 um. Characterization as wethe quality test of the membranes was by
scanning electron microscopy with SEM (JSM-5800P20,kV) coupled with EDX analysis
(Edax Phoenix, lsm microprobe); single gas hydrogen permeation, rinaixture
separation witm-butane/H and BDQT. These techniques have been describeétail in
Chapter 3 of this dissertation.

Before the membrane quality test, the membrane maisnted on the membrane
module and subjected to HTP at 673 K under a 208MR}/min N flow on the retentate and
permeate sides as described in Chapter 3 to renamlamrbed moisture and other
contaminants. This pre-treatment was also carnigdbefore each series of xylene VP tests.

The set-up used for membrane separation has beenlgal in Chapter 3. Ternary
mixture of xylene (p-Xylene, 99% purity; m-Xylen89% purity; o-Xylene, 97% purity)
purchased from Sigma-Aldrich were saturated inNat a 10-mL(STP)/min carrier flow at
atmospheric pressure using two saturators combinedries. The first bubbler was kept at
323 K-363 K (depending on the desired xylene paptiessure) while the second bubbler was
maintained at a temperature of about 6 K lower tharfirst to ensure saturation.

The permeate side of the membrane was swept usired deveral flow rates in the
range 5-30 mL(STP)/min to investigate the influen€sweep gas flow rate. After attaining
steady-state in about 5 hours, the compositiortheffeed, retentate and permeate streams
were analyzed online GGhimadzusC-14A equipped with a solgel-WAX capillary column
and a flame ionization detector (FID). To avoid ampndensation and ensure proper xylene
partial pressure throughout the system, all theslimere heated and maintained at 393 K
using heating tapes. Xylene vapour separation anagnation experiments were performed in
Wicke-Kallenbach mode to prevent occurrence ofouscflow. In all the experiments, mass
balances of each xylene isomer were closed widgxarrimental error <15%.

The membrane performance was evaluated in ternpemheation flux (or xylene
permeance), p/o and p/m xylene permselectivity if@al selectivity), and p/o and p/m

mixture separation factor following Eq. 3.5 to.BdL5 presented in Chapter 3.

4.3 Results and discussion

The results obtained in this section are preseunisdyssed and compared with

existing literature in subsections 4.3.1 and 4.3.2
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4.3.1 Membrane quality

The membrane prepared in this study showed a reampérature pure hydrogen
permeance of 0.4amol.m’.s".Pa‘ and an-butane/H separation factor as high as 100 after
pre-treatment. This latter value reflects good memé quality in terms of low amount of
intercrystalline defects. The good quality of themfrane prepared in this study can also be
inferred from the extremely slow-butane desorption dynamics under the presence of a
transmembrane pressure of pure hydrogen at roompetatture (see Fig. 4.1). The desorption
dynamics is especially slow in the first 4 houh& membrane taking about 29 hours to
recover at least 90% of its original pure hydrogmmmeance. As a matter of fact, in a
standard desorption testbutane is expected to desorb faster from intetalliree domains
than from zeolite pores (intracrystalline), whedsarption forces are expected to be stronger.
A slow desorption dynamics, especially at shorteimis therefore an indicator of a low
number of intercrystalline domains.

Furthermore, the SEM micrographs (see Fig. 4.2rigd4.3) confirm the formation
of a nanocomposite material on the substrate jghab continuous MFI film is formed on top
of the support. In addition, Fig. 4.2 shows thessrsection of the membrane support with the
three layers while Fig. 4.3 shows good pore-pluggai the 0.2-um layer with zeolite
crystals. The EDX analysis shows an average Sithlmabout 10-20 (semi-quantitative
analysis) on the inner active layer. The materiahe active layer corresponds accordingly to
an Al-enriched H-ZSM-5 zeolite.
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Figure 4.1: Hydrogen permeance as a function ok tim a n-butane room-temperature
desorption experiment. Adapted from [242].
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0.2 pm layer
0.8 pm layer %

12 pm layer

Figure 4.2: SEM micrograph of the membrane showingss-section of the membrane
support with the three layers with formation of aemmposite material on the support.

Figure 4.3: SEM micrograph of the membrane shovdngace view of the 0.2 um-layer
pore-plugged with zeolite crystals
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4.3.2 Xylene vapour permeation

The results obtained are presented in the subseguersections 4.3.2.1 through
4.3.2.3. Parameter fitting was also attempted baeed the Maxwell-Stefan (MS)
adsorption-diffusion model. The temperature-deprodeof the transmembrane p-Xylene
flux has been well represented by a pure gas Ma&&tefan (MS) adsorption-diffusion
model under weak confinement (the MS surface difftysdoes not depend on the xylene

loading) neglecting the influence of the other rgésomers as shown in Eq. 4.1:

P
1+ K(T )"
N=CsatpMFI£DO(T)|n ’ ( P° (4.1)
" 1+K(T)%

whereP; andP,, are the p-Xylene partial pressure in the retentand permeate,

respectively; o , the MFI density (kg.m); &, the porosity of the nanocomposite

Fl

MFI / alumina structure [-]; & , the p-Xylene loading at saturation (mol'kg , the

membrane tortuositP;o, the reference atmospheric pressure(Pd); is the flux in

mol.m?.s* and ¢, the membrane effective thickness (m).

In the fitting process, zero-loading MS surfacdudiivity at T, { D, (Tref )} and the

diffusion activation energy ;) were expressed by an Arrhenius-type equationgusin

respectively, Eq. 4.2 and Eq. 4.3:

0
K(T)=K (T ){- A:';* {% - Tl ﬂ (4.2)

o

where K(T),K(Tref), the adsorption constant of p-Xylene on MFI &tand T,

AH

(0]
respectively(Pa®); a the standard adsorption enthalpy (J.‘hIoIED, the diffusion
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activation energy; D, (T,ef )} , the zero-loading MS surface diffusivity af,; ; R, the ideal

gas constant (J.mbK™®) and TandT

ref 1

the main temperature and the mean temperature

of the series, respectively, in this casg, = 473 K.

A Least-square non-linear optimization method, ase the Levenberg-Marquardt

algorithm, was used to fit the zero-loading MS acef diffusivity atT ., (D, (Tref )) and the

diffusion activation energy ;) by comparing the predicted and experimental pekgl

fluxes. The parameters used in the fitting areguexi in Table 4.1.

Table 4.1: Constant values used for parameter astm

Property value Refs.
Ideal gas constant (J.moK™) 8.314 -
MFI density (kg.r) 1700 -
Porosity of the nanocomposite MFI / alumina street] 0.13 -
P-Xylene loading at saturation (molXRg 0.25 [95]
MS surface diffusivity at zero coveragélagt (m’.s”) at 473 K 3.4x10° [207]
Tortuosity 1.2 -
Reference to atmospheric pressure(Pa) 101325
Adsorption constant of p-Xylene on MFI at{Pa’) at 473 K 4.1x10 [235]
Standard adsorption enthalpy (J.Hol -72000 [95,128]

*value obtained with loading correction; effective MFI thickness (m, fitted parametery; Hiffusion
activation energy (J-md) fitted parametgt

5.3.2.1 Effect of Temperature

Figure 4.4 plots the evolution of the p-Xylene, mlefie and o-Xylene fluxes and p-
Xylene to o-Xylene (p/o) and p-Xylene to m-Xylen#n() separation factors as a function of
temperature in the range 373 K-700 K for the memdérprepared in this study. Since m-
Xylene and o-Xylene signals in the permeate stresre below the detection limit of our
GC, the p/o and p/m separation factors were coeapfrom the minimum detectable o- an
m-Xylene partial pressures in the permeate®(kBa for m-Xylene and 1DkPa for o-
Xylene).

The p-Xylene transmembrane flux shows a maximuranevaf about 3.5imol.m?s*
at 473 K, corresponding to a permeance of abouhrhdl.ni>.s*Pa'. As expected for a
nanocomposite material [208], the p-Xylene fluxr@ases monotonically after the maximum

with no further increase at temperatures highan #G0 K.
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Figure 4.4: Xylene ternary vapour mixture separatis a function of temperature within a
nanocomposite MFIl-alumina membrane. Experimentatditions: p-/m-/o-Xylene feed
partial pressures, 0.63 kPa / 0.27 kPa / 0.32 &Raep gas flow rate, 15 mL(STP)/min; feed
flow rate, 10 mL(STP)/min. The straight line copends to the MS fittings for p-Xylene
flux, while the dashed lines for separation facamesa guide to the eye. Adapted from [242].

Regarding the MS fitting, the values obtained fu fitted MFI effective thickness
and activation energy for p-Xylene diffusion arespectively,/ = 0.83 £ 0.04 um and
Ep = 60 + 2 kJ.mot. The latter value compares well with the valueabbut 55 kJ.maol
measured by Masudzat al. [155] on H-ZSM-5 powders using the constant volumethod,
but is significantly higher than the value of abo80 kJ.mof measured by
Ruthvenet al. [152] and Niesseat al.[135] on large silicalite-1 single crystals.

The good prediction level of the MS model for tlamge of xylene total pressures
considered here suggests that, as put forward bgraleauthors [95,106], no relevant
structural change of the MFI framework occurs upeXylene adsorption at temperatures
higher than 373 K (the ‘critical' temperature). Bwrer, as suggested by Gradtral[129] in
a recent paper, the typical p-Xylene adsorptiotepatcan be altered due to size effects when
tuning from microsized to nanosized particles, isgherm not showing the typical 2 steps
(S-form) at low temperatures. The presence of MPBistals of size <200 nm in a
nanocomposite MFI-alumina membrane (the size oktigport top layer), together with their
strong confinement in the porous alumina networightncompensate the distorsion of the
MFI framework upon p-Xylene adsorption, avoiding fphase change traditionally observed

for MFI powder at temperatures <400 K.
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4.3.2.2 Effect of sweep gas flow rate

Figure 4.5 plots the effect of the sweep gas flate on the membrane permeation
and separation performance in the separation natgmp/m/o-Xylene mixtures. As expected,
the p-Xylene flux increases with the, Nlow rate up to a plateau value beyond 20
mL(STP)/min. The trend should be ascribed to actou of the p-Xylene permeate partial
pressure as the sweep gas flow rate increases.migig contribute to a decrease of the p-
Xylene surface coverage at the membrane/permedtersuand in its turn to an increase of
the p-Xylene driving force across the membranes Tignd is qualitatively predicted by the
MS model (Eq. 4.1) using the parameters obtainemh fihe fittings of p-Xylene flux with the
temperature (Fig.4.4). The p/m and p/o separatmiofs show an increase with the sweep
gas flow rate, reaching a value as high as 100ctjeally infinite) at 473 K for sweep gas
flow rates higher than 30 mL(STP)/min.
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— [] o-xylene . i
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o~ - _ )
) ) .
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Figure 4.5: Xylene ternary vapour mixture separatis a function of Nsweep gas flow rate
within a nanocomposite MFI-alumina membrane. Experital conditions: p-/m-/o-Xylene
feed partial pressures, 0.59 kPa / 0.45 kPa / KP&) temperature, 473 K; feed flow rate, 10
mL(STP)/min. The straight line corresponds to théytene flux predicted by Eq. 4.1, while
the dashed lines for separation factors are a daitlee eye. Adapted from [242].
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4.3.2.3 Effect of xylene feed partial pressure

Figure 4.6 shows the effect of the total xyleneotagpressure on the p/m/o xylene molar
fluxes and the p/o and p/m separation factors atkdfthe temperature corresponding to the
maximum flux). As can be seen for an increase tial to/lene pressure up to 150 kPa, the p-
Xylene flux increases steadily with the total xyderapour pressure for p/m/o-Xylene ternary
mixtures up to 15 kPa and p-Xylene-to-m-Xylene-t¥ydene (p/m/o) ratios of 1 : 1 : 3
beyond 30 kPa. However, the permeance decreasetigfeom 11 to Jumol.m®.s*.Pa".The
p/m separation factor remains practically invagasl a value of 200 with the xylene vapour
pressure up to 150 kPa. In the case of the p-X{deXglene (p/o) separation factor, after
showing a maximum value of about 5000 at 30-kPkeney vapour pressure, it drops

drastically to a value lower than 100 at 130 kPa.
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Figure 4.6: Xylene ternary vapour mixture separa@g a function of total xylene vapour
pressure within a nanocomposite MFl-alumina memdar&xperimental conditions: p-/m-/o-
Xylene feed composition, 1 : 1 : 1 up to 15 kPa andl : 3 beyond 30 kPa; temperature, 473
K; feed flow rate, 10 mL(STP)/min, sweep flow ral&y mL(STP)/min. The ratios1:1:1 &
1:1:3 refer to the composition ratio of the xylasemer in the feed (p-Xylene:m-Xylene:
0-Xylene) The straight and dashed lines, respdygtifer xylene fluxes and separation factors
are a guide to the eye.

The trend observed for the p-Xylene flux shouldalteibuted to the higher surface
coverage of p-Xylene and the retentate/membrarfacgjrenhancing therefore the p-Xylene
driving force across the membrane as predictechéyMS model (Eq. 4.1). At lower xylene
partial pressures, keeping the xylene isomers @itrexar composition, selective adsorption

of p-Xylene on MFI blocks adsorption of other eqyké isomers, thereby paving the way for

/1




them to permeate. At higher xylene vapour preshoegver, o-Xylene adsorption becomes
promoted, showing a slight permeation and contirigutherefore to the observed decrease of
the p/o xylene separation factor.

This result seems to indicate that, at high xylenoeerage, distortion of the MFI
framework occurs, higher xylene isomers being parted through the MFI layer. At this
juncture, taking into account the similar adsonptmoperties of the three xylene isomers on
MFI zeolites, single-file diffusion can become pited, the three isomers competing then for
passage through the zeolite pores. As a resulsldveer permeating isomers (i.e. m-Xylene
and o-Xylene) can reduce the permeance of thestastee (p-Xylene), the membrane
selectivity being therefore drastically reduced. rdtiver, as put forward by
O’Brien-Abrahamet al. [170], sorbate-sorbate competition for passaghiwithe MFI pores
in xylene mixture vapour permeation might also mthe accessibility of p-Xylene to MFI

channels, hindering therefore its permeation.

4.4 Role of MFI confinement on the xylene vapour p  ermeation performance

Unlike film-like membranes, where the membranedeligy is strongly affected by
the xylene vapour pressure, the membranes preparids study still exhibit high p/o and
p/m separation factors for xylene pressures as ag)ii50 kPa and for a p/m/o ratio of
1:1: 3. The improved selective character ofrti@mbranes prepared in this work should be
attributed to their nanocomposite architecture,imizing long term stresses and in its turn
the distortion of the MFI framework at high xyleloadings. Note that the same property of
nanocomposite materials enable them to avoid drggteaning at high temperature due to
thermal expansion mismatch between MFI crystalsth@dlumina support.

In keeping with the results reported using PV, bigkylene concentrations might
promote single-file diffusion within the MFI layelue to distortion of the MFI unit cell, thus
making the material not being able to distinguishween the different xylene isomers xylene
in the zeolite channels [168,172]. This fact migkplain why, compared to pure xylene VP,
o-Xylene flux is greatly enhanced over its pureueaht comparable partial pressure in the
presence of p-Xylene, as well as the long xylear ftansients (even longer than 24 hours).
This general behaviour can be compensated to aicaktent when using nanocomposite
materials. For example, Fig. 4.7 shows the p-Xylea@aneation and separation performance
from a mixture of isomers for film-like MFI membranThis can be compared with the results
for nanocomposite MFI-alumina membranes presemtdeig. 4.6. In general terms, due to
confinement of the MFI material at the nanoscadatomposite MFI-alumina membranes
appear to minimize the intrinsic distortion of theit cell upon p-Xylene adsorption. This
fact, accompanied by a reduction of the numberamfosized grain boundaries, might limit

single-file diffusion in such architectures, allogihigher separation factors at xylene vapour
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pressures as high as 30 kPa and a drastic redwftiiabilization time to attain steady state.
Experimental evidence of this hypothesis has beewiged recently by Grahat al. [129].
These authors have reported the disparities of divracteristic critical point of the

p-Xylene/MFI system as long as the MFI particlees&reduced down to a few nanometers.

100 A 18
n
—~ |
o l| = O f1.
o p-xylene
\ D
£ 10 |\ IS
© 14
£ s
2 S
3 0t
= 14 o-xylene g
< : =
(@] ] by -\ - - 10
p/O SF =s .
0.1 y r r x 8
0 20 40 60 80 100

Total xylene pressure (kPa)

Figure 4.7: Xylene VP as a function of total xylemapour pressure with a film-like
membrane at 373 K. Adapted from [183].

Indeed, the high p-Xylene separation performancéhefmembranes prepared and
tested in this study opens up a possible applicatibthese materials to carry out xylene
separation by PV, involving high xylene loadings. far as we know, only Yuaet al. [168]
have reported in the open literature, a p/o sefitgtof 60 at 323 K during the separation of
an equimolar p/o xylene binary mixture via PV. Tdasithors used MFI membranes prepared

via templateless seeded hydrothermal synthesis.

4.5. Concluding remark

The results presented in this chapter report, Herfirst time in open literature, the
excellent xylene separation performance of nanocsitgp MFI-alumina membranes at high
xylene loadings and high m- and o-Xylene compas#id he intimate contact of alumina and
the MFI nanoparticles at the nanoscale allows cogi@on of long-term stresses, attenuating
the distortion of the MFI framework upon xylene agigion. This property of nanocomposite

MFI-alumina membranes is outstanding, since, unlikeir film-like counterparts, the
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membranes can be operated at higher xylene vapeasyres without showing a dramatic
decrease of their selectivity.

Furthermore, the hydrodynamics at the permeate sidthe membranes plays a
prominent role in their permeation and separatierfgpmance. As a matter of fact, the
increase of turbulence in the permeate allows satidreeduction of xylene partial pressures,
promoting therefore permeation fluxes and seldgtito p-Xylene. It is also expected,
although it was not investigated, that the useamfuum pressure in the permeate side might
further improve the permeation and separation pedoce. Regarding the modelling part of
this study using Maxwell-Stefan’s (MS) model, the avas to support the absence of crystal
swelling of the membranes at high p-Xylene pagiassures compared to more conventional
film-like MFI membranes and, therefore, to enabéasonable conclusions about their
potential use in industrial applications for p-Xy&epurification and even in pervaporation.
Actually, xylene/MFI system modelling is quite coew and therefore might not be
described adequately with a simple model like th8. Mhis could explain the deviation
observed between the model results and the expat@amesults. Furthermore, in this study,
the effect of possible interactions among the dpegavariables is neglected. Therefore, it is
recommended that this is considered by subseqtties. It can be explored with the use of
response surface methodology approach, and undéirsgait may pave the way for the
optimization of the process.

Finally, the novel contribution described in thisapter has been published in
Separation Science & Technology journ&ep. Sci. Tech.)A sample of the

publication is included in Appenddix E.
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Chapter 5: Hollow fibre MFI-alumina membranes for x  ylene isomer separation

Evaluation of separation performance of a nanocaiitgdlFI-alumina hollow fibre
membrane, prepared via pore-plugging techniqguendwylene isomer separation, is reported
in this chapter. Separation performance of theolmolibre membrane was compared to the

performance of an equivalent membrane tube opeteatder the same operating conditions

5.1 Introduction

Two common materials used for membrane supportsstialess steel (SS) and
alumina [184]. As difference in thermal expansidrih@ zeolite and the support layer could
cause stress at the interface and thus crack®inelite layer at high temperature, alumina
of much lower thermal expansion than the staintgssl is preferred. Although SS is more
ductile and compatible to most commonly used pkouipment parts, its higher thermal
expansion is a great disadvantage. Moreover, tease transmembrane flux of p-Xylene
during xylene isomer separation, both the geomefrithe support and the membrane
thickness play a vital role [184].

Previous researchers in this area have reportedutdee of composite disks
[106,175,179,180,181,241,243] for xylene isomeras&jon. All the above-stated studies
dealing with MFI-type membranes have focused on slathesis of continuous and
well-intergrown thin films on top of a porous supipihat ensures mechanical resistance. In a
series of previous studies by Dalmon and his gif@9p,207,208,209], reports on a different
concept have emanated: the synthesis of 'nanocaelpld-I-alumina membranes. In this
architecture, which is compared to a film, the\azphase is embedded into the host ceramic
alumina porous network via pore-plugging hydrothersynthesis. This does not only avoid
individual membrane defects to exceed the sizéhefsupport pores, but it also provides a
better mechanical resistance as well as a high&staace to thermal shocks. Another
consequence is that mass transfer within these nagrab at high temperature is still
governed by zeolite pores instead of intercrystallopenings that may appear in film-like
configurations. Nanocomposite MFl-alumina membralmage already shown high potential
for xylene isomer separation and for xylene isoradion when combined with a catalyst in
extractor-type membrane reactors [186,242].

Recently, this concept was extended to the devedopnand preparation of
nanocomposite MFI-ceramic hollow fibre membranes das separation. Nanocomposite
MFI-ceramic hollow fibore membranes have been reubitb give pure gas permeance of
about three times higher than those that are addaivith MFI tubular zeolite membranes. At

the same time, these fibers offer higher moduléasararea/volume ratios [210]. As far as
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could be ascertained, application of nanocompddkéceramic hollow fibore membranes for
xylene isomer separation has not appeared in aey diperature before. Therefore, this
chapter reports the performance evaluation of namposite MFI-alumina hollow fibre

membranes during xylene isomer separation with |edy being the target product.
Compared to more conventional single tubes andaplgeometries, hollow fibres present
lower costs and larger surface-to-volume ratiosl000 nf.m?). Furthermore, this

configuration also allows higher gas permeanceddlieeir much lower effective membrane

wall thickness.

5.2 Membrane preparation, characterization and sep  aration test

The nanocomposite MFIl-alumina hollow fibre membsangsed in this study
(o.d. 1.65 mm, i.d. 1.44 mm, porosity 43%) wereppred via a pore-plugging synthesis
technique following the experimental protocol depeld in previous studies [191,207,209]
and described in Chapter 3. Figure 5.1 indicdtesrélevant dimensions of the fibres and
Fig. 5.2 shows the micrograph of the cross-seaidhe membrane support. The MFI zeolite
was synthesized by mixing together the structureectihg agent (SDA, 1 M
tetrapropylammonium hydroxide, TPAOH, supplied gn®a-Aldrich), and the silica source
(Aerosil 380 from Degussa). This mixture was shgliluted with deionised water to form a
clear solution with the molar composition 1.0 8i0.45 TPAOH: 27.8 KD (pH close to 14)
and matured for 3 days at room temperature unddd stirring. To ensure that the
experimental conditions were kept as close as plesg the conditions used for preparation
of conventional tubes, nine 23-cm long ceramic dwllfibores were inserted into a
Teflon™lined autoclave containing about 25 ml of precursolution, and submitted to an
interrupted hydrothermal synthesis at 423 K fora§sd After the synthesis, the fibres were
washed with deionised water, dried at 373 K fohdRrs, and calcined at 773 K for 4 hours
under air flow.

The structure and purity of the synthesized zeadfitgerial was confirmed by X-ray
diffraction (XRD). Scanning Electron Microscopy (8 confirmed the formation of a
nanocomposite material, that is, no continuous KlRi is formed on top of the support
(see Liet al. [209] for further information). Table 5.1 lists ehmain properties of a
representative MFl-alumina hollow fibre membrangéeafsynthesis, further evaluated for

xylene isomers separation.
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Figure 5.1: Pictures of the support fibre usedhfiembrane synthesis.
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Figure 5.2: SEM image of the cross-section of tipsrt used for membrane synthesis.

Table 5.1: Properties of the nanocomposite MFI-abamhollow fibre and MFI-alumina
tubular membranes used in this study

Property Hollow fibre membrane Membrane tube
Separation factor (Jh-butane)(-) 101 >100

H, permeancepmol.m?.s*.Pa’) 1.33 0.49
Permeation length (cm) 13 13
Internal diameter (mm) 1.2 7
Effective thicknessym) <1 2-3
Permeation area (én 9.94 26
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After the synthesis, thas-calcined hollow fibres were immobilized on a suring
dense alumina perforated tube using a homemadetelmperature glaze, as shown in
Fig. 5.3. The final ensemble was then mounted éaidraphite-sealed stainless steel module
(see Fig. 5.4) and subjected to a high temperatgrdéreatment at 673 K for 6 hours under 20
mL(STP)/min N flow on both sides of the membrane to remove attyoded species
(see Alshebaret al.[235] for further detail). The quality of the fés was evaluated in terms
of pure H permeation and room-temperatarbutane/H separation.

Figure 5.3: Fibres mounted into their mechanicapsut tubes.

epoxy permeable zone =13
HH H HH H H HH
feed in retenta e ol

\—IHHH

\ >
fibre hole

1crr

dense alumina tube = 15

Figure 5.4: Schematic showing the section of afibounted inside its mechanical fibre
supports.

78




For the sake of comparison, the results obtaindld thie fibre were compared with
the separation performance of a nanocomposite Miptiaa membrane prepared on a
Pall-Exekia tube operated under the same standatdcpl as in the case of hollow fibres.
The main characteristics of this membrane comptardidose of the hollow fibres are listed in
Table 5.1.

Separation testing was conducted with the rig desdr in Chapter 3.
Pure o-Xylene and p-Xylene, as well as a mixtureyténe isomers (m-Xylene and p-Xylene,
99% purity; o-Xylene, 97% purity), all supplied I8igma-Aldrich, were saturated in a
10-mL(STP)/min N carrier flow at atmospheric pressure using theuraibn system
described in Chapter 3. The second saturator wastaireed at a temperature of abouk 6
lower than the former to ensure saturation. Thenpate side of the membrane was swept
with a counter-current 15-mL(STP)/miry How. The o- and p-Xylene partial pressures were,
respectively, 3.38 kPa and 3.77 kPa in the purene/vapour permeation (VP) tests.

In the case of the ternary xylene mixture sepamatihe feed p-Xylene, m-Xylene
and o-Xylene partial pressures were, respdgti®62, 0.27 and 0.32 kPa. In all cases, the
temperature of the membrane system was varied4&28ro 673 K by increments of 50 K. In
the experiments dealing with membrane tubes, tmpaeature was directly measured in the
tube lumen while in the experiments using hollolrds; the temperature was measured on
the outer surface of the alumina supporting tube.

After attaining steady state in about 5 hours,teneate and retentate streams were
diverted to a gas chromatogragbh{madzu GC-14Aequipped with a solgel-wax capillary
column and a FID detector, for analysis. To aveig eondensation and ensure proper xylene
partial pressure throughout the setup, all thesliwere heated and maintained at 393 K with
heating tape. Further, to prevent the occurrencésabus flow within the fibres during the
separation, the transfibre/transmembrane pressa® kept as low as possibl&AR:0,
Wicke-Kallenbach method). The effect of the tempeewas evaluated in these experiments
by decreasing the module temperature by incremgin&) K from 673 K to 423 K. The
vapour permeance, flux of a given xylene (eitherepor in a xylene isomer mixture) and
separation factors (a xylene isomer mixture) wemmmuted following Eqg. 3.5 to Eq. 3.15
stated in Chapter 3. In all the experiments, masanices of each xylene isomer were closed

with an experimental error <3%.

5.3 Results and discussion

Separation performance of the hollow fibre membraoempared to that of a
membrane tube under the influence of changes ipdeatures is presented in subsections
5.3.1 through 5.3.3.
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5.3.1 Formation of nanocomposite MFI membrane and quality test

In keeping with the results previously reported MiI-alumina membrane tubes
[208,242], the nanocomposite MFI-alumina hollowré&b presented in this section do not
show an increase of either pure hydrogen or p-Xylend o-Xylene fluxes at temperatures
higher than 673 K. This trend differs from whatgially found in film-like MFI membranes
(silicalite-1 and ZSM-5) grown on alumina and skeds steel supports, where a sharp
increase of flux is observed above 400 K [244-2B6}.the two temperature points tested, the
results showed a decrease in hydrogen permeanae #r@3 pmol.nmi®.s*.Pa' obtained at
room temperature (298 K) to about Quénol.m*s’.Pa' at 490 K. In addition, at room
temperature, the-butane/H separation factor obtained for the hollow fibreasshigh as 101
(see Table 5.1). Note that-butane/H separation factor higher than 25 is usually cered
an indicator of good membrane quality at IRCE.

As reported by Gualtiert al. [247] using high resolution X-ray diffraction, uke
film-like MFI membranes, a sample prepared by erdbef MFI crystals in the pores of a
support shows no contraction upon heating, nanmeyMFI cell keeps unchanged. This is an
interesting feature of nanocomposite membranese sas proposed by Miachen al. [208],
contraction of MFI crystals could translate intteircrystalline pore opening, contributing to
a drastic reduction of membrane selectivity. In a@mposite architecture, the zeolite
crystals are constrained by the surrounding alurgir@éns, the support ruling the thermal
behaviour of the zeolite material. Thus, the nangmmsite MFI-alumina hollow fibre
membranes prepared and used in this study are ahigrstable. For more information about
the membrane, a sample of the XRD image analisiwisg the formation of the membrane
is depicted in Fig. 3.8 and a SEM image of the ss®xtion of the innermost layer of the
hollow fibre membrane showing total pore-pluggingtioe layer with zeolite crystals is
depicted in Fig. 5.5.
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Figure 5.5: SEM image of the cross-section of theermost layer of the hollow fibre
MFIl-alumina membrane.

5.3.2 Xylene vapour permeation and separation test

The evolution of p-Xylene and o-Xylene permeatidnxés with temperature is
presented in Fig. 5.6. As can be seen, the p-XyRne shows a maximum flux with
temperature of 13.pmol.m?s* at 573 K without further increase at temperaturigher
than 700 K. The o-Xylene flux decreases monotolyicalith temperature in the range
523-673 K, showing a maximum value of 109 nmdlsh at 523 K. The maximum computed
p/o permselectivity obtained with these fibresif at 623 K.

Figure 5.7 and Figure 5.8 show the evolution & thXylene, m-Xylene and o-
Xylene fluxes as a function of temperature (Figl)5as well as the p/o and p/m xylene
separation factors (Fig. 5.8) in the separationieofiary xylene isomer mixtures using the
hollow fibre prepared in this study. As can be séle@ p-Xylene flux shows a maximum with
temperature of about@mol.m?s* at 573 K, the m-Xylene flux showing in this temgieire
a minimum of 37 nmol.iAis’. The o-Xylene permeances are extremely low,
< 0.37 nmol.rf.s*, showing a slightly increasing trend with temperat
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Figure 5.6: Single vapour permeation flux as a fimnc of temperature. Experimental
conditions p-/o-Xylene feed partial pressures, 3.77 kPa38 kPa; feed gas flow rate, 10
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Figure 5.7: Xylene ternary vapour mixture separatgs a function of temperature with
nanocomposite MFI-alumina hollow fibre showing thermeation fluxes;(b) p/o and p/m
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curves are a guide to the eye. Adapted from [248].
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Figure 5.8: Xylene ternary vapour mixture separatgs a function of temperature with
nanocomposite MFIl-alumina hollow fibre showing thé and p/m separation factors.
Experimental conditionsp-/m-/o-Xylene feed partial pressures, 0.62 ka2 kPa / 0.32
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The temperature dependence of pure p-Xylene flukiwithe synthesized hollow
fibres prepared in this study (see Fig. 5.6) iditatavely consistent with the trend reported by
Gu et al. [183] for film-like MFI membranes at temperaturet00 K. The flux pattern of
pure p-Xylene is characterized by the presen@rnéximum, which should be attributed to
a competition between xylene adsorption and surfdifesion within the zeolite pores
(adsorption-diffusion mechanism). This permeatioahdviour is consistent with that
commonly found for permeation of light hydrocarbamishin film-like MFI membranes at
temperatures lower than 400 K [246,249-251]. Algiono maximum is observed in Fig. 5.6
for o-Xylene flux in the range of the temperatuested, it is expected that a maximum is
observed at temperatures lower than 473 K. The putglene fluxes obtained in this study
are up to 160 times higher than those obtainedofilylene at 573 K. The permeation
observed for o-Xylene should be ascribed, at lgmstially, to the presence of small
intercrystalline defects and grain boundaries ézbolite material.

Regarding the ternary mixture separation testréisalts plotted in Fig. 5.7 confirm
that, under lower enough xylene loadings, p-Xylpeemeates selectively from mixtures of
the three isomers within the MFI-alumina hollowréib prepared in this study on the basis of
the much higher diffusivity of p-Xylene comparedtbat of m-Xylene and o-Xylene. Under
an adsorption-diffusion mechanism, raising the terafre reduces the surface coverage of

xylene molecules, lowering therefore the drivingcto for mass transfer, but increasing the
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surface diffusivity of the adsorbed xylenes. Thespnce of a minimum of m-Xylene flux at
573 K in Fig. 5.8, where the maximum of p-Xylenexflis located, should be attributed to
competitive adsorption and diffusion between boslomers. Note that this result is
qualitatively consistent with the observation repdrby Xomeritaki®t al [106] for film-like
alumina-supported MFI membranes. Moreover, as puwwdrd by O’Brien-Abrahanet al.
[170], sorbate-sorbate competition for passageimttie MFI pores in xylene mixture vapour
permeation might hinder, to some extent, p-Xyleeemeation, reducing thereby p-Xylene
fluxes compared to pure p-Xylene vapour permeatothe case of the MFl-alumina hollow
fibres prepared in this study, the maximum p-Xylghex at 573 K is reduced from
13.2 to 4.5umol.m%s* (see Fig. 5.6 and Fig. 5.7).

5.3.3 Hollow fibres MFI vs. MFI membrane tubes

To compare the separation performance of the nampcsite MFl-alumina hollow
fibres over conventional MFI-alumina tubular menmas, ternary vapour mixture separation
was carried out using a tubular MFI-alumina memberd@ascribed in Chapter 4.

Figure 5.9 and Figure 5.10 show the xylene permeand separation performance of
the MFI-alumina membrane tube. The p-Xylene flupvgh a similar qualitative trend with
temperature to that obtained for MFl-alumina hollidves, with a maximum value of about
3.5umol.m?s* at 473 K.

The results plotted in Fig. 5.7 and Fig. 5.9 shbat tbboth nanocomposite MFI-alumina
hollow fibres and membrane tubes prepared via plugging hydrothermal synthesis show
similar trends of p-Xylene mixture fluxes as a fiioe of temperature. The displacement of
the maximum p-Xylene flux from 573 K in MFl-aluminbollow fibres to 473 K in
MFI-alumina tubes could be ascribed to a lack @lagcy in the temperature measurement in
the former case (the temperature could not be tjireteasured in the lumen of the hollow
fibres). The membrane tubes show better p/o xy$eparation factors than the hollow fibres,
probably due to a better sealing of the permeathmdule in the former case during the

xylene vapour permeation tests.
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Figure 5.9: Xylene ternary vapour mixture separatgs a function of temperature with
nanocomposite MFI-alumina membrane tube showingmeation fluxes.Experimental
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Figure 5.10: Xylene ternary vapour mixture separatas a function of temperature with
nanocomposite MFl-alumina membrane tube showing gid p/m separation factors.
Experimental conditionsp-/m-/o-Xylene feed partial pressures, 0.62 ka2 kPa / 0.32
kPa; sweep gas and feed flow rates as in Fig.hé.straight and dashed curves are a guide to
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Furthermore, although the MFI-alumina hollow fibrélsow that mixture p-Xylene
fluxes are about 30% higher than those of MFI-ahammembrane tubes, the p-Xylene
vapour permeances show the same order of magnibdef 10 nmol.iAs™.Pa’. Table 5.2
compares the mixture permeation and separatiottsestained in this study on hollow fibre
and membrane tube with some of the comparabletseseported in Table 2.5 on xylene
separation using MFI-type zeolite membranes. Exatydb-and c-oriented well-intergrown
supported MFI films, among the results reportethin literature on randomly-oriented MFI
membranes prepared on tubular geometries, thevhdiltwes prepared in this study offer an
excellent trade-off between p/o-Xylene separatamidrs and mixture p-Xylene permeances.
The p-Xylene permeances obtained in this study alow fibres are about 4 times higher
than the values obtained by Gumpal. [175] on MFI membranes tubes. Furthermore, the

nanocomposite nature of the fibres renders thehegig extremely reproducible.

Table 5.2: Previous studies on xylene separatmm binary p/o-Xylene and ternary
p/m/o-Xylene mixtures using MF-type zeolite memiasn

Zeolite
Membrane thickness Timax M SF Refs.
(um) (K) | (nmol.n2s*.pa’) | (p/0)

Silicalite-1 film® 3 400 12 60 [177]
BZSM-5 film® 30 425 2.6 60 [175]
MFI film (self- 90 473 82 250 [178]
supported
Ultra thin MFI 300 (663 K) 3
films® 0.5 663 | 600 (373 K) 16 [180]
MFI film 2 1-40 548 20 (398 K) 60-300 [106]
b-oriented MFI [172]
films® 1 423 200 480 [179]
c-oriented MFI [172]
flmsa 30 423 30 3 [179]
hOh-oriented MFI [172]
flms? 2 403 40 60 [179]
Silicalite-1 film® 2-10 480 4 1 [181]
ZSM-5 film? 15-20 673 51 4 [184]
HZSM-S alumina) —, 4 673 10 (450 K) 7.0 [186]
nanocomposife
HZSM-5 alumina| -, 5 473 11 >400 |  This study
Nanocomposités
HZSMS aluminal ¢ 1 5 | 573 9 107 |  This study
Nanocomposités

2Prepared via seeded hydrothermal synth8igpared vién situ hydrothermal synthesi®repared
via pore-pluggingin situ hydrothermal synthesidl . : maximum p-Xylene permeance; SF:
separation factor.
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5.4 Influence of porous structure of hollow fibres on separation performance

As presented in the preceeding sections of thispteha the extension of
nanocomposite MFIl-alumina concept to hollow-fibreometries could enhance separation
performance of xylene isomers in terms of the peXg flux compared to the membrane
tubes. Besides, the higher surface-to-volume rediio be exploited to develop a compact
separation unit for xylene isomer separation. Nihtstanding the optimal reproducibility of
the synthesis protocols for MFI membrane synthdhis,synthesis of MFI-alumina hollow
fibres usually suffers from lower reproducibilithan in the case of membrane tubes. This
shortcoming could be mainly ascribed to the intdreomplexity of the porous structure of
hollow fibres (presence of different pore famildiffering in size and shape), whose nature
depends strongly on the manufacturing conditiorssaAnatter of fact, the strong sensitivity
of the pore plugging efficiency in the preparatiwhMFI-alumina membrane tubes on the
support pore size has been reported with the maximdmissible value being about 0.5 pm
[207]. Extending this conclusion to hollow fibrébe maximum ‘effective’ pore size of these
supports should not exceed, in principle, thisiaait value. Based on this hypothesis, a
preliminary assessment was carried out of theabtbe porous structure of hollow fibres on
the separation performance of nanocomposite MRhma hollow fibres during xylene
isomer separation. The goal was to draw correlati®@iween the maximum pore size and/or
the form of the pore size distribution of raw helldibres on the further separation
performance of the MFI-alumina materials that Helpa rapid process intensification.

Alumina hollow fibres with dimensions describedsiection 5.2., prepared by a wet
spinning process following the methodology desatibg Goldbactet al. [252], were used to
prepare membranes used for this preliminary study the membranes were synthesized
following the protocol described in Chapter 3. Thulity of the synthesized membranes was
assessed by using n-butang/binary mixture separation test, SEM analysis arRDX
analysis. First and foremost, before membrane sgigh the quality of the hollow fibre
supports was evaluated by gas-liquid displacemsiniguan automated porometer (WSI,
USA) operated in dead-end mode as described int€h8p Based on the results of these
tests, the fibre supports were grouped into 4 famiccording to their pore size distributions.
Figure 5.11 depicts the results obtained from thapert quality test while Fig. 5.12 and Fig.
5.13 show the morphology of the fibre supports dahd MFI-alumina hollow fibre
membranes as obtained from SEM analysis. After mangb quality test, the membranes
were subjected to xylene isomers separation foligvihe procedure described in section 5.2

of this chapter. The results of the separatiors tast shown in Table 5.3
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Figure 5.11: Evolution of the Nlux with the transfibre pressure in gas-liquidmlacement
tests for four representative hollow fibre suppofislonging to families A-D and
corresponding pore size distributions obtained afé&a processing. Adapted from [253].

Figure 5.12: SEM image of the cross-section ottbiéow fibre support.
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Figure 5.13: SEM image of the cross-section ofrtéweocomposite MFI-alumina hollow fibre
membrane after synthesis.

5.4.1 Discussion of results

The XRD analysis (see Fig. 3.8 for a sample) indigdhat a highly pure MFI zeolite
phase was synthesized. Furthermore, from the SE&dogriaphs corresponding to the raw
hollow fibres (Fig. 5.12), the support exhibitsgarfinger-like pores in the central part of the
wall thickness and smaller pores near the inneratdr surfaces. Taking into account the
principle of measurement in the gas-liquid disphaest tests, relying on Laplace Law (Eq.
3.3), only these latter pores are expected to e aharacterized by this technique, but not
the largest central ones. At the same time, the 8tidviographs obtained on the hollow fibres
after synthesis reflect the formation of large MFystals in the finger-like pores, while the
smallest pores near the inner and outer surfacpsaapto be completely plugged (see
Fig. 5.13). However, incomplete pore plugging irgé surface pores, which is difficult to
visualize by SEM microscopy, cannot be ruled outpvjgling potential non-selective

shortcuts during gas separation.
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Table 5.3: Membrane quality of the four hollow-Bbmembrane families identified in this
study as evaluated from room-temperature n-butgneftdl separation and p/m and p/o
separation factors at the maximum temperature ¢di§-523 K).

Hollow fibre | Largest pore SF SF SF
family size im) | n-CHyoH, p/m p/o

A 0.3-0.5 >300 70+ 25 9+1

B 0.5-0.6 50-300 19+5 7+1

C 0.5-0.6 20-50 12 £5 7+1
D >0.6 <20 <7 <3

The results of the preliminary investigation coléxt in Table 5.3 suggest an
important role of the porous structure of tlaav hollow fibres (surface pores) on the final
membrane quality after synthesis. In principle l¢wlfibres displaying maximum pore sizes
larger than 0.6um, corresponding to First Bubble Point (FBPs) inaebl lower than 130
kPa, appear to be detrimental to achieving comgdete plugging. This observation can be
linked to the n-butane/H separation factors of the MFl-alumina hollow fibréAs can be
inferred from Table 5.3, the-butane/H separation factor shows a decreasing trend in the
order A-D, being <20 for D-type supports. Note that, aseference, an-butane/H
separation factor higher than 25 is usually comedleas an indicator of good membrane
quality in terms of an absence of a large amourttefcrystalline defects [208]. The results
obtained from xylene isomers separation test atsooborated the results obtained from
butane/H test (see Table 5.3). For this separation, theofigetype supports gave p-Xylene
to m-Xylene (p/m) separation factors of at least IBOall cases, the p/o separation factors
remain lower than 15, being slightly promoted foe MFI-alumina samples prepared on A-
type supports. The fact that the hollow fibre meames prepared here show preferential
permeation of o-Xylene rather than m-Xylene in #eparation of ternary xylene isomer
mixtures might be attributed to higher steric caomigts of o-Xylene than m-Xylene in the
passage within grain boundaries and/or small-simedopores, thereby promoting single-file
diffusion of the former one.

From this preliminary study, the mean pore sizéhefsupport top layer was found to
play a crucial role on the final membrane qualithe membranes showing the best quality
correspond to those prepared with 0.1 andudi2toplayer supports, being gas-tight before
template removal and showingoutane/H separation factor of about 60 after calcinatidns.
contrast, the membranes synthesized with 0.5 aBeu). support toplayers were not
statistically gas-tight before template removalflecting an absence of complete pore
plugging. These latter materials show, accordingitremely lown-butane/H separation

factors (<20). To derive a logical conclusion agares the influence of porous structure of
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hollow fibre on separation performance of nanocasitpo MFI-alumina hollow fibre
membranes, a detailed investigation by anotherestudvas going on at the time this
dissertation was compiled. However, this study egras an impetus to the on-going

investigation.

5.5 Concluding remark

As it has been demonstrated in this chapter, nanposite MFI-alumina hollow
fibres are promising candidates for selective pexgl separation from a ternary vapour
mixture of xylene isomers. The MFIl-alumina fibreso® a maximum p-Xylene flux of
4.5 pmol.m?s* at 573 K, with no indication of possible furtheciease in flux beyond this
temperature. As far as could be ascertained, artrepo the evaluation of separation
performance of nanocomposite MFI-alumina hollowrdibomembranes for xylene vapour
mixture separation has not surfaced in any opesaliire until now.The advantage of
nanocomposite MFI-ceramic hollow fibre is not ofiyited to the possibility of performing
selective separations at high temperatures, butigtser fluxes over conventional randomly
oriented MFI zeolite films due to their thin effeet thickness (<um) is an addition. Hollow
fibres also offer the added advantage of membrarface-to-volume ratios as high as 3000
m¥/m?® compared to more conventional membrane tubes.ifstance, a 5-fibre bundle
occupying the volume meant for a single aluminaetulbuld double the p-Xylene
productivity operating at the temperature where tfaximum flux is obtained, taking into
account the higher separation surface of the bu@e9.940050 cnf vs. 26 cr for alumina
tubes). Using this type of system might be instnotalein reducing both the size and cost of
permeating modules for future xylene separatiocgsees.

On the influence oporous structure of hollow fibres on the gas/vapseparation
performance, the results of the preliminary studyreported in this chapter, have shown that
good fibre supports are necessary to obtain défeet-and high separation-performance
nanocomposite MFI-alumina hollow fibre membranesxgene vapour mixture separation.
However, the results presented in this work operaugsearch line to scale-up the fibre
preparation process aimed at obtaining fibre bunfdiexylene isomers separation.

For quick dissemination of the novel contributiatescribed in this chapter to the
scientific community, two articles have evolved.eOs already published in the Journal of
Membrane Sciencel( Membr. Sci.andthe second has been accepted for publicationén th

same journal.
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Chapter 6: Experimental study of m-Xylene isomeriza  tion in e-ZCMR

This chapter reports the study of the influenceopérating variables and reactor
configuration on the performance of an extractgetyeolite catalytic membrane reactor,
having a nanocomposite MFI-alumina membrane tubsegaration unit, during m-Xylene
isomerization over Pt-HZSM-5 catalyst. Results ol#d were compared with existing

literature to arrive at logical conclusions

6.1 Introduction

Limited material and energy resources have incnghsibecome a challenge for
future chemical production but process intensifagatcan contribute to the solution of this
problem. From an engineering standpoint the visidnprocess intensification through
multifunctional reactors has activated researcltaialytic membrane reactors. According to
the IUPAC definition, a membrane reactor is a devaombining a membrane-based
separation and a chemical reaction in one unit][188 far this engineering vision of a
chemical membrane reactor could not be realizedtdwelack in temperature resistant and
chemically stable and highly selective membranestiriy the last few years, inorganic
membranes based on ceramics, zeolites, metalsprcanbas a hybrid material have been

developed so that the realization of a chemical brane reactor is increasingly possible.

Regarding p-Xylene production via xylene isomeia@atin extractor-type zeolite
catalytic membrane reactor (e-ZCMR), limited stuays appeared in the literature. The
combination of a supported MFI membrane (film-liketh an isomerization catalyst in an
e-CMR (hereinafter referred to as 'e-ZCMR') to potenp-Xylene production has been
proposed in a few number of previous studies [1®B)A01]. In the case of catalytically
active MFI membranes, the only example of applicatn the literature has been reported by
Haaget al. [182]. Film-like MFI membranes have some shortaaysi such as a mismatch
between the thermal expansion coefficients of thgpert and the zeolite material at higher
operation temperatures. This enhances permeationurafesirable isomers through
inter-crystalline defects, contributing to a redowct of the membrane selectivity. The
occurrence becomes more pronounced if the memtzgmeort is stainless steel because of
the higher disparity between its thermal expangioefficients and that of the MFI phase.
Taking into account that xylene separation and e&aration is industrially carried out at
temperatures about 673 K, this limitation acts, gractice, as a hindrance for the
industrialization of MFI membranes.

Nevertheless, as pointed out in a series of poavistudies [191,207-209], the

shortcoming ascribed to film-like membranes canolercome by using nanocomposite
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MFI-alumina membranes, where the zeolite crystedseembedded within the support pores
instead of forming a film. The advantages of nhangoasite architectures compared to zeolite
films include defect control and higher mechan@adl thermal stability. These membranes

have shown promising xylene isomer separation pedoce [186,242,248].

Regarding the xylene isomerization using MFIl-al@ni membranes with
nanocomposite architecture, a report of a prelimirsdudy has shown an increase of about
10% p-Xylene vyield (when retentate and permeate uatso are combined) over a
conventional FBR [13,186]. Therefore, this chapteports further research efforts on
m-Xylene isomerization over Pt-HZSM-5 catalysts @ZCMRs with nanocomposite
MFI-alumina membrane tubes as separation and satplcking units. The influence of
operating variables such as the gas hourly spdoeitye(GHSV = feed volumetric flow per
catalyst volume), the reaction time and the catdlysation (i.e. packed in the membrane
lumen or in the module shell) were also investidatehe results reported in this study open
up an avenue for promoting the performance of e-BSMvhen applied to m-Xylene

isomerization.

6.2 Experimental

6.2.1 Membrane preparation, characterization and s  eparation test

The membrane used in this study was prepared vfora-plugging synthesis
technique on an asymmetrical Pall-Exeldaalumina tube (o.d. 10 mm, id. 7 mm,
length 15 cm, active permeation area 26)cas described in Chapter 3 of this dissertation.
Detailed description can be obtained from Refs1[297]. The cross-sectional layers of the
support have the following mean pore diameterserolayer, 12 um; intermediate layer,
0.8 um; inner layer, 0.2 um. The nanocompositeraatfi the fibres was inspected by SEM
(JSM-5800LV, 20 kV) coupled with EDX analysis (EdBkoenix, 1Jdm microprobe). The
resulting nanocomposite membrane from this suppag equivalent membrane thickness
<3um. The estimation of the membrane effectivekiiéss was done indirectly through
Maxwell-Stefan modelling of the pure,ldnd CQ permeance on the guidance of a previous
study [209].

The quality of the membrane was evaluated by siggkehydrogen permeation and
room-temperature n-butane/Hinary mixture separation. The quality of the meamle was
further confirmed with xylene ternary vapour mixuseparation tests. The tests were
conducted as described in the previous chapteses piih/o-Xylene vapour pressures feeding
the membrane were, respectively, 0.51, 0.34 an@l KPa. Nitrogen gas was swept over the
permeate side of the membrane. Before isomerizati@ninfluence of the sweep gas flow

rate was investigated within the range 5-40 mL (@&T to obtain sweep gas flow rates
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beyond which improvement on p-Xylene productiongdanction of sweep gas flow
rate on the permeate side) is not practically pdssn e-ZCMR; that isthe sweep gas
flow rate on the permeate side at which the xyleasial pressure became considerably low
or null. More details on theet-up and experimental protocol used for perfogithe
xylene separation tests can be found in Daramtodd [248].

Prior to the separation tests, the membrane wastedunto the membrane module
and subjected to a high temperature pre-treatnmerd hours at 673 K to remove adsorbed
species on the guidance of a previous study [28%],in all the xylene VP experiments, mass
balances of each xylene isomer were closed witkxg@erimental error <3%. Moreover, to
prevent occurrence of viscous flow within the fibdring the separation, the transmembrane

pressure (total) was kept as low as possibie-(, Wicke-Kallenbach method).

6.2.2 Meta-xylene isomerization

To evaluate the performance of extractor-type gtalnembrane reactors for xylene
isomerization effectively, it is essential to availe reactions. Therefore, to avoid or
minimise side reactions during m-Xylene isomeratin extractor-type catalytic membrane
reactors, xylene isomerization is always carried balow equilibrium position [198].
Operating below the equilibrium position depends(grthe amount of catalysts; and (ii) the
flow rate or gas hourly space velocity (GHSV) df feed.

In the preliminary study with e-CMR having a nanopmsite MFI-alumina
membrane tube as separation unit, 2.18 g of Pt-HBSMdtalyst was used and the reactor was
fed with feed at very high feed flow rate [13,18Bpwever, there was no indication as to
whether the amount of the catalyst ensured cororetselow equilibrium. To clarify this, an
experimental investigation was conducted in thiglgtto ensure that suitable amount of
catalyst ensuring conversion below equilibrium, wasd in the e-ZCMR.

In most of the previous kinetic studies of xyleisemerization over a catalyst,
laboratory-scale integral reactor of stainless Is{@d 2 cm) [42]; pulse microreactor
[254,255]; gradientless reactor [256]; a riser satar [39]; and continuous flow microreactor
[257] have been used. However, in this study, adfiRed reactor (FBR) made of stainless
steel tube having equivalent dimensions as the MR @as used to isomerize m-Xylene to
p-Xylene. The lumen of the FBR was packed with 23k commercial Pt-HZSM-5 catalyst
supplied by Suid-Chemie (specific surface > 500y density, 0.53 g.c). The catalyst
was mixed with inert glass beads, increasing thel tweight of the bed to 4.86 g. The
catalytic bed was activated by passingoder the catalytic bed for 3 hours at 673 K [18]18
The feed containing 2.30 kPa m-Xylene saturatdd,igas was sent into the reactor at a flow

rate of 10 mL(STP)/min, and the isomerization wasried out at a temperature range
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573 K-673 K at a step increase of 50 K. The resaitained were compared with literature to
ensure that the conversion was, indeed, belowibguih position.

Table 6.1 shows the results obtained from thisstigation and Table 6.2 depicts the
m-Xylene isomerization equilibrium product distrilmn as reported in open literature. When
the results in the tables are compared, it is ¢hetrthe amount of catalyst, 2.18 g, will enable
m-Xylene conversion below equilibrium at the fehfrate of 10 mL (STP)/min. As a result
of this, subsequent isomerization experiments tedoin this study were carried out at the
established condition (mass of catalyst: 2.18 @l tweight of the bed: 4.8 6 g; and feed flow
rate: 10 mL (STP)/min).

Table 6.1: Near equilibrium product distrilautiin FBR obtained in this study

Near equilibrium product distribution for m-Xylems®merization (%)
T (K) MX OX PX
573 52.8 27.4 19.8
623 51.9 28.5 19.6
673 50.7 29.6 19.7

Table 6.2: Equilibrium product distributiontaimed from open literature

Equilibrium product distribution for m-Xylene isomieation (%)

T (K) MX OX PX Refs.
573 53.6 22.5 23.9 [258,259]
623 52.9 23.4 23.7 [260]
673 52.3 24.1 23.5 [258,259]

The set-up used for carrying out the m-Xylene isdmation experiments with e-
ZCMR is the same as one used above and for the3P. tSpecifically, in the catalytic tests,
the lumen of the tubular MFI-alumina membrane waskpd with 2.18 g of commercial
Pt-HZSM-5 catalyst to the configuration schemaljcdkpicted in Fig. 6.1 and Fig. 6.2. The
catalyst was mixed with glass beads, increasindgdtad weight of the bed to 4.86 g and the
catalytic bed was activated as described in se@ipr2. Meta-xylene saturated in Was fed
into the reactor at a partial pressure in the raBgkb-2.84 kPa and at a flow rate of
10 mL(STP)/min, while the permeate side (for e-ZOMW®s swept with Nat a flow rate of
40 mL(STP)/min. The temperature was kept in thgeab23-673 K. For comparison with a
conventional FBR, a stainless steel tube with Hrmesdimensions as the e-ZCMR was used
and packed with the same amount of fresh Pt-HZSb&talyst, while the isomerization

reaction was carried out at the same operatingitons. Again, for comparison, some
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experiments were carried out packing the catalgsivben the outer side of the membrane
tube, close to the outermost layer and the modhdl. After attaining stability in 4 hours, the

streams were sent to GC for analysis.
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Figure 6.1: Schematic of an e-ZCMR based on MFin#ha catalytic membrane reactor with
the catalyst packed in the lumen of the membrabe. tu
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Figure 6.2: Schematic of an e-ZCMR based on MFin#ha catalytic membrane reactor with
the catalyst packed between the outer side membwaeeand the module shell.
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For each experiment, m-Xylene conversiom{X p-Xylene yield (%x) and p-Xylene
selectivity ($x) were calculated using the set of Eg. 6.1 to Ef. 6

_ (XMX Q) feed _ (XMX Q) perm+ret

X MX T ee (6.1)
(xux Q)"
ret (pr -Q)nEt
Yo = ——1 — —1.100% (6.2)
" Q) = [ Q) + G Q]

perm
Y, " = (e Q) 1. 100% 6.3)
(e Q™ = [0 Q) + (0 Q7|

ret (pr -Q)ret
S = 100% 6.4
T o Q)+ (i Q) ©4

o Q"
= 100% .
SPX (pr Q) perm + (Xox Q) perm 00% (6 5)
S, ™ = (ex Q)7 + (x5 Q) 100% (6.6)
[(XPX + XOX )Q] perm + [(XPX + XOX )'(?]ret
pr comb — pr perm + pr ret (67)

where Q, X, Y, and S represent the volumetric flow rate in mL(STP)/mimole
fraction, yield and selectivity, respectively, dther, PX, MX or OX. The analysis of results
was based on permeate-only mode and combined mpeatmns. Permeate-only mode
considers products in the permeate stream and dh&ined mode considers both the
permeate stream and the retentate. Some replieatpdriments showed that m-Xylene

conversion, p-Xylene yield and selectivity werewate to withint10%.
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6.3 Results and discussion

6.3.1 Membrane preparation, characterization and s  eparation test

After pre-treatment, the membrane prepared inghidy showed a room-temperature
pure hydrogen permeance of 0.inol.m?s".Pa’ and a separation factor of 66 for
n-butane/H separation. This latter value reflects a good nramd quality in terms of low
amount of inter-crystalline defects. Furthermore SEM micrograph (Fig.6.3) confirm the
formation of a nanocomposite material on the sabstrthat is, no continuous MFI film
formation on the top of the support and good paugging of the 0.2 um layer with zeolite
crystals. The EDX analyses show an average Siffd @&f about 10-20 (semi-quantitative
analysis) on the inner active layer. The materiahe active layer corresponds accordingly to
an Al-enriched HZSM-5 zeolite.

Figure 6.4 shows the xylene coverage (in termsybdne partial pressures) in the
permeate side of the membrane as a function ofsgase flow rate. From Fig.6.4, it can be
observed that the xylene coverage (indicated bytKglene partial pressures) decreased to a
value of about 0.02 kPa from the value of aboli8 ®Pa as sweep gas flow rate increased to
40 mL(STP)/min (where the partial pressure of pexyd is small or ideally null) from
5 mL(STP)/min. Beyond 40 mL(STP)/min, no furthec®ase in partial pressure of p-Xylene
or xylene coveragre is practically possible. TG mL(STP)/min was used throughout for
isomerization in this study. Figure 6.5 confirme th-Xylene preferential separation of the
membrane, achieving a maximum p-Xylene flux of abt@&& pmol.m?s* with a maximum
p-Xylene permeance of about 10 nmdf.g1.Pa at about 450 K, with p/o and p/m mixture
separation factors up to 50 and 55, respectively.miost permeation experiments, no
m-Xylene was found in the permeate streams. Acoghgi the corresponding partial
pressures have been estimated from the detectiohdf the GC (0.001 kPa). Furthermore,
during the separation test, no isomerization prteluere detected in the permeate and the
retentate streams indicated that the membrane meaisto xylene isomerization during this
period. It should be emphasized also that the mangbmaintained a repeatable separation
performance despite several thermal cycles it werttugh to conduct the separation test.
This testifies to the high thermal stability of tiiembrane.

The permeation behaviour of p-Xylene as a functdntemperature depicted in
Fig. 6.4 is qualitatively consistent with the trerelready found in previous studies on either
nanocomposite MFI-alumina membranes or hollow 8HiE86,242,248]. The p-Xylene flux
shows a maximum value of 3.nol.ni’.s", at about 450 K, corresponding to a permeance of
about 9.5 nmol.ims.Pa’. The highest attainable p/o and p/m xylene seijpardactors are
about 50 and 55, respectively. It is noteworthyt,tltmmpared to the previous studies

[186,242,248], the membrane shows comparable ptb @m separation factors at the
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maximum temperature, while usually the former safpan factors are about one order of
magnitude higher. The lower capacity of this membrdo discriminate o-Xylene, should be
attributed to a higher amount of intercrystallirefegtts in the membrane, as can be deduced
from the lower n-butane/H separation factors at room temperature (66 vs.0x10
Additionally, this observation might be attributerithe higher concentration of o-Xylene in
the feed in this study compared to the previoudys{@42]. At higher comcenration of o-
Xylene, o-Xylene flux through the membrane is emeahdue to its higher coverage at the

feed side.

Signal & = SE1 Date 6 Oct 2009
WD = 186 mm Photo No. = 228 Te 12:33:61

Figure 6.3: SEM micrograph of the membrane shodangation of a nanocomposite zeolite
material embedded in the 0.2 um layer of the suppor
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Figure 6.5: Separation performance of nanocompdéiitealumina membranes as a function
of temperature. Experimental conditiod®ed flow rate, 10 mL(STP)/min; sweep gas flow
rate for an e-ZCMR, 15 mL(STP)/min; feed compositjp/m/o), 0.51/ 0.34 / 0.59 kPa.
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6.3.2 Meta-xylene isomerization

Figure 6.6 plots the results for a representativiXybene isomerization experiment
performed on an e-ZCMR at 573 K. A significant simmmation of m-Xylene into p-Xylene
IS obtained, with a p-Xylene yield and selectiviBhout 25 and 45%, respectively, for

combined mode operation.

Figure 6.7 to Figure 6.9 plot the influence of temgiure (range 523-673 K), GHSV,
reaction time and catalyst position in the rea(iter in the tube lumen or in the module shell)
on the m-Xylene isomerization performance of a FBRI an e-ZCMR packed with
Pt-HZSM-5 catalyst in terms of p-Xylene yield, sgigity and m-Xylene conversion. As can
be seen in Fig. 6.7 to Fig 6.9, higher m-Xylenevarsions and p-Xylene yields can be
obtained in the e-ZCMR compared to the FBR withdhtlyst packed in the tube lumen due
to selective p-Xylene extraction from the reactzmne by the membrane. The m-Xylene
conversion reaches a value of about 62% at 523 #enZCMR, the p-Xylene yield and

selectivity attaining values, up to 28% and 46%pestively, in combined mode.

Table 6.5 lists the p-Xylene and o-Xylene produtige at 573 K at permeate-only
mode and combined mode for the three reactor corsfigpns considered in this study,
namely FBR, e-ZCMR-IN and e-ZCMR-OUT. As can be nsethe higher p-Xylene
productivity corresponds to the e-ZCMR-IN configiwa, approaching a value of about

12.1 nmol.8.g.,* at combined mode operation.
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Figure 6.6: m-Xylene isomerization over Pt-HZSM+b an e-ZCMR at 573 K with the
catalyst packed in the tube lumen.The combined nemieesponds to the addition of the
retentate and permeate streams. Experimental comslifeed composition, 2.30 kPa m-
Xylene in 10 mL(STP)/min N sweep gas flow rate into e-ZCMR, 40 mL(STP)/méegction

time, 30 min.
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Figure 6.7: m-Xylene isomerization over Pt-HZSMr5ain e-ZCMR and a FBR as a function
of temperature and catalyst packing (IN, catalystked in the tube lumen; OUT, catalyst
packed in the shell) showing the p-Xylene yieldp&xmental conditionsfeed composition,

2.30 kPa m-Xylene in 10 mL(STP)/min;Nsweep gas flow rate into e-ZCMR, 40
ML(STP)/min; reaction time, 30 min.
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Figure 6.8: m-Xylene isomerization over Pt-HZSMr5ain e-ZCMR and a FBR as a function
of temperature and catalyst packing (IN, catalystked in the tube lumen; OUT, catalyst
packed in the shell) showing the p-Xylene selestiviExperimental conditionsfeed
composition, 2.30 kPa m-Xylene in 10 mL(STP)/mis) biveep gas flow rate into e-ZCMR,
40 mL(STP)/min; reaction time, 30 min.
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Figure 6.9: m-Xylene isomerization over Pt-HZSMr5ain e-ZCMR and a FBR as a function
of temperature and catalyst packing (IN, catalystked in the tube lumen; OUT, catalyst
packed in the shell) showing the m-Xylene conversi&xperimental conditionsfeed
composition, 2.30 kPa m-Xylene in 10 mL(STP)/mixp Blveep gas flow rate into e-ZCMR,
40 mL(STP)/min; reaction time, 30 min.
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and ZCMR-OUT configurations as a function of tengpere. Experimental conditionteed
composition, 2.30 kPa m-Xylene in 10 mL(STP)/mis) biveep gas flow rate into e-ZCMR,
40 mL(STP)/min; reaction time, 30 min.
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Figure 6.11: m-Xylene isomerization over Pt-HZSNRman e-ZCMR at 673 K as a function

of the GHSV._Experimental conditionsweep gas flow rate into e-ZCMR, 40 mL(STP)/min;
reaction time, 30 min.
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Figure 6.12: m-Xylene isomerization over Pt-HZSMib an e-ZCMR at 673 K and
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Table 6.3: Productivities in FBR, e-ZCMR-IN and €MR-OUT configurations at

permeate-only mode (top values) and combined mdu#tom values)._ Experimental
conditions temperature, 573 K; m-Xylene feed partial press@r84 kPa; feed flow rate, 10
mL(STP)/min; sweep gas flow rate, 40 mL(STP)/min

Product Productivity (nmol.8.geai’)

FBR |e-ZCMR-IN e-ZCMR-OUT
o Xylene i 2.0 14

10.7 12.1 11.2
oXylen i 0.1 08

14.9 154 154

The results plotted in Fig. 6.7 show that, packhngcatalyst in the membrane lumen,
an increase of about 18% in the p-Xylene yieldnffrb8 to 28%) at 523 K can be reached in
an e-ZCMR over a conventional FBR due to seleqtivéylene removal by the membrane
(the p-Xylene selectivity in permeate-only mode rapphes 100% < 573 K). The difference
matches the p-Xylene yield measured for permeatg+smode (5%). The higher p-Xylene
yield at lower temperatures (i.e. 523 K) can behatted to a higher concentration between
the membrane and catalyst activities, providinggnér efficiency of the membrane reactor

and consequently a higher differential in termgofylene yield compared to a FBR. Note
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that the maximum p-Xylene permeance and membrdeetisity to p-Xylene is obtained at
about 473 K. Moreover, lower temperatures are d#lsoeficial due to the reduction of
formation of by-products (i.e. toluene, trimethyilzene and ethybenzene).

Regarding the effect of GHSV on the isomerizatioeiZCMR, Fig. 6.11 shows that
residence time does not exert a remarkable inflient either the p-Xylene vyield or the
selectivity. This observation, also reported by th&t al [190], can be attributed to a
reduced influence of p-Xylene production through amermolecular transalkylation
mechanism responsible for toluene and trimethyleraezformation, the diphenylmethane

intermediates of this reaction acting as promatéroke formation on strong acid sites [261].

6.3.3 Catalyst and membrane stability

As depicted in Fig.6.12, the p-Xylene yield, p-Xye selectivity and m-Xylene
conversion remain practically unchanged by increpgie reaction time from 10 to 90 min,
this reflecting that a 'true' steady state wadrathduring the period. It is good to note that
the experiment was conducted continuously for aBomburs to collect the data for the data
points reported in Fig. 6.12. Therefore, the timdicated in Fig. 6.12 is the reaction time
before sampling to obtain data for each data pdiheé observation suggests that, although
coke might be formed on the catalyst surface dutivg reaction, as evidenced from the
mismatch in mass balances (see Fig. 6.7 to Fig; 68 does not promote catalyst
deactivation throughout the experimental periodaAsatter of fact, the maximum computed
coke loading on the catalyst after 90 minutes omwatiis operation is lower than 0.1 wt.% for
both FBR and e-ZCMR configurations (see Daramstlal. [262]).

As explained in Daramolat al [262], the coke formation rate is inhibited atvey
temperatures (i.e. 523 K) in configuration e-ZCMR-d¢ompared to the FBR. This result is
accompanied by a reduction of the m-Xylene congersgind an increase of the p-Xylene
yield, as shown in Fig. 6.7 and Fig. 6.9. As repdrand explained in [262], a reduction of
coke formation occurred at lower temperatures #C8AR-IN configuration. The reduction
of coke formation in e-ZCMR-IN configuration at lewtemperatures suggests a higher role
of m-Xylene isomerization through an intramoleculeatalytic mechanism based on
benzenium-ion intermediates instead of an intermdée transalkylation mechanism
promoting coke generation by disproportionationerffiore, the reduction of coke formation
in e-ZCMR-IN configuration should necessarily inw®la reduction of diphenylmethane
intermediates due to the selective p-Xylene extvactby the membrane, promoting
isomerization through an intramolecular mechanidinis effect is expected to be more
intense in the case of HZSM-5 catalysts than foAHFRzeolites due to the reduced pore size
of the ZSM-5 channels, providing higher steric marte and inhibiting therefore the
formation of bulky diphenylmethane intermediates.
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6.3.4 Effect of reactor configuration

Regarding the effect of reactor configuration, F&g7 shows that, for the three
configurations considered (i.e. e-ZCMR-IN, e-ZCMRJD and FBR), the p-Xylene yield
decreases with temperature in the range 523-678okil{ined mode). However, while the
p-Xylene yield evolves practically linearly withngerature in configuration e-ZCMR-IN
while reducing the temperature, the trend becombibited at lower temperatures for the
other two configurations, showing almost a platéatthermore, Fig. 6.10 depicts the molar
compositions of p-Xylene, m-Xylene and o-Xylendlie permeate stream. As can be seen in
Fig. 6.10, in e-ZCMR-IN, molar composition of p-Xyle approached 1.0 at about 600 K, but
decreased as temperatures increased. But the molaposition of o-Xylene at this
temperature was <0.1. At 600 K, the molar compasitiof p-Xylene and o-Xylene in e-
ZCMR-OUT were <0.2. These observations should lmeilsed to the positive role of the
membrane in p-Xylene extraction in the former cdsehe case of configuration e-ZCMR-
OUT, the trend of the p-Xylene yield with the temgdare suggests a reduced effect of the
membrane on the catalytic performance. The lackerhbrane efficiency might be explained
on the basis of diffusion limitations in the memiwasupport, as permeation proceeds from
the outer surface to the inner top layer. Similamausions have been addressed recently by
Zhanget al.[190].

6.3.5 Results compared with literature

Table 6.4 shows the results of this study compavigtd comparable results listed in
Table 2.6 and reported in the literature on m-Xgldsomerizationn e-ZCMRs using
Pt-HZSM-5 and Pt/alumina-silica catalysts. Despitee different reaction conditions
considered by these authors (e.g., GHSV, feed csitipo, membrane geometry), the results
presented are comparable in terms of p-Xylene \aeld selectivity enhancement. This could
be attributed to the higher quality of the nanocosiig membranes prepared and used in this
study, with permeances up to 9.5 nmdlsh.Pa’ and p/o and p/m-Xylene separation factors
>50. Another interesting outcome of the selectiatjthese membranes is the high purity of
p-Xylene in the permeate, achieving molar fractiohsbout 95% at 573 K. Note that, for
comparison, Zhangt al [190] achieved p/m separation factors of only Tée results
presented in this study also improve significawthythe p-Xylene yields previously reported
by van Dyket al.[186].
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Table 6.4: Comparison of the results obtained imstudy with the literature

P-Xylene yield (% P-Xylene sel.

Membrane type/support | T (K (%) Refs.
e-ZCMR| FBR| e-ZCMR| FBR

Film-like Inert Ba-ZSM-
5/SS e-CMR 643 25 21 69 52 [198]
In_ert silicaliteti-alumina 603 213 185 44.6 35 [190
disk
Catalytic H-ZSM-5/SS
disk 6-CMPR 673 6.9 5.87 66.7 55.6 [182]
Nanocomposite inert
silicalite-1/ tubular- 577 11.2 10.2 65 58 [184]
alumina e-ZCMR
Nanocomposite MFI- This
alumina e-ZCMR 523 21 23 49 42 study

*m-Xylene as feedternary mixture of xylene isomer as feed

6.4 Ultra-pure p-Xylene production via m-Xylene is  omerization in e-ZCMR

In the previous section, an attempt was made tesinyate the performance of
e-ZCMR during m-Xylene isomerization over Pt-HZSMeatalyst and to compare the
performance of e-ZCMR with a FBR for the transfotima of m-Xylene to p-Xylene via
iIsomerization reaction over a Pt-HZSM-5 catalysirtirermore, the influence of operating
variables on the performance of the system wasestu®verall, the results have shown that
e-ZCMR perform better than the FBR. The study Hesve also that the p-Xylene purity in
the permeate could reach 95%. However, for indalsgpplication of p-Xylene, p-Xylene
purity >95% is required. To achieve this purity devbased on membrane technology,
defect-free MFI membranes are necessary.

In Chapter 4 of this dissertation, separation perémce of a tubular nanocomposite
MFI-alumina membrane is reported. The separatiofopeance indicated that the membrane
has little or no inter-crystalline defects. Henttes membrane is “defect-free”. The membrane
was used in an e-ZCMR to explore the possibilityobfaining ultra-pure (~100% purity)
p-Xylene from m-Xylene isomerization over Pt-HZSM-&atalyst. The experimental
procedure in this test followed the procedure desdrin sub-section 6.2.2. Moreover, for
better understanding of the behaviour at lower treactemperature, the reaction was

conducted from 473 K to 573 K. To provide concetelence for the influence of sweep gas
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flow rate on the performance of e-ZCMR during m-fy& isomerization, the experiment was
conducted at sweep gas flow rate of 5 mL(STP)/min.

6.4.1 Results and discussion

Figure 6.13 showed that the p-Xylene yield increasgh decrease in temperature.
This is consistent with the observation reportedsub-section 6.3.2. The p-Xylene yield
increased from 2.2% at 573 K approaching a maximafm about 2.7 % at 473 K
(see Fig 6.13) with p-Xylene purity in the permeapproaching molar fractions of about
100% (see Figure 6.14 and Table 6.5) in the peevmay mode. Figure 6.14 also plots the
results for a representative m-Xylene isomerizaégperiment performed on the e-ZCMR at
473 K. At 473 K, purity of p-Xylene and para-seleity of the membrane were both 100% in
permeate-only mode (see Fig. 6.14). In the combimede operation, a maximum p-Xylene
yield of 19.0 % was obtained at 473 K (see Figuldels The relative increase in p-Xylene
selectivity and p-Xylene purity, obtained with timm@mbrane tube in the permeate-only mode
compared to the previous studies (see sectionngi3[262]), could be attributed to its higher
separation factors (p/o and p/m) and p-Xylene panoe. In fact, throughout the temperature
range investigated, the membrane displayed 100égtsaty to p-Xylene in permeate-only
mode, but the selectivity reduced to about 48%oatlined mode (Fig. 6.15).

“““““

permeate-only
combined-mode | [

p-xylene yield (%)

473 523 573
Temperature (K)

Figure 6.13: p-Xylene yield as a function of tengtere Experimental conditiongeed

composition, 2.30 kPa m-Xylene in 10 mL(STP)/mix dveep gas flow rate into e-ZCMR, 5
mL(STP)/min; reaction time, 30 min.
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Figure 6.15: p-Xylene selectivity and m-Xylene cersion as a function of temperature in
e-ZCMR._Experimental conditionfeed composition, 2.30 kPa m-Xylene in 10
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Table 6.5: Representagiggformance of e-ZCMR at 473 K

e-ZCMR
Permeate-only mode Combined mode
PX yield (%) 2.7 19.0
PX selectivity (%) 100.0 46.7
MX conversion (%) - 56

Comparing the p-Xylene yield in the permeate-onbyde with the results reported in
a previous study [262], a disparity of about 1.4%swobserved (although at a lower
temperature, 473 K; see Fig. 6.14 and Table 6.Bjs Tisparity could be attributed to the
lower quality of the membrane used in the previstusly compared to this study (p/0>400 vs
p/0=50) and partly to the sweep gas flow rate u&edL(STP)/min in this study versus
40 mL(STP) in ref. [262]. It is expected that ahigher sweep gas flow rate, the p-Xylene
flux through the membrane is enhanced due to tlezedse in xylene coverage on the
permeate side [242]. Furthermore, Table 6.6 shdwes groductivity of p-Xylene and
o-Xylene in e-ZCMR in permeate-only mode (top vajuend combined mode (bottom
values) at 473 K. As can be seen in Fig. 6.6, thglpne productivity is 1.8 nmol’sg.," in
permeate-only mode with no o-Xylene. But in comdinaode, p-Xylene and o-Xylene
productivities are 17.8 nmol'gy,;* and 22.5 nmolsg..* , respectively.

Nevertheless, the results presented in this studycansistent with the behaviour
observed in the previous studies and have shownittha possible to produce ultra-pure
p-Xylene with e-ZCMR. The results have shown alsm possibility of obtaining an increase
in p-Xylene yield in e-ZCMR compared to a FBR ae@iing temperature lower than the
operating temperature currently applied in the gtidu(about 673 K), but with a trade-off
between p-Xylene yield and p-Xylene selectivity this temperature i.e., as far as
combined-mode operation is concerned. Regarding pthé/lene purity, at 473 K an
improvement of 4.5% is obtained compared to theipos studies. Results presented in this
section also affirm the possibility of p-Xylene jfturenhancement in e-ZCMR even at a lower
temperature. At the same time, the results of tielysfurther substantiate the relative
advantages of the nanocomposite architecture dwer“film-like” in MFI-type zeolite

membranes.
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Table 6.6 Productivity in e-ZCMR in permeate onlgdea (top values)
and combined mode (bottom values) in (nmol.s-1-Gyatt 473 K.

Product e-ZCMR

PX 1.8
17.8

OX 0.0
22.5

6.5 Concluding remark

The results presented in this study further sulbst@nand confirm the potential of
e-ZCMRs compared to the conventional FBRs for meXgl selective isomerization to
p-Xylene. The membrane reactor has displayed amanxip-Xylene yield of 5.1% at 523 K
when computed at permeate-only mode, decreasitgtenperature. At combined mode, the
p-Xylene yield was about 28%, showing an increabealmut 18% over an equivalent
fixed-bed reactor. The selectivity of the membrapproached 100% towards p-Xylene at
permeate-only mode, displaying a maximum valuebafud 42% at 523 K during combined
mode. Higher performance was obtained when thdysataacking was close to the inner top
layer of the membrane support. Furthermore, thelystevealed that gas-hourly-space-
velocity (GHSV) does not have significant influermethe performance of e-ZCMR.

On the basis of the high p/o and p/m- xylene se¢jardactors offered by the
membrane, xylene compositions of about 95% canchéeed in the permeate stream for
both membrane reactor configurations. Additionallysing a defect-free MFI-alumina
membrane tube with p/o separation factor >400s ishown that ultra-pure p-Xylene with
xylene composition approaching 100% in the permsile can be obtained even at a lower
temperature of 473 K. However, more research affare needed in terms of membrane
development to increase p-Xylene flux through themiorane while keeping the p-Xylene
selectivity at present values. It is noteworthyrtention that during the experiments described
in this chapter, about 16-20% of xylene was lostfdomation of by-products such as
trimethylbenzenes (TMBSs) or Toluene (T) or ethytbeme (EB) via disproportionation of m-
Xylene in the retentate side (as vividly shown Iy discrepancies in the mass balance in Fig.
6.6 and Fig. 6.14). Interestingly, none of theseimducts permeated through the membrane
into the permeate side (no related peaks obsenvdkiGC analysis of the permeate stream).
Inability of these products to permeate throughrtteenbrane could be attributed to the good
guality of the membranes used in this study, witichld be attributed to the hanocomposite

architecture of the membranes. Additionally, theagt goal of the experimental studies was
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to evaluate the performance of the membranes rimstef paraselectivity, p-Xylene yield and
p-Xylene purity) rather than the performance of thatalyst during the m-Xylene
isomerization, therefore, the contribution of thegdroducts toward the mass balance in the
retentate side was neglected. This explains therepiancy observed in the mass balance
between the compositions in feed and in the conthinede operation as depicted in Fig. 6.6

and Fig. 6.14., respectively. This observation jgomter to the fact that development of e-

ZCMR-adaptable high selective catalysts is esdefdraxylene isomerization in e-ZCMR
because the catalyst used in this study was ofigidasigned for fixed-bed reactors. Also, it
is noteworthy to mention that the membranes wesd nluring the separation test because no
isomerization product was detected in both thentate and permeate streams.

The results presented in this chapter also havewrshbat it is possible to obtain
100% purity for p-Xylene in the permeate-only magjgeration with p-Xylene selectivity
approaching 100% in an e-ZCMR. With these restulg, possibility of cutting down
operational cost via a reduction in energy conswnptould be feasible with the application
of e-CMR because no additional units are neededetoultra-pure p-Xylene. However,
“defect-free” MFI-type zeolite membranes with appable p-Xylene flux are necessary to
make this technology attractive and competitivehwatxisting technologies. Furthermore,
compared to conventional “film-like” membranes, Mgbe membranes with nhanocomposite
architecture could be a promising option to obtifect-free MFI membranes for application
in e-ZCMR to produce high purity p-Xylene.

To improve on p-Xylene flux through the membranegnmbranes with smaller
effective membrane wall thickness are essential.dAmonstrated in Chapter 5 of this
dissertation and also reported by Darametdaal. [248], the application of hanocomposite
MFI-ceramic hollow fibre membranes for xylene isorseparation could increase p-Xylene
flux by about 30% over conventional membrane tuhesto their much lower MFI effective
thickness (<1 pm vs. >3 um). Another advantage oflow fibres is their higher
surface-to-volume ratios. These fibres could bengped into fibre modules. The modules,
when used in e-CMR, could increase p-Xylene pradiigtwhile reducing module layouts.
Alternatively, the retentate streams can be redydeading into increased production of
ultra-pure p-Xylene in the permeate side. The naegitributions described in this chapter
have resulted into two scientific manuscripts pslidble in international scientific journals.
One has been accepted for publicatio@atalysis Todaynd the second one is under review

in Applied Catalysis A: General
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Chapter 7: Modelling of e-ZCMR during m-Xylene isom  erization

Modelling and sensitivity analysis of m-Xylene isemzation over Pt-HZSM-5
catalyst in an e-ZCMR equipped with a nanocompoBltd-alumina membrane tube as
separation unit, are reported in this chapter. Mod#put was compared with experimental
results while sensitivity analysis was also caroed to evaluate the sensitivity of the model
to changes in certain process/design parametersudt be stressed that this modelling study
was of a preliminary nature and not the main fooclithe work. Nevertheless, it provided
useful assistance in understanding the fundaméetadviour of e-ZCMR during m-Xylene
isomerization and offered a platform upon whichtifar modelling studies on m-Xylene

isomrization in e-ZCMR could be built.

7.1 Introduction

Mathematical modelling of chemical and biochemigsadcesses plays an increasing
role in today's competitive industries. Such modeis typically needed for various tasks
including process design, process analysis andngattion of process conditions, as well as
for model-based control [263]. Application of matietical models to the design of
membrane processes is considered to be a usefulinaanderstanding these processes
[264-267].

In the area of catalytic membrane reactors forng/lisomerization, modelling studies
are still limited. For the application of e-ZCMRrfoylene isomerization to p-Xylene, the first
and perhaps the only work in open literature wamned by Deshayest al. [201]. These
authors reported a modelling study of the xylemenisrization reaction in an industrial FBR,
focusing on the effect of incorporating multi-tubamntaining Na-ZSM-5/SS membranes on
the catalytic performance of the reactor. They joted a 12% increase in p-Xylene yield
over an equivalent FBR. However, to gain more imsigto the behaviour of extractor-type
catalytic membrane reactors for xylene isomeriratian extensive modelling study is
essential. In view of the aforementioned commetitss chapter presents mathematical
modelling and simulation of a laboratory-scale eVEC having a nanocomposite
MFI-alumina membrane tube as separation unit. Theradl goal was to understand the
fundamental behaviour of the system and to comirersimulation results with experimental
results for model validation. Compared to the stoflpeshayest al [201] and a recent
study by Yeonget al. [268], where an acid functionalized catalytic meante reactor
prepared on disk shape configuration was modelladthis study a nanocomposite
MFI-alumina membrane prepared eralumina support via pore-plugging technique was
used. Advantages of nanocomposite architecture '‘derlike" have been highlighted and

motivated in the previous chapters.
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7.2 Model development and formulation

The e-ZCMR modelled in this study consists of aalyast packed-bed membrane
reactor. The lumen of the membrane tube is packédaatalyst, while the permeate side of
the membrane is kept under counter-current swesgdl@a. In solving reaction engineering
problems, mass balance, rate law and transporatavimportant. These are dealt with in the

subsequent sections.

7.2.1 Reaction model

Two reaction schemes, 1,3-methyl shift and 1,2-gieshift, have been proposed and
used in literature to model xylene isomerizatioactmns [42,255,269-271]. In the 1,3-methyl
shift, o-Xylene could be converted directly intoXglene and vice versa (o-Xylene to
p-Xylene).This phenomenon is explained by the fast movemktiteopara isomer inside the
porous catalyst which might cause an apparent Hif8 &f the methyl group in the benzene
ring [47]. The second scheme on the other handjnass that the reaction proceeds via
1,2-methyl shift only (o-Xylene to m-Xylene to p-déye) where one of the methyl groups in
m-Xylene might shift to the adjacent positions tigb a series of consecutive, reversible
1,2-methyl shift mechanism and become o-Xyleng-HEylene [272-278].

In the study of the kinetics of xylene isomeriaatiover zeolitic catalysts, several
modeling techniques have been applied to obtainenoms kinetic parameters of this
complex reaction system. Techniques that have bsed include analytical methods such as
the Wei-Prater method [271,273,274], Laplace tiamsf[278] and finite integral transform
[255,256], Curve fitting method [42] and least-saasamethod [256,279]. Numerous kinetic
parameters have been reported by these authorgqtiraglol,3-methyl shift pathway
(see Fig .7.1) or 1,2-methyl shift pathway (seg.®R) for xylene transformation over
zeolitic catalysts.

In the scientific community, there has been a rowetrsy on which pathway is the
most suitable. In this regard, a recent work byKAhttafet al [280] provides ample evidence
to suggest that direct inter-conversion betweeanat p-Xylene isomers (a 1,3-methyl shift)
occurs with the same rate as the conversion obro-Xylene (a 1,2-methyl shift) over ZSM-
5 zeolite catalyst. The authors also argued thatliB-methyl shift reaction path is a better
representation of the xylene isomerization mecimanis ZSM-5 zeolite than the 1,2-methyl
shift. Therefore, going by the outcome of the wofkAl-Khattaf et al [280], the reaction
modelling in this section adopts 1,3-Methyl shifor the transformation of m-Xylene over
Pt-HZSM-5 catalyst as reported in the experinmestiady described in Chapter 6 of this

dissertation.
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Figure 7.1: Xylene isomerization pathways of 1,3hygkshift pathway (adapted from [280]).

Figure 7.2: Xylene isomerization pathways of 1,2hgkshift pathway(adapted from [280]).
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Based on the 1,3-methyl shift and for model singadiion, it was assumed that no
toluene (T), ethylbenzene (EB) or trimethylbenz€RBS) is present in the product streams
because in the experimental studies, the aim wasaluate the separation performance of the
inert MFl-aumina membrane during e-ZCMR operatiather than investigating the catalyst
performance. It is good to emphasize here thatrbgyrts such as T, EB and TMBs are
usually produced at the equilibrium point of m-Xye isomerization reaction due to
disproportionation of m-Xylenes [67,280]. Thusttis model,k, =k, =k, = 0. The kinetic
model based on the 1,3-methyl shift, as presemntédis chapter, assumes first order kinetics.

The overall kinetic model is presented below:

Rate of formation of p-Xylene:

Fex = kchX + k—3Cox - (k—l + ks )CPX (7.1)

Rate of consumption of m-Xylene:

Mux = _(kl + kz )CMX + k—lCPX + k2Cox (7.2)

Rate of formation of o-Xylene

fox = kszx + kscpx - (k—z + k—s )Cox (7.3)

If the xylene vapours are assumed to behave akgdses, then:

P
C., =X 7.4
P T RT (7.4)
P
C,., =M 7.5
w =Rt (7.5)
P
C. =_ox 7.6
ox = ht (7.6)

Coy »Cuyx » Cox are the molar concentration in mofrmf PX, MX andOX , respectively.

k., kK, K,,K_, K,k are the reaction rate constantssHand rp, , oy, Fyx are the rate

of reaction in mol.m.s®. Moreover, ifi = PX,MX,0X, the partial pressures in the tube

side and the shell side are given as :
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Incorporating Eq. 7.4 to Eq. 7.7 into Eq. 7.1 to E®, gives:

t t t
:i K, ux +K. ox _(k—1+k3) ex

r . .
PX
R 3 3 3

2Q 2Q 2.Q'

t t t
rMX :—i (kl+k2). QMX -k QPX _kz- Qox

3 3

RT ZQit B ZQit ZQit

R Qux. Qpx. Qox.
=0 Ky Xy P — (K, + K )

3

rOX_
AHED YR Y3 >Q

(7.7)

(7.8)

7.9

(N10

(D)1

Pox Py @nd P,y are the partial pressureskX, MX andOX, respectively, in N.mM

Qit is the molar flow rate of componen{i =PX, MX orOX) in mol.s" in the tube side

and P, is the operating pressure in Nm

7.2.2 Reactor model

The model presented here is based on the modificati the model presented by

Kumar et al [281]. The steady-state mass balance for compgoneras made for the tube

side and the shell side using the schema presenkeg. 7.3.
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Figure 7.3: Schematic of the e-ZCMR packed witlalgat.
R, R, and R, are internal radius of the membrane tube, exteauils of the membrane
tube and internal radius of the shell, respectively

7.2.2.1 Flux model

Figure 7.4 depicts the schema of the transport)(Bigross a typical membrane (in this

study, a nanocomposite MFI-alumina membrane ingatpd in e-ZCMR).

-/E'm&rm

()

HT

Tube side %l Shell side

Figure 7.4: Schematic showing the transport (flacpss a membrane in e-ZCMR.
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where &, is the porosity of the membrang;,, the membrane tortuosity [-B,,, the
membrane effective wall thickness [m}; , the cross-membrane flux (mal.sn?). F’it and

P® is the partial pressures [Pa] of componeitin the tube side and permeate side,

respectively.
The flux through the membrane is based on Fickifinsibn model. In this case, the

flux of component across the membrane is defined as:

e rew) @

Incorporating Eq. 7.7 and Eq. 7.8 in Eq. 7.12, gjive

J_:‘ngiPO Qit _ QiS
i ) 3 3
MinRTI S Q0 YQs
i=1

i=1

[mol.m?s? (7.13)

D, D,, the diffusivity (diffusion coefficient) of compemt i in nf.s* was obtained

according to Eq.4.3D;; and Ej,; used in the computation dD; were obtained from

ref i

[242]. ComputedD, are presented in Appendix C.

7.2.2.2 Mass balance

The mass balance equations presented in this statlide the transport through the
tube space, transport through the shell spacespoan inside the catalyst particles and
transport through the membrane. The mass balanegiegs presented were based also on the
following assumptions:

 Retentate and permeate sides of the reactor armtegeunder steady-state

S t
condition (dd_Qt = aQ = ar =0)

» Isothermal conditiondT =0)
e The behaviour of bulk gas is assumed to be idelabih sides.
« Plug flow concept of reactor design is assumedalAdiffusion of mass and heat

and radial concentration gradients on both sidesansidered to be negligible.

120




e Catalyst pellet equations are not considered becaaecording to
Gobinaet al. [282], concentration gradients in catalyst pelkets negligible due
to small pellet size.

* Sweep gas is non reactive. Therefore, no reactoars in the shell side.

e Stagnant gas films on both sides of membrane ansidered, while radial
temperature gradients across the membrane arectexjle

« [Effectiveness factors with reaction rates are takenbe equal to unity

(i.e. 7, =1) because the size of the catalyst pellet wasB<nfn. Although no

information about the catalyst crystal was provitgdhe supplier, it is expected
that the crystal size should be so small to thergxthat external and internal
diffusion limitations will not be a problem.

« Pressure drop across the reactor length is nedlecte

Tube side:
dQ' 2 _
- R Pedt (Evir )} +27R I, =0 (7.14)

where R, is the internal radius of the membrane tube [m];, the density of the catalyst
[ kg.m?] and . is the rate of reaction in molkg". For dimensional homogeneity, in
Eq. 7.14 is related tg in Eq. 7.1 to Eq. 7.3 as shown below:

r, [mol.kg*.s"]= r,[mol.m®s7] . M[ms.kg'l] (7.15)

cat

Substituting Eq. 7.13 in Eq. 7.14 gives:

dQ' £ D,P ! S g
_szl =R’p.. - 2R, erlRoT g t—g' : [mol.m™.s"] (7.16)
i=1 I i=1 i

For instance, for isomerization of m-Xylene to PX@X in e-ZCMR, the profile in the tube

side is given by the following equations:
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dext - 77R12:0catpo K . QMXt +k Qoxt —(k_l+k3) QPXt

d RT U3 3 .
z ZQit ZQit ZQit
i=1 i=1 i=1
e D, P | Q. Q.° (7.17)
_2 m=PX" O PX _ PX
]ﬂl 5meRT i t i s
i=1 l i=1 l

dQMXt :_Iﬂlzpcatpo (k +k ) QMXt -k QPXt -k QOXt
1 2/ 2" 3

3 -1* 3

dz RT ZQit ZQit ZQit

-2 ngMX I:)O QMXt _ QMX ° (7.18)
R 3 3
5m T, RT z t z s
i=1 I i=1 I

d t 2 P t t t
QOX - 7R1 pcat e} k2 QMX + k3 QPX _(k_2 + k_s)_ai

"3 "3

dz RT ZQit ZQit ZQit

gm DOX I:)O QOXt _ QOX ) (7 19)
OT RT| St & s
m-m Qi Qi
200 2

_27R1

Shell side

For inert sweep gas on the shell side, the comganass balance at the shell side is given as:

dQ’

ﬁs?_ﬂf 27R,J; =0 (7.20)
Z
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where R, is the external radius of the membrane [if]; dictates the direction of flow of the
sweep gas. If the sweep flows co-currentf§,= -1. However, for counter-current flow,
B.=+1. [, is afactor that dictates the direction of fluxthle permeation is from the tube to
the shell side, 5,= +1, but if the opposite is consideredi,= -1. For this model,

counter-current sweep flow is considered. Thﬁ§,= +1. Therefore, for permeation of PX,

MX and OX through the membrane to the shell side following equations apply:

S t S
= G0 P ot nn
MRT S Yo
= i=1
d?jst 2/R, ?DME:- ?MXt - ?MXS (7.22)
? YR YO
= =1
S t S
d(giOX - IR, £§DM)|;:? ?ox _ ?ox (7.23)
z T s
mre I 2QN 20
i=1 i=1

Boundary conditions

The boundary conditions in the tube side and stdd are defined as:

Atz=0,Q'(0)=Q, andQ°(0)=Q,,°

AtZ_LQ () Q|f andQ () QlfS

7.2.3 Model implementation and validation

The rate of reaction constants for the reactions adjusted values obtained from
Al-Kattaf et al. [280]. Influence of temperature on the reactide arameters of the reaction
was accounted for using Arrhenius equation of tnenf
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k; (T) =k (Tref )exl{%(% _%ﬂ (7.24)

The adjusted rate of reaction constants are giwerTable 7.1 and in also
Appendix C. Table 7.2 gives the values of the cmgparameters used for the simulation. To
implement the model described above, the set ofetneduations was solved using the
fourth-order Runge-Kutta method implementedmatlab within the ODE45 environment.
The model was validated with the experimental tesgh-Xylene isomerization in e-ZCMR
at 673 K) presented in Chapter 6. Experimental lisabtained at 673 K were selected
because m-Xylene isomerization to p-Xylene occurstmut 673 K in the industry. The

experimental results used for model validationmesented in Appendix C:

Table 7.1: Rate of reaction constants used fotiamodelling at
673 K [280].

Rate of reaction constantk10’), (n.(kg of catalyst).s")

kK | K, Kk, K., K, K.,

2.39 5.48 1.91 3.68 1.71 1.76

Table 7.2: Constant paremseused for reactor modeling.

Universal gas constant ( J.imgl™) 8.314
Density of the MFI (k.gr) 1700
Porosity of the membrane (-) 0.13
Membrane tortuosity (-) 1.2
Membrane effectiveness thickness (m) 3%10
Reference atmospheric pressure (Pa) 101325
Membrane permeation length (m) 130X10
Internal radius of the membrane (m) 3.5%10
External radius of the membrane (m) 3.505%10
Internal radius of the stainless module (m) 5%10
Density of the catalyst (k.gr 530

7.3 Results and discussion

Figure 7.5 presents the predicted profile of mélaw rate of xylene in the tube side
during m-Xylene isomerization over Pt-HZSM-5 castlin e-ZCMR and Fig. 7.6 depicts the
profile of molar flow rate of xylene in the sheitis. P-Xylene yield, p-Xylene selectivity and

m-Xylene conversion as computed from the simulatésults are presented in Table 7.3. The

124




simulation results were compared with the resulitmioed from m-Xylene isomerization
experiment conducted at 673 K.
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Figure 7.5: Molar flow rate profile of xylene inZ=MR at the tube side during isomerization
at 673 K (Line=simulation; points=experimental).
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Figure 7.6: Molar flow rate profile of xylene inZEMR at the shell side during isomerization
at 673 K. (Lines=simulation; points=experimental).
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Table 7.3: Comparison of experimental resulth simulation results.

Performance Simulation Experimental % Error
indicator

*Yox (%) 20.50 17.50 17.1

* SEL,, (%) 53.05 41.00 29

** SEl,, (%) 99.95 100.00 0.05
Conversion (%) 56.8 69.7 19.5

*Combined mode operation; **Permeate-only mode afen; Yy, : PX yield ; SEL,, : PX
selectivity

The results as presented in the Table 7.3 showthikeasimulation results are in fair
agreement with the experimental results with pesgmn errors (absolute) of 17%, 29%,
0.05% and 19.5% for p-Xylene yield in combined mopleXylene selectivity in combined
mode, p-Xylene selectivity in permeate-only modd amXylene conversion, respectively.

As depicted in Fig. 7.5, the molar flow rate prefdtf m-Xylene in the tube side
shows a decrease across the length of the reahtier thhe molar flow rate profile of p-Xylene
and o-Xylene shows an increase across the reactgth. This is expected because m-Xylene
is consumed and converted to p-Xylene and o-Xylezspectively, during the isomerization.
The observation in Fig. 7.5 is consistent with tesults reported by Deshayesal. [201].
Through modelling study, Deshayes al [201] investigated the influence of incorporating
Na-ZSM-5/SS membranes on the performance of ansiridlu fixed-bed reactor during
m-Xylene isomerization over Pt/silica catalyst. Buthis study, a laboratory-scale e-ZCMR
equipped with a nanocomposite MFI-alumina tubeh&s deparation unit was modelled to
understand its behaviour during m-Xylene isomeitrabver Pt/HZSM-5 catalyst. Despite
the big difference in the size of reactors modelted two reactors showed similar trend in
xylene molar flow rate profile in the tube side. fdover, in Fig. 7.6, the predicted molar flow
rate profiles in the shell side increase drastidall p-Xylene, m-Xylene and o-Xylene across
the reactor length. The p-Xylene molar flow ratefipe is much higher compared to those of
m-Xylene and o-Xylene. This behaviour could beilamted to the excellent separation
performance of the nanocomposite MFI-alumina meméditabe incorporated in the reactor.
At z=L, the simulation results agree perfectly with thepezimental results with
percentage error (absolute) of 0.05% in the pererealy mode operation.

The discrepancy observed between the model outjplitree experimental results can
be attributed to the assumptions made in the mieletlopment and formulation and also to
the quality of data (i.e. kinetics data, diffusidaita) used in the simulation. This suggests that
the model is sensitive to quality of data and aggions. Nevertheless, it can be concluded
that the model presented in this chapter can exfte fundamental behaviour of an e-ZCMR
during m-Xylene isomerization over Pt-HZSM-5 casdlyln addition, it is noteworthy to

mention again that this is a first and somewhatimieary attempt to model e-ZCMR

126




behaviour (when equipped with nanocomposite MFivéha membrane tubes) during m-
Xylene isomerization. Hence the model is not voifd discrepancies due to various
assumptions made and the quality of kinetic datpleyed during model formulation and
implementation. It nevertheless provides usefuligims and a protocol towards further
development of related concenpts.

Furthermore, sensitivity analysis was conductedhenmodel to understand how the
model respond to changes in some specific desiganpers such as membrane thickness,
membrane porosity, membrane tortuosity and intedisheter of the reactor tube (i.e. 2R1).

This is described in the following section.

7.4 Effect of design variables on e-ZCMR performan ce

In e-ZCMR, enhancement of p-Xylene yield is expeéaee to then situ extraction
of p-Xylene from the reaction zone by the membramhis in turn enhances more
consumption of m-Xylene leading to enhancement-&ylene yield. However, the reactor
performance depends on some parameters such asramemparameters (membrane
thickness, membrane porosity, membrane tortuosiigdictor design parameters (reactor
size(tube and shell diameter), length etc.) andatipg variables (feed flow rate, sweep gas
flow rate, mass of catalyst, catalyst packing, tieactemperature and operating pressure).
Membrane thickness is controllable during membrareparation. Membrane porosity and
tortuosity are intrinsic properties of membrane prifs and can be controlled during the
production of these supports.

Reactor design involves selecting the reactor gondition/geometry, sizing the
reactor, selecting and optimizing reactor operatoanditions, optimizing the reactor
performance, selecting suitable material of cowrsiwn, costing and scaling-up [283]. Often
the reactor design is based on some reactor desjgations that provide relationships
relating the reactor operation with aforementiomedctor properties [284]. Reactor sizing
basically involves specifying the reactor geomedsnch as vessel size and type, which
depends on reactor diameter and length (for tupwarreactor diameter and height (for
Continuous Stirred Tank Reactors (CSTR) or batdhctars). During reactor sizing, a
designer has control over these reactor dimensidliiough, specifying the dimensions
depends largely on the reactor operating paramstets as the rate equation, feed flow rates,
amount of catalyst, catalyst packing and sweepflgas rates (in case of e-ZCMR) [284].
Furthermore, during the operation of an e-ZCMR, rafieg variables such as reaction
temperature, operating pressure, feed flow rateepwgas flow rate can be manipulated to
optimize the reactor performance. Manipulation pemtional variables toward enhanced

e-ZCMR performance was dealt with and describedhapter 6 of this dissertation.
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Furthermore, membrane thickness, membrane poregity membrane tortuosity
depend on the membrane preparation techniqueséptet@nd the quality of membrane
supports, as the case is in the preparation of tyjfd- alumina membranes-“film-like” or
nanocomposite architecture-types. Regarding thetaeaoperating variables, at constant
reaction temperature and operating pressure, asae is in this study, other controllable
operating variables are the feed flow rate and pvgee flow rate. In Chapter 6, the effect of
these variables on e-ZCMR performance has beenmsmted experimentally.

In this chapter, sensitivity of e-ZCMR performante@ changes in properties
describing the membrane morphology and the reagewmetry is presented. In the
performance evaluation, response of p-Xylene yiaid both combined mode and
permeate-only mode operations and response of mrgytonversion to small perturbations
in effective membrane thickness, membrane porosigmbrane tortuosity and reactor size (
in terms of internal radius of the e-ZCMR tube) svestudied. The advantage of this
sensitivity analysis is not limited to better urstanding of the fundamental behaviour of the
e-ZCMR during m-Xylene isomerization, but providdarther information on the
optimization approach for the reactor design antigges the operational condition.

Sensitivity analysis is a general concept that atguantifying the variations of an
output parameter of a system with respect to chamgp@osed to some input parameters
[285,286]. Sensitivity analysis is therefore anedbent technique to help in understanding and
preparing for “what to do” and “how to do” regardithe optimization of e-ZCMR process.

For instance, if ¢ is the output function (such as p-Xylene yieldXylene
selectivity, m-Xylene conversion) such thatdepends om input parameters), (such as

membrane thickness, membrane porosity, membranéuosity, reactor diameter;
i=1,2,...n):

¢=¢(,.9,....3,) (7.25)

The differential form of Eq. 7.25 using the chaiterof differentiation yields:

dp=%d5 + 9% 45, +..+ 9% 45 (7.26)
35, "' 88, 33

n

The gradient for the parametéy then follows as:
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dp _9¢ 09 4%,  , 09 do, (7.27)
do, 04, 03, da, T 95, dg,

If it is assumed that the parametérsare mutually independent of one another then:

do, _da, _ _do,

do, do, T dg,

=0 (7.28)

Therefore, the derivative af with respect tad, can be approximated as:

de _9¢ _ B¢ (7.29)
5, 04, A9,

Therefore, the partial derivativg,i, is the sensitivity coefficient of the functian for the

1

input parameted, . If the functiong is not linear with respect to parameder g—gl will
vary from point to point [287]. To obtain the sdaivdly coefficients of the aforementioned
parameters with respect to the input variablesoasidered in this study, Eq. 7.29 was used.
Variables considered in this study are containedable 7.4. The sensitivity analysis was
based on #20% changes in the variables consideredable 7.4. The variables are
sub-divided into categories: (1) Variables influeigcthe membrane morphology and, (2)
Variables influencing the reactor design. Modelpotitat 673 K presented in the previous

setions of this chapter was used as a referene€l @dge 7.5).

Table 7.4: Design variables considered for seiitsitanalysis.

Membrane property Reactor property Model Resgon
Membrane effective| Internal radius of the P-Xylene yield at
thickness reactor tube permeate-only mode
Membrane mean - P-Xylene yield at combine
porosity mode
Membrane tortuosity - Conversion
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Table 7.5: Model output at 673 K atdhe reference values of the design variables.

Variables Reference * Yoy at * Yoy at
variables | permeate-only combined
mode (%) mode
(%)
Membrane effective
thickness (um) 3.0 13.0 20.5
Membrane mean
porosity (-) 0.13 13.0 20.5
Membrane tortuosity
() 1.2 13.0 20.5
Internal radius of the
tube (mm) 3.5 13.0 20.5

*model output at at 673 K and at the referenceesabf the design variables

7.4.1 Effect of membrane effective thickness

As shown in Table 7.6, changing the membrane e¥fethickness by +20% has no
effect on the p-Xylene yield in combined mode opereand in the m-Xylene conversion but
it has a significant effect on the p-Xylene yietdthe permeate-only mode operation. The

effect of change in membrane effective thicknesshen p-Xylene yield in permeate-only

mode is depicted in Fig. 7.7

Table 7.6: Effect of membrane effective thickness.

Thickness ** Yox * Yox Conv. SC wrt
) (%) (%) (%) ** Yox
3.6 12.9 20.5 56.8 -
3.0 13 20.5 56.8 -0.17
2.4 15.9 20.5 56.8 -4.83

*Combined mode operation; **Permeate-only mode afien; Yy : PX yield ; Conv.:
conversion; SC: sensitivity coefficient; wrt: tvitespect-to.
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p-xylene yield in permeate-only mode (%)

12

Figure 7.7: Effect of membrane effective thicknesg-Xylene yield in permeate-only mode.

Figure 7.7 shows that increasing the membrane teféethickness from 3 pm to
3.6 um decreased the p-Xylene yield in the permaalie mode by 0.1%. However, when
the membrane effective thickness was reduced frprm3o 2.4 um the p-Xylene vyield in the
permeate-only mode increased by 2.9% (see Fig. Moreover, from the sensitivity
coefficients (Table 7.6), the p-Xylene yield in tipermeate-only mode is significantly
affected by a reduction in membrane effective théds rather than an increase in membrane
effective thickness. The increase in p-Xylene yigldthe permeate-only mode could be
attributed to the increase in p-Xylene flux through membrane. Considering Eq. 7.12, it is
expected that the flux will be enhanced when thenbrane effective thickness is reduced,
holding other parameters constant. Therefore, ®emwation in this study is supported by
Eq.7.12. Furthermore, the observation support®bservation described in Chapter 5 where
a nanocomposite MFI-alumina hollow fibre membranthwnembrane effective thickness of
less than 1 pm enhanced p-Xylene flux by 30% oveneanbrane tube with effective
membrane thickness of 3 pm. In this study, m-Xgleomerization in an e-ZCMR, having a
nanocomposite MFI-alumina hollow fibre membranesegaration unit is not presented. The
present configuration of the hollow fiore membramakes the application in e-ZCMR
impractical and research is going on to optimize ¢bnfiguration and also the preparation
protocol. However, it is expected that p-Xyleneldisvill be enhanced in permeate-only
mode if nanocomposite MFI-alumina hollow fibre meare is used.
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7.4.2 Effect of membrane porosity and tortuosity

As depicted in Table 7.7 changing the membrane rpeawsity by £20% only shows

a significant effect on the p-Xylene yield in peatezonly mode operation with no effect on
the p-Xylene yield in the combined mode operatiod an the m-Xylene conversion. The
effect of change in membrane mean porosity on tXglene yield in permeate-only mode is
further explained with Fig. 7.8. Table 7.8 anduUfag 7.9 depict the effect of changes in

membrane tortuosity on e-ZCMR performance.

Table 7.7: Effect of membrane porosityeeACMR performance

Porosity ** Yox *Yox Conv. SC wrt Yoy
() (%) (%) (%)
0.156 13.3 20.5 56.8 -
0.130 13.0 20.5 56.8 11.54
0.104 12.9 20.5 56.8 3.85

*Combined mode operation; **Permeate-only mode afien; Yy, : PX yield ; Conv.:

conversion; SC: sensitivity coefficient; wrt: withspect-to

Table 7.8: Effect of membrane tortuositye-ZCMR performance

Tortuosity ** Yox * Yo Conv. SC wrt Yoy
() (%) (%) (%)
1.44 12.9 20.5 56.8 -
1.20 13.0 20.5 56.8 -0.42
0.96 15.9 20.5 56.8 -12.08

*Combined mode operation; **Permeate-only mode afien; Y, : PX yield ;SC: sensitivity
coefficient; wrt: with-respect-to; Conv.: convensio
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p-xylene yield in permeate-only mode (%)
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Figure 7.8: Effect of membrane porosity on p-Xylgiedd in permeate-only mode.
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Figure 7.9: Effect of membrane tortuosity on p-Xydeyield in permeate-only mode.
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As can be seenin Fig. 7.8 and Table 7.7, p-Xyléale in the permeate-only mode is
more sensitive to positive (+20%) changes in menmdraean porosity, displaying sensitivity
coefficient of 11.5 compared to negative (-20%)ngjes in membrane mean porosity with
sensitivity coefficient of 3.9. Furthermore, as idggd in Table 7.8 and Fig. 7.9, membrane
tortuosity has a positive significance on the peftd yield in permeate-only mode operation
of e-ZCMR. However, p-Xylene yield in permeatdyomode is more sensitive to negative
20% (-20%) changes in tortuosity than positive 28200%) changes in membrane tortuosity.
At tortuosity of 0.96, an increase in p-Xylene gielf 2.9% was obtained over the tortuosity
of 1.2. However, at tortuosity of 1.44, an increaf€.1% was obtained. This observation is
expected because membrane porosity and membrdnesity are intrinsic properties of the
membrane. In the case of e-ZCMR, the membranessscéated with the performance
enhancement in the permeate-only mode, althougéfteet is culminated in the performance
of the reactor in combined mode, because the nambselectively extract p-Xylene from
the reaction zone into the permeate side. Furtheymime extraction efficiency of the
membrane depends on the membrane morphology, wtabkrmines the membrane
selectivity towards the target product (p-Xylenaj§l perhaps the p-Xylene flux through the
membrane. Membrane morphology is a factor, amohgrst of the membrane porosity and
membrane tortuosity.

Comparison between the effect of change in membmnaeen porosity and effect of
change in membrane tortuosity on the p-Xylene vielgdermeate-only mode shows “almost”
an inverse relationship. Highest p-Xylene yieldl8f3% is obtained at positive 20% (+20%)
changes in the membrane while the highest p-Xylgelel of 15.9% is obtained at negative
20% (-20%) changes in the membrane tortuosity @ab¥ and Table 7.8). Interestingly,
changing the membrane mean porosity or membranheoity has no effect on the p-Xylene
yield in combined mode. Moreover, the relationstligplayed here has been established by
Matyka et al [288]. The authors studied numerically the tosityeporosity relation in a
porous medium at microscopic level. According t® #uthors, the relation between tortuosity

and porosity can be represented as:

r-101In(g) (7.30)
As observed in this study, interplay between memdrporosity and membrane

tortuosity dictates to some extent the p-Xylenddyi® permeate-only mode. Therefore,

careful manipulation of these membrane properBegery essential to increasing p-Xylene
yield in e-ZCMR.
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7.4.3 Effect of reactor size

Table 7.9, Fig 7.10 and Fig. 7.11 shbw éffect of change in the reactor size ( by
changing the internal diameter of the reactor tupein e-ZCMR performance. In Table 7.9,
Fig. 7.10 and Fig. 7.11, £20% change in reactomdigr shows significant influence on the
p-Xylene yield in permeate-only mode, p-Xylene gieéh combined mode and in the m-
Xylene conversion. At reactor internal radius &f rhm, the e-ZCMR displays an increase of
2.7%, 6.6% and 12.8% for p-Xylene yield in permeaiy mode, p-Xylene yield in
combined mode and m-Xylene conversion in combinemtam, respectively, over the
performance at 3.5 mm. Furthermore, at 2.8 mmnialeradius, e-ZCMR displays a decrease
of 0.8%, 6.5% and 15% for p-Xylene yield in perneeably mode, p-Xylene yield in
combined mode and m-Xylene conversion, respectivegnpared to these values at 3.5 mm.
For p-Xylene yield in both permeate-only mode amnbined mode, e-ZCMR is more
sensitive to an increase in internal diameter efréractor tube than a decrease in the internal
diameter of the reactor tube (Fig. 7.10 and Fig1)..However, the m-Xylene conversion in
combined mode is more sensitive to a decreaseeirinternal diameter of the reactor tube
(Table 7.9) than an increase in the internal diamet the reactor tube.

In a reactor operation, in which feéowf rate and amount of catalyst are fixed,
enhancement of conversion is expected when thenslof reactor is increased due to an
increase in the reactor diameter. Furthermore, wdmarating at fixed feed flow rate and
fixed amount of catalyst but at increased reactdume, it is expected that the superficial
velocity of the feed into the reactor will redu&eduction in the superficial velocity suggests
longer residence time. At a longer residence ticoatact time is enhanced, resulting into an
increase in conversion. Hence, increase in prodtctand yield. However, if the contact
time is prolonged more than necessary, side rgactioght be promoted.

It is noteworthy to emphasize thathbigted flow rate and the amount of catalyst are
fixed during the sensitivity analysis. thereforeingpby the aforementioned thought, the
model suggests that, at positive 20% (+20%) chamgige internal diameter of e-ZCMR, the
contact time between m-Xylene and the Pt-HZSM-&lgat is enhanced, thereby resulting
into an increase in m-Xylene conversion (increas@-Xylene productivity) and p-Xylene
yield on the tube side. The reverse of this behavie expected at negative 20% (-20%)
change in the reactor internal diameter. Howevisprdportionation of m-Xylene to toluene
and trimethylbenzene might be promoted if the otntéme is prolonged more than
necessary. As a result of increased m-Xylene caeiei(increase in p-Xylene productivity)
on the tube side, p-Xylene flux through the memebrarcreases due to an increase in p-
Xylene concentration on the tube side. As a resuihcreased p-Xylene flux through the

membrane, an increase in p-Xylene yield is expertguermeate-only mode operation. The
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reverse of this behaviour is expected also at mediueactor volume. Large reactor diameter
also indicates large reactor volume. Eventuallig ttanslates into large space occupation and
an increase in capital cost for construction andntenance. Therefore, a balance point

between reactor size and costs (capital and opagdttost) is needed to make the technology

attractive and competitive with existing ones.

Table 7.9: Effect of reactor size on e-ZCM&Rfprmance.

Rt ** Yox * Yox Conv. SC SCwrt | SCwrt
(mm) (%) (%) (%) wrt Cov. | ** Y, * Yox
4.2 15.7 27.1 69.6 - - -
3.5 13.0 20.5 56.8 18.29 3.86 9.48
2.8 11.2 14.0 41.8 21.43 2.57 9.29

*Combined mode operation; **Permeate-only mode afien; Y, : PX yield ; R

int

:Internal radius

of the reactor tube; SC: sensitivity coefficie@gnv.: conversion (%); wrt: with-respect-to.

p-xylene yield in permeate-only mode (%)

Figure 7.10: Effect of reacstme on p-Xylene yield in permeate-only mode.

136




Nn—_

p-xylene yield in combined mode (%)
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Figure 7.11: Effect readze on p-Xylene yield in combined mode.

Based on the sensitivity analysis described abmveadoplots depicted in Fig. 7.12
and 7.13 were made. In Fig. 7.12, at positive 20P20%) changes in the internal diameter
of the reactor tube; in the membrane effectivekiiéss; in the membrane mean porosity and
in the membrane tortuosity, the p-Xylene yield e fpermeate-only mode is significantly
influenced positively by the membrane mean pordsitpwed by internal diameter of reactor
tube. As can be seen in Fig. 7.13, at negative @R@8%6) changes in these design parameters,
the p-Xylene yield in the permeate-only mode ismsigantly influenced positively by the
membrane tortuosity followed by the membrane eiffecthickness. The p-Xylene yield in
combined mode is significantly influenced positwely positive 20% (+20%) changes in the
internal diameter of the reactor tube while m-Xydeonversion in the reactor is significantly
influenced negatively by negative 20% (-20%) chanigethe internal diameter of the reactor
tube.

In conclusion, from the sensitivity analysis it @bvious that enhancement of
performance of e-ZCMR depends on the presence ofbmames with optimized membrane
properties. Such membrane properties are membraaa porosity, membrane tortuosity and
membrane effective wall thickness. At the same tidesign parameters of the reactor such as

the reactor volume/size also should be optimized.
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Figure 7.12: Atornadodiagram showing sensitivity of p-Xylene yield iarmeate-only mode
to positive 20% (+20%) changes in design variables.
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Figure 7.13: Atornadodiagram showing sensitivity of p-Xylene yield iarmeate-only mode
to negative 20% (-20%) changes in design variables.
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7.5 Concluding remark

An attempt has been made to model and simulate MFZGor m-Xylene
iIsomerization over Pt-HZSM-5. This is a preliminatudy and it is expected that various
assumptions made during model formulation and implgation might have signoificant
influence on the model output. However, the modedults are in fair agreement with
experimental results with percentage errors (albasphf 17%, 29%, 0.05% and 19.5% for p-
Xylene yield in combined mode, p-Xylene selectivit)combined mode, p-Xylene selectivity
in permeate-only mode and m-Xylene conversion,aetsgely. Thus, the model presented in
this chapter is able to explain the behaviour @G3R during m-Xylene isomerization over
Pt-HZSM-5 catalyst. In addition, the model is addyd to e-ZCMR of different configuration
such as a hollow fibre MFI-alumina membrane bas@CkIR. Furthermore, the modeling
study has provided the reader with modeling proseduat can be used as basis for further
improved modelling studies.

As expected, the sensitivity analysis conductethenmodel revealed that membrane
mean porosity, membrane tortuosity, membrane é@ffegtall thickness and reactor size play
important role in optimizing the performance of@éZCMR equipped with a nanocomposite
MFl-alumina membrane tube as separation unit, dunn-Xylene isomerization over
Pt-HZSM-5 catalyst. Furthermore, it is notewortbyntention that membrane mean porosity,
membrane tortuosity are intrinsic properties of tembrane. Membrane mean porosity and
membrane tortuosity depend on the pore size digiob of membrane support while the
membrane effective wall thickness depends on th@bmene synthesis technique. However,
it is expected that optimizing the aforementionearameters will be instrumental in
enhancing the performance of e-ZCMR during p-Xylpraduction.

This is the first open report, although somewhataopreliminary nature, on the
modelling and sensitivity analysis of an e-ZCMR ipged with a nanocomposite MFI-
alumina membrane tube as separation unit for mylesomerization over Pt-HZSM-5
catalyst. Although the model presented in thisiggensitive to quality of data employed, it
offers a fair description of the behaviour of e-ZRMquipped with a hanocomposite MFI-
alumina tube during m-Xylene isomerization overHZiM-5 catalyst. It is recommended
that, in subsequent studies, a series of expergrsduld be conducted to generate accurate
kinetics and diffusion data for model implementatamd also to validate and improve various

assumptions employed in the model formulation.
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Chapter 8: Conclusions, recommendations and future outlook

8.1. Conclusions

Based on the goals highlighted in Chapter 1 ofdiksertation, the following studies

have been carried out and reported:

Influence of operating variables (temperature, gwegas flow rate and xylene
loading/partial pressures) on the separation pmdoce of nanocomposite
MFI-alumina membranes during xylene isomer sepamati

Evaluation of the separation performance of nan@osite MFI-alumina hollow
fibre membranes during xylene isomers separation.

Influence of operating variables and reactor camijon on the performance of an
extractor-type zeolite catalytic membrane reactdraving nanocomposite
MFI-alumina membrane as separation unit, during yfee isomerization over
Pt-HZSM-5 catalyst to p-Xylene.

Modelling, simulation and sensitivity analysis aof axtractor-type zeolite catalytic
membrane reactor, having nanocomposite MFI-alummiaenbrane as separation unit,

during m-Xylene isomerization over Pt-HZSM-5 casalio p-Xylene.

The results obtained from the aforementioned ssutli@ve yielded the following

novel contributions toward further research effatsthe development of membrane-based

reactive separation system for the production Xf/fene from mixed xylene:

Excellent xylene isomer separation performance afiocomposite MFI-alumina
membranes at higher xylene loadings (or higher ng/leompositions) over their
“film-like” counterparts has been demonstrated. fembrane displayed continuous
increase in selectivity at increased xylene loasfipartial pressures. This observation
IS contrary to the behaviour of their “film-like”oaterparts at higher xylene
loadings/vapour pressures. This is the first tirhes toutstanding behaviour of
MFI-type membranes based on nanocomposite aralmescivill be reported in the
open literature. Thus, the outstanding behavioumahocomposite MFI-alumina
membranes over their “film-like” counterparts witlake them better candidates for
application in the future development of energyestht process for xylene isomer
separation based on membrane technology.

The use of hollow fibre geometry has long been ktism for improving the
performance of membrane-based separation processdaadustrial application of
this type of configuration is limited to water ttegent where polymer hollow fibres

are commonly used. Polymer hollow fibres are uadlgt for xylene isomers
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separation because they are not chemically andndilr stable compared to
inorganic/ceramic membranes. The results from tkaluation of separation
performance of nanocomposite MFI-alumina hollowdilmembranes during xylene
isomer separation showed that the membrane isyhigthbctive to p-Xylene at higher
temperature and also displayed about 30% increase-Xylene flux over an
equivalent membrane tube prepared via this sanhaitpee as the fibres and operated
at the same operating conditions. The enhancemem-Xylene flux could be
attributed to smaller membrane effective wall thieks (<1um) compared to
membrane effective thickness ofuén for the membrane tube. This is the first time
that a report on the evaluation of separation perdmce of nanocomposite
MFI-alumina hollow fibre membrane will appear inespliterature. Hollow fibres
also offer the added advantage of membrane surfacelume ratios as high as
3000 mi/m® compared to more conventional membrane tubesefample, a 5-fibre
bundle occupying the volume meant for a single alanmube could double the
p-Xylene productivity operating at the temperatuvbere the maximum flux is
obtained, taking into account the higher separatgurface of the bundle
(5 x 9.940050 cnf vs. 26 crf for alumina tubes). Therefore, the results preseim
this study open up a research line to scale-ugilbhe preparation process aimed at
obtaining fibre bundles for xylene isomer separatldsing this type of system might
be instrumental in enhancing p-Xylene flux in e-ZRMnd in reducing both the size
and cost ofppermeating modules for future xylene separati@cesses.

None of previous studies reported p-Xylene purityily m-Xylene isomerization in
e-ZCMR. Perhaps due to the low quality of the meambs used by these researchers,
no appreciable p-Xylene purity could be obtainedhim permeate stream. To obtain
high-purity p-Xylene, a demanded form of p-Xylermg fndustrial applications, via
conventional processes such as distillation is #icdit and laborious task.
Furthermore, the current processes used to dathignergy consuming because of
the similarity in the physical properties of thésemers [289]. Therefore, the results
of this study has demonstrated, for the first tithe, possibility of obtaining ultrapure
p-Xylene (~100%) in e-ZCMR, having a nanocompo$itEl-alumina membrane
tube as separation unit, during m-Xylene isomeiopabver Pt-HZSM-5 catalyst.
Moreover, these results showed significant improvetmon the p-Xylene yields
previously reported by van Dydt al.[186]. Furthermore, the results presented in this
study are encouraging and can provide a platform developing scaled-up
energy-efficient industrial processes for producinlgra-pure p-Xylene through

catalytic isomerization of m-Xylene over Pt-HZSM:&talyst.
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Application of mathematical models to the desigmeimbrane processes is essential
to understanding the process design, the procedgsas the optimization of process
conditions, and, even, for model-based control. el®y, in the area of packed-bed
catalytic membrane reactors for xylene isomeriratinodelling study is still limited.
For the application of e-ZCMR for xylene isomensatto p-Xylene, the first and
perhaps the only modelling and simulation withoahstivity analysis study in
literature was by Deshayes al.[201]. In view of this, this dissertation reports the
preliminary modelling and sensitivity analysis o &-ZCMR equipped with a
nanocomposite MFl-alumina membrane tube as separamit during m-Xylene
isomerization over Pt-HZSM-5. The simulation resudtre in fair agreement with
experimental results with percentage errors (abejuti17%, 29%, 0.05% and 19.5%
for p-Xylene yield in combined mode, p-Xylene séldty in combined mode, p-
Xylene selectivity in permeate-only mode and m-Xgeconversion, respectively.
Therefore, the model could explain the fundamemealaviour of e-ZCMR during m-
Xylene isomerization over Pt-HZSM-5 catalyst. Hoeewhe model presented in this
study is sensitive to the quality of data emploj@dmodel implementation and the
assumptions employed during model developmenight bf this, it is recommended
that, in subsequent studies, a series of expergraniuld be conducted to generate
accurate kinetics and diffusion data for simulatiand to validate or improve
assumptions employed in the model development arduiation. As expected, the
sensitivity analysis performed on the model alseeaéed that intrinsic membrane
property (porosity, tortuosity), membrane effecttheckness and reactor size play a
vital role in the performance of e-ZCMR during pi&ye production from the mixed

xylenes.

Additionally, the results of this work provide aatibrm to develop feasible and

energy-efficient process for producing high puptXylene from mixed xylene based on the

application of MFI-type zeolite membranes with nemroposite architecture. Furthermore, in

other applications of MFI membranes for gas sejmratthe use of nanocomposite

architecture rather than “film-like” configuratiocould increase the life in service of the

membranes.

In summary, the aforementioned novel contributiblese been communicated to

fellow researchers in the area of membrane-baseadive process as articles in international

scientific journals (three published, two in premsd one accepted) and in conference

proceedings (four conference proceedings). Sangbldge published articles can be found in

Appendix E.

142




8.2. Recommendations and future outlook

To obtain total conversion during the xylene isaozsion process, a
chemical-equilibrium restricted reaction in convenal catalytic reactors is impossible.
Thus, the existing industrial technology could ophpduce equilibrium or near equilibrium
xylene mixtures. Recycling the xylene streams battkthe process lines might ensure higher
p-Xylene yield, but only at the expense of highgemtion costs due to higher energy
consumption. As documented in this dissertatiorg tise of e-ZCMRs could ensure
production of high-purity p-Xylene above the eduilum yield with a drastic reduction of
operation costs due to a reduction of energy copfom The enormous potential of
large-scale applications of xylene isomerizatiomiinand petrochemical industries promises
major advances and developments of such systethe imear future.

Due to the higher energy-efficiency of membranesbaseactive separation process
compared to other commercial techniques, developwfean industrial process based on the
application of membrane-based reactive separatiothé production of p-Xylene is foreseen.
Furthermore, the use of MFl-alumina membranes withocomposite architectures could be
an impetus to accelerating this development. Howdugher research efforts are essential in
the development of defect-free MFI zeolite membsaioe xylene isomer separation, and, in
the process optimization.

In the area of process optimization, this dissentahas proposed the application of
nanocomposite MFl-alumina hollow fibres in a menmierdased reactive separation process
for the production of high-purity p-Xylene from neid xylene because of (i) the high
surface-to-volume ratios of the hollow fibres (éghhas 3000 #im®) compared to randomly
ordered MFI membrane tubes; (ii) their higher dede flux through the membrane from
their lower effective membrane thickness compaedandomly ordered MFI membrane
tubes [248]. Optimization of the fibre preparatimotocol and development of such materials
towards obtaining fibres bundle and fibre modulpesys to be a promising option for the
development of energy-efficient process for p-Xglgmmoduction in the near future. With the
development of fibre modules, development of corhpaed cost-effective units for
production of p-Xylene from mixed xylenes basedme@mbrane-based reactive separation
technology might be fast-tracked. As documentedthis dissertation, nanocomposite
MFI-alumina membranes could be a promising candidat PV application to separate
xylene isomers. Thus, evaluation of the separatm@rformance of nanocomposite
MFI-alumina membranes (tubes and fibres) in perketmm application might be interesting.

Furthermore, catalytically active MFI membranes rbaya good option. In general
terms, catalytically active membranes are thougliet about 10 times more active than when

the catalyst pellets are used in the fixed-bedtoeagrovided that the membrane thickness
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and porous texture, as well as the quantity andtioae of the catalyst in the membrane are
adapted to the reaction kinetics [290,291]. Howevesearch effort in the application of
catalytically active membranes for p-Xylene prodtucis still limited.

In parallel, research and development of new eiffici materials duly put in
membrane form may help to address new researcls fioe xylene separation and/or
iIsomerization. For instance, metal-organic framéwMOFs), which seem to be attracting
increasing attention from the scientific commuratd industry, could be used as alternatives
to classical MFI-type zeolites for gas separatiamd alternatives to other zeolites
(e.g. faujasites) for molecular sieving. As fariabas been ascertained, no application of
MOF materials to xylene isomer separation and/@meyization has been reported in either
open or patent literature. Therefore, researclrteiifiothis area will be quite interesting and
productive.

Finally, virtually all the research efforts invohg the use of membranes for
separation and production of p-Xylene from mixeterges are still limited to laboratory scale
studies. In view of this, scale-up studies andneebconomic studies of the technology are

necessary to evaluate the competitiveness of thetdogy with existing processes.
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Symbols

T Absolute temperature [K]

K Adsorption coefficient in site A [Ph

Kg Adsorption coefficient in site B [Ph

RO(T, CD) Adsorptive saturation pressureiS‘f species in the gas phase at the solution

temperature and surface potential

K(Tref) Adsorption constant of p-Xylene on MFI&t, [Pa']
E, Activation energy componeit [J.mol]

-1 Conversion of PX to MX

1 Conversion of MX to PX

2 Conversion of MX to OX

-2 Conversion of OX to MX

3 Conversion of PX to OX

-3 Conversion of OX to PX

CMR Catalytic membrane reactors

M, Chemical potential af" species

7 Chemical potential

6 Contact angle [degree]

P Density of the MFI [kg.r]

Poat Density of the catalyst [kg.fh

Ep Diffusion activation energy [Jmd|

Yo, Density

D, Diffusion coefficient of speciddm?.s"]

n; Effectiveness factor for the catalyst [-]

AH Enthalpy of vapourization [J.mdl

e-CMR Extractor-type catalytic membrane reactors
e-ZCMR Extractor-type zeolite catalytic membraeaators

e-ZCMR-IN  Extractor-type CMR with catalyst packiedide the membrane
e-ZCMR-OUT Extractor-type CMR with catalyst packaatside the membrane

R, External radius of the membrane [m]
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FID Flame lonization Detector

feed Feed stream

f Final

D, Fick or transport diffusivity [fas?]

FBR Fixed-bed reactor

GC Gas chromatograph

H, Henry coefficient [mol:§.Pa']

0 Initial

R Internal radius of the membrane [m]

R, Internal radius of the stainless module [m]

K Kernel

Cent Loading at saturation [mol.Ky

T, Membrane tortuosity [-]

o, Membrane effectiveness thickness [m]

L Membrane permeation length [m]

M, Molecular weight [gmd]]

qiO Molar loadings of pure speciégmol]

q; Molar loading of o species for a given mixture [mol]
J. Molar flux of species / componehfmol. m?s’]

C, Molar concentration of componehtn the reaction [mol.ifj
l MFI effective thickness [m]

Do (T ) MS surface diffusivity at zero coverageTag, [m°.s’]
Xux m-Xylene conversion [-]

X Mole fraction [-]

Q Molar flow rate of component [mol.s']

MX Meta-xylene (m-Xylene)

f(d) Number pore size distribution
OX Ortho-Xylene (0-Xylene)

En Porosity of the membrane [-]

P Partial pressure of componieffal

M, Permeance of species/ componiefinol. m2s*.Pa’]
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Permeate pressure [Pa]
p-Xylene vyield [%0]
p-Xylene selectivity [%]

Pore size [m]
Para-xylene (p-Xylene)
pi (3.142)
Pervaporation
Permeate stream

Rate of reaction of component[mol.kg™.s?]
Reactor volume [
Rate of reaction constant for componigim?.(kg of catalyst}.s”]

Reference atmospheric pressure [Pa]

Retentate stream

Retentate pressure [Pa]

Stoichiomteric coefficient component in the reaction [-]

Standard adsorption enthalpy [J.ifol

Surface tension of ethanol [N/m]

Spatial coordinate [m]
Separation factor
Surface potential

Surface tension
Self diffusivity [nf.s”]
Surface flux ofi™ species [mol.fAs]

Transfibre differential pressure [Pa]
Tube side
Universal gas constant (8.314) [J.th&l™]

Vapour permeation
Weight of catalyst [kg]

Zeolite Socony Mobil-Five
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Appendix

Appendix A: Evaluation of saturation system

To evaluate saturation efficiency of the saturatgystem, equimolar mixture of
xylene was saturated in,N(carrier gas) with carrier gas flow rates variedtween
2 mL(STP)/min and 16 mL(STP)/min using the two Heb® combined in series. The liquid
volume in each saturator was about 100ml. Timelltag the gas space in the unit and in the
line connecting it to the GC was calculated bydiiv the gaseous volume by the carrier gas
flow rate.

Then time to attain saturation was obtained by iplyihg the time to fill up the
gaseous space by 3. The values obtained were twsgsl to accommodate some
uncertainties. A steady state of about 2 hoursalles/ied at a desired temperature before the
vapour was sent to the GC for analysis. The pesksapbtained at these carrier gas flow rates
were plotted against the carrier gas flow ratespl@teau region in the plot signifies the
saturation region. And the,Nlow rates at this region were taken as saturdtimm rates for
the saturation unit. Samples of the results obthfoethe evaluation of the saturation unit are
depicted in Fig. A1 and Fig. A2. The variation betcarrier gas flow rate was between 4
ML(STP)/min and 17 mL(STP)/min. The result, as @nésd in the Figure Al below, shows a
plateau between 4 mL(STP)/min and 11mL(STP)/mine Plateau region is the region of
saturation. The plateau region widened as saturdémperature increased. Similar results

were obtained for saturation of ternary liquid mape of xylene.

- A- Runl

- ®- Run2

Peak area (mV)
o o
~ o)
»
»

o ¢ ks
o
L e e
| 2

05 A

0.4
2 4 6 8 10 12 14 16 18
N, gas flow rate(ml/min)

Figure Al: Evaluation of saturation unit at 315 Run 1. Decrease Ngas flow rate from
17mL(STP)/min to 4 mL(STP)/min. Run 2: Increasg ¢&s flow rate from 4 mL(STP)/min to 17
mL(STP)/min.
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Figure A2: Evaluation of saturatiomit at 335 K with ternary mixture of xylene isorse
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Appendix B: Calibration of mass flow controller and flow meters and GC

Calibration of the mass flow controller and flow tere

The calibration of the mass flow controller andwilaneters was done at ambient
temperature and pressure. These conditions weeeredfto as Normal Temperature and
Pressure (NTP). The values at Standard Temperaharéressure (STP) were obtained with
Eq. B1. During the calibration, the valve openirighe mass flow controller was controlled
between 0% and 100% and the flow rate of the gamugih the valve was measured with
ADM1000. To ensure accuracy, the measurements vegreated 3 times and the values

averaged. Plots of the average flow rate/ were ragd@st the valve openings:

LF,
= (o) )
NTP

where Tg, is the temperature at STRy;, is the temperature at NTH g, and Fpare

the gas flow rate in mL/min at STP and NTP, regpelst The sample calibration equations

are presented in Table B1

Table B1: Sample of GC calibration equations

Component Calibration Equation ‘R

Saturator N 0.2231 * (MFC%): 0.9998
Feed N 0.9706 * (MFC%): 0.9999
Feed H 1.0579 * (MFC%)-11.062 0.9999
Sweep N 1.4092 * (MFC%): 0.9994

Calibration of the GC

Each component of xylene isomers was calibrate@. Calibration of the GC was

done at a carrier gas flow rate chosen within dteration region. At the constant feed flow
rate, the saturation temperature was varied in sualay that the saturation region was not
exceeded. The GCs were calibrated using multipiet paternal standard method.

In this method, xylene liquid (single component@swsaturated in Nat a desired
temperature and at;Nlow rate obtained in Appendix A. The saturatediiphpressure of the
xylene vapour (single component) was obtained fAortoine equation at that temperature.

After attaining a steady-state at this temperatxykene vapour was sent to GC for analysis to
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obtain its peak area. This procedure was repeateat feast twice for different temperatures
within the range 293 K-363 K.

The saturated partial pressures of xylene vapoach(e&eomponent) at the desired
temperatures as obtained from Antoine equation wigrted against the peak areas obtained
from the GC at those temperatures to obtain caidracurves/equations. Samples of the
calibration equations are presented in the TableTB®ughout the calibration, all lines to the
GC were heated with heating tapes and maintaine8atK to prevent condensation of
xylene vapour and to ensure accurate xylene vapwessures. Detailed step-by-step

procedure and assumptions during GC calibratipmasented below:

The saturation vapour pressure of each componéné aémperature point was obtained from

the Antoine equation:

InF)isat:A_ B
T+C

(B2)

A, B and C are the Antoine constants.

In vapour liquid equilibrium (VLE), for every compenti in the mixture, the condition of

thermodynamic equilibrium will be given by (Poliegal.,2001):

y,LP=x,Cy,CLP, L@, (B3)

where ) is the activity coefficient of component Yy, and x; are the vapour mole fraction

and the liquid mole fraction, respectivelf? is the system total pressure afy}, is the

vapour pressure of component ¢, is the correction factor Thus the partial pressof

componenti . in the vapour-liquid equilibrium depends on temperature, pressure, activity
coefficient, its composition in the mixture. Howeyv& a pure liquid mixture is assumed

(which was the case in this study),=1 . Also if the pressure is assumed to be sefiity
low, ¢,=1. Therefore, Eq. B3 becomes the popular Raolaltts With Raout’s law assumed,

composition corresponding to the temperature andat#on vapour pressure was obtained:
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Py = |:>isat(T,<13)xi (for a componentx;=1) (B4)

Pyi — Pisat(T,CD) (55)
P*(T,®

where P is the operating pressure (in this case, atmogpbpegssure) and:’isat(T,CD), the

saturation vapour pressure.

For each component, the compositions obtainedfatreint temperatures were plotted against
the peak areas obtained from the GC analysis. iNiltalibration equations, partial pressures
(compositions) of p-Xylene, m-Xylene and o-Xylene the feed, the permeate and the

retentate were obtained.

Table B2: Sample of GC calibration equations

Component Calibration Equation R
PX Pox = 0.0002A% + 0.0176A 0.9918
MX P, =0.00002A% +00191A |  0.9920
OX P, = 0.0014A% + 0.0015A 0.9817

Pox » Pux @and P,y are saturation partial pressures [Pa] of PX, MM @X, respectively, at

specific temperatureA is the peak area obtained from the GC at thaicpdat saturation

temperature.
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Appendix C: Diffusivity and rate of reaction consta

nts for reactor modelling

Table C1: Diffusivities of componeﬁtat 673 K for reactor modelling

Dref : Tref ED R Di
Component  ( n?.s?%) (K) (KI.mol") | (J.mol*k? (m%.s?)
PX 3.10x10" 400 60 8.314 2.268x1¢’
MX 8.00x10"™ 400 60* 8.314 5.855x10
OX 1.10x10" 400 60* 8.314 8.050x10
D . for the isomers were obtained from Daranstlal[241]. *assumed for MX and OX.

ref

%Obtained from Daramolat al[241].

Table C2: Rate of reaction constant of compbﬁe&t 673 K for reactor modelling

ki
3

MGy, Jxao

catalyst)|  (m’.(kg of Tret E, Rx10? ki (T = 673 )x10f
Lst catalyst)'.s") (K) (KJ.mo) | (3.mol*k™ | (m’.(kg of catalysf}.s)
Ky 2.00 623 12.37 8.31 2.38829
Kk 4.84 623 8.75 8.31 5.48722
K, 1.47 623 18.14 8.31 1.90685
K, 2.71 623 21.23 8.31 3.67467
Ky 1.33 623 17.31 8.31 1.70483
k. 1.33 623 19.47 8.31 1.75848

K, (Tref) was obtained from ref. [278] ark| computed using Eq. 8.23.

Table C3: Isomerization performance of e-ZCMR'& K at combined mode operation

Reactor Feed Mass of PX yield PX Yield MX
(kPa MX) | catalyst (g) (%) selectivity | increase| conversion

(%) (%) (%)

e-ZCMR 2.4 2.18 17.5 40.5 81 69.7
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Appendix D: CMR testing rigs and operational proced ures

The experimental rigs used for this study were fiedito comply with current
operational and safety standards at the IRCE, Lwod the Department of Process
Engineering, Stellenbosch University. These riggewtst-run thoroughly by peforming
series of preliminary experiments to ensure th&ieffcy and accuracy of the rigs for the

studies. Photographs and operational proceduréee ahodified rigs are presented below

Operational procedure for CMR rig at IRCE, Lyonafice

Below are the photographs of the CMR rig at IRCiguFe D1 is the front view showing
the control panel and Fig. D2 shows the front vi@vihe hot-box (oven) in which the pipes
are heated and maintained at a constant temper&igiege D3 depicts valve positions with

direction

Figure D1: The photograph of the CMR rig at IRCKoh with the front view showing the
control panel.
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Figure D2: The photograph of the CMR rig at IRCEph, showing the front view of the
hot-box.

Below are the valves with flow direction:

Reactor Reactor testing/

Tovent 1 Feed flow bypass pretreatment
Internal Position External Position
1. Permeate to GC 1. Feed to GC
2. Feed to flowmeter 2. Permeate to flowmeter
3. Retentate to flowmeter 3. Retentate to GC
Flow to V4
during external vent 2
position : : :
Sweep Sweep
co-currently to countercurrently @ To flow meter Bypass flowrneter
the reactor to the reactor to vent 2 fovent 2
Flow to V4
during internal
position

Figure D3: Valves sliogvpositions and flow direction.
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Valves and operation procedure

A. During GC calibration, saturator evaluation deed analysis
1. Put V6 in Feed flow position
2. Put V5 in Reactor bypass position
3. Put V4 in External position (feed straight to G@ya/2 in Flow to V4 during
external position
4. To measure the flow rate, put V4 in Internal positivV2 in Flow to V4 during
internal position and V1 in Flow meter to vent piosi

B. Reactor testing and Pre-treatment

1. Put V6 in Feed flow position

2. Put V5 in Reactor testing position

3. PutV3in Sweep countercurrently to reactor positi
Feed analysis as described in A.

Operational procedure for CMR rig at the Departn@nProcess Engineering, Stellenbosch
University, Stellenbosch, South Africa

The side view of the CMR rig at the Department afodess Engineering,
Stellenbosch University is presented in Fig. D4ilevRig. D5 shows the front view of the rig

with control valves/ knobs.

Figure D4: The photograph of the CMR rig at the &&ment of Process Engineering,
Stellenbosch University, South Africa showing tites/iew.
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Figure D5: The photograph of the CMR rig at the &&ment of Process Engineering,
Stellenbosch University, South Africa; shwoing ffant view of the control panel.

Operational procedure

A. Membrane pre-treatment

Put V1 inPre-treatment position

Close VB

Close VA

Open VC

Open VD with the arrow end pointifBackwar d
Put V3 inRetentate/Per meate analysis position
Put V4 inExternal- GC-Vent position

Put V5 inCounter-current position

Use V7 & V8 to regulate TMP

Open the feed gas and put at the set point
Open the sweep gas and put at the set point
Set oven temperature having fixed the module tomte: and set the temperature

according to the HTP programme

B. Membrane/separation testing

Put V1 in Membrane testing position
Close VC

Open VA
Open VB
Open feed/carrier gas and put at the set poingFC
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Open VD with arrow end pointingorward to analyse feed and later inverse to do
separation testing, and wait to attain a steadg.sédter attaining a steady state,
analysis the feed stream.

To analyse feed, put V3 Ireed analysis position , wait for about 10min and inject to
the GC

To do separation, Put V3 Retentate/Per meate analysis position , open sweep gas
and put at the set point, V4lixternal-GC-Vent position , V5 inCounter-current
position , set the module temperature and waitttorethe set-point, regulate TMP by
using V7 & V8 , and wait for a pre-determined tibvefore sampling.

To analyse the permeate stream, put VRatentate/Per meate analysis position,

put V4 inExternal-GC-Vent position (retentate stream flows to the soap bubibiv
meter to measure flow rate), V5 remain&iounter -current position. Inject the
sample into the GC and analysis. Measure retefitateate.

To analyse the retentate stream, put VBéentate/Per meate analysis position, put
V4 in Internal-GC-Vent position (permeate stream flows to the soap buttie
meter to measure flow rate), V5 remain€iounter -current position. Inject the

sample into the GC and analysis. Measure permieatedte.
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