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A B S T R A C T ! !

Tubular!supported!carbon!molecular!sieve!membranes!(CMSMs)!with!high!hydrophilicity!and!perm-selectivities!
for!water!suitable!for!ethanol!dehydration!were!developed!from!a!Novolac!oligomer!phenolic!resin!as!precursor.!
Alpha!alumina!supported!CMSMs!resulted!in!1.69!times!higher!surface!roughness!than!zirconia!supports.!The!
higher!surface!roughness!resulted!in!48%!higher!selective!layer!thickness.!According!to!pervaporation!results,!
water!permeance!decreased!by! the! increase! in! selective! layer! thickness!and!mole!based! selectivity!of!water-!
ethanol! was! enhanced.! The! oligomer! with! 3982! g/mol!molecular! weight! enabled!membrane! to! reach! high!
selectivity!with!one-layer!coating.!Performance!of!the!membranes!are!compared!with!literature!data!in!terms!of!
mole-based! selectivity! vs.!water!permeance.!CMSMs!could!be!a!potential! substitution! for! traditional! ethanol!
dehydration!methods!with!offering!higher!performance!and!as!a!result!reducing!the!"nal!price!of!bioethanol!to!be!
used!as!a!sustainable!energy!source.!!!

1. Introduction:!

According!to!the!world!energy!outlook,!the!global!energy!demand!
will!continue!to!rise!as!much!as!40%!between!the!years!2014!and!2040!
[1].!The!observed!climate!changes!associated!with!the!anthropogenic!
greenhouse! gas! emissions,! require! green! and! sustainable! energy! re-
sources![2]!for!the!additional!energy!demand!in!near!future.!

Bioethanol!is!seen!as!one!of!the!sustainable!alternatives!to!fossil!fuels!
in!the!future![3-5],!owing!to!its!high!energy!density,!ease!of!production,!
and!available!feedstock![6].!One!of!the!critical!steps!in!the!production!of!
bioethanol! is! however! dehydration,! which! contributes! a! major! per-
centage!of!the!"nal!bioethanol!price![7].!Dehydrated!alcohol!market!is!
forecasted!to!reach!$!15!billion!by!2025![8].!Bioethanol!is!mainly!pro-
duced! from! the! fermentation! of! biomass! such! as! corn,! municipality!
waste,! and! agricultural! residues.! After! fermentation,! a! mixture! of!
water–ethanol! with! ethanol! weight! percentage! of! 5–12! is! produced.!
First,!this!mixture!is!distilled!in!a!distillation!tower!to!reach!an!ethanol!
concentration!of!92–94!wt%![9,10].!Further!dehydration!is!not!possible!
in!a!normal!distillation!process!due!to!the!generation!of!azeotrope!point!

between!ethanol!and!water![11].!To!reach!99.5%!ethanol!wt%!(fuel-!
grade!ethanol),!further!dehydration!needs!to!be!carried!out.!Currently,!
the!dehydration!processes!for!this!step!are!pressure!swing!absorption,!
adsorption,! or! liquid–liquid! extraction!methods! [12].! The! aforemen-
tioned!methods!require!a!high!amount!of!energy!which!contributes!to!
increase!the!"nal!price!of!bioethanol!and!prevent!from!being!commer-
cially! available! worldwide! as! a! green! and! sustainable! fuel! [13].!
Reduction!in!bioethanol!dehydration!energy!demand,!could!be!achieved!
by!using!technologies!such!as!membranes!as!standalone!or! in!combi-
nation!with!other!technologies![14].!

A!membrane!assisted!distillation!hybrid!process,!could!be!a!prom-
ising! alternative! for! traditional! dehydration! processes! [15,16].! The!
membrane,!as!the!heart!of!the!system,!needs!to!have!excellent!selectivity!
towards!water!and!at! the!same!time!high!permeance! to!decrease! the!
required!surface!area!of! the!membrane!module![17].! In!recent!years,!
researchers! studied! a! variety! of! materials! such! as! polymeric,! mixed!
matrix,!and!inorganic!membranes!to!address!this!issue![18].!According!
to!the!literature,!polymeric!membranes!suffer!from!low!selectivities!and!
a! lack! of! robust! performance! at! high! temperatures! due! to! swelling.!
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Mixed!matrix!membranes!(polymeric!membranes!containing!inorganic!
"llers)!show!high!selectivities!compared!to!polymeric!membranes!and!
improved!robustness!at!the!same!time,!while!lack!of!stable!performance!
at! long! term! operations! are! observed.! Inorganic!membranes! such! as!
zeolites!and!silica-based!membranes!show!higher!selectivities!and!per-
meances! compared! to! polymeric! and! mixed! matrix! membranes.! In!
inorganic!membranes,!leakage-free!sealing,!reproducibility,!and!defect-!
free! selective! layer! fabrication! are! considered! the! main! challenges!
[19,20].!

Carbon!is! intensively! investigated!by!researchers! in!various!appli-
cations! such! as! separation!processes,! as! a! support! for! catalysts,! drug!
delivery,!bio!sensors!and!gas!puri"cation!processes![21,22].!The!#exi-
bility!in!tunning!the!amorphous!carbon!matrix!structure!and!synthesis!of!
2D! and! 3D! nano! carbon! materials! enabled! carbon! to! be! utilised! in!
pharmaceutical,!energy!storage,!civil!construction!and!air!puri"cation!in!
recent!decades![23,24].!

Carbon! molecular! sieve! membranes! (CMSMs)! are! fabricated! via!
carbonization!of!a!thermosetting!polymer!in!an!inert!atmosphere!such!as!
N2,!Ar!or!under!vacuum![25,26].!CMSMs!are!potential!candidates!for!
dehydration! applications! due! to! the! tuneable! average! pore! size! and!
hydrophilicity!with!a!variety!of!fabrication!parameters!such!as!carbon-
ization!temperature!or!precursor!selection![27].!Transport!mechanisms!
in!CMSMs!are!the!combination!of!adsorption!diffusion!and!molecular!
sieving!mechanisms![22].!According!to!literature,!the!pore!size!distri-
bution! and! hydrophilicity/! hydrophobicity! of! the! membrane! will!
determine!the!type!of!transport!mechanisms!in!the!membrane!for!the!
separation![28].!

CMSMs!due!to!their!chemical!stability,!could!be!utilized!in!a!wide!
range!of!operational!temperatures!without!damaging!the!carbon!struc-
ture.!Self-supported!CMSM!are!in!general!brittle;!supported!CMSM!gives!
high!mechanical!stability!even!at!high!pressures!and!defect!free!mem-
branes! with! high! #uxes! can! be! prepared.! Hydrophilic! CMSMs! with!
ability!to!tune!the!pore!size!to!operate!through!absorption!diffusion!and!
molecular! sieving! transport! mechanisms,! are! considered! a! potential!
solution!for!dehydration!processes.!Due!to!the!kinetic!molecular!size!of!
water!(0.265!nm)!water!molecule!having!the!smallest!kinetic!diameter!
in!comparison!to!ethanol,!methanol,!and!propanol!(0.45,!0.43!and!0.47!
nm,! respectively);!water! could! be! selectively! separated! from! alcohol!
mixtures!with!a!robust!performance!at!high!temperatures!and!pressures!
with!CMSMs![29]. As!in!previous!studies,!the!effect!of!oligomer!molec-
ular! weight,! support! material! and! dip! coating! parameters! were! not!
addressed! comprehensively,! this! work! will! focus! on! maximizing! the!

mole-based!selectivity!and!permeance!of!water!by!optimizing!key!pa-
rameters!such!as!oligomer!synthesis,!support!material!and!dip-coating!in!
CMSMs!fabrication!process.!

2. Materials!and!methods!

In! the! synthesis! of! CMSMs,! formaldehyde! (37! wt%)! and! ethanol!
absolute! (>99.5! wt%)! from! VWR! chemicals,! N-methyl-2-pyrrolidone!
(NMP,! anhydrous-! 99.5! wt%)! and! phenol! (>99! wt%)! from! Sigma-!
Merck,! oxalic! acid! (98! wt%)! from! Acros! organics! and! glass! powder!
(G018-385)!from!Schott!were!used!as!received!and!without!further!pu-
ri"cation.!Asymmetric!porous!alpha-alumina!and!zirconia!supports!with!
an!average!pore!size!of!100!nm,!inner!diameter!(ID)!of!7!mm!and!outer!
diameter!(OD)!of!10!mm!were!supplied!by!Inopore!Gmbh.!The!porous!
supports!were! sealed!via!glass! to!dense!alumina! tubes!and! then!con-
nected!to!stainless!steel!connection!via!graphite!sealing!(Fig.!1).!

Synthesis! of! the! Novolac! resin! – A! phenol–formaldehyde! resin,!
Novolac,!was!synthesized!by!the!condensation!of!32.5!g!of!phenol!with!
23!g!formaldehyde!(37!wt%!in!water)!at!85!◦C!in!the!presence!of!0.5!g!
oxalic!acid!as!catalyst! in!a! three-way!neck,!glass!round-bottom!#ask.!
Two!Novolac!resins!with!different!degrees!of!polymerization!(3!and!10!h!
of! reaction)!were!prepared! to! study! the!effect!of!oligomer!molecular!
weight! on! the! resulted!membranes! performances.! The! oligomer! was!
separated!by!centrifugation!at!10!◦C!at!4400!RPM!speed;!then!washed!
with!deionized!water!three!times!to!remove!unreacted!reactants.!The!
obtained!oligomer!was!dried!under!vacuum!(12!mbar)!at!50!◦C!for!24!h!
and!then!stored!in!an!airtight!glass!vessel!to!prevent!water!adsorption.!

3. Preparation!of!the!CMSM.!

The!membranes!were!prepared!by!dip-coating,!dry!and!carboniza-
tion!method![22].!The!dip-coating!solution!was!prepared!"rst!by!dis-
solving!30!g!of!Novolac!oligomer!in!83.2!g!of!n-methyl-2-pyrrolidone!
(NMP)!in!a!high!shear!force!mixer!(Thinky!ARE-310)!for!30!min!at!2000!
RPM.!Then,!2.4!g!of!formaldehyde!solution!with!0.2!g!of!oxalic!acid!were!
added!to!the!dipping!solution!and!mixed!for!30!min.!After!degassing!for!
30!min,!the!resulted!solution!was!cooled!down!to!room!temperature.!The!
porous!support!was!immersed!into!the!dipping!solution!using!a!custom!
made!automatic!vertical!dip!coating!apparatus;!the!parameters!consid-
ered!were!dipping!speed!and!holding!time!(20!s).!In!the!second!dipping,!
for!the!second!selective!layer,!vacuum!(50!mbar)!in!the!inner!side!of!the!
support!tubes!was!applied.!

Then,! the! coated! supports! were! introduced! in! a! drying! chamber!
equipped! with! a! rotary! mechanism! to! dry!membranes! at! horizontal!
rotation!to!achieve!a!uniform!coating!layer.!To!prevent!from!toxic!vapor!
of!NMP,!drying!oven!was!#ushed!under!N2!#ow!at!temperature!of!20!◦C!
for!24!h!with!a!controlled!relative!humidity!(RH)!of!30%!for!the!poly-
merization!to!take!place.!

In! the!next! step,! the!membranes!were! carbonized! in!a! three-zone!
controlled!tubular!oven!(Nabertherm!R!170/1000/12)!with!a!uniform!
heating!length!of!55!cm!under!1000!ml/min!#ux!of!N2.!The!membranes!
were!heated!up!to!500!◦C!with!a!heating!ramp!of!1!◦C.min−1!and!kept!at!
500!◦C!for!3!h,!then,!the!heaters!were!turned!off!and!left!to!cool!down!to!
room!temperature.!In!the!"nal!step,!the!membranes!were!moved!to!the!
climate!chamber! in!which! they!were!kept! for!1-month!before! testing!
under!100%!RH!at!room!temperature;!it!was!previously!shown!that!after!

Fig.1. schematic!of!a!tubular!supported!CMSM!with!glass!sealing!on!both!sides.!!

Table!1!
fabrication!parameters!of!CMSMs,!the!membranes!were!carbonized!at!500!◦C!for!
3!h!under!N2!atmosphere.!!

Membrane! Oligomer!Mw!
(gmol−1)!

Dipping!speed,!
down,!up!(mm!
s−1)!

Number!
o#ayers!

Supporttype!
*!

AlN3M5! 2231! 10,5! 2! Al!
ZrN3M5! 2231! 10,5! 2! Zr!
AlN10M5! 3982! 10,5! 2! Al!
ZrN10M5! 3982! 10,5! 2! Zr!
AlN10M10! 3982! 10,10! 1! Al!
ZrN10M10! 3982! 10,10! 1! Zr!

*!Asymmetric!tubes!with!100!nm!pore!size,!Al:!alumina,!Zr:!zirconia!
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this!treatment!before!permeation!tests,!the!permeation!properties!were!
improved!because!all!the!hydrophilic!sites!and!pores!were!"lled!with!
water![30].!

The! name! of! CMSMs! is! determined! by! the! general! structure! of!
XNyMz,!where!X!is!the!type!of!support!(alumina!or!zirconia),!y!is!the!
oligomer! reaction! time! (h)! and! z! is! the!pulling! speed! (mm/s)! in!dip!
coating!step.!

Table!1!indicates!the!fabrication!parameters!involved!in!the!CMSMs:!
For!physicochemical!analysis,!non-supported!CMSMs!were!prepared;!

the!dipping!solutions!were!poured!in!a!porcelain!dish!and!treated!at!the!
same! conditions! as! with! the! supported! CMSMs! to! result! in! "lms! of!
CMSMs.!

Analysis! of! molecular! weight! of! the! Novolac! precursors! was!

performed!via!gel!permeation!chromatography!(GPC)!with!SDV!500!Å!5!
µm!column!(Waters,!model!2695)!and!THF!as!eluent.!Firstly,!samples!
were!dried!under!50!mbar!vacuum! for!24!h!at! 50! ◦C! to! remove! the!
adsorbed! humidity;! a! 2! mg.ml−1! solution! in! THF! was! prepared! by!
continuous!rotary!shaking!for!48!h.!Finally,!the!samples!were!"ltered!
through! 2-µm! "lters! and! the! cleared! samples! were! fed! to! the! GPC!
equipment.!The!CHNO!chemical!composition!of!the!polymer!precursor!
and!the!unsupported!CMSMs!were!analysed!with!a!Flash!Smart!(Thermo!
Scienti"c,!model!CHNS/O)!organic!analyser.!The!analyser!is!equipped!
with!one!reactor!of!pyrolysis,!for!determination!of!O!at!1050!◦C,!and!
another! reactor! of! controlled! oxidation! for! quanti"cation! of! CHN! at!
960! ◦C.! Surface! roughness!measurements! on! the! supports!were! con-
ducted! using! a! surface! roughness! pro"ler! (Elcometer! 7062! MarSurf!
PS10).! Cross-section! and! surface! of! the! fabricated! membranes! were!
observed! with! a! scanning! electron! microscopy! (SEM,! Fei-Quanta-!
FEG250-!3D).!

4. N2!And!H2!single!gas!permeation!test.!

The!required!number!of!carbonized!layers!in!each!membrane!was!
determined!via!gas!permeation!tests!that!quickly!allows!to!verify!if!pores!
are!lower!than!2!nm.!In!practice,!after!a!layer!is!produced,!H2!and!N2!
permeation!tests!were!carried!out!at!1!bar!pressure!difference!between!
retentate!and!permeate.!

Fig.2. Schematic!of!a!custom!designed!batch-loop!pervaporation!setup!designed!for!4!CMSMs.!!

Table!2!
GPC!results!of!synthesized!precursors!after!3!and!5!h!of!polymerization!at!85!◦C.!!

Oligomer! N3! N10!

Reaction!time!(h.)! 3! 10!
Average!Mw!(gmol−1,!1.7%!SD)! 2231! 3982!
Average!Mn!(2.1%!SD)! 1395! 1795!
Average!PDI!(1.3%!SD)! 1.6! 2.2!
Average!Mz!(1.9%!SD)! 3775! 8653!
Reaction!time!(h.)! 3! 10!!
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The!gas!permeation!setup!was!equipped!with!gas!feeding!mass!#ow!
controllers! for! N2! and! H2.! First! the! membrane! was! placed! in! the!
stainless-steel!reactor!in!vertical!position!and!then!a!N2!#ow!of!1!L.min

−1!

was!injected!to!the!reactor.!The!temperature!of!the!reactor!was!set!to!
70!◦C!and!after!the!temperature!stabilization,!the!permeate!#ow!rate!
measurement!was!started!with!1!bar!pressure!difference!between!the!
retentate!and!permeate,!was!continued!by!increasing!the!pressure!in!3!
steps!to!2,!4!and!6!bar!using!a!back!pressure!regulator.!The!#owrate!was!
determined!via!a!bubble!#ow!meter!(Horiba,!VP1,3)!and!the!process!was!
repeated!for!H2!permeance!measurements.!

H2!and!N2!single!gas!permeation!tests!were!performed!to!assess!the!
presence!of!defects!in!the!CMSM;!Low!H2/N2!perm-selectivity!was!an!
indication! of! the! presence! of! defects! or! inadequate! covering! of! the!
support.!The!positive! slope!of! the!plot! of!N2! permeance!vs.! pressure!
difference!of!both!sides!of!the!membrane!is!indicating!the!presence!of!
Knudsen!transport!mechanism!(presence!of!macropores!> 50!nm)!and!it!

was!showing!that!all!the!surface!of!the!support!was!not!fully!covered!or!
the!presence!of!defects.!

5. Pervaporation!tests.!

Pervaporation! tests! for! ethanol! dehydration!were! conducted! in! a!
custom-designed!pervaporation!setup.!Feed!pressure!was!kept!at!atmo-
spheric!pressure!and!permeate!was!connected!to!a!double!stage!vacuum!
pump!(Edwards,!RV5)!creating!a!vacuum!of!4!mbar!at!the!permeate!side.!
The!permeate!stream!was!cooled!using!a!trap!to!separate!condensate!
from!the!stream!via!liquid!nitrogen.!The!retentate!stream!was!cooled!
down!and!was!recycled!back!to!the!feed.!Fig.!2,!shows!the!schematic!of!
the!pervaporation!setup:!

Permeate!stream!of!the!membrane,!was!collected!and!weighted.!The!
#ux!was!calculated!according!to!equation!(1):!

J =
Q

At
(1)!

Where!J!is!the!#ux!in!g.!m−2! .h−1,!Q!is!the!collected!permeate!in!
grams,!t!is!the!time!for!pervaporation!test!(h)!and!A!is!the!active!surface!
area!of!the!tubular!membrane!(m2).!

Permeance!is!de"ned!as:!

Pn =
Jn

Mn(xnγnpsat
n − ynpt)

(2)!

Where!Pn,!Jn,!Mn,!and!γn!are!permeance,!#ux,!molecular!weight,!and!
activity!coef"cient!of!component!n.!In!addition,!xn,!Pn

sat,!yn,!and!pt!are!
mole! fraction! of! component! n! in! feed,! saturation! vapor! pressure! of!
component! n,! mole! fraction! of! component! n! in! permeate,! and! total!
pressure!of!permeate!side,!respectively.!

Mole-based! selectivity! could! be! calculated! by! ratio! of! water! per-
meance!over!ethanol!permeance:!

awater/ethanol =
pwater

pethanol

(3)!

A!feed!of!10!L!with!a!composition!of!10%!deionized!water!and!90%!
ethanol!was!used!for!each!membrane!pervaporation!test.!The!prepared!
mixture!was!fed!to!a!jacket!heated!glass!buffer!tank!where!it!was!kept!at!
50!◦C!for!the!duration!of!the!experiments.!A!peristaltic!pump!circulated!
the!mixture!of!water–ethanol!between!the!buffer!tank!and!pervaporation!
cell!with!a!rate!of!1.5!L.min−1.!The!pervaporation!cell!was!kept!at!70!◦C!
with!circulating!hot!oil!in!the!jacket!of!the!pervaporation!cell.!Multiple!
thermometers!and!thermocouples!were!installed!to!monitor!and!control!
the!temperatures!in!different!parts!of!the!setup. Pressures!on!permeate!
stream!and!permeation! cell!were!monitored! and! recorded! frequently!
during!tests.!

Each!pervaporation!test!was!carried!out!for!6!h!for!each!membrane!
and!after!each!test,!10!L!of!fresh!feed!was!used!in!the!system.!After!the!
end!of!each!test,!the!collected!permeate!was!analysed!for!water!content!
and!measured!to!calculate!the!permeance!and!permeate!composition.!

Table!3!
Composition!and!molecular!weight!(MW)calculated!and!observed!of!non-supported!CMSM.!!

Sample! C! H! O! MW!

Cal! Obs*! &cal! Cal! Obs*! &cal! Cal! Obs*! &cal! Calc! Obs**!
%!! %!! %!! g!mol−1!

N3! 80.2! 80.1! 148! 6.05! 6.0! 113! 13.7! 13.9! 19! 2216! 2231!
AlN3M5!! 92.2!! 92.2! 148!! 5.9!! 5.9! 113!! 1.9!! 1.9! 2.3! 1927!!
ZrN3M5!! 91.4!! 91.4! 147!! 6.6!! 6.6! 126!! 2.0!! 2.0! 2.4! 1931!!!

N10!! 83.6!! 83.6! 279!! 6.0!! 6.0! 240!! 10.4!! 10.3! 26! 4009! 3986!
AlN10M5!! 83.1!! 83.2! 195!! 9.3!! 9.4! 263!! 7.3!! 7.4! 13! 2815!!
AlN10M10!! 82.9!! 82.9! 195!! 9.8!! 9.8! 274!! 7.3!! 7.4! 13! 2826!!
ZrN10M5!! 82.2!! 82.2! 195!! 9.4!! 9.4! 265!! 8.4!! 8.4! 15! 2849!!
ZrN10M10!! 81.5!! 81.4! 171!! 10.2!! 10.2! 255!! 8.3!! 8.2! 13! 2519!!

Results!obtained!from:!CHO!micro!analysis*!and!**!gel!permeation!chromatography.!&!number!of!atoms!in!the!sample.!

Table!4!
single!gas!permeation!results!of!N2!and!H2!at!1!bar!and!70!◦C.!!

Membrane! Permeance!× 10-9!mol!m−2!s−1!Pa−1! Ideal!selectivity!!
H2! N2!!

AlN3M5!! 37.0!! 1.76! 21!
ZrN3M5!! 43.6!! 2.64! 17!
AlN10M5!! 31.8!! 0.75! 42!
ZrN10M5!! 30.3!! 1.51! 20!
AlN10M10!! 40.7!! 1.13! 36!
ZrN10M10!! 46.1!! 2.39! 19!!

Fig.3. N2! permeance! vs.! applied! pressure! between! retentate! and! permeate!
for!CMSMs.!
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The! retentate! stream!after! cooling!down!with!a!heat! exchanger,!was!
frequently! sampled! and! analysed! for! water! content.! A! Karl! Fischer!
titration!method!was!used!for!the!determination!of!water!content!in!the!
samples!(Metrohm,!899!coulometer)!

To!test!the!permeation!stability!of!the!AlN10M10,!a!long-term!test!was!
performed!for!18!days.!During!the!test!every!24!h!the!water!concen-
tration!in!the!feed!reservoir!was!analysed!and!the!required!water!was!
added!to!the!system!to!keep!the!concentration!at!90%!ethanol!and!10%!
water.! Each! day! the! permeate!was! collected! and!water! content!was!
analysed.!

6. Results!and!discussions!

In!the!dipping!process!of!the!preparation!of!supported!CMSM,!the!
dipping!solution,!by!capillarity,!can!in"ltrate!in!the!pores!of!the!support;!
therefore,!several!steps!of!dipping!and!carbonization!are!required!for!the!
formation!of!a!defect!free!CMSM!layer.!The!in"ltration!can!be!reduced!
by!increasing!the!viscosity!of!the!solution!and!or!increasing!the!molec-
ular!weight!(Mw)!of!the!polymer.!The!Mw!of!Novolac!was!controlled!by!

setting!the!time!of!polymerization!at!3!and!10!h,!respectively.!Table!2,!
shows! the!Mw! of! the! oligomers,! analysed! via! GPC!method.! The! pa-
rameters!obtained!were! the!average!molecular!weight!(Mw),!number!
average!molecular!weight!(Mn),!Z!average!molecular!weight!(Mz)!and!
poly!dispersity!index!(PDI)!in!the!oligomers!after!3!and!10!h!of!poly-
merization!at!85!◦C.!Increasing!the!polymerization!time!from!3!to!10!h,!
resulted! an! increase! of! 78%! in! oligomer!molecular!weights.! In! both!
oligomers,!PDI!is!reported!with!a!value!near!2,!as!an!indication!of!step!
growth!polymerization!mechanism![31].!

Stabilization! in!hydrophilic!CMSMs,! is! a! signi"cant! step! in!mem-
brane!synthesis!and!fabrication![32-35].! In!this!work,!all!membranes!
were!stabilized!at!100%!RH!for!one!month!at!room!temperature.!The!
water!removal!performance!of!the!fabricated!membranes!was!evaluated!
based! on! the! real! molar-based! selectivity! in! combination! with! per-
meance!data!of!CMSMs![36,37]. Pervaporation!data!were!compared!to!
literature! including! polymeric,! MMM,! and! inorganic! membranes! for!
ethanol!dehydration![38-47]!

Organic! analysis! results! of! the!membrane!precursor! and! selective!
layer!were! linked! to!GPC!results!and! fabrication!parameters.!CHN/O!

Fig.!4. SEM!images!of!supported!carbon!membranes:!a)!AlN10M5,!pulling!speed!5!mm!s−1!carbon!layer!6.14!µm,!b)!AlN10M10!pulling!speed!10!mm!s−1!carbon!layer!
13!µm.!

Fig.!5. Support!surface!roughness!effect!on!selective!carbon!layer!thickness,!ZrN10M10! (left)!vs.!AlN10M10! (right).!!
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elemental!analysis!results,!based!on!weight!%,!are!summarized!at!table!
3.!

The!analysis!of!oligomers!Mw!by!GPC!are!shown!in!table!3;!it!can!be!
observed!that!as!the!time!of!reaction!was!increased!from!3!to!10!h,!the!
Mw! increases! from! 2231! to! 3986! g.! mol−1! (1.7! times);! from! CHO!
composition!obtained!by!combustion!elemental!micro!analysis!(%!of!C,!
H!and!O!observed)!the!calculated!Mw!of!N3!and!N10!are!2216!and!4009!
respectively! which! are! very! close! to! the! experimental! values.! The!
calculated!chemical!formula!for!N3!is!C148H113O19!and!C279H240O26!for!
N10;! the! calculated! composition! of! the! different!membranes! samples!

agrees!very!well!with!the!observed.!It!is!important!to!notice!that!the!C/O!
atomic!ratio!of!N3!(7.8)!is!lower!than!N10!(10.7).!After!carbonization,!as!
expected,!the!composition!of!the!CMSM!is!independent!of!the!support!
and!dipping!conditions.!For!N3,!the!C/O!atomic!ratio!changes!from!7.8!to!
64!after!carbonization!as!N10! is!concerned,!the!ratio!change!is!smaller!
(from!10.7!to!15).!The!results!suggest!that!after!carbonization!the!carbon!
membranes!from!N10!are!more!hydrophilic!than!N3.!

The!N2,!H2!gas!permeation!tests!were!performed!after!each!layer!of!
carbonization!on!CMSMs.!Table!4,!represents!the!single!gas!permeation!
data! on! the! fabricated! CMSMs! at! 1! bar! pressure! difference! between!

Fig.!6!mol. -based!selectivity!vs.!water!permeance!of!CMSMs!and!comparison!to!polymeric,!MMM,!and!Inorganic!membranes.!!

Table!5!
Comparison!of!CMSMs!with!various!kinds!of!ethanol!dehydration!membranes.!!

Membrane! Feed!
temperature!(◦C)!

Water!concentration!in!
feed!(wt%)!

Flux!(g/!
m2h)!

Water!concentration!in!
permeate!(wt%)!

Water!permeance!
(mol/m2h!kPa)!

Mole-based!
selectivity!

Reference!

Polymeric!membranes!
Torlon®/Ultem®!hollow!"ber! 60! 15! 660! 89.3! 2.92! 67! [38]!
Polyimide/Ultem®!hollow!
"ber!

60! 15! 480! 95.69! 2.28! 178! [39]!

Pervap®!2201! 60! 10! 100! 91.74! 0.57! 121! [52]!
Alginate! 50! 5! 100! 91.4! 1.48! 209! [53]!
Thermally!rearranged!
polybenzoxazole!

25! 15! 80! 93.75! 2.37! 130! [40]!

Dopamine!mediated!chitosan/!
polyether!sulfone!

80! 10! 2280! 86.15! 5.1! 65! [41]!

Mixed!matrix!membranes!(MMM)!
Hybsi®! 70! 5! 1700! 88! 9.57! 139! [42]!
PVA/zeolite!4A! 80! 20! 1500! 99.25! 2.71! 838! [43]!
UiO-66-NH2/polyimide! 60! 15! 433! 90.96! 1.95! 81! [36]!
Carbon!nanotubes/chitosan! 70! 10! 400! 98.23! 1.55! 592! [45]!
Inorganic!membranes!
ECN!silica! 70! 10! 2330! 86.96! 8! 71! [46]!
Mitsui!zeolite!T! 70! 10! 910! 99.11! 3.56! 1187! [46]!
Zeolite!X! 75! 10! 890! 97.56! 2.77! 422! [54]!
Ultrathin!zeolite!X! 65! 10! 3370! 97.05! 18.11! 415! [47]!
This!work!(CMSMs)!
AlN3M5! 70! 10! 985! 98.11! 3.82! 553! This!work!
ZrN3M5! 70! 10! 1266! 94.63! 4.73! 188! This!work!
AlN10M5! 70! 10! 858! 98.63! 3.34! 767! This!work!
ZrN10M5! 70! 10! 1126! 96.12! 3.88! 264! This!work!
AlN10M10! 70! 10! 1196! 98.42! 4.65! 664! This!work!
ZrN10M10! 70! 10! 1477! 95.32! 5.56! 217! This!work!!
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permeate!and!retentate!at!operational!temperature!of!70!◦C.!According!
to!the!previously!reported!H2/N2!selectivities!in!the!literature![48,49],!
the!fabricated!CMSMs!in!this!work!contain!ultra-micro!pores!and!micro!
pores.!No!evidence!of!defects!in!the!CMSMs!which!could!be!caused!by!
sealing,!surface!defects!and!macropores!were!detected!in!the!fabricated!
CMSMs.!

Membranes! AlN3M5,! ZrN3M5,! AlN10M5,! and! ZrN10M5! contain! a!
double!layer!while!AlN10M10!and!ZrN10M10!containing!a!single!selective!
layer.!

The!N2!permeation!tests!were!performed!to!recognize!the!possible!
defects!(>50!nm)!in!the!selective!carbon!layers;!since!the!permeance!of!
N2! in!mesopores!(2–50!nm)!is! independent!of! the!pressure!used,!any!
positive!slope!in!the!plot!of!pressure!and!permeance!is!an!indication!of!
viscous!#ow!permeation!in!pores>50!nm.!Fig.!3!shows!that!the!slope!of!
N2!permeance!in!function!of!the!pressure!applied!for!all!the!membranes!
are!zero;! showing! that! the!membranes!could!be!considered!as!defect!
free.!

The!effect!of!the!pulling!speed!during!the!dipping!on!the!thickness!of!
the!carbon!layer!was!studied.!In!the!dip!coating!step!parameters!such!as!
dipping!time!(20!s)!and!temperature!of!the!dipping!solutions!(20!◦C)!
were!kept!constant,!except!the!speed!of!pulling!which!is!doubled!from!5!
(mm/s)! to! 10! (mm/s)! for! AlN10M10! and! ZrN10M10! respectively.! Ac-
cording!to!SEM!(Fig.!4),!the!carbon!layer!thickness!of! the!membrane!
with! faster! pulling! speed! (10!mm! s−1! AlN10M10,)! resulted! in! thicker!
layers!(13!µm)!than!that!with!5!mm.s−1!(AlN10M5! ,6.14!µm).!

Zirconia!and!alpha-alumina!supports!were!used!as!tubular!support!in!
the! fabrication! of! CMSMs.! According! to! pervaporation! tests,! CMSMs!
which!were!fabricated!with!zirconia!supports,! indicating!lower!mole-!
based! selectivity! for! ethanol–water! pervaporation! tests.!According! to!
surface!roughness!measurements!and!SEM!data,!Fig.!4,!zirconia!support!
has!lower!surface!roughness!(0.652!µm,!1.2%!SD)!compared!to!alpha!
lumina!supports!(1.752!µm,!1.6%!SD).!Lower!surface!roughness!results!
in!thinner!selective!layer!(4.18!µm)!in!zirconia!supported!membranes!
(ZrN10M10)!compared!to!(6.17!µm,!Nav.)!in!alpha!alumina!supported!
membranes!(Fig.!5);!As!a!result,!in!the!zirconia!supported!CMSMs,!the!
possibility! of! existing! of! pores! with! bigger! diameter! (>0.7! nm)!will!
contribute! to! lower! mole-! based! selectivity! for! water/! ethanol!
separation.!

CMSMs! water! permeation! properties! were! tested! for! 6! h! under!
pressure!difference!and!temperature!conditions!of!100!KPa!and!70!◦C!
respectively.!Water!permeance!and!water/ethanol!molar-!based!selec-
tivity!of! the!carbon!membranes!of! this!work!and!others! found!in!the!
literature!are!presented!in!Fig.!6!and!Table!5;!the!membranes!developed!
in!this!work!show!higher!performances!in!terms!of!water!permeation!and!

selectivity.!The!CHO!composition!(Table!3)!of!the!CMSMs!prepared!with!
the!oligomer!N10! (AlN10M10,!ZrN10M10,!AlN10M5,!and!ZrN10M5),!con-
taining! higher! O! percentage! than! those! prepared! with! oligomer! N5!
which!will!confer!higher!hydrophilicity!to!N10! containing!membranes!
and!consequently!higher!water!permeance![28,50,51].!

Membranes!ZrN10M5! and!AlN10M5,! indicated! the!maximum!selec-
tivity!in!zirconia!and!alumina!supported!membranes!respectively!due!to!
the!double!selective!carbon!layers!thickness,!which!is!related!with!the!
lower!water!permeance!of!these!membranes.!

As!it!is!indicated!in!Table!5,!Membrane!AlN10M10!with!alpha!alumina!
support!and!N10!oligomer,!having!664!mol-based!selectivity,!4.65!(mol/!
m2hkpa)! water! permeance! and! water! concentration! in! permeate! of!
98.42!%!is!a!suitable!candidate!for!bio!ethanol!dehydration!to!reach!fuel!
grade! requirements.! Long-term! permeation! test! (18! days)! of! the!
AlN10M10! is!shown!in!Fig.!7;!as!it!is!observed,!the!performance!of!the!
membrane! remains! practically! constant! during! the! experiment! with!
maximum!variation!of!0.67%!for!water!percentage!in!the!permeate!and!
2.66%! of! total! #ux! through! the!membrane.! The! variations! in! water!
percentage!could!be!the!result!of!water!batch!injections!to!the!reservoir!
tank!each!day!to!keep!the!feed!composition!constant.!

Overall,!the!performance!of!membrane!could!be!considered!steady!
state!without!drastic! reduction! in!#ux!or!decrease!of!water!%! in! the!
permeate!stream!for!430!h!test.!

7. Conclusions!

Six!defect-!free!CMSMs!were!prepared!from!novolac!phenolic!resins!
by!the!dip-dry-carbonization!method.!The!effect!of!the!polymerization!
time!during! the!synthesis!of! the!Novolac!was! studied;!3!and!10!h!of!
polymerization! resulted! in! oligomers! with! Mw! of! 2231! and! 3986!
respectively.!After!carbonization,! the!CMSMs!obtained! from!the!olig-
omer!with!10!h!of!reaction!(N10)!shows!more!atoms!of!oxygen!than!that!
with!5!h!(N5)!making!the!membrane!more!hydrophilic!with!higher!water!
permeance.!CMSM!prepared!with!higher!pulling!speed!produce!thicker!
membranes.!Under!similar!preparation!conditions,!CMSM!supported!on!
alumina! are! thicker! than! those! on! zirconia,! due! to! the! difference! in!
roughness! of! the! support! surface.! Comparing!with! other!membranes!
from! the! literature,!CMSMs!developed! in! this!work! show!high!water!
permeation!and!selectivity!against!ethanol.!As!a!solution!for!increasing!
the!water!permeance,!reduction!of!needed!coating!layers!is!achieved!via!
increase!in!oligomer!molecular!weights!combined!with!increasing!the!
pulling!speed!from!5!mm.!s−1!to!10!mm.!s−1.!This!development!not!only!
reduces!the!cost!per!membrane!in!fabrication,!but!also!reduces!the!risk!
of!separation!of!two!layers!in!long!term!performance!tests!and!increases!
the! stability!of! the!membrane.!CMSM!AlN10M10! shows! stable!perfor-
mance!for!430!h!test!in!separation!conditions!and!has!the!potential!to!be!
used!in!the!dehydration!of!bioethanol.!
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