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ABSTRACT	  12 

Mixed	   matrix	   membranes	   (MMMs)	   based	   on	   the	   polyimide	   Matrimid®	   (PI)	   with	   metal-‐13 
organic	   framework	   (MOF)	  MIL-‐101(Cr)	   as	   porous	   nanostructured	   filler	  were	   synthesized	   and	  14 
applied	  as	  separation	  element	  in	  a	  membrane	  reactor	  to	  carry	  out	  the	  esterification	  of	  acetic	  15 
acid	  with	  ethanol.	  The	  MMMs	  were	  characterized	  by	  techniques	  including	  X-‐ray	  diffraction,	  IR	  16 
spectroscopy	  and	  scanning	  electron	  microscopy.	  In	  order	  to	  compare	  the	  performance	  of	  MIL-‐17 
101(Cr)-‐PI	  MMMs	   in	   the	  membrane	   reactor,	   pure	   PI	   and	   HKUST-‐1-‐PI	  membranes	  were	   also	  18 
used.	  MMMs	  provided	  a	  better	  reactor	  performance	  than	  the	  bare	  PI	  membrane	  because	  of	  19 
the	   increase	   in	   permeability	   associated	   to	   the	   presence	   of	  MOF	   as	   filler.	   The	   PI	  membrane	  20 
reactor	  barely	  achieved	  the	  same	  conversion	  as	  a	  fixed	  bed	  reactor,	  while	  the	  MIL-‐101(Cr)-‐PI	  21 
membrane	  showed	  a	   reactor	  performance	  similar	   to	   that	  of	   the	  HKUST-‐1-‐PI	  membrane	  with	  22 
higher	  stability,	  as	  confirmed	  by	  membrane	  characterization	  after	  the	  reaction	  experiments.	  23 
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1.	  Introduction	  33 

Esters	  are	   important	  chemicals	  for	  several	  processes	  related	  to	  the	  manufacture	  of	  foods,	  34 
cosmetic	  products,	  medicines	  and	   solvents	   [1].	   They	   can	  be	  obtained	  by	  direct	  esterification	  35 
between	  an	  alcohol	  and	  a	  carboxylic	  acid,	  a	  process	  which	  has	  attracted	  the	  attention	  of	  many	  36 
researchers	   in	   recent	   decades.	   Moreover,	   the	   development	   of	   biodiesel	   has	   increased	   the	  37 
interest	   in	  the	  esterification	  reaction,	  since	  it	  can	  be	  produced	  not	  only	  by	  transesterification	  38 
of	   fatty	   acids,	   but	   also	   by	   direct	   esterification	   of	   different	   organic	   acids	   with	   methanol	   to	  39 
obtain	  products	  such	  as	  methyl	  oleate	  [2]	  or	  methyl	  laurate	  [3].	  	  40 

An	   acid	   catalyst	   is	   required	   in	   esterification	   reactions	   to	   donate	   protons	   for	   the	  41 
autoprotolysis	  of	  the	  carboxylic	  acid.	  Although	  homogeneous	  catalysts	  such	  as	  inorganic	  [4]	  or	  42 
organic	   acids	   [5]	   have	   been	   used	   for	   this	   purpose,	   heterogeneous	   catalysts	   are	   preferred	   in	  43 
order	  to	  avoid	  problems	  related	  with	  their	  separation	  or	  the	  corrosion	  of	  devices.	  	  44 

As	  esterification	  occurs,	  water	   is	  produced	  as	  a	  byproduct,	  causing	  hydrolysis	  of	   the	  ester	  45 
up	  to	  a	  point	  at	  which	  thermodynamic	  equilibrium	  is	  reached.	  In	  order	  to	  exceed	  equilibrium	  46 
conversions,	  an	  excess	  of	  alcohol	  has	  traditionally	  been	  used	  [6],	  given	  that	  the	  limiting	  step	  of	  47 
the	  reaction	  is	  the	  attack	  of	  the	  carboxylic	  group	  by	  the	  alcohol.	  Nevertheless,	  this	  requires	  a	  48 
further	   separation	  of	   the	  alcohol,	   thus	   increasing	  operation	   costs.	  Another	   alternative	   is	   the	  49 
separation	  of	  water	  from	  the	  reaction	  medium,	  which	  can	  be	  carried	  out	  by	  means	  of	  reactive	  50 
distillation	  and	  pervaporation	  processes	  [7].	  Pervaporation	  of	  water	  presents	  some	  advantages	  51 
in	   comparison	  with	   reactive	  distillation	   since	   it	   is	   independent	  of	   the	  volatilities	  of	   reactants	  52 
and	  products.	  Furthermore,	  it	  has	  lower	  energetic	  costs	  given	  that	  only	  permeated	  compounds	  53 
are	  evaporated	  [8].	  54 

A	  membrane	  reactor	  combining	  a	  membrane	  selective	  towards	  water	  and	  a	  heterogeneous	  55 
catalyst	  is	  an	  excellent	  reactor	  configuration	  for	  carrying	  out	  esterification	  reactions,	  improving	  56 
conversions	   and	   reducing	   costs.	   There	   are	   many	   studies	   of	   pervaporation	   coupled	   with	  57 
esterification	   in	   the	   literature,	  with	  different	  catalysts	  and	  membranes.	  Even	   though	  zeolites	  58 
have	   been	   used	   [9,	   10]	   as	   catalysts	   in	   recent	   years,	   these	   have	   been	   displaced	   by	   ionic	  59 
exchange	  resins	  because	  of	  their	  higher	  activity,	  as	  reported	  by	  the	  use	  of	  Amberlyst	  15®	  [11-‐60 
16],	  Amberlyst	  131®	  [17]	  or	  the	  002CR	  acid	  ion	  exchange	  resin	  [18]	  as	  catalyst.	  61 

Different	   types	   of	   membranes	   have	   been	   applied	   for	   esterification.	   Among	   the	   zeolitic	  62 
membranes,	  with	  high	  mechanical,	  thermal	  and	  chemical	  stability,	  ZSM-‐5	  [19],	  mordenite	  [12],	  63 
sodalite	  [20]	  and	  zeolite	  T	  [18]	  membranes	  have	  been	  used.	  Polymeric	  membranes	  stand	  out	  64 
for	  their	  high	  selectivity,	  low	  cost	  and	  easy	  preparation	  [21],	  in	  spite	  of	  their	  lower	  capacity	  to	  65 
withstand	   reaction	   conditions.	   The	   number	   of	   works	   reporting	   the	   use	   of	   polymeric	  66 
membranes	   is	   extensive:	  Korkmaz	  et	   al.	   [22]	   carried	  out	   the	  esterification	  of	   acetic	   acid	  and	  67 
isobutanol	   using	   polydimethyl-‐siloxane	   (PDMS),	   poly(vinyl	   alcohol)	   and	   commercial	   Nafion	  68 
117,	   PERVAP	   1201,	   and	   PERVAP	   2216	  membranes.	   Figueiredo	   et	   al.	   [13]	   and	   Lu	   et	   al.	   [23]	  69 
produced	  ethyl	  acetate	   in	  a	  membrane	  reactor	  with	  commercial	  PERVAP	  1000	  and	  poly(vinyl	  70 
alcohol)	  membranes,	  respectively.	  Rathod	  et	  al.	  [24]	  reported	  the	  reaction	  between	  propionic	  71 
acid	  and	   isopropyl	  alcohol	  with	  a	  poly(vinyl	  alcohol)-‐polyether	  sulfone	  composite	  membrane.	  72 
Finally,	   commercial	   PERVAP	   2201	   membrane	   has	   been	   used	   for	   the	   production	   of	   n-‐Butyl	  73 
acrylate	  [17]	  and	  ethyl	  lactate	  [15].	  	  	  	  74 
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Mixed	   matrix	   membranes	   (MMMs)	   composed	   of	   a	   homogeneous	   dispersion	   of	   porous	  75 
fillers	   embedded	   within	   a	   membrane	   polymer	   matrix	   were	   developed	   to	   improve	   the	  76 
performance	  of	  bare	  polymeric	  membranes.	  MMMs	  combine	   the	  high	  molecular	   sieving	  and	  77 
sorption	   properties	   of	   molecular	   sieves	   with	   the	   desirable	   mechanical	   and	   processing	  78 
properties	   of	   polymers.	   MMMs	   have	   been	   extensively	   used	   for	   the	   dehydration	   of	   water-‐79 
organic	  mixtures	  by	  means	  of	  pervaporation.	  MMMs	  using	  zeolite	  ZSM-‐5	  [25],	  zeolite	  H-‐ZSM-‐5	  80 
[26],	  zeolite	  A	  [27],	  carbon	  nanotubes	  [28,	  29],	  mesoporous	  SBA-‐15	  [30]	  and	  MCM-‐41	  [31]	  as	  81 
fillers	   have	   been	   studied,	   achieving	   higher	   selectivities	   and/or	   fluxes	   than	   those	   of	   pure	  82 
polymer	  membranes.	  83 

Metal-‐organic	   frameworks	   (MOFs)	   are	   porous	   crystalline	   materials	   with	   high	   specific	  84 
surface	   area	   and	   adsorption	   capacity.	   They	   also	   have	   properties	   of	   molecular	   sieving,	  85 
flexibility,	   and	   versatility	   of	   functionalization	   if	   the	   appropriate	   organic	   ligand	   is	   chosen.	  86 
Because	   of	   their	   inorganic–organic	   nature,	   they	   have	   better	   compatibility	   with	   the	   polymer	  87 
phase	  than	  other	  fillers	  [32].	  The	  combination	  of	  MOF	  crystals	  with	  a	  polymer	  in	  the	  form	  of	  a	  88 
MMM	   has	   been	   widely	   studied	   for	   gas	   separation	   applications	   [33-‐35].	   Regarding	  89 
pervaporation,	  MMMs	   composed	  of	   chitosan	   and	   ZIF-‐7	   [36],	   polyimide	  Matrimid®	   5218	   and	  90 
ZIF-‐8	  [31],	  Matrimid®	  5218	  and	  HKUST-‐1	  [16]	  or	  polydimethyl-‐siloxane	  (PDMS)	  and	  ZIF-‐71	  [37]	  91 
have	  been	  applied	   for	   the	  separation	  of	  water/ethanol	  mixtures.	  Dehydration	  of	   isopropanol	  92 
has	  also	  been	  carried	  out	  by	  using	  MMMs	  of	  poly(vinyl	  alcohol)	  and	  ZIF-‐8	  [38],	  and	  polyimide	  93 
P84	   and	   ZIF-‐90	   [39].	   Finally,	  MMMs	   comprising	   polymethyl-‐phenylsiloxane	   (PMPS)	   and	   ZIF-‐8	  94 
have	  also	  been	  used	  for	  dehydration	  of	  isobutanol	  [40].	  95 

In	   spite	   of	   the	   number	   of	   works	   reporting	   separation	   of	   water	   by	   pervaporation	   using	  96 
MMMs,	  there	  is	  a	  lack	  of	  studies	  concerning	  the	  application	  of	  MMMs	  in	  membrane	  reactors.	  	  97 
Zeolite	   inorganic	   fillers,	   e.g.	   sodium	  alginate	  with	   zeolite	   beta	   [41]	   and	  with	   zeolite	   4A	   [42],	  98 
have	  mainly	  been	  used	   to	  exceed	   the	   thermodynamic	  equilibrium	   in	   the	  production	  of	  ethyl	  99 
acetate	  with	   the	   sulfonated	   cation	   exchange	   resin	  Dowex-‐50	   as	   catalyst.	   To	   the	   best	   of	   our	  100 
knowledge,	  our	  previous	  work	  [16]	  is	  the	  only	  study	  to	  have	  dealt	  with	  pervaporation	  coupled	  101 
with	  esterification	  using	  a	  MOF	  based	  MMM,	  made	  of	   the	   commercial	   polyimide	  Matrimid®	  102 
5218	  and	  HKUST-‐1	  as	  filler.	  103 

The	   objective	   of	   this	   work	   is	   to	   study	   the	   preparation	   of	   MMMs	   based	   on	   commercial	  104 
Matrimid®	   5218,	   using	  MOF	  MIL-‐101(Cr),	   a	   crystalline	  mesoporous	  material	   with	   inner	   free	  105 
cage	  diameters	  up	  to	  34	  Å	  and	  pore	  aperture	  windows	  up	  to	  16	  Å,	  as	  filler	  and	  their	  application	  106 
for	   the	  esterification	  of	  ethanol	  and	  acetic	  acid	   in	  a	  membrane	   reactor.	   In	  order	   to	  evaluate	  107 
our	   results,	   these	  MMMs	  were	   compared	  with	   those	  of	  Matrimid®	  5218	   and	  HKUST-‐1.	  MIL-‐108 
101(Cr)	  based	  MMMs	  have	  already	  been	  synthesized	  with	  polysulfone	  [34,	  43]	  and	  also	  with	  109 
polyimide	  Matrimid®	  [44]	  as	  polymers	  and	  tested	  for	  the	  separation	  of	  gases.	  Finally,	  MMMs	  110 
based	   on	   MIL-‐101(Cr)	   should	   provide	   selectivity	   for	   water	   separation	   due	   to	   their	  111 
hydrophilicity	  [45]	  and	  stability	  in	  water	  [34].	  112 

	  113 
	  114 
	  115 
	  116 
	  117 
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2.	  Materials	  and	  Methods	  118 
	  119 
2.1.	  Synthesis	  of	  metal-‐organic	  frameworks	  (MOFs)	  120 

For	  the	  synthesis	  of	  MIL-‐101(Cr),	  0.5	  g	  of	  CrCl3·∙6H2O	  and	  0.45	  g	  of	  terftalic	  acid	  (98%,	  Sigma-‐121 
Aldrich)	   were	   dissolved	   in	   26	   mL	   of	   distilled	   water	   [46].	   After	   mixing,	   the	   solution	   was	  122 
maintained	   for	   30	   min	   at	   180	   oC	   in	   a	   microwave	   oven.	   The	   solid	   was	   separated	   by	  123 
centrifugation	   and	   washed	   with	   water.	   Then,	   synthesized	   MOF	   was	   activated	   with	   N,N-‐124 
dimethylformamide,	   DMF	   (99.8%,	   Sigma-‐Aldrich)	   at	   120	   oC	   overnight	   and	   thereafter	   with	  125 
methanol	  for	  12	  h	  under	  reflux.	  Finally,	  MIL-‐101(Cr)	  was	  dried	  at	  100	  °C	  overnight.	  126 

The	  synthesis	  of	  HKUST-‐1	  was	  carried	  out	  according	  to	  the	  procedure	  described	  by	  Wee	  et	  127 
al.	   [47].	   For	   this	   purpose,	   1.2	   g	   of	   Cu(NO3)2·∙2.5H2O	   (98%,	   Alfa	   Aesar)	   and	   0.6	   g	   of	   benzene-‐128 
1,3,5-‐tricarboxylic	   acid	   (BTC,	   98%,	  Alfa	  Aesar)	  were	  dissolved	   in	   20	  mL	  of	   ethanol	   (analytical	  129 
grade,	  Scharlau).	  The	  solution	  was	  stirred	  for	  24	  h	  at	  room	  temperature	  and	  the	  final	  product	  130 
was	   collected	  by	   centrifuging	   twice	  with	  distilled	  water	   and	  once	  with	  ethanol,	   and	  dried	  at	  131 
100	  °C	  overnight.	  	  132 

	  133 
2.2.	  Preparation	  of	  mixed	  matrix	  membranes	  (MMMs)	  134 

MIL-‐101(Cr)	  or	  HKUST-‐1	  based	  MMMs	  were	  prepared	  as	  follows.	  Firstly,	  4.5	  g	  of	  chloroform	  135 
and	  the	  required	  amount	  of	  MOF	  to	  have	  the	  desired	  loading	  (20-‐30	  wt%)	  were	  mixed	  for	  20	  136 
min	  in	  an	  ultrasound	  bath	  and	  stirred	  overnight	  to	  achieve	  a	  complete	  dispersion	  of	  the	  solid.	  137 
Afterwards,	   the	   corresponding	   amount	   of	   polyimide	   Matrimid®	   5218	   (hereafter	   called	   PI),	  138 
kindly	   supplied	   by	   Huntsman	   Advanced	   Materials	   (Matrimid	   5218	   US),	   was	   added	   and	   the	  139 
mixture	  was	  stirred	  for	  24	  h.	  The	  preparation	  method	  was	  the	  same	  for	  both	  MIL-‐101(Cr)	  and	  140 
HKUST-‐1	  MMMs.	   In	   the	   case	   of	   pure	   PI	  membranes,	   only	   the	   second	   step	  was	   carried	   out.	  141 
Note	   that	   in	   all	   cases	   the	   total	   amount	   of	   filler	   and	   polymer	   was	   0.4	   g	   and	   the	   weight	  142 
proportion	  of	  solvent:(filler+polymer)	  mixture	  was	  maintained	  constant	  at	  91:9.	  143 

The	  suspension	  was	  then	  treated	  in	  an	  ultrasound	  bath	  with	  sonicating/mixing	  during	  three	  144 
intervals	  of	  15	  min,	  cast	  on	  a	  flat	  glass	  plate	  and	  then	  left	  overnight	  partially	  covered	  to	  slow	  145 
down	   the	  natural	   evaporation	  of	   the	   solvent	  under	   ambient	   conditions.	  Once	  dried	  at	   room	  146 
temperature,	  the	  films	  were	  treated	  at	  180	  °C	  for	  24	  h	  in	  a	  vacuum	  oven	  (10	  mbar)	  in	  order	  to	  147 
remove	  the	  remaining	  solvent.	  148 

	  149 
2.3.	  Characterization	  150 
Nitrogen	   adsorption	   isotherms	   of	   MIL-‐101(Cr)	   powder	   were	   measured	   at	   77	   K	   using	   a	  151 

Micromeritics	   Tri	   Star	   3000	   analyzer.	   Prior	   to	   the	   analysis,	   samples	   were	   outgassed	   with	   a	  152 
heating	   rate	   of	   10	   °C/min	   until	   110	   °C	   for	   8	   h.	   The	   BET	   (Brunauer-‐Emmett-‐Teller)	   specific	  153 
surface	  area	  was	  determined	  from	  the	  nitrogen	  adsorption–desorption	  isotherms.	  	  154 

The	   MIL-‐101(Cr)	   powders	   and	   MMMs	   were	   observed	   by	   scanning	   electron	   microscopy	  155 
(SEM)	  using	  an	  Inspect	  F50	  model	  scanning	  electron	  microscope	  (FEI).	  For	  sample	  preparation,	  156 
the	   membranes	   were	   immersed	   in	   liquid	   nitrogen	   and	   then	   fractured.	   The	   powder	   and	  157 
membrane	  samples	  were	  mounted	  on	  carbon	  tape	  and	  coated	  with	  platinum	  using	  a	  sputter	  158 
coater.	  	  159 
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To	   confirm	   the	   MIL-‐101(Cr)	   powder	   structure	   and	   its	   stability	   after	   dispersion	   in	   the	  160 
polymer,	  the	  MOFs	  and	  the	  MMMs	  were	  analyzed	  by	  X-‐ray	  diffraction	  (XRD).	  This	  analysis	  was	  161 
carried	  out	  at	  room	  temperature	  with	  a	  D-‐Max	  Rigaku	  diffractometer	  with	  a	  copper	  anode	  and	  162 
a	  graphite	  monochromator	  to	  select	  Cu-‐Kα1	  radiation	  (λ	  =	  1.5418	  Å).	  163 

Thermogravimetric	  analyses	  (TGA)	  were	  conducted	  using	  a	  Mettler	  Toledo	  TGA/SDTA	  851e	  164 
system.	  Samples	  (about	  5	  mg)	  were	  placed	  in70	  mL	  pans	  and	  then	  heated	  in	  air	  flow	  up	  to	  750	  165 
°C	  at	  a	  heating	  rate	  of	  10	  °C/min.	  166 

The	   ATR-‐FTIR	   (attenuated	   total	   reflection	   Fourier	   transform	   infrared	   spectroscopy)	  167 
characterization	  was	  performed	  using	  a	  Bruker	  Vertex	  70	  FTIR	  spectrometer	  equipped	  with	  a	  168 
deuterated	   triglycine	   sulfate	   detector	   and	   a	   Golden	   Gate	   diamond	   ATR	   accessory.	   Spectra	  169 
were	  recorded	  in	  the	  4000–600	  cm-‐1	  wave	  number	  range	  with	  an	  accuracy	  of	  4	  cm-‐1.	  170 

The	  water	  uptake	  of	  the	  membranes,	  sometimes	  described	  in	  the	  literature	  as	  the	  “degree	  171 
of	   swelling”	   [30],	  was	   determined	   in	  water	   at	   45	   °C.	   Before	   the	   experiment,	   the	  membrane	  172 
sample	  was	   dried	   at	   100	   °C	   for	   3	   h	   and	  weighed	   (𝑊!"#,	   in	   the	   50–80	  mg	   range).	   Then	   the	  173 
membrane	  was	  immersed	  in	  water	  for	  20	  h,	  and	  afterwards	  the	  fully	  swollen	  membrane	  was	  174 
wiped	  with	   tissue	  paper	  and	  weighed	  again	   (𝑊!"#).	   The	  water	  uptake	  was	   calculated	  by	  Eq.	  175 
(1).	  176 

𝑊𝑎𝑡𝑒𝑟  𝑢𝑝𝑡𝑎𝑘𝑒   % = !!"#!!!"#

!!"#
· 100	   (1)	  177 

To	   check	   the	   stability	   of	   the	   MMMs,	   several	   of	   the	   above	   mentioned	   characterization	  178 
techniques	  were	  applied	  after	   the	  esterification	  experiments.	  Furthermore,	   the	  MMMs	  were	  179 
submitted	  to	  an	  experiment	  of	   leaching	   in	  which	  a	  piece	  of	  MMM	  was	  put	   in	  contact	  with	  a	  180 
liquid	   mixture	   containing	   acetic	   acid	   (99%,	   Alfa	   Aesar),	   ethanol	   (analytical	   grade,	   Scharlau),	  181 
ethyl	   acetate	   (99.7%,	   Sigma-‐Aldrich)	   and	   water	   with	   a	   composition	   corresponding	   to	   a	  182 
conversion	   of	   64%	   (steady	   state	   conversion	   obtained	   in	   a	   fixed	   bed	   reactor	   at	   70	   °C).	   The	  183 
weight	   ratio	  between	  membrane	  and	   liquid	  was	   the	   same	  as	   in	  an	  esterification	  experiment	  184 
with	   a	   feed	   of	   0,046	   g/min	   that	   lasted	   for	   4	   days.	   After	   this	   leaching	   experiment,	   the	  185 
membranes	   were	   analyzed	   by	   TGA	   to	   determine	   the	   amount	   of	   metal	   present	   in	   the	  186 
membrane.	  187 

	  188 
2.4.	  Esterification	  experiments	  189 
Two	   reactor	   configurations	   were	   used:	   membrane	   reactor	   (MR)	   and	   fixed	   bed	   reactor	  190 

(FBR).	  	  191 
In	   the	   MR	   experiments,	   the	   esterification	   reaction	   was	   carried	   out	   in	   a	   stainless	   steel	  192 

permeation	  module	  using	  the	  prepared	  flat	  membranes	  with	  an	  effective	  area	  of	  12	  cm2.	  The	  193 
module	   was	   placed	   in	   an	   oven	   to	   provide	   an	   operation	   temperature	   of	   70	   °C.	   2	   g	   of	   ionic	  194 
exchange	   resin	   Amberlyst	   15®	   (hydrogen	   form,	   Fluka	   analytical)	   was	   put	   in	   the	   module	   as	  195 
catalyst	  and	  0.05	  mL/min	  of	  an	  acetic	  acid-‐ethanol	  equimolar	  mixture	  was	  fed	  to	  the	  module	  196 
at	   room	  temperature	  and	  with	  an	  overpressure	  of	  0.2	  bar.	  The	   retentate	  was	  collected	  on	  a	  197 
glass	   deposit	   immersed	   in	   a	   water	   bath	   for	   cooling	   and	   avoiding	   further	   reaction.	   The	  198 
permeate	  side	  was	  evacuated	  using	  a	  vacuum	  pump	  providing	  a	  pressure	  lower	  than	  10	  mbar,	  199 
and	  the	  permeate	  vapor	  was	  condensed	  in	  a	  glass	  cold	  trap	  immersed	  in	  liquid	  nitrogen.	  The	  200 
feed,	   retentate	   and	  permeate	  were	  weighed	   to	  determine	   the	  membrane	   flux	   and	  analyzed	  201 
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with	  a	  gas	  chromatograph	  (Agilent	  Technologies,	  7820A)	  equipped	  with	  a	  PORAPAK	  Q80/100	  202 
column	  using	  TCD	  and	  FID	  detectors.	  	  203 

In	   case	   of	   FBR	   experiments,	   a	   non-‐porous	   disk	   was	   placed	   in	   the	   permeation	   module	  204 
instead	  of	  the	  membrane,	  and	  no	  permeate	  was	  obtained.	  205 

The	  ratio	  between	  the	  mass	  flow	  of	  reactants	  and	  the	  mass	  of	  catalyst	  was	  characterized	  by	  206 
the	  weight	  hourly	  space	  velocity	  (WHSV).	  Conversion	  was	  calculated	  by	  Eq.	  (2):	  207 

𝑋   % = !!
!"#$%!!!

!"#$%#

!!
!"#$% · 100                                                                                                                      (2)	  208 

where	  𝑛!!"#$%is	  the	  molar	  flow	  of	  the	  reactant	  (either	  ethanol	  or	  acetic	  acid)	  fed	  to	  the	  reactor	  209 
and	  𝑛!!"#$%#is	  the	  sum	  of	  the	  molar	  flow	  of	  the	  reactant	  in	  permeate	  and	  retentate.	  Permeate	  210 
fluxes	  (𝐽!,	  kg·∙m-‐2·∙h-‐1)	  of	  the	  components	  were	  calculated	  by	  the	  following	  equation:	  211 

𝐽! =
!!
!
                                                                                                                                                            (3)	  212 

where	  𝑚! is	   the	  mass	   flow	   of	   the	   component  𝑖	   in	   the	   permeate	   and	  𝐴	   is	   the	   surface	   of	   the	  213 
membrane.	  214 

Finally,	  the	  separation	  factor	  (𝛼!"#$/!"#$%)	  between	  products	  and	  reactants	  was	  calculated	  215 
by	  Eq.	   (4).	  This	  parameter	  gives	  a	   relation	  between	  the	  amount	  of	  products	  permeated	   (and	  216 
removed	  from	  the	  reaction	  medium)	  and	  that	  of	  reactants	  lost	  with	  the	  permeate.	  217 

𝛼!"#$/!"#$% =
(!!"#$!!!!!)

(!!"#!!!"#$)
(!!"#$!!!!!)

(!!"#!!!"#$)

                                                                                                          (4)	  218 

In	  this	  equation,	  𝑌!   	  and	  𝑋! 	  are	  the	  mass	  fraction	  of	  each	  component	  in	  the	  permeate	  and	  219 
retentate,	  respectively.	  220 

	  221 
3.	  Results	  and	  discussion	  222 
	  223 
3.1.	  Filler	  characterization	  224 

The	  XRD	  diffractogram	  of	  synthesized	  MIL-‐101(Cr)	  is	  shown	  in	  Fig.	  1.	  The	  diffraction	  peaks	  225 
are	  consistent	  with	  those	  of	  the	  simulated	  pattern	  obtained	  with	  Mercury	  3.3	  software	  using	  226 
the	   corresponding	   CIF	   file	   [48].	   The	   broad	   peaks	   of	   the	   XRD	   patterns	   are	   related	   to	   the	  227 
nanoparticle	  size	  of	  the	  MIL-‐101(Cr)	  sample,	  corroborated	  by	  SEM	  (Fig.	  2).	  228 
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Figure	  1.	  XRD	  patterns	  of	  bare	  PI	  membrane,	  MIL-‐101	  simulated	  pattern,	  as-‐synthesized	  MIL-‐230 
101(Cr)	   powder	   and	   the	   corresponding	   MIL-‐101(Cr)	   MMMs:	   as-‐synthesized	   and	   after	  231 
esterification	  reaction.	  	  	  232 
	  233 

Fig.	   2a	   shows	   a	   SEM	   image	   of	   the	   synthesized	   MIL-‐101(Cr).	   As	   can	   be	   seen,	   a	   narrow	  234 
distribution	   of	   particle	   size	   was	   obtained,	   with	   an	   average	   particle	   size	   of	   58.9	   ±	   9.2	   nm	  235 
calculated	   from	   averaging	   20	   specimens.	   This	   particle	   size	   is	   similar	   to	   previously	   reported	  236 
values	  of	  MIL-‐101(Cr)	  particles	  [46].	  237 

	  	   	  238 

30	  µm 

a)	   b)	  
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	  249 
Figure	  2.	  SEM	  photographs:	  a)	  MIL-‐101(Cr)	  particles;	  b)	  MIL-‐101(Cr)-‐PI	  MMM.	  250 

	  251 
The	   nitrogen	   adsorption-‐desorption	   isotherm	   from	   the	   MIL-‐101(Cr)	   powder	   (Fig.	   3)	  252 

corresponds	  to	  a	  type	  IV	  isotherm.	  The	  step	  at	  P/P0=0.2	  corresponds	  to	  the	  mesopores	  of	  MIL-‐253 
101(Cr).	   There	   is	   a	   hysteresis	   loop	   between	   the	   adsorption	   and	   desorption	   curves	   at	   P/P0	  254 
between	   0.8-‐1	   due	   to	   the	   physisorbed	   nitrogen	   on	   the	   outer	   surfaces	   of	   the	   MIL-‐101(Cr)	  255 
nanoparticles	   [49].	   A	   BET	   specific	   surface	   of	   2306	   m2/g	   was	   obtained,	   similar	   to	   previously	  256 
reported	  data	  [46].	  257 
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	  258 
Figure	  3.	  Nitrogen	  adsorption-‐desorption	  isotherm	  for	  as	  made	  MIL-‐101(Cr).	  259 

	  260 
3.2.	  Membrane	  characterization	  261 

Membranes	   prepared	   with	   a	   theoretical	   20	   wt%	   of	   MIL-‐101(Cr)	   loading	   provided	   a	  262 
homogeneous	  distribution	  of	  MOF	  particles	  across	  all	  the	  membrane	  thickness	  (87.8	  ±	  0.8	  µm)	  263 
with	  no	  sedimentation	  of	  MOF	  during	  the	  membrane	  drying,	  as	  can	  be	  observed	  in	  Fig.	  2b.	  The	  264 
preparation	  of	  MMMs	  with	   30	  wt%	   loading	  of	  MOF	   (not	   shown)	  was	   also	   carried	  out,	   since	  265 
they	  were	  expected	  to	  have	  a	  better	  performance	  in	  the	  separation	  of	  water,	  as	  in	  the	  case	  of	  266 
HKUST-‐1	  [16].	  However,	  these	  higher	  loading	  MMMs	  were	  broken	  during	  handling	  due	  to	  their	  267 
extreme	  brittleness.	  268 
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X-‐ray	   diffraction	   peaks	   of	  MIL-‐101(Cr)-‐PI	   (shown	   in	   Fig.	   1)	  match	   those	   of	   as-‐synthesized	  269 
MIL-‐101(Cr)	  and	  the	  simulated	  pattern,	  indicating	  the	  presence	  of	  MIL-‐101(Cr)	  in	  the	  MMM.	  In	  270 
addition,	  this	  suggests	  that	  the	  structure	  of	  the	  MIL-‐101(Cr)	  particles	  was	  not	  affected	  during	  271 
the	  preparation	  of	  the	  membrane.	  	  272 

The	  ATR-‐FTIR	   spectra	  of	   the	  pure	  PI,	   as-‐synthesized	  MIL-‐101(Cr)	   powder	   and	  MIL-‐101(Cr)	  273 
MMMs,	   before	   and	   after	   esterification,	   can	   be	   observed	   in	   Fig.	   4. The	   PI	   characteristic	  274 
absorbance	  peaks	  are	  present	  in	  the	  MMMs	  spectra,	  where	  the	  peak	  at	  1720	  cm-‐1	  corresponds	  275 
to	  the	  symmetric	  and	  asymmetric	  stretching	  of	  the	  C=O	  groups	  in	  the	  imide,	  and	  those	  at	  1510	  276 
and	  1485	  cm-‐1	  are	   related	   to	  aromatic	   stretching	  of	   the	  para-‐disubstituted	  phenyl	  groups.	   In	  277 
addition,	   the	   characteristic	   absorbance	  peaks	  of	  MIL-‐101(Cr),	   namely	   at	   1420	   cm-‐1	   and	  1620	  278 
cm-‐1	  corresponding	  to	  COO-‐	  stretching	  vibration	  symmetric	  and	  asymmetric,	   respectively	   [50,	  279 
51],	  can	  be	  observed	  in	  the	  MMM	  spectra	  both	  before	  and	  after	  the	  esterification	  reaction.	  In	  280 
agreement	  with	  the	  XRD	  analyses,	  these	  results	  confirm	  the	  presence	  of	  unaltered	  MOF	  in	  the	  281 
membranes.	  282 
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Figure	   4.	   FTIR	   spectra	   of	   as-‐synthesized	  MIL-‐101(Cr)	   powder,	   PI	  membrane	   and	  MIL-‐101(Cr)	  285 
MMMs:	  as-‐synthesized	  and	  after	  esterification	  reaction.	  286 

	  287 
The	   TGA	   curves	   of	   different	   samples	   are	   depicted	   in	   Fig.	   5.	   The	   amount	   of	   Cr	   can	   be	  288 

determined	  from	  the	  curve	  of	  as-‐synthesized	  MIL-‐101(Cr)	  powder.	  After	  heating	  the	  sample	  up	  289 
to	  750	  °C,	  25.8	  wt%	  of	  the	  sample	  still	  remains.	  This	  value	  is	  attributed	  to	  the	  oxidation	  of	  Cr	  to	  290 
Cr2O3	   [52],	   then	   the	  MIL-‐101(Cr)	   sample	  contained	  18.0	  wt%	  of	  Cr.	  This	  value	   is	   close	   to	   the	  291 
theoretical	   amount	   of	   Cr	   in	   MIL-‐101(Cr)	   (13.3	   wt%),	   according	   to	   the	   MIL-‐101(Cr)	   formula	  292 
(Cr3O(OH)(H2O)2[C6H4(CO2)2]3·∙25H2O)	   [52].	   In	   the	   case	   of	   as-‐synthesized	   MMM,	   4.6	   wt%	   of	  293 
sample	   still	   remains	   after	   heating.	   Comparing	   data	   from	  MIL-‐101(Cr)	   powder	   and	   from	   the	  294 
corresponding	  MMM,	  the	  membrane	  contains	  18.0	  wt%	  of	  filler,	  which	  is	  near	  to	  the	  nominal	  295 
20	  wt%	  used	  for	  the	  synthesis.	  It	  is	  worth	  noting	  that	  the	  addition	  of	  the	  MOF	  into	  the	  polymer	  296 
matrix	   decreased	   the	   stability	   of	   the	  membrane	   from	   480	   °C	   for	   pure	   PI	   to	   355	   °C	   for	   the	  297 
corresponding	  MMM,	  the	  temperature	  at	  which	  the	  degradation	  of	  the	  organic	   ligand	  of	  the	  298 
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filler	   took	   place.	   This	   change	   in	   polymer	   stability	   can	   be	   attributed	   to	   the	   fact	   that	   the	  299 
inorganic	  components	  of	  the	  MOF	  catalyze	  the	  polymer	  degradation	  [53].	  300 
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Figure	  5.	   TGA	   curves	  of	  bare	  PI,	   as-‐synthesized	  MIL-‐101(Cr)	  powder	  and	  as-‐synthesized	  MIL-‐304 
101(Cr)-‐PI	  MMM.	  305 

	  306 
The	  water	  uptake	  of	  membranes	  with	  a	  20	  wt%	  loading	  of	  MIL-‐101(Cr)	  put	  in	  contact	  with	  307 

water	  was	  determined	  to	  study	  the	  hydrophilicity	  of	  the	  membrane,	  since	  this	  affects	  its	  ability	  308 
for	  water	  separation	  in	  the	  esterification	  reaction	  medium.	  The	  water	  uptake	  for	  membranes	  309 
with	  20	  wt%	  of	  MIL-‐101(Cr)	  was	  15.8	  ±	  1.6	  wt%	  while	  the	  water	  uptake	  for	  a	  pure	  Matrimid®	  310 
membrane	   was	   2.5	   wt%.	   This	   result	   indicates	   that	   the	   presence	   of	   hydrophilic	   MIL-‐101(Cr)	  311 
particles	  enhances	  the	  water	  sorption	  into	  the	  membrane.	  312 

	  313 
3.3.	  Esterification	  results	  314 
The	  experimental	  results	  obtained	  from	  esterification	  experiments	  at	  70	  °C	  are	  summarized	  315 

in	   Table	   1.	   The	   MIL-‐101(Cr)-‐PI	   membrane	   reactor	   reached	   a	   conversion	   of	   70.5	   %,	   clearly	  316 
overtaking	  the	  conversion	  obtained	  with	  FBR,	  and	  slightly	  below	  the	  equilibrium	  conversion	  at	  317 
the	   working	   temperature	   determined	   by	   Aspen	   HYSIS®	   (72.2	   %).	   Although	   the	   HKUST-‐1-‐PI	  318 
membrane	  reactor	  offered	  slightly	  higher	  conversion	   (71.8	  %),	   the	  MIL-‐101(Cr)-‐PI	  membrane	  319 
reactor	  performance	  was	   comparable	   to	   that	  of	  HKUST-‐1-‐PI	   and	  was	  more	   stable,	   as	  will	   be	  320 
shown	  below.	  321 

Even	  though	  HKUST-‐1-‐PI	  MMM	  is	  more	  selective	  towards	  water,	  as	  can	  be	  observed	  from	  322 
the	  molar	  fraction	  of	  water	  in	  permeate	  represented	  in	  Fig.	  6b,	  the	  higher	  total	  permeate	  flux	  	  323 
of	  MIL-‐101(Cr)-‐PI	  MMM	  (0.40	  kg/(m2·∙h)	  versus	  0.26	  kg/(m2·∙h)	  for	  HKUST-‐1-‐PI)	  provided	  a	  value	  324 
of	  water	  separated	  similar	  to	  that	  of	  HKUST-‐1-‐PI	  (0.15	  kg/m2·∙h	  for	  MIL-‐101(Cr)-‐PI	  versus	  0.18	  325 
kg/m2·∙h	  for	  HKUST-‐1-‐PI).	  This	  low	  difference	  in	  permeated	  water	  could	  also	  explain	  the	  slight	  326 
difference	   between	   conversions.	   The	   higher	   total	   permeate	   flux	   of	  MIL-‐101(Cr)-‐PI	  MMM	   in	  327 
comparison	   with	   HKUST-‐1-‐PI	   MMM	   could	   be	   explained	   by	   the	   higher	   porosity	   of	   the	   MIL-‐328 
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101(Cr).	   In	  addition,	   its	  greater	  pore	  size	  (pore/cavities	  of	  1.2/2.9	  nm	  and	  1.6/3.4	  nm	  [52]	  as	  329 
compared	  to	  0.6/0.9x0.9	  nm	  for	  HKUST-‐1[54])	  made	  MIL-‐101(Cr)-‐PI	  MMM	  less	  selective	  than	  330 
HKUST-‐1-‐PI	  MMM.	  331 

In	  the	  case	  of	  the	  PI	  membrane	  reactor,	  the	  low	  permeate	  flux	  of	  the	  PI	  membrane	  (0.105	  332 
kg/m2·∙h)	   in	   comparison	   with	   those	   of	   MMMs	   is	   the	   reason	   for	   the	   low	   amount	   of	   water	  333 
separated	  from	  the	  reaction	  medium	  (water	  flux	  in	  permeate	  of	  0.07	  kg/m2·∙h).	  This	  low	  water	  334 
removal	   from	   the	   system	   provided	   a	   low	   conversion	   of	   63.5	   %,	   scarcely	   reaching	   the	  335 
conversion	  of	  the	  fixed	  bed	  reactor.	  Overall,	  the	  introduction	  of	  MOFs	  as	  fillers	  improved	  the	  336 
water	  flux	  of	  membrane	  thus	  enhancing	  reactor	  performance.	  337 

The	  data	  of	   the	  water	  permeation	   flux,	   the	  water	  permeated/water	  produced	   in	   reaction	  338 
ratio	  and	  the	  products/reactants	  separation	  factor	  are	  in	  good	  agreement.	  Even	  though	  the	  PI	  339 
membrane	  is	  highly	  selective,	  showing	  the	  highest	  separation	  factor,	  its	  permeability	  is	  low,	  as	  340 
the	   permeate	   total	   flux	   indicates.	   The	   PI	   membrane	   can	   only	   separate	   30.2%	   of	   the	   water	  341 
produced,	  which	   is	  not	  enough	   to	   improve	   the	  conversion.	  However,	   the	  MIL-‐101(Cr)-‐PI	  and	  342 
HKUST-‐1-‐PI	  MMMs	  are	  able	  to	  separate	  54%	  and	  69%	  of	   the	  produced	  water,	   increasing	  the	  343 
esterification	   reaction	   conversion.	   In	   addition,	   in	   spite	   of	   the	   fact	   that	   the	   MIL-‐101(Cr)-‐PI	  344 
MMM	  permeates	   less	  water,	   it	   also	   separates	   ethyl	   acetate	   (see	   the	  molar	   fraction	  of	   ethyl	  345 
acetate	   in	  the	  permeate	  represented	  in	  Fig.	  6a)	  which	  contributes	  to	  the	  performance	  of	  the	  346 
membrane	  reactor	  and	  can	  be	  related	  to	  the	  greater	  porosity	  of	  MIL-‐101(Cr)	  as	  compared	  to	  347 
that	  of	  HKUST-‐1.	  	  348 

	  349 
Table	   1.	   Results	   of	   esterification	   experiments:	   average	   of	   data	   and	   standard	   deviation	   for	  350 
steady	  state	  conversion	  stages.	  Experimental	  conditions:	  T=	  70	  °C;	  WHSV=	  1.5	  h-‐1.	  	  351 

	   MIL-‐101(Cr)-‐PI	  MR	   HKUST-‐1-‐PI	  MR	   PI	  MR	   FBR	  
Conversion	  (%)	   70.5	  ±	  0.6	   71.8	  ±	  0.4	   63.5	  ±	  0.3	   63.7	  ±	  0.6	  
Permeate	  total	  
flux	  (kg/(m2·∙h))	  

0.40	  ±	  0.01	   0.26	  ±	  0.01	   0.11	  ±	  0.00	   -‐-‐-‐ 

Permeate	  water	  
flux	  (kg/(m2·∙h))	  

0.15	  ±	  0.01	   0.18	  ±	  0.02	   0.07	  ±	  0.00	   -‐-‐-‐ 

H2Opermeated	  

/H2Oproduced	  (%)	  
54	  ±	  1	   69	  ±	  3	   30	  ±	  5	   -‐-‐-‐	  

S.F.	  prod	  /react	   1.8	  ±	  0.1 2.5	  ±	  0.5 3.9	  ±	  0.1 -‐-‐-‐ 
	  352 
The	   variations	   in	   the	  permeate	   total	   flux	   and	  molar	   fractions	   in	   the	  permeate	  during	   the	  353 

esterification	  experiment	  carried	  out	  with	  MIL-‐101(Cr)-‐PI	  and	  HKUST-‐1-‐PI	  MMMs	  are	  depicted	  354 
in	  Fig.	  6.	  In	  the	  case	  of	  HKUST-‐1-‐PI	  the	  molar	  fraction	  of	  water	  in	  the	  permeate	  is	  higher	  than	  355 
for	   MIL-‐101(Cr)-‐PI	   because	   of	   its	   higher	   selectivity	   towards	   water,	   as	   mentioned	   above.	  356 
However,	  this	  molar	  fraction	  decreases	  during	  the	  experiment	  at	  the	  same	  time	  that	  the	  molar	  357 
fraction	  of	  ethanol	  and	  acetic	  increase,	  indicating	  the	  loss	  of	  reactants.	  This	  indicates	  that	  the	  358 
HKUST-‐1-‐PI	  membrane	  deteriorated	  during	  the	  experiment.	  In	  spite	  of	  the	  lower	  selectivity	  of	  359 
MIL-‐101(Cr)-‐PI,	   the	   molar	   fractions	   in	   the	   permeate	   remained	   constant	   during	   the	   whole	  360 
experiment,	  indicating	  a	  higher	  stability	  of	  the	  membrane.	  This	  would	  be	  expected	  given	  that	  	  361 
MIL-‐101(Cr)	   is	  one	  of	   the	  most	  water-‐stable	  carboxylate	  MOFs	   [34],	   in	  contrast	  with	   the	   low	  362 
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stability	   in	   water	   of	   HKUST-‐1	   [55].	   The	   different	   variation	   of	   the	   water	   molar	   fraction	   is	   in	  363 
agreement	  with	  the	  deviation	  in	  the	  permeate	  water	  flux	  presented	  in	  Table	  1	  (0.01	  kg/(m2·∙h)	  364 
for	  MIL-‐101(Cr)-‐PI	  and	  0.02	  kg/(m2·∙h)	  for	  HKUST-‐1-‐PI).	  365 

To	  avoid	  the	  breakage	  of	  the	  HKUST-‐1-‐PI	  MMM	  that	  could	  damage	  the	  experimental	  setup,	  366 
the	  esterification	  experiment	  with	  the	  HKUST-‐1-‐PI	  membrane	  reactor	  was	  stopped	  after	  55	  h.	  367 
The	  conversion	  of	  this	  reactor	  remained	  constant	  in	  spite	  of	  the	  membrane	  deterioration	  due	  368 
to	   its	  high	  selectivity.	  The	  experiment	  carried	  out	  with	  the	  MIL-‐101(Cr)-‐PI	  membrane	  reactor	  369 
lasted	   for	   77	   h	   giving	   rise	   to	   constant	   molar	   fractions	   in	   the	   permeate,	   permeate	   flux	   and	  370 
conversion,	  indicating	  a	  high	  stability	  of	  the	  MIL-‐101(Cr)-‐PI	  MMM.	  371 
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Figure	  6.	  Molar	  fractions	  in	  permeate	  and	  total	  permeation	  flux	  as	  a	  function	  of	  time:	  a)	  MIL-‐375 
101(Cr)-‐PI	  MR;	  b)	  HKUST-‐1-‐PI	  MR.	  Experimental	  conditions:	  T=	  70	  °C;	  WHSV=	  1.5	  h-‐1.	  376 
	  377 
	  378 

a)	  

b)	  
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3.4.	  Membrane	  stability	  after	  esterification	  379 
To	  gain	  further	  insight	  into	  the	  stability	  of	  MMMs,	  MIL-‐101(Cr)-‐PI	  MMM	  was	  characterized	  380 

after	  the	  esterification	  experiments.	  No	  significant	  differences	  were	  observed	  either	  in	  the	  XRD	  381 
(Fig.	  1)	  or	  in	  the	  FTIR	  (Fig.	  4)	  before	  and	  after	  the	  reaction	  experiments.	  	  382 

Fig.	   7	   shows	   SEM	   images	   of	  MIL-‐101(Cr)-‐PI	   and	   HKUST-‐1-‐PI	  MMMs	   before	   and	   after	   the	  383 
esterification	   experiments.	   In	   the	   case	   of	   the	   MIL-‐101(Cr)-‐PI	   membrane	   (Fig.	   7a	   and	   b),	   a	  384 
homogeneous	   dispersion	   of	   MIL-‐101(Cr)	   particles	   can	   be	   observed	   even	   after	   reaction.	  385 
Furthermore,	  there	  was	  no	  significant	  reduction	  in	  particle	  size	  that	  could	  be	  attributed	  to	  the	  386 
partial	  dissolution	  or	  leaching	  of	  MIL-‐101(Cr)	  during	  the	  esterification	  (59	  ±	  7	  nm	  before	  and	  59	  387 
±	  9	  nm	  after	  reaction).	   In	  the	  case	  of	   the	  HKUST-‐1-‐PI	  MMM	  (Fig.	  7c	  and	  d),	  a	  degradation	  of	  388 
HKUST-‐1	  particles	  can	  be	  observed,	  which	  could	  explain	  the	  damage	  suffered	  by	  the	  HKUST-‐1-‐389 
PI	  MMM	  during	  the	  esterification	  experiments.	  390 
	  391 

	  	  392 
	  393 
	  394 
	  395 
	  396 
	  397 
	  398 
	  399 
	  400 
	  401 
	  402 

Fig.	  7.	  SEM	  images	  of	  MMMs	  before	  (left)	  and	  after	  (right)	  esterification	  experiments:	  a)	  and	  b)	  403 
MIL-‐101(Cr)-‐PI	  20	  wt%	  MMM;	  c)	  and	  d)	  HKUST-‐1-‐PI	  30	  wt%	  MMM.	  404 
	  405 

For	  an	  in-‐depth	  study	  into	  the	  stability	  of	  MOFs	  during	  esterification,	  MIL-‐101(Cr)-‐PI	  20	  wt%	  406 
and	   HKUST-‐1-‐PI	   30	  wt%	  MMMs	  were	   submitted	   to	   a	   leaching	   experiment.	   The	  membranes	  407 
were	  left	  for	  4	  days	   in	  contact	  with	  a	   liquid	  mixture	  with	  all	  the	  components	  of	  the	  reaction.	  408 
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TGA	  were	  carried	  out	  before	  and	  after	  the	  experiment	  (see	  Fig.	  8)	  to	  determine	  the	  variation	  409 
of	  metal	  in	  the	  MMM.	  410 

For	   the	   MIL-‐101(Cr)-‐PI	   MMM,	   the	   amount	   of	   metal	   (Cr)	   calculated	   by	   TGA	   remained	  411 
constant	  during	  the	  leaching	  experiment.	  For	  the	  HKUST-‐1-‐PI	  MMM,	  the	  amount	  of	  metal	  (Cu)	  412 
was	  reduced	  by	  26%.	  These	  results	  are	  consistent	  with	  the	  differences	  observed	  between	  the	  413 
MIL-‐101(Cr)-‐PI	  and	  HKUST-‐1-‐PI	  in	  the	  esterification	  results	  (Fig.	  6)	  and	  SEM	  images	  (Fig.	  7).	  414 

	  415 
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Fig.	  8.	  TGA	  curves	  of	  MIL-‐101(Cr)	  and	  HKST-‐1	  MMMs	  before	  and	  after	  leaching	  experiment.	  419 
	  420 
4.	  Conclusions	  421 

Mixed	  matrix	  membranes	  (MMMs)	  based	  on	  the	  polyimide	  Matrimid®	  with	  MIL-‐101(Cr)	  as	  422 
a	   porous	   nanostructured	   filler	  were	   successfully	   synthesized.	  MIL-‐101(Cr)-‐PI	   and	  HKUST-‐1-‐PI	  423 
MMMs	  were	  applied	  to	  a	  membrane	  reactor	  for	  the	  esterification	  of	  acetic	  acid	  with	  ethanol.	  424 
The	   presence	   of	   MOF	   as	   filler	   improved	   the	   membrane	   permeation	   flux,	   which	   produced	  425 
higher	  conversions	  than	  in	  the	  case	  of	  a	  pristine	  polymeric	  membrane.	  Even	  though	  HKUST-‐1-‐426 
PI	   is	  more	   selective	   towards	  water,	   the	   higher	   permeation	   flux	   of	  MIL-‐101(Cr)-‐PI	   provides	   a	  427 
reactor	   performance	   comparable	   to	   that	   of	   HKUST-‐1-‐PI.	   Furthermore,	  MIL-‐101(Cr)-‐PI	  MMM	  428 
exhibited	   a	   higher	   stability	   to	   the	   reaction	   medium	   than	   HKUST-‐1-‐PI	   MMM,	   maintaining	  429 
constant	  molar	   fractions	   in	  permeate,	  conversion	  and	  permeation	  flux	   for	  more	  than	  3	  days.	  430 
The	   difference	   in	   stability	   of	   MIL-‐101(Cr)-‐PI	   and	   HKUST-‐1-‐PI	   MMMs	   was	   confirmed	   by	   the	  431 
characterization	   of	   the	  membranes	   after	   reaction	   experiments	   and	   by	   leaching	   experiments	  432 
(SEM	  and	  TGA).	   Finally,	  MIL-‐101(Cr)-‐PI	  MMMs	  are	  promising	  materials	   for	  use	   in	  membrane	  433 
reactors	   for	   esterification	   reactions,	   with	   a	   performance	   comparable	   to	   other	   MMMs	   with	  434 
MOFs	  as	  filler,	  and	  with	  greater	  stability.	  435 
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